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There were few studies investigating the effects of the
mechanical stimulation provided by daily low-intensity
pulsed ultrasound (LIPUS) treatment. LIPUS is known
to accelerate bone mineralization and regeneration;
however, the precise cellular mechanism is unclear.
Our purpose was to determine how daily LIPUS treat-
ment affected cell viability, alkaline phosphatase
activity, osteogenesis-related gene expression, and
mineralized nodule formation in osteoblasts. The
typical osteoblastic cell line ROS 17/2.8 cells were cul-
tured in the absence or presence of LIPUS stimulation.
Daily LIPUS treatments (1.5 MHz; 20 min) were admi-
nistered at an intensity of 30 mW/cm® for 14 days.
Expression of osteogenesis-related genes was examined
at mRNA levels using real-time polymerase chain reac-
tion and at protein levels using western blotting analy-
sis. LIPUS stimulation did not affect the rate of cell
viability. Alkaline phosphatase activity was increased
after 10 days of culture with daily LIPUS stimulation.
LIPUS significantly increased the expression of mRNAs
encoding Runx2, Msx2, DIx5, osterix, bone sialoprotein,
and bone morphogenetic protein-2, whereas it signifi-
cantly reduced the expression of mRNA encoding the
transcription factor AJ18. Mineralized nodule for-
mation was markedly increased on Day 14 of LIPUS
stimulation. LIPUS stimulation directly affected osteo-
genic cells, leading to mineralized nodule formation.
LIPUS is likely to have a fundamental influence on key
functional activities of osteoblasts in alveolar bone.
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Introduction

Low-intensity pulsed ultrasound (LIPUS) stimulates frac-
ture healing in animal models [1,2] and in clinical set-
tings [3,4], and has also been reported to accelerate bone
maturation in distraction osteogenesis [5,6]. Of all the
means to influence bone repair, LIPUS is distinguished
by being non-invasive and easy to apply, and the LIPUS
signal is of low enough intensity to be considered
neither thermal nor destructive. Previous reports have
suggested that LIPUS is beneficial for treating non-union
of the extremities in humans [7]. Moreover, when
applied clinically to treat delayed union and non-union,
it stimulates union in a relatively short period of time
[8]. However, the underlying mechanism responsible for
the pronounced effects of LIPUS on osteogenesis
remains unclear.

Bone fracture healing and distraction osteogenesis are
complex biological processes that involve the spatial and
temporal orchestration of various cell types, many genes,
and the extracellular matrix [9]. The process of fracture
healing includes cell viability and differentiation, chemo-
taxis, and synthesis of extracellular matrix. In previous
in vitro studies, we found that transient LIPUS stimu-
lation converts the differentiation pathway of pluripotent
mesenchymal cells into the osteoblast and chondroblast
lineages [10], and that it directly affects osteogenic cells,
leading to mineralized nodule formation [11]. Moreover,
LIPUS treatment elevated Runx2 mRNA expression and
progressively promoted osteocalcin mRNA expression in
human osteoblasts [12]. In mouse bone marrow-derived
stromal cells, Naruse et al. [13] found that LIPUS elev-
ated mRNA levels for insulin-like growth factor-I,
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osteocalcin, and bone sialoprotein (BSP), which is con-
sistent with a bone-forming response. LIPUS has also
been shown to stimulate mRNA expression of osteocal-
cin and another bone matrix protein, alkaline phospha-
tase (ALPase), in UMR-106 cells [14]. Although the
above-described studies examined the effects of transient
LIPUS stimulation on the expression of osteogenesis-
and chondrogenesis-related transcription factors in
several different cell types, few studies have investigated
osteogenesis-related gene and protein expression in
detail.

The hypothesis of the present study was that daily
LIPUS treatment would accelerate the process of bone
mineralization during bone healing. To evaluate this
hypothesis, we investigated the effects of daily LIPUS
treatment on cell viability, ALPase activity, osteogenesis-
related gene expression, and mineralized nodule for-
mation in a rat osteosarcoma cell line.

Materials and Methods

Cell culture

Experiments were performed using the rat clonal cell
line ROS 17/2.8 (ROS cells) [15]. Although ROS cells
originated from rat osteosarcoma, these cells have been
treated in numerous studies as typical rat osteoblasts or
osteoblast-like cells [16—18]. The cells were maintained
in a-minimal essential medium (a-MEM; Gibco BRL,
Rockville, USA) containing 10% (v/v) heat-inactivated
fetal bovine serum (HyClone Laboratories, Logan, USA)
and 1% (v/v) penicillin—streptomycin solution (Sigma
Chemical, St Louis, USA) at 37°C in a humidified
atmosphere of 95% air and 5% CO,.

Ultrasound treatment

ROS cells at fifth or sixth passage were seeded into 6-
and 96-well plates at a density of 2.0 x 10 cells/cm?.
The cells were subjected to LIPUS with modifications,
as reported previously [19,20]. Briefly, a sterilized trans-
ducer (Asahi Irika Co, Ltd, Saitama, Japan) generating
1.5-MHz LIPUS in a pulsed-wave mode at 30 mW/cm?
was placed horizontally into each culture well so that it
was barely touching the surface of the medium. The dis-
tance between the transducer and cells was 3—4 mm
(Fig. 1). LIPUS stimulation was performed for 20 min
daily for up to 14 days, when the cells reached conflu-
ence. The culture medium was replaced with fresh
medium once every 3 days. Control samples were treated
in the same manner, without exposure to LIPUS.
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Fig. 1 Diagrammatic representation of LIPUS application  The
LIPUS transducer probe for 6-well plate (A) and 96-well plate (B)
were suspended above the culture medium (using a clamp stand) so
that the probe was about 3—4 mm above the cell layer, partially
immersed in the culture medium.

Determination of cell viability

ROS cells were seeded in 96-well microplates at a density
of 2.0 x 10 cells/cm? and cultured in the presence and
absence of daily LIPUS stimulation for up to 14 days. At
various time points, the medium was replaced with fresh
medium containing 10% (v/v) colorimetric cell-counting
reagent (Wako Fine Chemicals, Osaka, Japan), and incu-
bation was continued for 1 h. The intensity of the colored
reaction product was measured at 450 nm with a microti-
ter plate reader (Titertek Multiskan Plus; Flow
Laboratories, McLean, USA). The relative cell concen-
trations were calculated from the relative absorbance
values based on a standard curve.

Determination of ALPase activity

ROS cells were seeded in 96-well microplates at a
density of 2.0 x 10 cells/cm® and cultured in the pre-
sence and absence of daily LIPUS stimulation for up to
14 days. A 200 pl aliquot of ALPase enzyme reaction
solution (8 mM p-nitrophenyl phosphate, 12 mM MgCl,,
and 0.1 mM ZnCl, in 0.1 M glycine—NaOH buffer, pH
10.5) was added to each well, and the plates were incu-
bated for 20 min at 37°C. The enzyme reaction was
terminated by the addition of 50 pl of 0.5 M NaOH. The
amount of p-nitrophenol released by ALPase was deter-
mined by measuring the absorbance at 405 nm using a
microtiter plate reader. One unit of ALPase activity was
defined as the amount of enzyme required to liberate
1.0 pmol of p-nitrophenol per minute. Enzyme activity
was calculated as mU/10” cells.

Real-time polymerase chain reaction
ROS cells were plated in 6-well microplates at a density
of 2.0 x 10* cells/cm? and cultured for up to 14 days in
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50 pg/ml ascorbic acid, in the presence and absence of
daily LIPUS stimulation. The culture medium was
replaced by a fresh medium every 2 or 3 days. Cell con-
dition and nodule formation were checked routinely by
phase contrast microscopy (Nikon, Tokyo, Japan). The
presence of mineralized nodules was determined by
staining with alizarin red (Wako), as described by
Willams and Rietschel [23].

Statistical analysis

All data are presented as the mean + standard deviation
(SD). The statistical significance was determined using
Bonferroni’s modification of Student’s #-test. Values of
P < 0.05 were considered to be statistically significant.

Results

Cell viability
When ROS cell viability in the presence and absence of
daily LIPUS stimulation was measured, LIPUS stimu-
lation for up to 14 days did not affect the rate of cell via-
bility (Fig. 2).

ALPase activity

ALPase activity was measured for up to 14 days in
culture (Fig. 3). Regardless of LIPUS stimulation,
ALPase activity increased gradually through Day 7 of
culture and decreased at Day 10. At Days 5, 7, 10, and
14 of culture, ALPase activity was significantly higher
in the LIPUS-treated cells than that in the non-treated
control cells.

Effect of LIPUS on expression of osteogenesis-related
genes

The effect of LIPUS stimulation on the expression of
mRNAs encoding Runx2 [Fig. 4(A)], Msx2 [Fig. 4(B)],
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Fig. 2 Effect of LIPUS stimulation on cell viability = ROS cells
were cultured in the presence and absence of daily LIPUS stimulation
and the cell numbers were determined at Days 1, 3, 5, 7, 10, and 14 of
culture. The data are shown as the mean + SD of three separate
experiments
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Fig. 3 Effect of LIPUS stimulation on ALPase activity  The cells
were cultured in the presence and absence of daily LIPUS stimulation
and ALPase activity were determined at Days 1, 3, 5, 7, 10, and 14 of
culture. The data are shown as the mean + SD of three separate
experiments. *P < 0.05 for LIPUS-treated versus control

DIx5 [Fig. 4(C)], osterix [Fig. 4(D)], AJ18 [Fig. 4(E)],
bone morphogenetic protein (BMP)-2 [Fig. 4(F)], and
BSP [Fig. 4(G)] in ROS cells was determined by real-
time PCR. Compared with control cells, LIPUS-treated
cells expressed significantly more Runx2 and Msx2
mRNA on Days 5—14 of culture; the levels peaked at
Day 5 and remained nearly the same through Day 14.
The LIPUS-treated cells also expressed more DIx5 and
BMP-2 mRNA on Days 5—14, with peak expression at
Day 7. LIPUS stimulation also markedly increased the
expression of osterix and BSP mRNA on Days 10-14,
and it slightly decreased expression of AJ18 mRNA on
Days 3—14.

Effect of LIPUS on expression of osteogenesis-related
proteins

The expression of Runx2 and AJ18 proteins in ROS
whole-cell exacts and BSP protein in the conditioned
medium of cultured ROS cells treated with LIPUS was
examined using western blotting analysis. At Day 7 of
LIPUS stimulation, the amount of Runx2 [Fig. 5(A)]
was substantially increased and that of AJ18 [Fig. 5(B)]
was markedly decreased. At Day 14, BSP expression
[Fig. 5(C)] was significantly increased.

Mineralized nodule formation

Mineralized nodule formation was determined at Day 14
of culture in the presence and absence of daily LIPUS
stimulation. Alizarin red staining of mineralized nodules
was markedly more intense in ROS cells daily stimulated
with LIPUS than in control cells (Fig. 6).
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Fig. 4 Effect of LIPUS stimulation on the gene expression of tissue-specific differentiation markers
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and absence of daily LIPUS stimulation. The expressions of the mRNA for (A) Runx2, (B) Msx2, (C) DIxS, (D) osterix, (E) AJ18, (F) BMP-2,
and (G) BSP were determined using real-time PCR. The data are shown as the mean + SD of three separate experiments. *P < 0.05 for
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Fig. S Effect of LIPUS stimulation on expression levels of
osteogenesis-related proteins  The protein expression of Runx2 (A)
and (B) AJ18 in ROS cells was determined by western blotting
analysis of cells cultured at Day 7 in the presence and absence of daily
LIPUS stimulation. The protein expression of BSP (C) in ROS cells
was determined by western blotting analysis of cells cultured at Day 14
in the presence and absence of daily LIPUS stimulation
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Discussion

The central findings of this study are that daily LIPUS
stimulates the temporal expression of continuous-
response and osteogenesis-related genes in osteoblasts,
and that this stimulation promotes specific actions related
to osteogenesis in osteoblasts, leading to mineralized
nodule formation.

ALPase, which hydrolyzes the ester bond of organic
phosphate compounds under alkaline conditions, plays
an important role in the calcification of bone. We found
that ALPase activity in both the presence and the
absence of daily LIPUS stimulation increased gradually
through Day 7 of culture, when the deposition of hydro-
xyapatite crystals began, and slightly decreased at Day
10. However, the ALPase activity level at Days 5, 7, 10,
and 14 was significantly higher in the LIPUS-treated
cells than in the controls, suggesting that daily LIPUS
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Control

Fig. 6 Effect of LIPUS-treated conditioned medium on mineralized
nodule formation  Cells were cultured in the presence and absence
of daily LIPUS stimulation and the formation of mineralized nodules
were determined by staining with alizarin red at Day 14 of culture after
daily LIPUS stimulation. Upper panel, original magnification; lower
panel, original magnification x 100

stimulation may enhance mineralization by increasing
ALPase activity.

To confirm the above findings, we performed real-
time PCR analysis to assess the expression of
osteogenesis-related marker mRNA. In cells cultured in
the presence of LIPUS stimulation, we found that the
levels of Runx2 and Msx2 mRNA were significantly
higher at Days 5—14, peaking at Day 5 and remaining
nearly constant through Day 14, providing evidence for
the first time that Runx2 acts as a transcription factor in
LIPUS-stimulated ROS cells. This conclusion is in
agreement with the observations that Runx2 enhances
early stage osteoblast differentiation and inhibits the late
stage of osteoblast maturation [24,25]. Therefore, Runx2
appears to be a crucial transcriptional factor for osteo-
blast differentiation.

We also studied four other important osteogenesis-
related transcription factors: Msx2, DIX5, osterix, and
AJ18. The homeobox proteins DIx5 and Msx2 appear to
regulate the development of mineralized tissues, includ-
ing bone, cartilage, and dentin [26—30]. DIX5 expression
correlates with osteoblast differentiation and is at a
maximum in the final stages of osteoblast differentiation
in vitro when the extracellular matrix mineralizes,

suggesting that DIx5 may be involved in the differen-
tiation of osteogenic cells [31]. In contrast, Msx2 is pre-
dominantly expressed by proliferating osteoblasts and
pre-osteoblasts, but its expression decreases according to
terminal osteoblast differentiation [26,30,31]. Msx2 inhi-
bits the activity of Runx2 by binding to it, and DIx5
interferes with the activity of Msx2; thus DIx5 can
indirectly activate Runx2 activity by alleviating the
inhibitory effect of Msx2 [32].

Recently, the zinc-finger-containing transcription
factor osterix was also demonstrated to be critical for
osteoblast differentiation and bone formation [33]. Osterix
acts downstream of Runx2 to induce the differentiation of
pre-osteoblasts into fully functional osteoblasts [33], and
the over-expression of osterix has been shown to be suffi-
cient to guide the differentiation of embryonic stem cells
toward the osteoblastic lineage in vitro [34]. AJ18 was
identified based on the differential display of genes that
are up-regulated in cultured fetal rat calvarial cells by
treatment with BMP-7 [35]. It binds to osteoblast-specific
element 2 and modulates transactivation by Runx2 [35].
In addition, decreased expression of AJ18 is essential for
increased osteoblastic differentiation [36].

In the present study, when ROS cells were cultured
with daily LIPUS stimulation, DIx5 mRNA expression
was significantly elevated on Days 5—14, with a peak at
Day 7, and osterix mRNA expression was markedly
increased on Days 7-14. AJ18 mRNA expression,
however, decreased slightly between Day 3 and Day 14
of culture with LIPUS stimulation. Our findings demon-
strate that ROS cells respond to LIPUS treatment by
increasing Runx2, Msx2, DIx5, and osterix mRNA
expression and decreasing AJ18 mRNA expression.
Western  blotting confirmed that LIPUS treatment
increased expression of Runx2 protein and decreased
AJ18 protein. Our results provide a molecular expla-
nation for LIPUS-promoted osteogenesis of ROS cells
and show that daily LIPUS stimulation promotes the
differentiation of osteoblasts.

Our results are the first to show that daily LIPUS
stimulation increases BMP-2 gene expression in ROS
cells. Several studies have demonstrated that loading of
mechanical stress onto bone causes osteoblasts to
respond in various ways [37], such as by promoting
BMP production [38], but no studies have previously
investigated the effect of daily LIPUS on the expression
of BMPs. We found that LIPUS treatment significantly
increased BMP-2 mRNA expression at Days 5—14, with
a peak at Day 7. Unfortunately, the precise cellular
mechanism by which this occurs is unclear. Therefore,
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further experiments needed to this
phenomenon.

The major non-collagenous proteins of bone have
been characterized. Because BSP is thought to play a
specific role in bone mineralization and might be a
useful marker of bone formation, we focused on the
alteration of BSP expression by LIPUS [39]. The
expression of BSP mRNA and protein was markedly
higher in LIPUS-stimulated cells than in control cells,
indicating that LIPUS stimulates mineralization by
increasing the expression of BSP, which acts to create a
nucleus for calcification.

We also examined the formation of mineralized
nodules in the presence and absence of daily LIPUS
stimulation. We found that the LIPUS stimulation sig-
nificantly increased the formation of mineralized nodules
and resulted in nodules with markedly more intense ali-
zarin red staining. Considering these findings, we
hypothesized that the conditioned medium from
LIPUS-stimulated cells would increase calcium depo-
sition in mineralized nodules produced by ROS cells.
This result shows that LIPUS stimulation promotes the
formation of bone by osteoblasts. In addition, BSP was
expressed in the late stage of osteoblast differentiation.
Thus, LIPUS may stimulate not only the differentiation
but also the maturation of osteoblasts.

The results of this study indicated that daily LIPUS
stimulation directly affected osteogenic cells, leading to
mineralized nodule formation.

are clarify

Acknowledgments

The authors gratefully thank Asahi Irika Co., Ltd,
especially Mr. Shigejyu Kaji, for providing the ultra-
sound transducer.

Funding

This work was supported by the grants from the
Multi-disciplinary Research Project Grant from the
Ministry of Education, Culture, Sports, Science, and
Technology of Japan and the Dental Research Center at
the Nihon University School of Dentistry. The
Promotion and Mutual Aid Corporation for Private
Schools of Japan also provided support for this work.

References

1 Duarte LR. The stimulation of bone growth by ultrasound. Arch Orthop
Trauma Surg 1983, 101: 153-159.

Acta Biochim Biophys Sin (2009) | Volume 41 | Issue 2 | Page 114

[\

w

W

~

<]

o

10

1

—_

12

14

15

16

17

18

19

20

Wang SJ, Lewallen DG, Bolander ME, Chao EY, Ilstrup DM and
Greenleaf JF. Low intensity ultrasound treatment increases strength in a
rat femoral fracture model. J Orthop Res 1994, 12: 40—47.

Heckman JD, Ryaby JP, McCabe J, Freym JJ and Kilcoyne RF.
Acceleration of tibial fracture-healing by non-invasive, low-intensity
pulsed ultrasound. J Bone Joint Surg 1994, 76: 26—34.

Cook SD, Ryaby JP, McCabe J, Frey JJ, Heckman JD and Kristiansen
TK. Acceleration of tibia and distal radius fracture healing in patients
who smoke. Clin Orthop Relate Res 1997, 337: 198-207.

El-Mowafi H and Mohsen M. The effect of low-intensity pulsed ultra-
sound on callus maturation in tibial distraction osteogenesis. Int Orthop
2005, 29: 121-124.

Schortinghuis J, Bronckers AL, Stegenga B, Raghoebar GM and de
Bont LG. Ultrasound to stimulate early bone formation in a distraction
gap: a double blind randomized clinical pilot trial in the edentulous
mandible. Arch Oral Biol 2005, 50: 411-420.

Nolte PA, van der Krans A, Patka P, Janssen IM, Ryaby JP and Albers
GH. Low-intensity pulsed ultrasound in the treatment of nonunions. J
Trauma 2001, 51: 693-702.

Mayer E, Frankle V and Ruter A. Ultrasound—an alternative healing
method for nonunions? Arch Orthop Trauma Surg 2000, 120: 1-8.
Bolander ME. Regulation of fracture repair by growth factors. Proc Soc
Exp Biol Med 1992, 200: 165—-170.

Ikeda K, Takayama T, Suzuki N, Shimada K, Otsuka K and Ito K.
Effects of low-intensity pulsed ultrasound on the differentiation of
C2C12 cells. Life Sci 2006, 79: 1936—1943.

Takayama T, Suzuki N, Ikeda K, Shimada T, Suzuki A, Maeno M and
Otsuka K, et al. Low-intensity pulsed ultrasound stimulates osteogenic
differentiation in ROS 17/2.8 cells. Life Sci 2007, 80: 965-971.

Chen YJ, Wang CJ, Yang KD, Chang PR, Huang HC, Huang YT and
Sun YC, et al Pertussis Gai
ERK-dependent pathways mediate ultrasound promotion of osteogenic
transcription in human osteoblasts. FEBS Lett 2003, 554: 154—158.
Naruse K, Mikuni-Takagaki Y, Azuma Y, Ito M, Oota T, Kameyama K
and Itoman M. Anabolic response of mouse bone-marrow-derived

toxin-sensitive protein  and

stromal cell clone ST2 cells to low-intensity pulsed ultrasound.
Biochem Biophys Res Commun 2000, 268: 216—220.

Warden SJ, Favaloro JM, Bennell KL, McMeeken JM, Ng KW, Zajac
JD and Wark JD. Low-intensity pulsed ultrasound stimulates a bone-
forming response in UMR-106 cells. Biochem Biophys Res Commun
2001, 286: 443-450.

Majeska RJ, Nair BC and Rodan GA. Glucocorticoid regulation of
alkaline phosphatase in the osteoblastic osteosarcoma cell line ROS 17/
2.8. Endocrinology 1985, 116: 170—179.

Yoon K, Golub E and Rodan GA. Alkaline phosphatase cDNA trans-
fected cells promote calcium and phosphate deposition. Connect Tissue
Res 1989, 22: 17-25.

Jheon AH, Suzuki N, Nishiyama T, Cheifetz S, Sodek J and Ganss B.
Characterization of the 5'-flanking region of the rat AJ18 gene. Gene
2003, 310: 203-213.

Shimizu E, Nakajima Y, Kato N, Nakayama Y, Saito R, Samoto H and
Ogata Y. Regulation of rat bone sialoprotein gene transcription by
enamel matrix derivative. J Periodontol 2004, 75: 260—267.

Reher P, Harris M, Whiteman M, Hai HK and Meghji S. Ultrasound
stimulates nitric oxide and prostaglandin E2 production by human
osteoblasts. Bone 2002, 31: 236—-241.

Hayton MJ, Dillon JP, Glynn D, Curran JM, Gallagher JA and Buckley
KA. Involvement of adenosine 5'-triphosphate in ultrasound-induced
fracture repair. Ultrasound Med Biol 2005, 31: 1131-1138.



Daily LIPUS stimulates osteogenesis

2

—_

22

23

24

25

26

27

28

29

30

Laemmli UK. Cleavage of structural proteins during the assembly of
the head of bacteriophage T4. Nature 1970, 227: 680—685.

Chen JK, Zhang Q, McCulloch CA and Sodek J. Immunohistochemical
localization of bone sialoprotein in foetal porcine bone tissues: com-
parisons with secreted phosphoprotein 1 (SRP-1, osteopontin) and
SPARC (osteonectine). Histochem J 1991, 23: 281-289.

Willams LR, Jr and Rietschel RL. Iododerma complicating cardiovas-
cular surgery. South Med J 1980, 73: 937-939.

Liu W, Toyosawa S, Furuichi T, Kanatani N, Yoshida C, Liu Y and
Himeno M, et al. Overexpression of Cbfal in osteoblasts inhibits osteo-
blast maturation and causes osteopenia with multiple fractures. J Cell
Biol 2001, 155: 157—166.

Ducy P, Zhang R, Geoffroy V, Ridall AL and Karsenty G. Osf2/Cbfal:
a transcriptional activator of osteoblast differentiation. Cell 1997, 89:
677—-680.

Jabs EW, Muller U, Li X, Ma L, Luo W, Haworth IS and Klisak I, ef
al. A mutation in the homeodomain of the human MSX2 gene in a
family affected with autosomal dominant craniosynostosis. Cell 1993,
75: 443-450.

Liu YH, Kundu R, Wu L, Luo W, Ignelzi MA, Jr, Snead ML and
Maxson RE, Jr. Premature suture closure and ectopic cranial bone in
mice expressing Msx2 transgenes in the developing skull. Proc Natl
Acad Sci USA 1995, 92: 6137-6141.

Mina M, Gluhak J, Upholt WB, Kollar EJ and Rogers B. Experimental
analysis of Msx-1 and Msx-2 gene expression during chick mandibular
morphogenesis. Dev Dyn 1995, 202: 195-214.

Qiu M, Bulfone A, Martinez S, Meneses JJ, Shimamura K, Pedersen
RA and Rubenstein JL. Null mutation of DIx-2 results in abnormal
morphogenesis of proximal first and second branchial arch derivatives
and abnormal differentiation in the forebrain. Genes Dev 1995, 9:
2523-2538.

Sumoy L, Wang CK, Lichtler AC, Pierro LJ, Kosher RA and Upholt
WB. Identification of a spatially specific enhancer element in the
chicken Msx-2 gene that regulates its expression in the apical

3

—_

32

33

34

35

36

37

38

39

ectodermal ridge of the developing limb buds of transgenic mice. Dev
Biol 1995, 170: 230-242.

Ryoo HM, Hoffmann HM, Beumer T, Frenkel B, Towler DA, Stein GS
and Stein JL, et al. Stage-specific expression of DIx-5 during osteoblast
differentiation: involvement in regulation of osteocalcin gene
expression. Mol Endocrinol 1997, 11: 1681-1694.

Shirakabe K, Terasawa K, Miyama K, Shibuya H and Nishida E.
Regulation of the activity of the transcription factor Runx2 by two
homeobox proteins, Msx2 and DIx5. Genes Cells 2001, 6: 851—856.
Nakashima K, Zhou X, Kunkel G, Zhang Z, Deng JM, Behringer RR
and de Crombrugghe B. The novel zinc finger-containing transcription
factor Osterix is required for osteoblast differentiation and bone for-
mation. Cell 2002, 108: 17-29.

Tai G, Polak JM, Bishop AE, Christodoulou I and Buttery LDK.
Differentiation of osteoblasts from murine embryonic stem cells by
over-expression of the transcription factor Osterix. Tissue Eng 2004,
10: 1456—-1466.

Jheon AH, Ganss B, Cheifetz S and Sodek J. Characterization of a
novel KRAB/C2H2 zinc finger transcription factor involved in bone
development. J Biol Chem 2001, 276: 18282—-18289.

Takagi M, Kamiya N, Takahashi T, Ito S, Hasegawa M, Suzuki N and
Nakanishi K. Effects of bone morphogenetic protein-2 and transform-
ing growth factor B1 on gene expression of transcription factors, AJ18
and Runx2 in cultured osteoblastic cells. J Mol Histol 2004, 35:
81-90.

Cowin SC, Moss-Salentijn L and Moss ML. Candidates for the
mechanosensory system in bone. J Biomech Eng 1991, 113: 191-197.
Mitsui N, Suzuki N, Maeno M, Yanagisawa M, Koyama Y, Otsuka K
and Shimizu N. Optimal compressive force induces bone formation via
increasing bone morphogenetic proteins production and decreasing
their antagonists production by Saos-2 cells. Life Sci 2006, 78:
2697-2706.

Ganss B, Kim RH and Sodek J. Bone sialoprotein. Crit Rev Oral Biol
Med 1999, 10: 79-98.

Acta Biochim Biophys Sin (2009) | Volume 41 | Issue 2 | Page 115





