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Background: Establishment of human osteoblast cultures that retain bone-
forming capacity is one of the prerequisites for successful bone regeneration
therapy. Because osteoblasts harvested from adults exhibit limited growth,
the use of immature osteoblasts that can expand ex vivo should greatly
facilitate bone regeneration therapy. In this study, we developed immature
human osteoblasts isolated from aged alveolar bone (HAOBs).

Methods: HAOBs obtained after the collagenase digestion of alveolar bones
from elderly donors. Then, we assessed osteogenic ability of HAOB after
treatment with recombinant human bone morphogenic protein-2 or trans-
plantation into immunodeficient mice. In addition, we performed global
gene expression analysis to identify functional marker for HAOB.

Results: HAOBs, which can differentiate into osteoblasts and have a robust
bone-forming ability, were successfully extracted from donors who were
> 60 years of age. We found that the HAOBs exhibited a higher osteogenic
ability compared with those of human mesenchymal stem cells and highly
expressed NEBULETTE (NEBL) with osteogenic abilities.

Conclusions: HAOBs have properties similar to those of human immature
osteoblasts and appear to be a novel material for cell-based bone regenera-
tion therapy. Additionally, the expression level of NEBL may serve as a marker
for the osteogenic ability of these cells.
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1. Introduction

Human bone regeneration appears to be limited in its ability to repair large bone
defects associated with tumor resection or comminuted open fractures [1]. Thus, a
bone regeneration strategy that yields functional and mechanically competent
bone is necessary [2.3]. Autogenic bone grafting has been used for bone substitution
and repair; however, the limited availability of donor bone and the additional
surgical procedure required to procure tissue are major limitations associated with
bone autografting [4]. Because of these problems, bone tissue engineering has been
developed as an alternative strategy for bone regeneration 3,5]. Because of their oste-
ogenic potential, mesenchymal stem cells (MSCs) are expected to serve as a cell
source for the regeneration of critical bone defects [6]. Although bone regeneration
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mediated by MSCs shows potential utility, large variations
have been observed in the bone-forming ability of human
MSC cells, and their osteogenic potential is gradually lost
upon ex vive expansion (7. In addition, healing calvarial
bone defects using MSC requires the exogenous expression
of growth factors, usually using viral transfer (s.9).

In addition to the effort to increase bone-forming ability by
MSCs in vivo, the use of immature osteoblasts as a potential
cell source for bone regeneration has been investigated [10].
The transplantation of primary juvenile immature osteoblasts
obtained from murine calvaria or murine osteoblast cell lines
is capable of healing calvarial bone defects without the exoge-
nous expression of growth factors. Because bone tissue
engineering is generally approached using a combination of
osteogenic cells and biodegradable scaffolds (11-13], immature
osteoblasts may be a promising cell source for bone regenera-
tion therapy [14,15).

Osteoblasts are bone-forming cells derived from multi-
potent MSCs. During skeletal development, multipotent
MSCs become osteoblast progenitor cells and undergo com-
mitment into immature osteoblasts, which express alkaline
phosphatase (ALP) and type I collagen through the action of
RUNZX2 and osterix [16]. Immature osteoblasts are capable of
proliferating before becoming mature osteoblasts [31. Although
mature osteoblasts can synthesize and deposit bone extracellu-
lar matrix components such as osteocalcin (OCN) and bone
sialoprotein  (BSP), their ability to proliferate is greatly
reduced (16]. Thus, recapitulating immature osteoblast differ-
entiation has been suggested as a promising approach for
bone regeneration therapy (17]. Previous studies demonstrated
that primary osteoblast cultures from newborns contained
large numbers of immature osteoblasts, and these cells were
able to expand and were capable of healing critical bone
defects [14,15). However, the cells isolated from adult bone
showed limited cell division and low osteogenic differentiation
ability, likely due to the reduction of immature osteoblasts
caused by age (18]. Thus, the development of new culture tech-
niques to expand adult immature osteoblasts ex vivo is impor-
tant for the achievement of bone regeneration therapy (19].

The alveolar bone is the part of maxilla and mandible that
forms and supports the sockets of teeth and originates from
dental follicles that contain stem cells capable of differentiat-
ing into periodontal tissue, including the periodontal
ligament and cementum [20]. In contrast, skeletal bone exists
throughout the entire body, except for the craniofacial bone,
and is formed by membranous ossification or endochondral
ossification. Like skeletal bone, alveolar bone undergoes con-
stant remodeling in response to tooth eruption and the forces
of mastication, suggesting a resemblance to skeletal bone (211
Several studies have shown that human alveolar bone cells
were easily accessible during routine oral surgical procedures.
Cultured alveolar bone cells exhibit ALP activity and resemble
osteoblasts [22-24]. Explant cultures from human alveolar bone
that were seeded into three-dimensional type I collagen scaf-
folds were shown to induce new bone tissue when implanted

into critical-size bone defects in the skulls of immunodeficient
(SCID) mice [221. Additionally, bone marrow stromal cells
obtained from alveolar bone during oral surgery were found
to have a potent osteogenic potential that was comparable to
stromal cells obtained from the iliac crest, suggesting that
alveolar bone cells may possess features that resemble osteo-
blasts located in skeletal bone [251. These findings strongly
indicate that human alveolar bone can serve as a useful cell
source for isolating bone-forming cells required in bone
regeneration therapy.

In the present study, protocols for expanding and harvest-
ing these cells were investigated to identify more efficient
culture conditions for immature osteoblasts obtained from
the alveolar bones of middle-aged patients. Both % vitro and
in vivo bone formation results showed that this system is an
effective means by which to enrich and expand human imma-
ture osteoblasts, and these modifications have resulted in the
induction of iz vivo bone formation and the identification
of NEBL as a marker for osteoinductive cells.

2. Methods

2.1 Isolation of human alveolar bone osteoblasts

Human alveolar bone was obtained from 62-, 55-, 52- and
27-year-old subjects during surgical resection. The experi-
mental procedures were approved by the Ethical Committees
of Kanagawa Dental College (approval #30) and the Osaka
University School of Dentistry (approved #H20-E2), and all
subjects provided written informed consent prior to the study.
Human alveolar bone particles (5 mm?) were sequentially
digested with 3 mg/ml bacterial collagenase (Roche Diagnos-
tics, Penzberg, Germany) in PBS. Eight populations were
obtained: two after a 10-min digestion, one after a 20-min
digestion and five after a 40-min digestion. The first three
populations were discarded, and the last five were incubated
in 35-mm dishes with MF start medium (Toyobo Life Tech-
nology, Osaka, Japan) in a humidified atmosphere of 5%
CO; at 37°C. These cells were passaged using PBS containing
0.25% trypsin-mmol/l EDTA when they reached ~ 80% con-
fluence, and they were maintained as human alveolar bone
osteoblasts (HAOBs). HAOBs were plated into six wells at a
density of 3 x 10* cells/ml with MF medium (Toyobo Life
Technology), and the medium was changed every 2 days.
After incubation for 5 days, the HAOBs were evaluated for
ALP activity, calcium accumulation by alizarin red staining
and mRNA expression of bone markers as described below.
For comparison, normal human foreskin fibroblasts (HFFs)
were purchased from Lonza (Allendale, NJ, USA) and main-
tained in MF medium. Each cell population doubling (PD)
was calculated using a previously published method [26].

2.2 In vivo differentiation assay

The implantation of HAOBs into SCID mice was conducted
as previously described [27]. Briefly, cells were inoculated sub-
cutaneously into 5-week-old male CB-17 scid/scid (SCID)
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mice (Nihon Crea, Tokyo, Japan) after incubating 1.5 x 10°
cells in a mixture of 40 mg of hydroxyapatite powder (OSfe-
rion; Olympus, Tokyo, Japan) and fibrin clot, a mixture of
mouse fibrinogen and thrombin, (Sigma, St. Louis, MO).
A wansplantation analysis was carried out three times, and
three transplants were prepared per group thac either had
implanted HAOBs or was without cells. Four weeks after
implantation, the transplants were bisected, and the halves
were used for examination by histochemical and mRNA
expression analyses of osteogenic genes as described above.
For histochemical analysis, the transplants were fixed in 4%
paraformaldehyde for 1 day, decalcified with 10% formic
acid for 3 days and then embedded in paraffin. Subsequently,
3-pm-thick serial sections were prepared per implant and sub-
jected to immunohistochemical analysis as described below.

2.3 Histochemical analysis

Sections of HAOB transplants were prepared as described
above. To avoid the nonspecific staining of mouse monoclo-
nal antibodies in the transplants, the sections were blocked
using the M.O.M. kit (Vector Laboratories, Burlingame,
CA, USA) as previously described (271. The sections were
incubated with an anti-human OCN polyclonal antibody
(FL-100, Santa Cruz Biotechnology, Inc., TX 75220, USA),
an anti-human OSTEOPONTIN (OPN) polyclonal anti-
body (O-17, Immuno-Biological Laboratories Co., Ltd.,
Takasaki, Japan) and mAb V9 for 1 h and treated with bioti-
nylated secondary antibody and avidin-peroxidase conjugate.
Dilutions were made with PBS containing 1 mg/ml bovine
serum albumin (BSA). The colorimetric reaction was devel-
oped using diaminobenzidine.

The cells were fixed with 4% paraformaldehyde and blocked
with 1% BSA. The primary antibodies that were used were
anti-human OCN monoclonal antibody (clone; GluOC4-5,
Takara Bio Inc., Tokyo, Japan) and anti-human OPN poly-
clonal antibody (O-17, Immuno-Biological Laboratories Co.,
Ltd., Takasaki, Japan). The secondary antibodies that were
used were Alexa Fluor 555 anti-rabbit IgG and Alexa Fluor
488 anti-mouse IgG (Invitrogen Corp.) followed by nuclear
staining with 4’,6-Diamidino-2-phenylindole dihydrochlor-
ide. Fluorescent images were collected sequentially using a
confocal microscope featuring 430-, 488- and 555-nm laser

lines (LSM510; Carl Zeiss, Oberkochen, Germany).

2.4 G-banding karyotypic analysis

G-band karyotypic analysis was performed to assess the safety
of ex vivo expansion of HAOB. Metaphase spreads were
prepared from cells treated with colcemid (Karyo Max; Gibco
BRL; 100 ng/ml for 6 h). We performed a standard G-
banding karyotypic analysis on at least 50 metaphase spreads
for each population.

2.5 Spectral karyotyping analysis
Spectral karyotyping (SKY) was performed on metaphase-
transduced HAOBs after 35 PDs according to the

manufacturer’s instructions (ASI, Carlsbad, CA, USA) and a
previously published method 28).

2.6 Osteogenic differentiation

Cells were plated into six wells at a density of 3 x 10% cells/ml
and cultured in osteogenic differentiation medium such as
MF medium supplemented with 100 ng/ml recombinant
human bone morphogenic protein (thBMP)-2, 100 nM dexa-
methasone, 50 pg/ml ascorbic acid and 10 mM PB-glycero-
phosphate. The culture medium was replaced every 2 days,
and the cells were maintained for 9 days. To compare the
synthesis of osteogenic marker proteins, HAOBs were grown
in osteogenic differentiation medium for 3 days and subjected
to immunocytochemical analysis as described below.

2.7 ALP activity and alizarin red staining

To evaluate ALP activity, HAOBs were fixed with 4% para-
formaldehyde for 20 min at 21°C. After being washed with
PBS, the cells were stained with nitroblue tetrazolium (Sigma,
St. Louis, MO) and 5-bromo-4-chloro-3-indolyl phosphate
(Sigma, St. Louis, MO). ALP activity was measured as
previously described (29]. Calcium accumulation was detected
by staining preparations with 1% alizarin red solution for
5 min [29,30].

2.8 RNA isolation and real-time PCR analysis

Total RNA was isolated from cells using ISOGEN (Nippon
Gene Co., Lid., Tokyo, Japan) as previously described [271.
cDNA was synthesized from 1 pg of tcotal RNA in a 20-pl reac-
tion volume containing 10 X reaction buffer, 1 mM dNTP
mixture, 1 U/pl RNase inhibitor, 0.25 U/pl reverse transcrip-
tase (M-MLV reverse transcriptase, Invitrogen Corp., Carls-
bad, CA, USA) and 0.125 pM random 9-mers (Takara,
Tokyo, Japan). Real-time polymerase chain reaction (RT-
PCR) was performed using Power SYBR® Green PCR Master
Mix (Applied Biosystems, Carlsbad, CA, USA), and products
were detected using an ABI 7300 Real-Time PCR System
(Applied Biosystems). The primers for OSTERIX (forward,
5'-ctgaagaatgggtegooaage-3’; reverse, 5'-ggectetgtectectagete-
3"), RUNX2 (forward, 5’-gaaactcaacagattaactatcgtttge-3';
reverse, 5 -gaatttatcacagatggtecctaatgg-3"), (OCN, forward,
5’-cacactcctegecctattgg-3'; reverse, 5'-tgeacctttgetggactctg-3"),
BSP (forward, 5'-cgaatacacgggcegtcaatg-3'; reverse, 5'-gtagctg-
tactcatcttcatagge-3'), NEBULETTE (NEBL) (forward, 5'-
caticccaaggetatggeta-3";  reverse, 5'-acgatgtagtcegecgectet-37),
B-ACTIN (forward, 5-gatgtatgaaggcttttggtctee-3"; reverse,
5'-ctggtcteaagteagtgtacagg-3) and GAPDH (forward, 5'-
gtcagtggtggaccrgacct-3;  reverse, 5'-tcgetgttgaagtcagagga-3")
have been previously described.

2.9 GeneChip analysis

GeneChip analysis was performed as previously described (30].
Genome-wide gene expression was examined using the
Human Genome U133A Probe array (GeneChip; Affymetrix,
Santa Clara, CA, USA), which contains oligonucleotide probe
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Figure 1. Ex vivo expansion of HAOBs. (A) Population doublings (PDs) of HAOBs obtained from patients of various ages
(HAOB1-4) are shown. HAOBs obtained from the middle-aged donors (HAOB1-3) proliferated for > 30 PDs. The growth
potential of these HAOBs is comparable to that of the HAOBs obtained from the young donors (HAOB4). Karyotypic analysis
of HAOB3s at 35 PDs. (B) G-banded karyotyping and (C) spectral karyotyping were performed at metaphase, and
chromosomal structures were determined in the indicated PDs. Normal diploidy was observed in representative HAOB3s.

HAOBs: Human alveolar bone osteoblasts.

sets for ~ 23,000 full-length genes and expressed sequence
tags, according to the manufacturer’s protocol (Expression
Analysis technical manual and GeneChip Small Sample Tar-
get Labeling Assay version 2 technical note [http://www.affy-
metrix.com/support/technical/index.affx]). Data analysis was
performed using the GeneChip Operation System (Affyme-
trix) and GeneSpringGX software (Silicon Genetics, Red-
wood, CA, USA). To normalize the staining intensity
variations among chips, the average difference in values for
all genes on a given chip were divided by the median of all
measurements on that chip. Principal component analysis
(PCA) was performed using the singular value decomposition
method, which generates eigenvectors both for rows and col-
umns of the log-transformed data matrix.

2.10 Knockdown experiment

HAOBs were transfected with Stealth siRNA (Invitrogen) using
Lipofectamine RNAi MAX according to the manufacturer’s
protocol. Two sets of NEBL siRNA (5-CCUUCGAGCC
AAGAGGACAUCUGAA-3" and 5-UUCAGAUGUCCU-
CUUGG CUCGAAGG-3") were used to knockdown NEBL.
Control siRNA was purchased from Invitrogen.

2.11 Statistical analysis
Statistical analyses were performed using SPSS software (Sta-
tistical Package for the Social Sciences, v. 15.0 ] for Windows;

SPSS, Chicago, IL, USA). The data are expressed as the
mean + s.e.m. Student’s #test was used for comparisons.
Significance was accepted at p < 0.05.

3. Results

3.1 Isolation of HAOBs

We previously demonstrated the sequential digestion meth-
odology for bovine alveolar osteoblasts that was used to
establish an HAOB cell culture. In our preliminary experi-
ments, Dulbecco’s modified Eagle’s medium (DMEM)
or O-minimum essential medium (0-MEM) was used;
however, the HAOBs were unable to expand in vitro due
to viable cells in the alveolar bone possibly exhibiting a
low proliferating activity. To overcome this problem, we
selected MF-start™ to readily obtain an initial outgrowth
of cells with a low proliferating activity during the primary
culture. Alveolar bone tissues from different donor ages
were digested with bacterial collagenase successively for var-
ious time periods as described in the Materials and Methods
section. To identify the appropriate medium for the ex vivo
expansion of HAOBs, we used several types of culture
medium, including DMEM with 20% FCS, MSC basal
medium (Lonza Walkersville, Inc., Allendale, NJ, USA)
and MF start medium. MF start medium allowed for the
expansion of the HAOBs from all donors (data not shown).
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Figure 2. In vivo bone-forming ability of HAOBs. (A) The in vivo differentiation ability of HAOBs is shown. Representative
sections of HAOB1-3 transplants and transplants without human cells were examined by hematoxylin and eosin staining
- (upper panel) or were immunostained with a human OCN antibody, human OPN antibody or human-specific vimentin
antibody. The anti-osteocalcin- and osteopontin-positive bone-like tissue deposited in the HAOB cell transplants. The asterisk
indicates the bone-like tissue that was deposited in the HAOB cell transplants. (B) The mRNA expression of OCN, BSP and
GAPDH was measured by realtime polymerase chain reaction analysis using total RNA isolated from HAOB1-3 transplants and

mock transplants.

BSP: Bone sialoprotein; HAOBs: Human alveolar bone osteoblasts; OCN: Osteocalcin; OPN: Osteopontin.

The first three populations obtained by sequential collagenase
digestion did not exhibit osteogenic phenotypes and had low
ALP activity and mineralization potential (data not shown).
The subsequent fractions (4 — 8) showed osteogenic activity;
therefore, we collected cells from fraction 5 and examined
their ability to expand. HAOBI (from a 66-year-old),
HAOB2 (from a 52-year-old), HAOB3 (from a 53-year-
old) and HAOB4 (from a 27-year-old) were successfully
grown for > 30 PDs (Figure 1A). Interestingly, the growth
ability of HAOB1-3 cultures, which were obtained from alve-
olar bones of middle-aged subjects, was comparable to that of
HAOB4. To assess the safety of HAOBs as a cell source for
regeneration therapy, we performed a karyotypic analysis (G
banding and SKY; see the Materials and Methods section)
using HAOB3 to assess the safety of the ex vivo expansion.
SKY permits a detailed analysis of all complex markers and
provides insight into their involvement in subsequent rear-
rangements. No genomic abnormalities were found in the

HAOB3 culture at 16 PDs, as shown by G-banding and
SKY analyses, and genomic stability was maintained in
HAOBs at 35 PDs (Figure 1B and C). To investigate the
bone-forming ability of HAOB3 in vivo, the cells were
implanted into immunodeficient mice. Four weeks after
implantation, HAOBI-4 generated bone tissue with
osteocyte-like cells embedded on the hydroxyapatite beads
(Figure 2A, upper panel). An immunohistochemical analysis
revealed that the bone tissue was positive for anti-osteogenic
marker antibodies, including OPN and OCN and that these
transplants were detectable for the human-specific anti-vimen-
tin antibody (Figure 2A). RT-PCR analysis confirmed that
HAOB transplants strongly expressed human osteogenic
genes, including OCN and BSP (Figure 2B). However, no
bone tissue formation and mRNA expression of these genes
were observed in transplants of B-TCP without human cells
(Figure 2B). In light of these data, we used HAOB3 for the
further characterization of HAOBs.

Expert Opin. Biol. Ther. (2014) 14(12)
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Figure 3. Osteogenic potential of HAOBs. HAOB3s were grown for 9 days in the medium with (+) or without (-) rhBMP-2 for
analyzing alizarin red staining (A) and ALP activity (B). HFF was used as a control. (C) Total RNA from HAOB3 with (+) or
without (-) treatment with rhBMP-2 was extracted and subjected to quantitative real-time PCR for the expression of RUNX2,
OSTERIX, OCN and BSP. The levels of B-ACTIN transcript were used to normalize cDNA levels. The level of B-ACTIN was set to
100, and relative expression levels are shown. Data are presented as triplicates, and the mean = s.d. are shown.

*p > 0.05.

ALP: Alkaline phosphatase; BSP: Bone sialoprotein; HAOBs: Human alveolar bone osteoblasts; HFF: Human foreskin fibroblast; OCN: Osteocalcin; rhBMP: Recombi-

nant human bone morphogenic protein.

3.2 Osteogenic potential of HAOBs

To assess the osteogenic activity of HAOB3, the cells were
treated with thBMP-2 for 9 days. HAOB3 exhibited low
ALP activity in an undifferentiated state, but the ALP activity
and the ability to form mineralized nodules increased after
treatment with thBMP-2 (Figure 3A and B). RT-PCR analysis
was performed to characterize the gene expression in
HAOB3s by using primers for osteogenic genes, including
RUNX2, OSTERIX, OCN and BSP. HAOB3 exhibited a
modest expression of OSTERIX and OCN without treatment
with thBMP-2, but the expression of RUNX2, OSTERIX,
OCN and BSP was clearly induced upon treatment with
rthBMP-2 (Figure 3C). Because primary osteoblasts obtained

from rodent calvaria were composed of a heterogeneous
population, the authors investigated whether MSCs exist in
HAOB3. A RT-PCR analysis indicated that the HAOBs did
not express MSC marker genes, including CD73, CD90
and CD105 (Figure 4A). Although ALP activity is comparable
to HAOB and MSC (Figure 4C), the HAOBs showed 10 times
higher responsiveness to thBMP-2 compared with MSC
(Figure 4B), and a higher expression of osteogenic marker
genes, including BSP, Runx2 and OCN, was detected
(Figure 4D). The authors did not perform an adipogenic/
chondrogenic differentiation assay because there was no
expression of MSC marker genes in the HAOBs. Similar to
MSC, the HOABs showed a higher osteogenic activity
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Figure 4. Comparison of the Osteogenic ability of HAOB and MSC. The mRNA expression levels of the undifferentiated
markers, including CD73, 90 and 105, in the HAOBs and MSCs are shown (A). HAOB3s and MSCs were grown for 9 days in the
medium with (+) or without (-) rhBMP2 at the indicated concentration to analyze the alizarin red staining (B) and ALPase
activity. (C). The total RNA from HAOB3 and MSC with (+) or without (-) treatment with rhBMP2 was extracted and subjected
to quantitative real-time PCR to express RUNX2, OSTERIX, OCN and BSP. The levels of B-ACTIN transcript were used to
normalize cDNA levels. The level of B-ACTIN was set to 100, and the relative expression levels are shown. The data are
presented as triplicates, and the mean * s.d. are shown (D).

*p > 0.05.

ALP: Alkaline phosphatase; BSP: Bone sialoprotein; HAOBs: Human alveolar bone osteoblasts; MSC: Mesenchymal stem cells; OCN: Osteocalcin; rhBMP: Recombi-
nant human bone morphogenic protein.

compared with that of human osteoblasts (Supplemental =~ HAOB3 culture (31). Confocal microscopy showed that most
Figure 1). We next performed immunohistochemical analysis  cells within the HAOB3 population were weakly positive
on HAOB3 using anti-OPN and anti-OCN antibodies to ~ OPN and OCN without treatment with thBMP-2. In con-
investigate the proportion of immature osteoblasts in the  trast, all cells within HAOB3 became strongly positive for
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Figure 5. HAOBs are enriched in immature osteoblasts. HAOB3s and HFFs were grown on cover glass for 3 days in medium
containing rhBMP-2, and immunohistochemical staining with anti-osteopontin polyclonal antibody and anti-osteocalcin
monoclonal antibody was performed. The image is overlaid with DAPI staining. All of the cells within the HAOB3s were
strongly positive for anti-OPN and anti-OCN antibodies upon treatment with rhBMP-2.

HAOBs: Human alveolar bone osteoblasts; HFF: Human foreskin fibroblast; OCN: Osteocalcin; OPN: Osteopontin; rhBMP: Recombinant human bone

morphogenic protein.

OPN and OCN upon treatment with thBMP-2. The super-
imposed image shows that the cells were double positive for
these markers (Figure 5).

3.3 Identification of HAOB-specific genes
In general, the osteogenic activity of immature osteoblasts was
decreased in association with increasing cell division. This
effect may be due to dedifferentiation of immature osteoblasts.
Because HAOB3 was able to grow for > 30 PDs, we next inves-
tigated whether HAOB3 undergoes dedifferentiation as PD
increases. To address this question, HAOB3s were treated
with thBMP-2 at G, 11, 16, 21, 24, 29, 32 and 35 PDs to eval-
uate their differentiation ability. Alizarin red staining revealed
that the ability to form mineralized nodules was observed until
16 PDs; however, the activity was clearly downregulated after
21 PDs (Figure 6A, upper panel). Similar to the mineralization
ability, ALP activity decreased after 29 PDs (Figure 6A, lower
panel). RT-PCR analysis showed that the OCN expression
level was maintained until 16 PDs; nevertheless, the expression
was clearly downregulated after 21 PDs (Figure 6B). The
expression of RUNX2, OSTERIX and BSP was also downregu-
lated at 29 PDs compared with that at 6 PDs (Figure 6C).
Because the dedifferentiation of HAOB3s increased with
successive PDs, the authors hypothesized that the genes
specifically reduced in association of increasing PDs could
serve as markers for HAOB3. To verify this possibility, total
RNA was isolated from HAOB3 at 6, 11, 16, 21, 24, 29,
32 and 35 PDs, and the gene expression level was compared
using Affymetrix HG-U133 Gene Chip analysis followed by
an analysis with GeneSpringGX software. A PCA analysis
revealed that a group of 3117 genes was annotated as downre-
gulated in the HAOB3s as the PDs increased. Table 1 shows

the top downregulated genes in HAOB3, and we screened
the genes that were highly expressed in the HAOB3s at
6 PDs but not at 35 PDs by RT-PCR analysis to identify
the genes that are specifically expressed in HAOBs. From
this screening, we identified VEBL as a candidate gene. RT-
PCR analysis confirmed that VEBL was highly expressed in
HAOB3 cultures at PD 6; however, its expression level was
significantly downregulated at PD 35 (Figure 6C).

3.4 NEBL served as a marker for HAOBs

We next investigated whether NEBL is responsible for osteo-
genic differentiation by measuring the expression of this gene
in HAOBs treated with thBMP-2. The INEBL expression level
increased with thBMP-2 treatment, suggesting that it may be
expressed during the osteogenic differentiation of HAOB (Fig-
ure 7A). To determine whether NEBL can be used as a marker
for HAOB3s, the expression level of this gene was compared
with those of osteogenic genes. As we expected, the expression
of NEBL was apparently higher than that of RUNX2,
OSTERIX, OCN and BSP (Figure 7B). These data suggest that
NEBL can serve as a marker for undifferentiated HAOBs. To
test this possibility, we next investigated whether VEBL was
highly expressed in HAOBs. The expression level of this gene
was compared with human mesenchymal cells, including
MSC, normal human osteoblast (NHOst), human osteosar-
coma cells (MG63) and HFFs. Higher expression of NEBL
was observed in MSC as a positive control (Figure 7D), but
intense expression of NEBL was observed in all of the HAOB
cultures (HAOB1-4) at levels that were clearly higher than those
in NHOst, MG63 and HFF (Figure 7C). To investigate the role
of NEBL in regulating HAOB function, we evaluated whether
NEBL induced by thBMP-2 treatment affected the osteoblastic
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differentiation of HAOBs. The knockdown of NEBL clearly
inhibited mineralized nodule formation, ALP activity (Figure
7E and F) and expression of RUNX2, OSX, OCN and BSP after
thBMP-2 treatment (Figure 7G). However, no changes were
observed in the HAOB cultures treated with control-siRINA
treatment, further demonstrating that NVEBL is involved in the
osteoblastic differentiation of HAOB (Figure 7D and E).

4. Discussion

Because the demand for bone regeneration increases consider-
ably in middle age, the effort to develop ex vivo expanded

osteoblasts; OCN: Osteocalcin.

immature osteoblasts as a therapeutic agent for repairing
critical bone defects is needed (32]. To date, juvenile immature
osteoblasts have been shown to repair critical bone defects in
animal models [14). Nevertheless, efficacies of this type of
cellular therapy using adult immature osteoblasts have yet to
be developed due to the difficulty in culturing these cells. In
the present study, we have outlined a method for the isolation
and characterization of HAOBs from adult human immature
osteoblasts from middle-aged donors. HAOBs were success-
fully expanded from the alveolar bone tissue of middle-aged
donors and showed a high level of proliferative activity, differ-
ent property of MSC and osteogenic ability upon treatment
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Table 1. Genes specifically down regulated in association with increasing cell division are listed according to log

change ratio.

Gene symbol Gene product Log change
ADH1B Alcohol dehydrogenase IB (class 1), B polypeptide 2.351
STMNZ2 Stathmin-like 2 2.221
GPX3 Glutathione peroxidase 3 (plasma) 1.859
NEBL Nebulette 1.844
MGP Matrix Gla protein 1.827
TRIB3 Chromosome 20 open-reading frame 97 1.804
SERPINA3 Serine proteinase inhibitor, clade A, member 3 1.795
PTGDS Prostaglandin D2 synthase 21 kDa 1.782
APOE Apolipoprotein E 1.769
PTGDS Prostaglandin D2 synthase 21 kDa (brain) 1.754
MFAP4 Microfibrillar-associated protein 4 1.701
FBXO32 F-box only protein 32 1.694
TACT Tachykinin, precursor 1 1.681
KLF15 Kruppel-like factor 15 1.649
PPARGC1TA PPAR, v, coactivator 1, o 1.647

with thBMP-2 or implantation into immunodeficient mice.
In addition, we suggest that expression level of NEBL is useful
in assessing the osteoinductive potential of HAOB. These
data demonstrate that HAOBs have properties of immature
osteoblasts that indicate their potential to serve as a novel
cell source for bone regeneration therapy.

The current challenge of bone regeneration therapy is to
develop biomaterials that imitate the property of bone compo-
nents, such as bioactive glass, including hydroxyapatite and f-
calcium phosphate [17,33]. The osteoinductive properties of these
materials have been improved by forming composites of biode-
gradable scaffolds, such as polylactide, chitosan and hyaluronic
acid (34). In addition, creating a device that incorporates imma-
ture osteoblasts in conjunction with biodegradable scaffolds has
previously been reported to enhance bone regeneration abil-
ity (141. MSCs have been used as a source of immature osteo-
blasts, and the autologous transplantation of MSCs on a
biodegradable scaffold has been used in clinical study 35]. How-
ever, the number and proliferative capacity of human MSC
derived from adult marrow aspirates have been shown to
decrease, most likely due to an age-related decline in the num-
ber or growth capacity of immature osteoblasts [3637].
Matsubara ez al. reported that the success ratio of the expansion
of bone marrow stromal cells from alveolar bone clearly
decreased in patients > 40 years of age [25]. Previous findings
have suggested that a reduction in the osteogenic and prolifer-
ative potential of osteogenic cells with aging is caused by
changes in the secretion of IL-11 and IGF binding protein-3
or the responsiveness to basic fibroblast growth factor
(bFGF) (38). The ability of growth factors such as platelet-
derived growth factor (PDGF) and bFGF to improve the prolif-
eration of human osteoblast lineage cells has been studied 39.40].
In the present study, we show that HAOBs can be obtained
from alveolar bone from patients > 60 years of age. Of the
growth media tested, MF medium composed of 1% FCS con-
taining various growth factors, including insulin, bFGF,

PDGPFs and IGF-1, was the most effective medium for the
ex vivo expansion of HAOBs not only from middle-aged people
but also from younger people. More importantly, HAOBs did
not exhibit altered genomic stability or bone-forming ability
upon transplantation into immunodeficient mice, suggesting
that MF medium is suitable for the ex vivo expansion of
HAOBs. Although a detailed description of the composition
of MF medium is not available, our findings suggest that the
identification of a specific combination of growth factors that
induce the outgrowth of HAOBs may help to elucidate the
role of the ex vivo expansion of cells from middle-aged humans.

Previous reports have shown that proliferative immature
osteoblasts begin to express intermediate markers of osteo-
genic differentiation, such as OPN, and mature osteoblasts
express OCN, which is a late marker of osteoblast differentia-
tion [41.42]. The differentiation of immature osteoblasts is reg-
ulated by several cytokines, including BMP, transforming
growth factors, Wnts and hedgehog 43-45). Among these cyto-
kines, BMP-2 strongly promotes osteoblast differentiation (44].
BMP-2 exhibited osteogenic activity by regulating the expres-
sion of osteoblast marker genes such as ALP, OCN and BSP
6. BMP-2 also controls the expression of RUNX2 and
OSX, which are essential transcription factors for osteoblast
differentiation (29,47.48]. These cells highly express OPN and
OCN upon osteoblast differentiation by treatment with
BMP-2. Previously, we demonstrated that immature osteo-
blasts could be isolated from BAOBs, which can differentiate
into osteoblasts after treatment with osteogenic differentiation
medium iz vitro and generate bone tissue in vivo, suggesting
that alveolar bone can serve as a reservoir for immature osteo-
blasts. In the present study, we demonstrated that most of the
cells in HAOBs are weakly positive for OCN and OPN
during proliferation and intensely induce the expression of
these proteins after differentiation. Consistent with previous
reports, the osteogenic differentiation of HAOBs was clearly
induced upon treatment with rhBMP-2, as induced cells
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nant human bone morphogenic protein.
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exhibited ALP activity, mineralized nodule formation and the
expression of bone marker genes, including RUNX2, OSX,
OCN and BSP. These findings indicate that HAOBs are
enriched in immature osteoblasts that can differentiate in
response to treatment with BMP-2.

Cell-based bone tissue engineering requires the expansion
and seeding of immature osteoblasts onto a scaffold; however,
dedifferentiation occurred with increasing cell division during
cellular senescence (7). To avoid these problems, a functional
marker for the assessment of the differentiation ability is
required to establish a proper ex wivo expansion system.
In this study, we suggest the potential use of NEBL as a qual-
ity marker in assessments of the osteoinductive ability of
HAOBs. NEBL which belongs to Nebulin, an actin-binding
protein, is a member of a cytoskeletal protein family that is
a component of a variety of cytoskeletal structures [49-51]. It
encodes a sarcomeric Z-disk protein, contributes to the gener-
ation of muscle force via its interaction with actin and the
cardiac tropomyosin/troponin complex and participates in
the force transmission of the cardiac myofibril via the Z-disk
assembly [521. Humans carrying NEBL mutations exhibit
dilated cardiomyopathy, a cardiac disease characterized by
the dilation of the left ventricular cavity and systolic dysfunc-
tion (53]. Transcriptome profiles that are associated with oste-
ogenic, chondrogenic and adipogenic differentiations from
human MSC indicate that the expression of NEBL is
increased during the differentiation of all three lineages (54.
Previous studies have indicated that actin cytoskeletal rear-
rangement participates in MSC lineage selection, preventing
adipogenesis and stimulating osteogenic differentiation
through the generation of a stiffer cytoskeleton (ss51. These
findings indicate that NEBL may play a role in the mainte-
nance and differentiation of immature osteoblasts via the
regulation of cytoskeletal rearrangement. Recently, a defined
serum-free medium consisting of the minimum essential com-
ponents has been developed as a safety culture system that
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Effects of the proteasome
inhibitor, bortezomib, on
cytodifferentiation and
mineralization of periodontal
ligament cells

Kitagaki J, Miyauchi S, Xie CJ, Yamashita M, Yamada S, Kitamura M,
Murakami S. Effects of the proteasome inhibitor, bortezomib, on
cytodifferentiation and mineralization of periodontal ligament cells. J Periodont
Res 2014, doi: 10.1111/jre.12202. © 2014 John Wiley & Sons A/S. Published by
John Wiley & Sons Ltd

Background and Objective: The proteasome inhibitor, bortezomib, is known to
induce osteoblastic differentiation in a number of cell lines, such as mesenchy-
mal stem cells and osteoblastic precursor cells. As periodontal ligament (PDL)
cells are multipotent, we examined whether bortezomib may induce the
differentiation of PDL cells into hard-tissue-forming cells.

Material and Methods: A mouse PDL clone cell line, MPDL22 cells, was
cultured in mineralization medium in the presence or absence of bortezomib.
Expression of calcification-related genes and calcified-nodule formation were
evaluated by real-time PCR and Alizarin Red staining, respectively.

Results: Bortezomib increased the expression of calcification-related mRNAs,
such as tissue nonspecific alkaline phosphatase isoenzyme (A4 L Pase), bone sialo-
protein (Bsp), runt-related transcription factor 2 (Runx2) and osteopontin, and cal-
cified-nodule formation in MPDL22 cells. These effects were induced, in part, by
increasing the cytosolic accumulation and nuclear translocation of B-catenin, lead-
ing to an increase in expression of bone morphogenetic protein (Bmp)-2, -4 and -6
mRNAs. In addition, bortezomib enhanced BMP-2-induced expression of Bsp and
osteopontin mRNAs and increased calcified-nodule formation in MPDL22 cells.

Conclusion: Bortezomib induced cytodifferentiation and mineralization of PDL
cells by enhancing the accumulation of B-catenin within the cytosol and the
nucleus and increasing the expression of Bmp-2, -4 and -6 mRNAs. Moreover,
bortezomib enhanced the BMP-2-induced cytodifferentiation and mineralization
of PDL cells, suggesting that bortezomib may be efficacious for use in periodon-
tal regeneration therapy.
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The periodontal ligament (PDL), supports the teeth (1). Importantly, the

which is located between the cementum
covering root dentin and the alveolar
bone, is a unique connective tissue that

PDL contains multipotential mesen-
chymal stem cells and progenitor cells
that can differentiate into mineralized
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tissue-forming
cementoblasts

cells, including
and osteoblasts (2).
Consequently, the PDL has an impor-
tant role to play not only in the
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maintenance of periodontal tissues,
but also in bone remodeling, repair
and tissue regeneration. Thus, improv-
ing and/or enhancing the biological
potential of PDL cells is clinically very
important to stimulate the regenera-
tion of periodontal tissue that has been
destroyed by periodontitis.

A number of studies have demon-
strated that protein degradation by
the ubiquitin proteasome system con-
trols numerous signaling pathways
and induces a wide variety of biologi-
cal effects, such as regulation of the
cell cycle, apoptosis, proliferation and
differentiation 3). Bortezomib
(Velcade®) is a reversible inhibitor of
the chymotrypsin-like activity of the
ubiquitin proteasome system and is
highly effective in multiple myeloma,
where it inhibits nuclear factor-xB
activation and interleukin-6-mediated
cell growth (4). Because of these
effects, bortezomib was approved by
the US Food and Drug Administra-
tion, in 2005, for the treatment of
patients with multiple myeloma. Inter-
estingly,  bortezomib not  only
increases bone mass in a variety of
bone defects in vivo, but also induces
mesenchymal stem cells to undergo
preferentially osteoblastic differentia-
tion in vitro (5-9).

Because the PDL contains multipo-
tential mesenchymal stem cells, we
hypothesized that bortezomib may
regulate the osteoblastic differentia-
tion of PDL cells. In the present
study, we demonstrate that bortezo-
mib stimulates cytodifferentiation and
mineralization of a mouse PDL clone
cell line, MPDL22 cells, as assessed
by real-time PCR and Alizarin Red
staining, respectively. These effects
were achieved partially through an
increase in the cytosolic accumulation
and nuclear translocation of B-cate-
nin and the expression of bone
morphogenetic protein (Bmp)-2, -4
and -6 mRNAs. We also found that
culturing cells with bortezomib
enhanced the BMP-2-induced cytodif-
ferentiation and mineralization of
MPDL22 cells. These data indicate
that bortezomib may be a promising
compound for the regeneration of
periodontal tissues destroyed by
periodontal disease.

Material and methods

Reagents and cell lines

The proteasome inhibitor, bortezomib,
and anti-B-catenin IgG were purchased
from Cell Signaling Technology
(Danvers, MA, USA). Recombinant
human BMP-2 was purchased from
R&D Systems (Minneapolis, MN,
USA). Anti-p-actin IgG was purchased
from Sigma (St Louis, MO, USA).
Anti-ubiquitin IgG was purchased
from Santa Cruz Biotechnology (Santa
Cruz, CA, USA). Human recombinant
fibroblast growth factor-2 was pro-
vided by Kaken Pharmaceutical Co.,
Ltd. (Tokyo, Japan). A mouse PDL
clone cell line, MPDL22 cells, was iso-
lated and cultured as described previ-
ously (10). Briefly, MPDL22 cells were
maintained in a standard medium of
o-MEM (Nikken, Kyoto, Japan) sup-
plemented with both 10% fetal calf
serum and 100 ng/mL of fibroblast
growth factor-2. When the cells
became confluent, we removed fibro-
blast growth factor-2 from the culture
medium and replaced it with minerali-
zation medium («-MEM supplemented
with 10% fetal calf serum, 5 mm
B-glycerophosphate and 50 pg/mL of
L-ascorbic acid). Human PDL (HPDL)
cells were purchased from ScienCell
Research Laboratories (Carlsbad, CA,
USA) and were maintained in a stan-
dard medium of o-MEM supple-
mented with 10% fetal calf serum. To
differentiate HPDL cells into hard-
tissue-forming cells, we replaced growth
medium with mineralization medium.

Immunoblotting

Cell lysates were prepared as described
previously (11-13). For the prepara-
tion of total protein, cells were lysed
with RIPA buffer [50 mm Tris (pH
7.5), 150 mm NaCl, 1% Nonidet P-40,
0.5% sodium deoxycholate, 0.1% SDS
and Complete Mini (Roche, Mann-
heim, Germany)] and centrifuged at
13,000 g for 20 min. For the prepara-
tion of nuclear extract, cells were lysed
with Buffer A [10 mm HEPES-KOH
(pH 7.8), 10 mm KCl, 0.1% Nonidet
P-40, 0.1 mm EDTA (pH 8.0) and
Complete Mini] and centrifuged at
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2,500 g for 1 min. The resultant pellet
was then lysed with Buffer C [50 mm
HEPES-KOH (pH 7.8), 420 mm KCl,
0.1 mm EDTA (pH 8.0), 5 mm MgCl,,
2% glycerol and Complete Mini], incu-
bated on ice for 30 min and centri-
fuged at 20,000 g for 15 min. For
analysis of the accumulation of B-cate-
nin in the cytosol, cells were lysed with
TBS [0 mm TrissHCl (pH 7.4),
140 mm NaCl and Complete Mini],
passaged 30 times through a 22-gauge
needle and then centrifuged at 1,100 g
for 5 min. The resultant supernatant
was centrifuged at 100,000 ¢ for
90 min. Equal amounts of cell lysates
were resolved by SDS-PAGE, trans-
ferred to poly(vinylidene difluoride)
membranes (Millipore, Kansas City,
MO, USA), incubated with specific pri-
mary antibodies and horseradish per-
oxidase-conjugated second antibodies
(Thermo Fisher Scientific, Waltham,
MA, USA) and visualized with
chemiluminescence agents (Pierce,
Rockford, IL, USA), according to the
manufacturer’s instructions.

Trypan Blue exclusion

Cell viability was analyzed using
Trypan Blue staining and subsequent
microscopy. Equal volumes of culture
medium-suspended cells and Trypan
Blue reagent (Wako, Osaka, Japan)
were mixed for [ min. Analysis by
microscopy showed that nonviable cells
were stained with Trypan Blue reagent,
whereas viable cells excluded the stain.

WST-1 assay

The number of metabolically active
cells was analyzed using a nonradio-
active colorimetric assay, the WST-1
assay, according to the manufac-
turer’s instructions (Roche, Basel,
Switzerland). Briefly, MPDL22 cells
were seeded into 96-well plates
(1 x 10* cells/well) and incubated
with bortezomib for 24 h in 100 pL
of complete medium. Ten microliters
of WST-1 reagent was then added to
each well. Following incubation for
60 min, the OD 450/630 nm was mea-
sured using a microplate reader
(Bio-Rad, Hercules, CA, USA). The
results were expressed as a percentage



of measurement as compared with the
vehicle control wells.

Alizarin Red staining

The histochemical staining of calci-
fied-nodule formation was performed
using Alizarin Red stain (14). Briefly,
the cell layers were washed with phos-
phate-buffered saline and then fixed
with dehydrated ethanol for 10 min.
After fixation, the cell layers were
stained with 1% Alizarin Red S in
0.1% NH4OH (pH 6.3-6.5) for 5 min
and then washed with water. The den-
sity of calcified nodules was analyzed
using the WinRoofl software, version
5.6 (Mitani, Fukui, Japan).

ELISA

BMP-2 protein levels in the culture
supernatant  were  measured by
ELISA, according to the manufac-
turer’s instructions (R&D Systems).

Real-time PCR analysis

Total RNA from MPDL22 and HPDL
cells was isolated using RNA bee
(Tel-Test Inc., Friendswood, TX, USA)
and reverse transcribed using a High
Capacity RNA-to-cDNA Kit (Applied
Biosystems, Carlsbad, CA, USA),
according to the manufacturer’s
instructions. The resultant cDNA was
then mixed with Power PCR SYBR
Master Mix (Applied Biosystems) and
gene-specific PCR primers. The primer
sequences for the real-time PCR were
as follows: mouse glyceraldehyde-
3-phosphate dehydrogenase (Gapdh),
(forward) 5-TGT GTC CGT CGT
GGA TCT GA-3 and (reverse) 5'-TTG
CTG TTG AAG TCG CAG GAG-3;
mouse tissue nonspecific alkaline phos-
phatase isoenzyme (4 LPase), (forward)
5-ACA CCT TGA CTG TGG TTA
CTG CTG A-3' and (reverse) 5-CCT
TGT AGC CAG GCC CGT TA-3;
mouse bone sialoprotein (Bsp), (for-
ward) 5-TGG AGA CTG CGA TAG
TTC CGA AG-3 and (reverse) 5-CGT
AGC TAG CTG TTA CAC CCG
AGA G-3'; mouse osteopontin, (for-
ward) 5-TAC GAC CAT GAG ATT
GGC AGT GA-3 and (reverse)
5-TAT AGG ATC TGG GTG CAG
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GCT GTA A-3'; mouse runt-related
transcription factor 2 (Runx2), (for-
ward) 5-CAC TGG CGG TGC AAC
AAG A-3 and (reverse) 5-TTT CAT
AAC AGC GGA GGC ATT TC-%;
mouse Bmp2, (forward) 5-TGA CTG
GAT CGT GGC ACC TC-3' and
(reverse) 5-CAG AGT CTG CAC
TAT GGC ATG GTT A-3; mouse
Bmpd, (forward) 5-TTT GTT CAA
GAT TGG CTC CCA AG -3 and
(reverse) 5-AAA CGA CCA TCA
GCA TTC GGT TA-3'; mouse Bmp6,
(forward) 5-AGT CTT GCA GGA
GCA TCA GCA C-3 and (reverse)
5-GTG TCA CCA CCC ACA
GAT TGC TA-3; human hypoxan-
thine-guanine phosphoribosyltransfer-
ase (HPRT), (forward) 5-GGC AGT
ATA ATC CAA AGA TGG TCA A-3
and (reverse) 5¥-GTC AAG GGC ATA
TCC TAC AAC AAA C-3'; human
BSP, (forward) 5¥-GGC CAC GAT
ATT ATC TTT ACA AGC A-3 and
(reverse) 5-TCA GCC TCA GAG
TCT TCA TCT TCA-3’; and human
osteopontin, (forward) 5-GAT GAA
TCT GAT GAA CTG GTC ACT G-¥
and (reverse) 5-GGT GAT GTC CTC
GTC TGT AGC A-3. Real-time PCR
reactions were carried out using a 7300
Fast Real-Time RT-PCR system
(Applied Biosystems), according to the
manufacturer’s instructions. After an
initial denaturation at 95°C for 15 min,
40 cycles, each consisting of denatur-
ation at 94°C for 15 s, annealing at
60°C for 30 s and elongation at 72°C
for 30 s, were performed.

Statistical analysis

The results were analyzed for statisti-
cal significance using the Student’s
t-test. The differences between two
means were considered significant at
p values less than 0.05.

Results

Effects of bortezomib on the
proliferation, viability and
proteasome activity of MPLD22 cells

To elucidate the influence of bortezo-
mib on the various functions of PDL
cells, we first analyzed the effects of
bortezomib on the proliferation and
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viability of MPDL22 cells. MPDL22
cells were treated with bortezomib,
then cell proliferation and viability
were assessed using the WST-1 assay
and Trypan Blue exclusion, respec-
tively. Because bortezomib was dis-
solved in dimethylsulfoxide in this
study, dimethylsulfoxide alone was
utilized as the control. Bortezomib did
not affect the proliferation or viability
of MPDL22 cells at doses of 1-10 nm
(Fig. 1A and 1B).
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Fig. 1. Effects of bortezomib on the prolif-
eration, viability and proteasome activity
of MPLD22 cells. (A, B) Bortezomib did
not affect the proliferation and viability of
MPDL22 cells. MPDL22 cells
exposed to vehicle control [dimethylsulfox-
ide (DMSO)] or 1-10 nm bortezomib for
24 h, and cell proliferation and viability
were examined using the WST-1 assay (A)
and Trypan Blue exclusion (B), respec-
tively. Data represent the mean and SD of
three  independent  experiments. (C)
Bortezomib increases the accumulation of
ubiquitinated target proteins in MPDL22
cells. MPDL22 cells were incubated with
bortezomib at the indicated doses for 5 d,
and ubiquitination of target proteins and
B-actin in cells were assessed by immuno-
blotting using anti-ubiquitin and anti-B-
actin IgGs. bzb, bortezomib.

were
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We next analyzed the effects of
bortezomib on the ubiquitination of
target proteins in MPDL22 cells.
MPDL22 cells were treated with bort-
ezomib and ubiquitination of target
proteins was assessed by immunoblot-
ting. As shown in Fig. 1C, bortezo-
mib increased the mass of protein
present in the high-molecular-weight
region of the ubiquitin smear, which
represents  poly-ubiquitination  of
target proteins. This suggests that
bortezomib suppresses the proteasome
activity of MPDL22 cells.

Bortezomib stimulates
cytodifferentiation of PDL cells

To evaluate the effects of bortezomib
on the cytodifferentiation of MPDL22
cells, MPDL22 cells were cultured in
mineralization medium with 10 nm
bortezomib for 6 or 11 d. Gene
expression of the extracellular matrix
components and osteoblastic tran-
scriptional factors was then assessed
by real-time PCR. Bortezomib signifi-
cantly enhanced expression of ALPase
and osteopontin mRNAs during the
6-d incubation period (Fig. 2A).
Following a longer period of incuba-
tion with bortezomib (11 d), a signifi-
cant increase was observed in the
expression of ALPase, Bsp, osteopon-
tin and Runx2 mRNAs (Fig. 2A). To
evaluate, in more detail, the effects of
bortezomib on the cytodifferentiation
of PDL cells, we cultured HPDL cells
with 10 nm bortezomib for 25 d.
Bortezomib significantly enhanced the
expression of osteopontin and BSP
mRNAs (Fig. 2B). These data suggest
that bortezomib stimulates cytodiffer-
entiation in PDL cells.

Bortezomib enhances mineralization
of MPDL22 cells

We cultured MPDL22 cells with bort-
ezomib for 7, 11 and 17 d and then
assessed the formation of -calcified
nodules by Alizarin Red staining. No
calcified nodules were formed during
the 7-d period of incubation (Fig. 3A,
top row and 3B, closed bar). When
the cells were incubated with bortezo-
mib for 11 or 17 d, bortezomib
increased calcified-nodule formation,
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Fig. 2. Bortezomib increased calcification-related expression of tissue nonspecific alkaline
phosphatase isoenzyme (4L Pase), bone sialoprotein (Bsp), osteopontin and Runx2 mRNAs
in MPDL22 cells. (A) MPDL22 cells were incubated with 10 nm bortezomib for 6 or 11 d.
The expression of 4LPase, Bsp, osteopontin and Runx2 mRNAs was investigated by real-
time PCR. The relative expression of each gene was normalized to the expression levels of
glyceraldehyde-3-phosphate dehydrogenase (Gapdh). Data represent the mean and SD of
three independent experiments. *p < 0.05. (B) Human periodontal ligament (HPDL) cells
were cultured with 10 nm bortezomib for 25 d. The expression of osteopontin and BSP
mRNAs was assessed by real-time PCR. The relative expression of each gene was normalized
to the expression levels of hypoxanthine-guanine phosphoribosyltransferase (HPRT). Data
represent the mean and SD of three independent experiments. *p < 0.05 bzb, bortezomib.

compared with controls, in a dose-
dependent manner (Fig. 3A, middle
and bottom rows and 3B, open and
hatched bars). These data suggest that
bortezomib enhances mineralization
of MPDL22 cells.

Bortezomib accumulates cytosolic
and nuclear p-catenin

Use of the proteasome inhibitor, bort-
ezomib, results in the intracellular
accumulation of a number of target
proteins and the activation of several
signaling pathways. Wnt signaling is
known to play an important role in
controlling the osteoblastic differentia-
tion of mesenchymal stem cells (15).
Beta-catenin is a pivotal signaling
molecule of the Wnt signaling path-
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way and is degraded by the ubiquitin
proteasome system. Following the
inhibition of ubiquitin-mediated deg-
radation of B-catenin by bortezomib,
B-catenin was stabilized and accumu-
lated in the cytosol and then translo-
cated to the nucleus (16). To evaluate
the effects of bortezomib on the cyto-
solic accumulation and nuclear trans-
location of f-catenin in MPDL22
cells, MPDL22 cells were incubated
with bortezomib for 5d. The cyto-
solic accumulation and nuclear
translocation of PB-catenin were then
assessed by immunoblotting. As shown
in Fig. 4A, bortezomib increased the
cytosolic accumulation of B-catenin in
MPDL22 cells. Similarly, bortezomib
enhanced nuclear translocation of
B-catenin in MPDL22 cells (Fig. 4B),
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Fig. 3. Bortezomib increased calcified-nod-
ule formation of MPDL22 cells. (A) Effect
of bortezomib on calcified-nodule forma-
tion in MPDL22 cells was examined by
Alizarin Red staining following 7, 11 and
17 d of cell culture. (B) The relative inten-
sity of Alizarin Red staining was examined
by image analysis. These data were quanti-
fied and normalized to the Alizarin Red
staining of the vehicle control. Data repre-
sent the mean and SD of three different
areas of the image. *p < 0.05 compared
with vehicle control at the same time point
of incubation. bzb, bortezomib.

suggesting that bortezomib enhances
cytosolic accumulation and nuclear
translocation of B-catenin in MPDL22
cells.

Bortezomib increases expression of
Bmp-2,-4 and -6 mRNAs and the
levels of BMP-2 protein in MPDL22
cells

A number of studies have demon-
strated that BMP-2, -4 and -6, which
are among the most potent cytokines
to stimulate osteoblastic differentia-
tion and bone formation, induce cyto-
differentiation and mineralization of
PDL cells (17-20). The accumulation
and subsequent nuclear translocation
of B-catenin increases the expression
of BMP-2, -4 and -6 in mesenchymal
cells and osteoblastic precursor cells
(21-23). To analyze the effects of
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Fig. 4. Bortezomib induced the accumulation of cytosolic and nuclear (-catenin and

increased the expression of bone morphogenetic protein (Bmp)-2, -4 and -6 mRNAs in
MPDL22 cells. (A, B) MPDL22 cells were incubated for 5 d in mineralization medium
with bortezomib, and cytosolic accumulation (A) and nuclear translocation (B) of f-cate-
nin were analyzed by immunoblotting with anti-f-catenin or anti- B-actin IgGs. (C)
MPDL22 cells were exposed to bortezomib for 8, 11 and 15 d and the expression of Bmp-

2, -4 and -6 mRNAs were assessed by real-time PCR. The relative expression of cach gene

was normalized to the expression levels of glyceraldehyde-3-phosphate dehydrogenase

(Gapdh). Data represent the mean and SD of three independent experiments. *p < 0.05.
(D) MPDL22 cells were incubated with bortezomib for 24 d and the expression of BMP-2
protein was assessed by ELISA. Data represent the mean and SD of four independent

experiments. *p < 0.05. bzb, bortezomib.

bortezomib on the expression of
BMP-2, -4 and -6, MPDL22 cells
were treated with bortezomib for 8§,
11 or 15 d. The expression of Bmp-2,
-4 and -6 mRNAs were then assessed
by real-time PCR. Bortezomib signifi-
cantly increased the expression of
Bmp-2, -4 and -6 mRNAs in
MPDL22 cells during the 11-d incu-
bation period and increased expres-
sion of Bmp2 mRNA during the 8-,
11- and 15-d incubation periods
(Fig. 4C). These data indicate that
bortezomib-induced  cytodifferentia-
tion and mineralization of MPDL22
cells may depend on the increase of
BMP-2, -4 and -6 expression in
MPDL22 cells. Furthermore, it was
demonstrated that treatment of
MPDL22 cells with bortezomib signif-
icantly increased the levels of BMP-2
protein (Fig. 4D).
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Bortezomib enhances the BMP-2-
induced cytodifferentiation and
mineralization of MPDL22 cells

We next analyzed the effects of
bortezomib on BMP-2-induced cyto-
differentiation and mineralization in
MPDL22 cells. MPDL22 cells were
cultured with or without bortezomib
in the presence or absence of BMP-2,
and the expression of calcification-
related genes was assessed by real-
time PCR. We found that bortezomib
enhanced the BMP-2-induced expres-
sion of Bsp and osteopontin mRNAs
(Fig. 5). We then investigated the
effect of bortezomib on calcified-nodule
formation in BMP-2-stimulated
MPDL22 cells. Alizarin Red staining
revealed that bortezomib did not
increase calcified-nodule formation
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Fig. 5. Bortezomib enhanced bone morphogenetic protein (BMP-2)-induced expression of
bone sialoprotein (Bsp) and osteopontin mRNAs in MPDL22 cells. MPDL22 cells were
exposed to 10 nM bortezomib in the presence or absence of 50 ng/mL of BMP-2 for 6 d.
The expression of Bsp and osteopontin mRNAs was assessed by real-time PCR. The rela-
tive expression of each gene was normalized to the expression levels of glyceraldehyde-3-
phosphate dehydrogenase (Gapdh). Data represent the mean and SD of three independent
experiments. *p < 0.05. bzb, bortezomib; DMSO, dimethylsulfoxide.
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Fig. 6. Bortezomib increased bone mor-
phogenetic protein (BMP-2)-induced calci-
fied-nodule formation of MPDL22 cells.
(A) MPDL22 cells were incubated with
bortezomib in the presence or absence of
50 ng/mL of BMP-2 for 6 d. Calcified-
nodule formation was assessed by Alizarin
Red staining. (B) The relative intensity of
Alizarin Red staining was examined by
image analysis. These data were quantified
and normalized to the level of Alizarin
Red staining of the vehicle control. Data
represent the mean and SD of three differ-
ent areas of the image. *p < 0.05 compared
with vehicle control. bzb, bortezomib.

during a 6-d incubation period in the
absence of BMP-2 (Fig. 6A top row,
6B closed bar), whereas bortezomib
increased calcified-nodule formation,
in a dose-dependent manner, in the
presence of BMP-2 (Fig. 6A bottom

panel, 6B open bar). These data
indicate that bortezomib enhances
BMP-2-induced cytodifferentiation

and mineralization of MPDL22 cells
in a dose-dependent manner.

Discussion

In the present study, we demonstrated
that bortezomib increased the accumu-
lation of ubiquitin-targeted proteins
in MPDL22 cells in a dose-dependent
Moreover, bortezomib en-
hanced expression of calcification-
related genes and calcified-nodule
formation in MPDL22 cells. Its mech-
anism of action was partially through
an increase in the cytosolic accumula-
tion and nuclear translocation of
B-catenin, leading to the increase
in expression of Bmp-2, -4 and -6
mRNAs. In addition, we showed that
bortezomib acts through the enhance-
ment of BMP-2-induced cytodifferen-
tiation  and  mineralization  of
MPDL22 cells, suggesting that bort-
ezomib may be efficacious in the
regeneration of periodontal tissue.
Bortezomib is an effective com-
pound in the treatment of multiple
myeloma. For the treatment of multi-
ple myeloma, 1.3 mg/m? of bortezomib
is administered twice weekly to
patients (4). The mean plasma concen-
tration of bortezomib for this treat-
ment, when administered either
subcutaneously or intravenously, is
approximately 1-3 ng/mL (3-8 nm)
(24). In the present study, we con-
cluded that 10 nm bortezomib, which
is, in general, the most effective con-
centration when used clinically,

manner.
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enhanced the cytodifferentiation and
mineralization of PDL cells, and con-
centrations of bortezomib of > 10 nm
resulted in cytotoxic effects in PDL
cells (data not shown). Interestingly,
while 10 nm bortezomib enhances the
expression of osterix and osteocalcin
mRNAs and calcified-nodule forma-
tion, concentrations of bortezomib of
> 20 nM were shown to suppress their
expression and formation in the mouse
osteoblastic  precursor  cell line
MC3T3-El cells (25). Taken together,
these data indicate that 10 nm
bortezomib might be the optimal con-
centration for periodontal tissue regen-
eration. It is worth noting that while
bortezomib is currently administered
only subcutaneously or intravenously,
a novel oral administration of the bio-
active proteasome inhibitor,
MLN9708, is under investigation and
has the potential to alleviate osteolytic
bone disease (26).

A number of studies have demon-
strated that several chemical com-
pounds prevent bone resorption caused
by the progression of periodontitis.
The compound kavain is known to pre-
vent the degradation of IxB, leading to
the inhibition of nuclear factor-xB and
tumor necrosis factor-o activity (27).
This compound inhibits bone loss in a
Porphyromonas gingivalis-soaked liga-
ture-induced  periodontitis  mouse
model (28). Histone deacetylase inhibi-
tors 1179.4b and MS-275 also reduce
the bone loss in mice inoculated with
P. gingivalis by repressing inflamma-
tory cytokines, such as tumor necrosis
factor-o. (29). These compounds dem-
onstrate  anti-inflammatory effects,
which lead to the inhibition of bone
resorption in a periodontitis murine
model. In a manner similar to these
compounds, bortezomib inhibits the
ubiquitin-mediated degradation of
IxB, leading to the inhibition of tumor
necrosis factor-o. activity (30), and
induces cytodifferentiation and miner-
alization in PDL cells. These results,
including those presented within this
study, suggest the possible use of such
chemical compounds for periodontal
therapy in the future.

Bortezomib directly enhances
B-catenin cytosolic accumulation and
nuclear translocation. In the absence



