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Abstract

Hypertonicity down-regulates la, 25-
dihydroxyvitamin Ds-induced osteocla-
stogenesis via Runx2 in co-culture system

TIAN YUSHUN
Department of Dentistry

The Graduate School, Yonsei University
(Directed by Prof. Synglll Lee, D.D.S,, Ph.D.)

Bone integrity is maintained through bone remodeling which is consisted of
bone formation and resorption. Osteoblast/stromal cells can express RANKL
(receptor activator of NF-xB ligand), M-CSF (macrophage colony-stimulating
factor), and OPG (osteoprotegerin). RANKL and M-CSF are essential and
sufficient to promote osteoclastogenesis. By contrast, OPG is a secretory
protein which binds to RANKL, resulting in blockade of RANKL/RANK axis.
When bone is actively resorbed, it might be possible that high osmolality is
provided due to the high concentration of Ca’*, PO,”, and the degraded organic
materials in the extracellular fluid around bone cells. Therefore, we

demonstrated the effects of hypertonicity on osteoclastogenesis in osteoblast
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(from calvariae)-preosteoclast (bone marrow) co-culture system for the purpose
of understanding the hypertonicity on bone metabolism at the molecular level.
Hypertonicity (high osmolar sucrose) down-regulates la, 25-dihydroxy-
vitamin D3 (1a, 25(0OH),Ds)-induced osteoclastogenesis in co-culture system.
Namely, hypertonicity (sucrose 25, 50 mM) inhibits number of tartrate-resi stant
acid phoshoatase (TRAP) positive multinucleated cells and pit formation
induced by 10 nM 1a, 25(0OH),Ds. In a viability test, sucrose did not show any
toxic effect in these concentrations. The mRNA expressions of RANKL, OPG
and M-CSF were anadyzed by RT-PCR, and RANKL was detected with
Western blot and ELISA assay, in order to investigate the mechanism by which
hypertonicity inhibits osteoclastogenesis. In hypertonic conditions, expression
of RANKL and its mMRNA were decreased in dose-dependent manner, while the
changes in OPG and M-CSF were not detected significantly. Namely,
hypertonicity inhibits osteoclast differentiation by reducing the expression ratio
of RANKL/OPG in differentiated osteoblastic cells. However, osteoblast
marker genes as well as osteopontin, collagen 1 and osteocalcin expressions
were not changed in hypertonic conditions, which indicate calvarial osteoblastic
cell specific character was not affected with hypertonicity. Runx2 (Runt-related
transcription factor 2)/Cbfal (Core-binding factor alpha 1 subunit)/Pebp20A
(Polyomavirus enhancer binding protein 2 alpha A subunit)/AML3 (acute
myeloid leukemia 3 protein), which is an essential transcriptional factor that
regulates osteoblast differentiation. In this study we clarify whether the Runx2

is linked to la, 25(0OH),Ds-induced osteoclastogenesis in hypertonic condition.



Because RANKL gene basic promoter sequence has severa binding sites for
Runx2 and mutation of these sites abrogates the transcriptiona activity of the
RANKL promoter. We measured the Runx2 expression by Western blot in the
presence or absence of hypertonicity. la, 25(0OH),D; caused the increase of
Runx2 expression in osteoblastic cells. Such increase in 1a, 25(0OH),Ds-induced
Runx2 expression was blunted by hypertonicity, suggesting that hypertonicity
could €licit the partial inhibition of osteoclastogenesis due to the supression of
Runx2 expression. To confirm this possibility, RNA interference of Runx2 was
transfected into the osteoblastic cells. In these transfected cells, 1a, 25(OH),Ds-
induced RANKL expression and TRAP-positive cells formation were
remarkably decreased.

Taken all together, these findings reveal that hypertonicity around bone cells
was supported by active osteoclasts down-regulates 1la, 25(OH),Ds-induced
osteoclastogenesis, is via Runx2. Because under the hypertonic condition, la,
25(0OH),Ds-induced Runx2 expression was suppressed and then inhibited of
RANKL synthesis. Therefore, hypertonicity may be a novel candidate for the
regulation of bone metabolism through affect bone resorption.

Key words. Hypertonicity, osteoclastogenesis, osteoblast, RANKL, Runx2,

1a, 25(0H),Ds
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|. Introduction

Bone morphogenesis and remodeling are strictly latgd by the balance
between bone formation and resorption [Teitelba2000; Gerardtt al., 2002].
Osteoclasts, multinucleated giant cells derivechflematopoietic precursors of
monocyte/macrophage lineage, which are found ireboarrow, spleen, blood,
and other tissues [Tsurukgtial., 2000; Gerardt al., 2002], play a central role
in the bone resorption process. The stromal/osastibl cells are requisite for
differentiation of monocyte/macrophages into od&gisin vitro coculturing
[Takahashiet al., 1988; Udagawaet al., 1990]. It is now clear that these
stromal/osteoblastic accessory cells express thamalecules that are essential
and sufficient to promote osteoclastogenesis: npd@ge colony-stimulating
factor (M-CSF) and receptor for activation of nacléactor kappa B (NkB)
(RANK) ligand (RANKL) (also known as OPGL and TRAKE M-CSF
[Udagawaet al., 1990; Yoshidaet al., 1990; Tanakat al., 1993], which is
imperative for macrophage maturation, binds toréseptor, c-fms, on early
osteoclast precursors, thereby providing signaisired for osteoclast survival
and proliferation. RANKL [Wonget al., 1997; Jimiet al., 1999], an osteoclast
differentiating factor, is a part of the tumor rexis factor ligand family,
binding to its receptor, RANK, which is expressed the cell surface of
osteoclast precursor cells. RANKL is a 317-aminiml geptide [Wonget al.,
1997], and two distinct forms of RANKL have beereritified, a 45-kDa
membrane-associated form (MRANKL) and a 32-kDaldelform (SRANKL)

derived from proteolytic cleavage of the membrasssaiated form [Lacegt
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al., 1998]. The RANK/RANKL signaling system has bedmwn to play
crucial roles in the development of osteolytic béesons such as osteoporosis
[Suda et al., 1999], cancer-associated osteolytic diseasesafiiva S. and
Kitazawa R., 2002] and rheumatoid arthritis [Takeg@g et al., 2000].
Stromal/osteoblastic cells also secrete a soluleein osteoprotegerin (OPG)
that inhibits osteoclastogenesis by binding andrazing RANKL [Simonet

et al., 1997; Takayanagit al., 2000]. Animals lacking OPG have accelerated
osteoclastogenesis and develop severe osteopfBosisnetet al., 1997].

Bone is a mineralized tissue that is composed ofrganic matrix. Type |
collagen constitutes 95% of the organic matrix, dhd remaining 5% is
composed of proteoglycans and noncollagenous psot&ich as osteopontin
and osteocalcin [Liet al., 2001]. For the resorption process, osteoclastete
protons and a large variety of proteolytic enzyrimds resorption lacunae to
dissolve minerals and degrade collagenous matdxnamcollagenous proteins
such as osteonectin and some phosphoproteins [Bagdn 1985; Vaest al.,
1988; Blairet al., 1989; Vaananed al., 1990]. Mainly, proteolytic enzymes of
osteoclasts, interstitial collagenase, lysosomalees and cysteine proteases
are together to digest organic matrix [Sellal., 1996]. Bone resorption leads to
the localized degradation of fully mineralized banatrix, including removal of
both inorganic and organic matrix components [Seloal., 1996]. The
degredation of inorganic matrix precedes the dediad of organic matrix,
which mostly takes place in extracellular resonptiacunae [Jones SJ, Boyde
A., 1987]. During osteoclastic bone resorption, crystal hyglegatite is

dissolved into free G&PQO,> ions in the resorptive hemivacuole where it can
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reach concentrations as high as 40 mM [Sibsteal., 1988; Xuet al., 2005].
High extracellular C& results in the inhibition of bone resorpticafa[di et al.,
1999a; Zaidiet al., 1999b]and induction of osteoclast apoptodisrgetet al.,
2000} On the other hand, when bone is actively resqribadight be possible
that high osmolality is provided due to the higmeentration of C&#/PQ,* and
the degraded organic materials (mainly collagen)}tha extracellular fluid
around bone cells. Under these high osmotic camitithe function of bone
cells will be changed through the cell shrinkaganigly, when osteoclast was
activated, there are two pathways in arrest osastajjenesis, one is regulated
by high concentration of &3 which induces osteoclast apoptosis, and the other
one is regulated by hypertonicity, which affect earells metabolism. In these
two pathways, we are interested in the latter deeause the way how the
degraded organic materials from the resorbed bdfextathe bone cells
(osteoblast and osteoclast) in terms of high odlitola yet not examined. Here,
we hypothesized that the hypertonicity in bone ddug one of the regulating
factors for bone remodeling. In the our study, wi# use sucrose to make
hypertonic condition and apply125-dihydroxyvitamin R (1a, 25(0OH}Ds) to
stimulate osteoclast formation. Understanding ofpdmonicity in bone
metabolism is necessary at the molecular level stéablast and osteoclast.
Therefore, we hypothesized that hypertonicity withight concern
1la,25(OH)}Ds-induced osteoclastogenesis and bone metabolismraspect to
RANKL, OPG, and other genes on the osteoblast. @imahstrate whether
hypertonicity affect the osteoclastogenesis, weliegpphypertonicity to an

osteoblast/stromal cell and preosteoclast co-aikystem.
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Skeletal integrity is regulated by a variety of thones such as parathyroid
hormone (PTH), prostagrandin BPGE), interlukin-1 (IL-1), interlukin-6 (IL-
6), estrogen, d, 25(0OH}Ds, and local factors like fluid movement, located Ca
ion [Sudaet al., 1992; Yasudat al., 1998; Davidet al., 1998; Sudaet al.,
1999]. T, 25(OH}Ds, a physiologically active form of vitamin 3D plays
multiple roles in the control of bone resorptiorddrone formation. Cellular
levels of 1,25(OH}D; present as a function of the stage of osteoblast
maturation which can positively or negatively imfhce expression of a gene or
protein [Owenet al., 1991; Shalhoukt al., 1992; Gerstenfeldt al., 1996; Lian
et al., 1997]. It regulates bone metabolism by enhaneixgression of many
genes necessary to accommodate the events thangosteoclast maturation
and osteoblast lineage commitment and differeptigiDrissiet al., 2002]. For
instance, when osteoblasts/stromal cells are ddiedl by &,25(OH}Ds,
RANKL is expressed and induces the differentiatifrosteoclast progenitors
by binding to the receptor activator of MB- (RANK) [Jimi et al., 1999].
Receptor activator of NkB ligand (RANKL)-RANK signaling is essential for
osteoclastogenesis and plays important role. datirgly, RANKL genes
contain functional Runx2 binding sites and mutatiéthese sites abrogates the
transcriptional activity of the RANKL promoter [QBn et al., 1998]
[Kitazawaet al., 1999]. Runx2 (runt-related transcription factyr@bfal (core-
binding factoral)/ AML-3 (acute myeloid leukemia 3 protein)/ Pelopg2
(Polyomavirus enhancer binding protein 2 alpha Ausith is essencial for
osteoblast differentiation [Komoet al., 1997; Ottoet al., 1997; Ducy P., 2000;

Karsentyet al., 2001]. Runx2 plays important roles in multipleogessed of
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endochondral ossification, including chondrocytduration, vascular invasion
into the cartilage, osteoclast differentiation, aosgteoblast differentiation
[Komori T., 2002]. Runx2 expression is regulatedloy 25(OH)}D3, because
its proximal promoter sequences contain a functidi2RE (VDs-responsive
element) that binds a VDR/retinoid X receptor hedémer [Drissiet al., 2002].
Members of the Runx2 family of transcription fastéunction by binding to the
consensus sequence AACCACA, known as osteoblasifispelement 2
(OSE2) [Ducy, P. and Karsenty, G., 1995]. This AAIA sequence or highly
related sequences are found in the promoter regibmeany genes such as
osteocalcin [Ducyet al., 1997], bone sialoprotein [Bensacet al., 1999],
osteopontin [Tezuket al., 1996; Satet al., 1998], type 1 collagen [Porétal.,
1999], collagenase 3 (MMP-13) [Jimeratal., 1999], OPG [Thirunavukkarasu
et al., 2000], and RANKL [O'Brieret al., 1998; Kitazawaet al., 1999].

Komori and coworkers [Komoet al., 1997] reported that osteoclastogenesis
was markedly retarded in Runx2-deficient (Rufx2mice. These results
suggested that the maturational arrest of ostetsbtasised by disruption of the
Runx2 gene might be related to the insufficieneoslastogenesis in Runx2-
deficient mice. However, hematopoietic cells fromankR2-deficient mice are
capable of forming osteoclastsn vitro when cultured with wild-type
stromal/osteoblastic cells indicating that the osli@st deficit results from a lack
of support from stromal/osteoblastic cells. In agnent with this evidence,
RANKL expression is reduced in tibiae and femuesrfrRunx2 embryos, and
la, 25(OH}D3; can not induce RANKL mRNA in cells from these egudw

[Gaoet al., 1998]. On the other hand, according to Enomat&unx2-deficient
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mice, osteoclasts were absent, in which OPG and S®W-Qere normally
expressed, but RANKL expression was severely dshid [Enomotcet al.,
2003]. Thus, it is likely, at least in part, thatudiX2 is involved in
osteoclastogenesis by regulating the expressioiRANKL. In addition to
explaining the osteoblast-specific expression ofNRA, the requirement of
Runx2 for RANKL gene expression may constituterttedecular mechanism of
the linkage between osteoblastogenesis and ostegetaesis [Portet al.,
1999]. And, they [Kitazawast al., 1999] [Kabeet al., 2005] found inverted
TATA- and CAAT-boxes and binding sites for Runx2 ascharacteristic
structure of the mouse RANKL/TRANCE/OPGL/ODF genasib promoter.
More extensive studies on the regulation of RANKL Runx2 will provide
insight into the molecular mechanism involved ire thlassical hypothesis
proposed by Rodan and Martin [Rodan GA, Martin T931] concerning the
interaction between osteoblasts and osteoclasisgdnone remodeling. Runx2
through its effects on osteoblast lineage commitnaerd function could also
directly or indirectly regulate the bone resorptiprocess [Kannaret al.,
2000]. As previously reported [Komori T., 2002;t&dawaet al., 2003], one
vitamin D; responsive element (VDRE) is located further wgastr in the region
of the mouse RANKL gene. Others also observed thaP5(OH)}D;
acceleratedh vitro osteoclastogenesis by upregulating RANKL genegkdtva
R., Kitazawa S., 2002; Kitazaveh al., 2003]. Furthermore, identified RANKL
as one of the target genes of vitamin D, and shilxahthe vitamin D receptor
(VDR) [Farach-Carsonet al., 1998; Javedet al., 1999] formed VDR-

RXRa(retinoid X receptor)(human) or VDR-RXR (mouse) heterodimers to
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bind to the VDRE. Therefore, RANKL promoters is v@reserved and
composed of inverted TATA- and CAAT-boxes and asemsus binding sites
of Runx2 flanked by VDRE, indicating the importanoiethese structures for
the regulation of the gene. More interestinglyRinnx2-transgenic adult mice,
express bone formation marker genes, osteocalcirmésker of mature
osteoblast) and ALP (alkaline phosphate), are entdfl; however, that of
osteoclastic related genes as well as OPG, RANKd,MMP-13 are increased
[Geoffroy et al., 2002]. In addition, osteocyte number is redugettansgenic
animals irrespective of bone turnover status. Maiynthesis level per
osteoblast is unchanged in transgenic animals, raattix mineralization is
reduced. On the other hand, Runx2 inhibits the kttege of osteoblast
maturation, restricting Runx2's positive functiam the early differentiation
stage in the process of osteoblast developmenteiiall, 2001; Viereclket al.,
2002; Toshihisa K., 2003]. Furthermore, the regomabf RANKL expression
by Runx2 seems to be dependent on the maturastege of osteoblast lineage
cells [Komori T., 2002].

From these reports, we found Runx2 is related oktstmgenesis, probably.
So, in this report, we will to identify transcripti factor Runx2 and osteoclast
differentiation relationship with siRNA of Runx2ctenique.

We expect that hypertonicity regulates a,25(OH)Ds-induced

osteoclastogenesis via Runx2.



II. Materials and Methods

1. Materials

Routine cell culture media was obtained from GIBBRL (Grand Island,
NY). The Tartrate-Resistant Acid Phosphatase S$tgiHKit was purchased from
the Sigma Chemical Co., Ltd. (St. Louis, MO). Ttizeas purchased from
Invitrogen Corp. (Carlsbad, CA), and the ICR micerevfrom Samtacho Co.,
Ltd. (O-san, Kyung-gi-Do, Korea). Sucrose-[@-Glucopyranosylp-D-fructo-
furanoside; Saccharose; Cane sugar) aad 2b-dihydroxyvitamin B [la,
25(0OH)D4] were also purchased from Sigma Chemical Co., ($d. Louis,
MO, USA). All other chemicals were of reagent graflee osmolalities of all
media and solutions were measured with a FISKE OHBE- Osmometer

(FISKE ASSOCIATES, USA).

2. Preparation of primary osteoblastic cells

Primary osteoblastic cells were prepared from thlariae of 1-day-old
newborn ICR mice (Samtak Inc., O-san, Kyung-gi-Blorea) by a previously
reported method [Takahasttial., 1988; Choi, B. Ket al., 2001] with a slight
modification. The calvariae removed from 10 miceavsubjected to digestion
four times at 20-min intervals using 0.2% collageng@Wako Pure Chemical
Industries, Ltd, Osaka, Japan) and 0.1% dispasebc¢@@RL, Life
Technologies, Grand Island, NY, USA) in a shakinatev bath at 3Z . The
primary osteoblastic cells isolated in the firsgadition were discarded, and
those of the second to fourth digestions were ctdte and cultured to
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confluence in am-minimun essential mediuno{MEM) (Gibco/BRL, Life
Technologies) containing 10% fetal bovine serum b@BIBRL, Life
Technologies) and antibioticin-antimycoticin (100ml penicillin G sodium,
100 pg/ml streptomycin sulfate and 0.25 pg/ml anmitio B) (Gibco/BRL,
Life Technologies) in 10-cm culture dish at@7 ws#b CQ.

3. Histochemical staining of alkaline phosphataseA(LP)

ALP staining was performed by a standard protolcobrief, cultured cells
were rinsed in PBS (pH 7.4), fixed in 2% parafomedlyde at 20-30min, rinsed
with PBS, and then overlaid with 5 ml reation siint which containing 0.5
mg of Naphthol AS-BI phosphate (sigma) plus N-Nmeihylformamide
(sigma) and 3 mg of fast blue RR solt (sigma) ih M. Tris-HCI (pH 8.3-8.5),

followed by incubation at room temperature for 2ifsan the dark.

4. RT-PCR (Reverse Transcription-Polymerase Chain Baction)
RT-PCR was performed by a previously reportethmd [Choi, B. Ket al.,
2001; Yunet al., 2004]. Primary osteoblastic cells were seede®5amm
culture dishes (X 10" cells/dish) and grown to 4 days é"MEM containing
10% fetal bovine serum. After 4 days the cells weeated with each reagent
and incubated at 37  with 5% G&@r 4 days, and then the cells were collected
and total RNA was extracted from the primary oskastic cells using a TRIzol
reagent (Invitrogen Corp. Carlsbad, CA) according the manufacturer's
instructions. The concentration of the RNA obtaineds determined by
measuring the absorbance at 260 and 280 nm. RTf&ICRANKL, OPG, M-

CSF, osteocalcin, osteopotin, collagen 1 grattin mRNA was carried out
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with a commercial two-step RNA-PCR kit (ELPisbidhat mRNAs (1 pg)
isolated from each sample were used as templatésd@DNA synthesis. Each
reaction tube contained 1 pg of mRNA, 1 ul Anchopeidner (dT)sV or N8
random octamers (40 uM), 8 ul DEPC treated stevider, 2 pul DTT (100
mM), and 8 pl RT-&GO"MasterMix 2.5xC. Polymerase chain reactions were
performed in a thermal Cycler 96 PCR machine (BIGBR
MyCyclear " Thermal CyCler, U.S.A) using 2 pg of cDNA, 5 pl Tagq
&GO™MasterMix 5xC, 2 pl of each forward and reversegatiucleotice
primer (Table 1) and sterile water in a 25 pl volume. The cycloanditions
were 5 min at 9% (reverse trascription) and 10 min72C (reverse
transcriptase inactivation) and 30 cycles of 95 80 T, (annealing
temperature30 s, 72C 1 min. After amplification, 15 pf each PCR products
was analyzed by 1.2% agarose gel electrophoreSiatnbuffer. The gels were
stained with ethidium bromide (10 pug/ml) and phoapiped on top of a 280 nm
UV light box. The quantity and base pair size of fRCR generated DNA
fragments were estimated relative to DNA laddendads.p-actin used for

standardization control.

Table 1. Synthetic oligonucleotide primers used for reverse transcription-

polymerase chain reaction (RT-PCR)

Ta
Target gene Primer sequence (annealing

temperature)

RANKL (forward): 5-ATCAGAAGACAGCACTCACT-3’
48T

(750 bp) | (reverse): 5-ATCTAGGACATCCATGCTAATGTTC-3’

10



OPG (forward): 5-TGAGTGTGAGGAAGGGCGTTAC-3'
58T
(636 bp) (reverse): 5-TTCCTCGTTCTCTCAATCTC-3’
M-CSF (forward): 5-CATGACAAGGCCTGCGTCCGA-3’
(395 bp) (reverse 1): 5-AAGCTCTGGCAGGTGCTCCTG-3’ 58T
(reverse 2): 5-GCCGCCTCCACCTGTAGAACA-3'
B-actin (forward): 5-GGACTCCTATGGTGGGTGACGAGG-3’
58T
(366 bp) (reverse): 5-GGGAGAGCATAGCCCTCGTAGAT-3
Cbfal (forward): 5-AGCCTCTTCAGCCGAGTGACACC-3’
58T
(Runx2) (reverse): 5-CTGGGCCATGGTTGACGAATTTC-3'
(forward): 5-GAGCGGTGAGTCTAAGGAGT-3'
Osteopontin 59C
(reverse): 5-CTAAATGCAAAGTAAGGAAC-3’
(forward): 5-AAGCAGGAGGGCAATAAGGT-3’
Osteocalcin 55C
(reverse): 5-AGCTGCTGTGACATCCCATAC-3'
(forward): 5-ACCTTCCTGCGCCTAATGTC-3'
Collagen 1 55C
(reverse): 5-TTGGGTTGTTCGTCTGTTTC-3'

5. 1n vitro osteoclast formation assay

The prepared calvarial osteoblastic cells weredthetd from the culture dish
by treating them with trypsin-EDTA (Gibco/BRL, Lif@echnologies) and
collected by centrifugation. The bone marrow celisre collected from the
femurs and tibiae of 4-week-old ICR male mice. EBmels of the femurs and
tibiae were removed and the marrow cavity was #dsby slowly injecting
media in at one end using a 25-gauge needle. Tihectmal bone marrow cells
were washed and treated with 10 mM Tris-HCI, 0.88%monium chloride to
remove the red blood cells. After 2 days of incidratat 37°C on cell culture
dishes, nonadherent cells (termed BMM precursoesgwemoved from culture
for use in osteoclastogenic cultures [Quatral., 2002]. Primary osteoblastic

cells (1<10* cells/well) were co-cultured with bone marrow se(tLx 10°
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cells/well) in a-MEM containing 10% FBS in 48-well plates (Corniimg.,
Corning, NY). The culture volume was made up to 40(er well witha-
MEM supplemented with 10% FBS, in the presencenpPb(OH}Ds (10 nM),
without or with sucrose. All cultures were maintdnat 37C in a humidified
atmosphere containing 5% GQAfter incubation for 4 days, the cells were
fixed and stained for Tartrate-Resistant Acid Phasase (TRAP, an osteoclast
marker enzyme Nlinkin C., 1982]), using an acid phosphatase kit (Sigma
Chemical Co.). TRAP-positive multinucleated cellmwing more that three
nuclei were counted as sud¢h.vitro formation assay of osteoclast was repeated

four times.

6. Assessment of cell viability

Cell viability was determined by the conventional Massay [Mosmann T.,
1983; Choi, B. Ket al., 2001] with slight modification. The number of bia
cells was determined based on the reduction of KBF[B, 5-dimethylthiazol-2-
yl]-2, 5-diphenyltetrazolium bromide) dye (Sigmae@tical Co., St. Louis, MO,
USA) by mitochondria dehydrogenase in live cellsféom blue formazan
crystals. Primary osteoblastic cells{(10* cells/well) were seeded in 48-well
plates and grown in-MEM containing 10% fetal bovine serum to 4 daykeT
cells were then treated with 10 nM,125-(OH)}D; and various concentrations
of sucrose for an additional 4 days. In additiditerathe primary osteoblastic
cells (1< 10" cells/well) had been co-culture with bone marrasilsc(1< 10°
cells/well) ina-MEM containing 10% fetal bovine serum in 48-wdhtes for 4
days, b, 25-(OH}D;and various concentrations of sucrose were addeddio

well and the cells cultured for an additional 4 slagfter 4 days of culture, 40
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pl of MTT solution (5 mg/ml) was added to each w@k0 pl media) and the
cells incubated for 4 hours at 87 . The supernatast discarded and 100 pl
of demethyl sulfoxide (DMSQO) was added to each teedlissolve the formazan
crystals at room temperature for 20 minutes and dihged with suitable
volumn of demethyl sulfoxide in 96-well plates. Thetical density of the

formazan solution was measured at 570 nm.

7. Pit formation assay

Osteoblastic cells obtained from the calvariaeeafioorn ICR mise and bone
marrow cells obtained from the tibiae and femudahonths male ICR mise
were co-cultured im-MEM in calcium phosphate apatite-coated 24-wellA3A
(Oscotec, Korea) plate and used according to ththaddJimi et al., 1999; Choi
YN et al., 2001] with a slight modification. Brigfl the osteoblastic cells and
bone marrow cells were resuspended in compldt#EM medium and plated
into OAAS plate at 2xIDcells/0.8 ml/well calvarial osteoblastic cells and
2x10 cells/0.8 ml/well bone marrow cells, respectivdlfie cells were cultured
for 4 days at 37 in a humidified 5% g@tmosphere. Then the cells treated
with 1o, 25(OH}D; (10 nM) and sucrose by different concentration,
respectively. Cultures were maintained for 4 dayse medium in each well
was replaced with respective fresh completive madiund &, 25(OH)Ds (10
nM) and sucrose. The experiments were performed fibmes. After
termination of culture, attached cells were remofredh the plate by addition
with 4% sodium hypochlorite solution (Sigma). Imagef pit were gathered

with a digital camera attached to a microscope Hb& magnification, and total
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areas of resorption pits were analyzed by ImageN#grph Program. The data

were presented as mean = SEM of four times sample.

8. ELISA (Enzyme Linked Immuno-Solbent Assay)

Quantikin€ M murine Mouse RANK Ligand kit (R&D systems Inc.,
Minneapolis, IN) was used to analyze RANKL protefallowing the
manufacturer's instructions. Briefly, mRANKL standiawas diluted in
Calibrator Diluent RD-12 solution to make final cemtration of 0, 31.2, 62.5,
125, 250, 500, 1000, and 2000 pg/ml. Assay DillRibiW and standards (50
ul) were added to each well and incubated for 2<hatiroom temperature. A
plate layout is provided to record standards angpses assayed. Each well was
aspirated and washed, repeating the process foas tior a total of five washes.
MRANKL conjugate (100 ul) was added to each well enrcubated for 2 hours
at room temperature. Washing was repeated as bedcabove. Substrate
solution (100 ul) was added to each well and intad#&or 30 minutes at room
temperature in dark room. Stop Solution (100 plywdded to each well and
mixed by gentle tapping. Then the enzyme reactiefdy a blue product that
turns yellow. The intensity of the color of eachllweas determined within 30

minutes, using a microplate reader at 450 nm.

9. Western blot analysis

Western blot analysis followed by a previouslyased method [Kinet al.,
2003]. Protein extracts were prepared from ostetiblaells as follows. The
cells that cultured in 60-mm culture dish were vemkhwith ice-cold XX PBS

and then lysed by adding RIPA (radio-immuno preatmn assay) buffer [Tris-
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HCI (10 mM; pH 7.8), 150 mM of NaCl, 1 mM of EDTAnd 1% NP-40], 2
mM of NgVO, 10 mM of NaF, 10 ug/ml of aprotinin, 10 pg/mlletipeptin,
and 10 pug/ml of PMSF. The lysates were clarifiedcbgtrifugation at 14,000
rpm for 20 minutes. An equal amount of protein wgabjected 10% sodium
deoxyl sulfate-polyacrylamide gel electrophoresSD$-PAGE) (Bio-Rad
Laboratories, Hercules, CA) and electrotransfetoed nitrocellulose membrane.
After transfer, the blot was washed with 1xPBS {p#) for 5 minutes at room
terperature and then incubated in blocking buffex PBS containing 0.1%
Tween 20 with 5% nonfat dry milk) for 1 hour at nedemperature. The blot
was washed three times for 10 minutes each witPBS. Primary antibody of
Runx2 or RANKL (Santa Cruz Biotech, Santa Cruz, G¥gs added to the
blocking buffer at 1:5000 with gentle agitation ovght at 4C . The blot was
washed three times with 1xPBS and incubated wehhtirseradish peroxidase-
conjugated rabbit anti-mouse antibody (Santa CriszeBh, Santa Cruz, CA)
for 1 hour at room temperature. After three wasttes signal was detected by
ECL Chemiluminescence Plus reagents (Amersham,giin Heights, IL,

USA) following the procedure recommended by theptiap

10. RNA interference

10.1. Cloning of samll interfering RNA

siSTRIKE™MUG hairpin cloning systems kit (Promega, MadisoBA)Y were
used to synthesize 19-nucleotied single-stranded\.RBtiefly, two hairpin
oligonucleotides are annealed to form a doublexdgd DNA fragment for
inserting it into the psiSTRIKE' vector. For assistance with hairpin

oligonucleotide design visit the siRNA Designer at:
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WWW.promega.com/techserv/tools

The primers used were: for Runx2 (56 bp), 5-ACCGTTGGCGTTTAA
ATGGTTTCAAGAGAACCATTTAAACGCCAGAGCTTTTTC-3' (sensek'-
TGCAGAAAAAGCTCTGGCGTTTAAATGGTTCTCTTGAAACCATTTAA
ACGCCAGAG-3' (anti-sense) (Bioneer Oligo Synthekisrea);

For cloning the psiSTRIKE' vectors inserting hairpin oligonucleotides, the
annealing reaction was performed af®®0 for 3utgs followed by incubating

at 37C for 15 mintes using 2 pg/ul each oligonucleotide.

10.2. Ligation of small interfering RNA into the psSTRIKE ™ vectors

The annealed hairpin oligonucleotides were éduat the final concentration
4 ug/ml. And for ligating hairpin insert to the $3RIKE™
vectors. psiSTRIKE" vectors and diluted hairpin oligonucleotides were

incubated at room temperature for 1 hour using NAligase.

10.3. Transformation of E.coli with psiSTRIKE ™ vectors
To obtain a reasonable number of the ligation afjifinents with a hairpin,
performed transformation reaction using tBEOS1 min Competent cells

(Yeastern Biontech. Taipei, Taiwan). Recombinaaspiid DNA was isolated.

10.4. Confirmation of recombinant plasmid DNA

The recombinant plasmid DNA was digested with retstn enzymePstl
yielded 3655bp and 958bp. This construct was coefit by electrophoresis on
1.5% agarose gels in TAE buffer. The gels werenathiwith ethidium bromide

(20 pg/ml) and photographed on top of a 280 nm igkt Ibox.
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11. Transfection experiments

The calvarial osteoblastic cells that were ismdtom 1-day-old newborn ICR
mice were seeded at 60-70% confluence in cultughedi Cells were
resuspended int-MEM containing 10% fetal bovine serum (FBS) and
antibioticin-antimycoticin. The day before trandfen, osteoblastic cells
changed thea-MEM antibiotics-free medium. Transfection of redamant
DNA (1 pg/ml) (final concentration) was carried aising lipofectaming’'2000
(Invitrogen Corp., Carlsbad, CA) for 24 hours fellag the manufacturer's
recommendations. After 24 hours the cells changild tMEM containing
10% FBS and antibioticin-antimycoticin medium anerevcultured for 1 day at
37C in a humidified 5% C@atmosphere. Then add 1% of GENETIEIN
(G418-neomycin) (100 mg/ml) (Invitrogen Corp.) telet transfected cells to
use. The contrast groups were added psiSTR{Kctors and were selected

with G418-neomycin followed same procedure.

12. Data analysis and statistics

Unless stated otherwise, all experiments wereockred at least three times.
The results are expressed as the mean + SEM. &hstisal significances of
the data were analyzed by the Studeefist (two-tailed). Ap value of less than

0.05 was considered to be statistically significant

17



l1l. Results

1. Confirmation of osteoblastic cells

To investigate whether osteoblastic cells, whichiengrepared from new
born mice calvariae according to “Methods”, weref@gened an alkaline
phosphatase staining (Figure 1A) and RT-PCR (FigB¥ From Figure 1A,
we found many alkaline phosphatase-positive spialdéped cells, but NIH3T3
cell (fibroblast cell line) for negative control srEt expressed any one stained
cell. And, from Figure 1B, we also found that thes#ls expressed osteoblast
marker genes as well as collagen 1, osteopontid, cateocalcin (late stage
marker gene). From these results, we could disishgthe cells from mice

calvarea are osteoblastic and already differertiegds.
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Figure 1. Confirmation of osteoblastic cellsPrimary osteoblastic cells
prepared from 1-day-old ICR mise calvariae accaydio as mentioned above
“Methods” and cultured for 4 days itMEM medium. (A), cells were performed with
alkaline phosphatase (ALP) staining £00). The red arrow indicated ALP stained cell;
(B), the total RNA was extracted with TRIzol reag@md confirmed the osteoblast

marker genes by RT-PCR.
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2. Inhibition of 1a, 25(OH)Ds-induced osteoclastogenesis
by hypertonicity (high osmolar sucrose) in co-cultte
system

Osteoclastogenesis was induced lby 25(OH}Dsin osteoblastic cells and
bone marrow cells co-culture system. To clarify tbée of hypertonicity on
bone metabolism, 25, 50, 100, 150, and 200 mM cfose were added for
hypertonic conditions to co-culture system and ratad at 3T for 4 days to
investigate osteoclast differentiation. When 10 oMa, 25(0OH)}D;was added
to the co-culture system, TRAP positive multinutéeacells were formed,
whereas no TRAP positive cells were detected inianedly. In the presence of
sucrose, &, 25(OH)}Ds-induded osteoclast differentiation was reducedyfé
2A). In detail, the addition of 25, 50, 100, 158000 mM of sucrose reduced
the number of TRAP positive multinucleated cellstambout 70% in 50 mM
sucrose (Figure 2B). However, it might be possiblat sucrose causes cell
damage directly without interrupting the normal umation of osteoclasts. To
rule out this possibility, we used a viability te&s shown in Figure 2C, sucrose
did not show toxic effect when treated at up ton®d. These results suggest
that the effect of sucrose (25 mM: +20 mOsm; 50 mMO mOsm) on
osteoclast formation was caused by hypertoniciot, by sucrose direct toxic

effect upon the cells.
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Figure 2. Hypertonicity (high osmolar sucrose) inhbited 1la,
25(0OH).Ds-induced osteoclast differenttiation in co-culturesystem.
(A) In the presence of sucrose, 10 ni 25(0OH)}Ds-induced osteoclast differentiation
was reduced X 200). Thgreen arrow indicated osteoclast cells. (B) TRARHdeE
multinucleated cells containing three or more niualere counted as osteoclasts. (C)
MTT test results. 100 mM of sucrose showed remadekdligh cell inhibition. .,
significantly different p < 0.001) in compared to control group; *, sigrafitly
different ¢ < 0.05) in compared to 10 nMa,l 25(OH)Ds group; **; significantly
different < 0.001) in compared to 10 nMa,125(OH)}Ds; group. The statistical
significance of differences between the groups determined using the two-tailed

Student test. Each data was shown in mean + SEM of follui@s.
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3. Effects of hypertonicity on resorption pit formation
Osteoblastic cells and bone marrow cells were ¢onad in a-MEM on
OAAS (osteoclast activity assay substrate) plated measured resorption

lacuna. There was no resorption pit on OAAS plateshe absence ofol
25(OH)D;. On the other hand, 10 nMy,125(OH}D; induced a number of
bone resorption pits and we could find multipleulaae, which was used as a
positive control. But in the experimental groupsamption pits were distinctly
decreased as the function of hypertonicity up tov®® sucrose (Figure 3). As
show in Figure 3, total resorption area was alsorassed by the addition of

sucrose.
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Figure 3. Hypertonicity inhibited la, 25(OH)Ds-induced pit
formation. (A) The resorbed lacunae on the OAAS (osteoclasivigc assay
substrate) plates were photographed with micros¢aE00) (B) Total resorption area
per well was measured by Image Meta Morph Programsignificantly different i <
0.001) in compared to control group; **; signifi¢ggndifferent ( < 0.001) in compared
to 10 nM Zn, 25(OH)}D; group. The data were presented as mean = SEMuotifoes

sample.
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4. The expressions of osteoblast maker genes weret n
changed by hypertonicity in osteoblastic cells

We invesgated that the effect of hypertonicityosteoblasts specific
character. Ifthe maturational arrest of osteoblasts in hypect@onditions, it
will be able to affect the insufficient osteoclagaesis. We examined the
expressions of osteoblast marker genes as weblegen 1, osteopontin, and
osteocalcin by RT-PCR (Figure 4). Figure 4 indidatieat osteoblasts specific

character was not changed by hypertonicity.
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Figure 4. Osteoblast specific character was not chged by
hypertonicity. Primary osteoblastic cells were seeded in 35-mnturildishes
(1% 10* cells/dish) and grown to 4 daysdaMEM. After 4 days the cells were treated
with each reagent and curtured for 4 days, and thercells were collected and total
RNA was extracted from the primary osteoblastidscahd was analyzed by RT-PCR.

B-actin used for standardization for total RNA amiguemain unchanged.

26



5. Effects of hypertonicity on osteoclast differenation
related genes expression in mouse calvarial osteabts

Figure 5A depicts RANKL, OPG, and M-CSF mRNA expgienas in
osteoblastic cells. Thp-actin mRNA levels used for standardization foratot
RNA amounts remained unchanged. The expressioroaenRANKL mRNA
was markedly enhanced in calvarial osteoblastids céleated with 4@,
25(0OH)D;alone but was decreased dose-dependently with sicHpwever,
OPG and M-CSF gene are not changed upor28(OH)}Dsand sucrose treated.
These findings indicate that addition of sucroge 8 mM) inhibits osteoclast
formation by down-regulating the expression of RANK

RANKL and OPG were also analyzed with ELISA usingi-RANKL and
anti-OPG antibodies. RANKL was decreased with thergase of sucrose
concentration (Figure 5B). On the other hand, tidditeon of sucrose did not
change the OPG quantitatively which is consisteith VDPG mRNA data
(Figure 5B). RANKL expression were also detectethw/estern blot method
(Figure 5C), obtained same results as well as EL&S#ay. Consequently, the
addition of sucrose inhibited RANKL mRNA and solelRANKL, and led to
altered osteoclastogenesis. In addition, such @wof RANKL mRNA and

protein were dependent on the sucrose concentration
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Figure 5. Hypertonicity caused down-regulation in FRANKL. (A)
Osteoblastic cells from nowborn mice calvariae weudured 4 days. Then various
concentrations of sucrose were added to the calsred with 10 nM &, 25(OH)D5.
After indubation for 4 days, total RNAs were extets, and the expressions of
RANKL, OPG, M-CSF mRNAs were analyzed by RT-PCR). (Bteoblastic cells were
cultured at 3T with 5% CL After 4 days, the cells were treated with eacgeat
and curtured for 4 days and then take the mediuamédyze. The protein analysis using
ELISA showed that addition of sucrose inhibited theression of soluble RANKL
level in osteoblasts, it was statistically sigrafit. On the other hand OPG levels were
increased slightly stimulated by sucrose, but iswat statistically significant. (C)
Western blot analysis of the expression of the RANK primary osteoblasts isolated
from calvariae after 4 days of culturing in abseoncepresence d,25(OH)D; and/or
sucrose. The anti-actin protein levels used fondstedization for total protein amounts
remain unchanged. *, significantly differerpp € 0.05) in compared to 10 nMal
25(0OH)D; group; **, significantly different § < 0.001) in compared to 10 nMu,1

25(0OH)D; group.
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6. Expression of Runx2 in calvarial osteoblastic de under
the hypertonic condition

From Fugure 5 results, we established that additibrsucrose inhibits
osteoclast formation by down-regulating the expoes®f RANKL. RANKL
gene basic promoter sequence has binding siteRunk2 and Runx2 playing
major role in RANKL expression. Therefore, we wétkamine the effect of
hypertonicity on &, 25(0OH)}Ds-induced Runx2 expression. The osteoblastic
cells from 1-day-old ICR mice calvarea were cultua¢ 37C with 5% C@for
4 days and then treated with 10 nki 25(OH}D3; and various concentration of
sucrose. After 4 days, the cells were treated vydis buffer and were
investiged the Runx2 expression with Western bhatlysis. The Runx2 level
was increased significantly by 10 nM,125(OH}D;and were decreased dose-

dependently with sucrose treatment (Figure 6).
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Figure 6. Hypertonicity suppressed &, 25(OH),Ds—induced Runx2
expression in osteoblastic cells.(A) Osteoblastic cells from nowborn mice
calvariae were cultured 4 days and then treated Wt nM ki, 25(OH)D5; and/or
sucrose. After 4 days the expression of Runx2 wadyaed with Western blotting; (B)
The density of each band were determined by MatgpM®&rogram and the values were
normalized against control expression and are ptedeas fold induction.”,
significantly different p < 0.001) in compared to control group; *, sigrafitly
different < 0.05) in compared to 10 nMa,l 25(OH)YD5 group; **, significantly
different @ < 0.001) in compared to 10 nMy,125(OH)}D3 group. Results represent

means + SEM of six independent experiments.
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7. Effects of Runx2 for expression of RANKL mRNA ax

RANKL in calvarial osteoblastic cells

Above results indicated that Runx2 direct regulR®ANKL expression
probably. To confirm this Runx2 and RANKL relatitis, we used siRNA
technique. Namely, RANKL expressions were examiaier disrupted Runx2
prodution by siRNA method. To silence the exprassid Runx2 by RNA
interference, we designed small interfering RNAR{$A) duplex. The
osteoblastic cells were transfected with RNA irgeghce of Runx2, and were
selected with G418-neomycin. Then these osteoblastls were changed with
10 nM 1o, 25(0OH}D; for 4 days. The results of expression of RANKL miRN
and protein by RT-PCR and Western blotting in dsiesiic cells were shown
in Figure 7. These findings suggest that Runx2 geag be involved in the

regulation of RANKL expression at the upstream leve
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Figure 7. The Jn, 25(OH)Ds-induced RANKL mRNA and
RANKL expressions were decreased by siRNA of Runxansfection
in osteoblastic cellsOsteoblastic cells were transfected with RNA ireeghce of
Runx2 (siRNA of Runx2) gene and selected with GA&8mycin. The cells were
untreated or treated with 10 nM,125(OH}D; for 4 days before mRNA isolation or
western samples preparation. (A) The expressidRANKL mRNAs was analyzed by
RT-PCR.B-actin used for standardization for total RNA am@uremain unchanged.
(B) The expression of RANKL was analyzed with Westelot method. Anti-actin used

for standardization for total protein amounts. Eagperiment repeated three times.
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8. Effect of Runx2 on the osteoclastogenesis in cokure
system.

The fact that Runx2 affect RANKL expression was dastrated with
SiRNA method. In addition, RANKL plays an importantole in
osteoclastogenesis. Therefore, we will investighte effect of Runx2 on the
osteoclastogenesis. The primary osteoblastic ogllthe 48-well plate were
transfected with RNA interference of Runx2. Thenlese transfected
osteoblastic cells and co-cultured with non-adheleme marrow originated
preosteoclastic cells and treated with 10 né 25(OH)}D3. After 4 days, the
cells were performed TRAP staining and cell viapiliest (Figure 8). These
results suggest that osteoclastogenesis was dawtated by disrupt Runx2
function with siRNA technique in osteoblastic ceksd did not shown toxic

effect in this condition.
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A- TRAP staining B- MTT assay
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Figure 8. 1o, 25(OH)Ds—-induced osteoclastogenesis was inhibited
by siRNA of Runx2 transfection in co-culture systempPrimer osteoblastic
cells seeded 48-well plate and were transfectedh WNA interference of Runx2
(siRNA of Runx2) gene and were selected with G4&8mnmycin treatment. Then added
non-adherent preosteoclast cells to co-cultureteaded with 10 nM d, 25(OH)}D; for
4 days before TRAP staining and MTT assay. (A) Thoenbers of TRAP-positive
cells/well were scored. (B) MTT test results. Dagpresent mean = SEM of three wells.
Analysis was performed with two tailed Studenest..”., significantly different § <
0.001) in compared to control group; **, signifitgndifferent (o < 0.001) in compared
to 10 nM ki, 25(OH)}D; group. Similar results were obtained in four inelegent

experiments, and representative data are shown.
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V. Discussion

During osteoclastic bone resorption, crystal hyglapatite is dissolved into
free C&/PO ions in the resorptive hemivacuole where it canchea
concentrations as high as 40 mBiljer et al., 1988; Xuet al., 2005] High
extracellular C&# has been shown to trigger an increase in cytoSD#c,
through C4&' release from internal stores and/oQaflux, and this results in
the inhibition of bone resorptiorZaidi et al., 1999a; Zaidiet al., 1999b]and
induction of osteoclast apoptoslsofgetet al., 2000] On the other hand, bone
resorption leads to the localized degradation 8y fonineralized bone matrix,
including removal of both inorganic and organic mxatomponents [Jones SJ,
Boyde A., 1987] [Salet al., 1996]. Therefore when bone is actively resoriied,
might be possible that high osmolality is providkee to the high concentration
of C&'/PO” and the degraded organic materials (mainly cotipga the
extracellular fluid around bone cells. Hypertoniddé a genotoxic agent. Acute
exposure to a hypertonic environment causes imreediater efflux and results
cell shrinkage. Here, we hypothesized that the tgpeity in bone could be
one of the regulating factors for bone remodeling. this report, we
demonstrated the effects of hypertonicity on odtstogenesis in osteoblast-
preosteoclast co-culture system for the purposeumderstanding at the
molecular level of hypertonicity on bone metabolistypertonic condition was

made by addition of sucrose. We have shown fofitbietime that hypertonicity
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down-regulated d, 25(OH}Ds-induced osteoclastogenesis in the co-culture
system. Interestingly, we found that accordingricréase of the hypertonicity,
the number of 4, 25(OH)Ds-induced TRAP positive multinucleated cells were
reduced up to about 70% in 50 mM sucrose, compsoed0 nM T,
25(0OH)D; group in co-culture system (Figure 2). Neverthglas could be
argued that the inhibition of osteoclastogenesisumrose might be caused not
due to the physiological intervention of sucrosetlie normal process of
osteoclastogenesis but due to the cell damageul€out the possibility that
sucrose causes nhon-physiological cell damage, am Mability test was
performed. The test showed that sucrose under 50 ditMnot exert any
harmful effect upon the cells in this co-culturesteyn (Figure 2C). It was the
effects of hypertonicity without a toxic effect upthe cells to reduction of the
formation of TRAP positive cells. Furthermore, hstpaicity inhibited I,
25(0OH)Ds-induced pit formation using the OAAS plates (Fy®). The area
of resorption in OAAS plates was remarkably deaddsy hypertonicity. We
suggested that hypertonicity plays a role as a d@golated modulator inol
25(0OH)Ds-induced osteoclastogenesis. In the co-culturéesysosteoblasts
were prepared from new born ICR mice calvariea prebsteoclasts were
obtained from the femurs and tibiae of 4-weekstGIR male mice. To analyze
the effect of hypertonicity on osteoclastogenesicd-culture system, we first
confirmed the osteoblastic cells. The expressionosfeoblastic markers,
including collagen 1, alkaline phosphatase, ostetipoand osteocalcin, are

upregulated according to the osteoblast maturdtian et al., 2001]. In the
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present study, we used ALP staining and RT-PCR oaistlio confirm the cells
from new borm ICR mice calvariae are osteoblastlts¢Figure 1). From ALP
staining result, we found a large number of spistilaped alkaline phosphatase
positive osteoblastic cells [Quinn et al., 2002hdAfrom RT-PCR results, we
found this cell express osteoblastic marker gereswall as collagen 1,
osteopontin, and osteocalcin (late stage markee)gdrherefore, from above
results we firmly believe that from calvariae cediee osteoblastic cells and
more differentiated cells (from osteocalcin expi@ss

Since osteoclast differentiation was mediated byesd factors, such as
RANKL, OPG, and M-CSF [Udagawea al., 1990; Yoshidat al., 1990; Tanaka
et al., 1993; Kamedaet al., 1995; Laceyet al., 1998; Fulleret al., 1998;
Kanataniet al., 1999; Burgess et al., 1999], we used an osteoblast cell to
evaluate whether the mRNA expression profiles dbadast differentiation
related genes as well as RANKL, OPG, and M-CSFdedwby i, 25(0OH)}D3,
were changed or not by hypertonicity. Simultanaushg also analyzed the
osteoblast marker genes expression, because hyjpdsto inhibite
osteoclastogenesis maybe through arrest osteodiffsrentiation. In the
hypertonic condition, osteoblast marker gene (geita 1, osteopontin,
osteocalcin) expressions were not changed (Figuréhs result indicated that
osteoblasts specific character was not changedgrtonicity. The expression
of RANKL mRNA was down-regulated upon increasing thypertonicity, and
the expressions of OPG and M-CSF were not changedisantly (Figure 5).

In addition, the expression of SRANKL was decreasgt hypertonicity in the
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process of &, 25(OH}Ds-induced osteoclastogenesis, being in consisteiitty w
the decrease in RANKL mRNA expression (Figure 5).tle other hand, OPG
was slightly increased with hypertonicity, but iasvnot statistically significant
(Figure 5). On the basis of such findings, inhdti mechanism of
osteoclastogenesis by hypertonicity might be aasedi with modulating
RANKL expression in differentiated osteoblasts.

The co-culture system containing two kind cellse ésmosteoblasts, the other
one is preosteoclast. How could hypertonicity dffen preosteoclast? The
answer was known through study before, thogh the mat shown in this report.
We tested that hypertonicity inhibited RANKL-indut@steoclastogenesis in
RAW264.7 cell (preosteoclast cell line). Hypertatyiceduced the number of
TRAP positive multinucleated cells without toxidesft, but the reducing effect
is not so significant and hypertonicity not afféeRANKL-RANK mediated
signaling of osteoclast differentiation such as MKRases (ERK, JNK, and
p38) and NF«B. Putting these results together, we suggestddiyipertonicity
affected RANKL synthesis pathway in osteoblastitt isemore important for

inhibition of osteoclastogenesis by hypertonic cooil.

Interestingly, RANKL genes contain functional Runkihding sites and
mutation of these sites abrogates the transcrigtiactivity of the RANKL
promoter [O'Brienet al., 1998] [Kitazawaet al., 1999]. RunxZ mice die just
after birth, due to a failure to breath [Komaeatial., 1997; Ottoet al., 1997].
These mice completely lack both endochondrial antramembranous

ossification due to the absence of osteoblastspdsirating that Runx2 is an
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essential factor for osteoblast differentiation.nk plays important roles in
multiple processed of endochondral ossificationcluding chondrocyte
maturation, vascular invasion into the cartilaggteoclast differentiation, and
osteoblast differentiation [Komori T., 2002]. Indition, a lack of osteoclasts in
Runx2” mice suggests a potential role of Runx2 in oststobenesis [Komori
et al.,, 1997]. The ©5flanking region of the mouse and hom
RANKL/TRANCE/OPGL/ODF gene basic promoter contaimgerted TATA-

and CAAT- boxes and have putavive Runx2 bindingssitand RANKL

expression is severely decreased in Riinxice [Gaoet al., 1998; Kitazawat

al., 1999; Kitazawaet al., 2003; Kabeet at., 2005]. In addition to explaining the
osteoblast-specific expression of RANKL, the regoient of Runx2 for
RANKL gene expression may constitute the molecut@chanism of the
linkage between osteoblastogenesis and osteocrasige[Portest al., 1999].

More extensive studies on the regulation of RANKEL Runx2 will provide

insight into the molecular mechanism involved ire thlassical hypothesis
proposed by Rodan and Martin [Rodan GA, Martin T931] concerning the
interaction between osteoblasts and osteoclasisgdnone remodeling. Runx2
through its effects on osteoblast lineage commitnaerd function could also
directly or indirectly regulate the bone resorptiprocess [Kannaret al.,

2000]. As previously reported [Kitazawa R., KitazaS., 2002], one VDRE (-
935) is located further upstream in the region led tnouse RANKL gene.
Further, Runx2 interacts with other transcriptioactbrs, transcriptional

cofactors, and transcriptional repressors, andrtegactions greatly influence
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Runx2 function. Therefore, it is possible that Rainkegulates RANKL
expression in cooperation with other factors, whatdo determine the level of
RANKL expression. Indeed, the retinoid X recept®XR)-vitamin D receptor
(VDR) [Farach-Carson MC, Ridall AL., 1998; Javedal., 1999] complex is
one of the candidates, becausg2b(OH)}D; was required for the induction of
RANKL by Runx2 [Kitazawa R., Kitazawa S., 2002; &iawaet al., 2003;
Enomoto et al., 2003]. Authors [Enomotcet al., 2003] isolated Runx2
calvarial cell lines CA120-4 cells, most of whickpeessed OPG strongly but
RANKL barely. It is consistent with a previous repfGao et al., 1998] that
OPG was detected, but RANKL was undetectable in x&(nmice.
Interestingly, the induction of RANKL in CA120-4 It by Runx2 was
dependent on the presence af 25(OH)}Ds. Neither Runx2 nord,25(OH)}D3
alone could induce RANKL expression in this cefleli Therefore, Runx2 is
required for the induction of RANKL by ol 25(OH}D;, indicating a
cooperative action of Runx2 and,25(OH)D;. So the basic structure of
RANKL promoter contains of inverted TATA- and CAAJoxes and a
consensus binding sites of Runx2 flanked by VDRI when was stimulated
by 10,25(OH)D; that formed VDR-RXR heterodimers and binding toRMDis
important to regulate synthesizing of RANKL.

On the other hand, Runx2 transgenic mice indictietl Runx2 promotes
osteoblast differentiation at an early stage, bhihiits osteoblast differentiation
at a late stage [Vieredt al., 2002; Toshihisa K., 2003]. In addition, regulatio

of RANKL expression by Runx2 seems to be dependenthe maturational
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stage of osteoblast lineage cells [Komori T., 20@ihers [Geoffroyet al.,
2002] reported that overexpression of Runx2 inscellthe osteoblastic lineage
does not necessarily induced a substantial incread®ne formation in the
adult skeleton but has a positive effect on ostmadifferentiatiorin vitro and
can also dramatically enhance bone resorpiionvivo, possibly through
increased RANKL expression.

Therefore, we will to analyzeal 25(OH}Ds-induced Runx2 expression in
osteoblastic cells, because Runx2 is related witiNIRL expression and it
plays a potential role in osteoclastogenesis, fogbdhrough analysis, we
found that the 4, 25(OH)}Ds-induced Runx2 expression was reduced with the
hypertonicity in osteoblastic cells (Figure 6). Bbe mechanism of inhibited
Runx2 expression in hypertonic condition was neacl Mounting evidence
suggests a broad role for SFKs (Src family kina#ies) cytoplasmic kinases in
the cell response to hypertonic and hypotonic stresxd in the ensuing
regulatory volume increase or decrease. Many, amthaps all, SFKs are
influenced by anisotonicity. Hypertonicity activatas well as YesReinehret
al., 2004] and exerts a variable effect upon Src [David Mhé&g 2005].
Hypermosmotic exposure (406 mosm) resulted in @ragtivation of the Src
kinase family members Yes in hepatocyt&eipehret al., 2004] Src/Yes
tyrosine kinase signaling contributes to the retjuheof bone homeostasis. Yes-
associated protein (YAP), a mediator of Src/Yeqaligg, interacts with the
native Runx2 protein, and suppresses Runx2 traotigeral activity [Zaidiet al.,

2001; Lianet al., 2003; Zaidiet al., 2004]. YAP, in turn, contains a ww domain
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in the N-terminus [Sudol M., 1994] that recogniaegroline-rich motif (PPxY)
present in a broad range of proteins including Riaexors [Sudokt al., 1995;
Sudol M., Hunter T., 2000]. And find that severatemblast-related genes are
regulated by the Runx2-YAP complex [Zaidi al., 2004]. However, the
relationship of Runx2 and Yes in osteoblastic cbifshypertonicity was not
detected, and the regulation of Runx2-YAP compleXR&NKL expression was
not clear. It is remain to be made further invesdtan.

Through above study, we found that, 125(OH}Ds;—induced Runx2
expression was inhibited and,125(OH}Ds—induced RANKL expression was
blunted in osteoblastic cells by hypertonicity. Téfere, we will investigate the
role of Runx2 on synthesize of RANKL by siRNA tea@une. Osteoblastic cells
were transfected with RNA interference of Runx2 atichulated with 10 nM
la, 25(0OH}Ds. Silencing of Runx2 in osteoblastic cells inhidithe expression
of RANKL mRNA and protein level (Figure 7) and ast&astogenesis (Figure
8). On osteoteoclast formation experiment, ostécbtells were transfected
with siRNA (Runx2) and co-cultured with non-adhdrpreosteoclasts. Because
the residual adherent bone marrow cells from wktiehBMM precursors were
contained a small but significant proportion (1.9#4) of osteoblastic cells
[Quinn et al., 2002]. If use whole bone marrow cells, the snathount
osteoblastic cells could affect on the result oRNA (Runx2) treated
osteoclastogenesis by, 125(OH)Dstreatment. This siRNA experiment results
indicated that Runx2 was related on the regulatibRANKL expression and

osteoclast formation in co-culture system. But ¢thanges of d, 25(OH)}Ds—
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induced RANKL expression and osteoclast formatigripertonicity remains
to be further investigated.

From our study, we confirmed that Runx2 might blatesl with RANKL
expression in hypertonic condition. But it has beentroversial whether Runx2
regulates RANKL expression. It has been shown tRanx2 does not
stimulated the 0.7-kb 5’-flanding region of the RKN gene [O’'Brienet al.,
2002], which contains two putative Runx2 bindingsj and neither Runx2 nor
the dominant negative form of Runx2 expression &aseffect on RANKL
expression in a stromal/osteoblastic cell line, UB8R. Therefore, the
regulatory region for Runx2 in RANKL gene may beside of the 0.7-kb 5'-
flanking region. As UAMS-32 cells express Runxasgly in a steady state, it
may be difficult to induce or inhibit RANKL expraesa by the introduction of
Runx2 or its dominant negative form. In the reaepbrt [Notoyaet al., 2004],
Runx2 is considered as not essential for the viidiregulated expression of
RANKL and osteoprotegerin in osteoblastic cellseytused C2 cells and C6
cells, which are derived from calvariae of Runx®&aen mice, and in the
presence of 100 nMal 25(0OH}D;, C2 cells and C6 cells induced the
formation of osteoclast-like cells in co-culturetivimouse spleen cells. This
result to opposite a previous report [Gaal., 1998] that calvarial cells from
Runx2-dificient E18.5 mice have a significantly wedd ability to support the
formation of osteoclasts with 10 nMy,125(OH)}Ds. It is possible that Notoya
et al. used spleen cells maybe contain osteoblastic aetithese cells stimulate

osteoclastogenesis in very high concentrationf2b(OH}D3. Also, Runx2
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might be not completely disrupted in this C2 and cels probably, so were
affected by so high concentration of 100 ni} 25(OH}D; stimulation.

Taken all together, our findings reveal that hypeitity may be novel
candidate for the regulation of bone resoptionnddhe down-regulation ofol
25(0OH)Ds-induced osteoclastogenesis via Runx2 in co-culaygtem. Our
curren view on the hypothetical effect of hypertityi on the &, 25(OH)}Ds—

induced osteoclastogenesis pathway is schematibetlicted in Figure 9.

| Hypertonicity |
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Figure 9. Hypothesisful regulation mechanism of hygrtonicity on 1a,

Nucleous

25(0OH),Ds-induced osteoclastogenesis.Hypertonicity down-regulates la,
25(OH)Ds-sitimulated Runx2 expression and then affected RAN$ynthesis in

osteoblasts and inhibited osteoclastogenesis.

Further studies are needed to clarify the exactdetdiled &, 25(OH}D5-
induced RANKL expression and the inhibition by hstpaicity through Runx2

signaling mechanisms.

45



V. Conclusion

In summary, we have provided the first evidencd thgertonicity
inhibited not only osteoclast formation in co-cudtusystem but also
osteoclast function (bone resorption activity) in 25(OH)Ds—induced
RANKL-RANK mediated osteoclastogenesis. And the regpions of
RANKL mRNA and soluble RANKL were down-regulated aump
increasing the hypertonicity, but the expressioh©OBG and M-CSF
were not changed significantly in mouse osteoldastlls. Hypertonicity
inhibited ln, 25(OH}Ds—induced Runx2 expression in differentiated
osteoblastic cells. When siRNA of Runx2 transfectpdmary
osteoblastic cells were treated with 10 nd) 25(OH}D3;, the mRANKL
and RANKL expressions were blunted and osteoclastegjs was
inhibited in co-culture system.

Therefore, hypertonicity may be a novel candidatetie regulation of
bone resoption, doing the down-regulation of 25(OH}Ds-induced

osteoclastogenesis via Runx2 reduction.
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Abstract (in Korean)

2 HEZR IS PAEZ ESHHZ0UA hyperto-
nicity Ol &8 1a, 25-dihydroxyvitamin Ds—induced

osteoclastogenesis & S M2 Runx2 2 E &t

IHE= HE S&dl= WE2ME (osteoblast)2t WHE+E SEot=
It A (osteoclast)Ol 2loH Z=ZEECH WIIIAEZE B IH & P2AIE
(preosteoclast) 22 E =23&=0, 0 U HMIRME=S WMIIUNZ2S
=X OIXOI RANKL 2F M-CSF, 12l RANKL 2 XMoHHMel O0PG £ FUY|oHH

It ME 235 02020 OAU I AIZN 2o el St

d=¢2 Otu&OILt osteonectin S2 Eoiat=0l SItotH =0 Ol XXl
CHAF XE0l S|ST=EC. 5ol S+ LBEUM SSHE O JHX
Zoiat=0l  2lof MI2AZE, I AAMES =20 HFE0 =2

Ol bt hypertonic 8t OIAM2&0l EHECH. WetA 0 dEUHAM=E
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ZSILAIZ12]1 {16t sucrose (25, 50, 100, 150, 200 mM)Z X cIotiCtH.
TRAP &Mooz sHO| 3 Jf &2 1 0|4 =Moot HMIIUNE =5 SHEt
21, sucrose 2 =ZJF SOEN et O It X 240U, e

FRHEEQ! calcium phosphate nano crystal & Z=&f8t ZEE (QAAS TS

r

21t sucrose 50 mM MR MIZH =40l SAY20, Ol= sucrose 50 mM
013te sS0AM=E 1o, 25(0H).D; Ofl Qo 2AS WHIIAME SA0| ASS

St & 2iotcte As 20U, =2 45F% &30 HZ2AES

PCR)ICZ P AHEZS =230 20ot= |{&X (osteocalcin, osteopontin,

collagen 1)E =2AGIYL. =2 AEA2 MIHMEZS SHils &S
O XIX LUACH. dedlt HAZHAM SHSHXIHA BIOAMEZ A0
Z8A OIXtel RANKL 1t M-CSF, OPG € =3dst Z1t, sucrose 2 =%t

ZOt8tol M2t RANKL mRNA JF AXROC=Z 2AAFS D M-CSF, O0PG 2
LSEUs HaF UAUCH. 012 SAHA=SHH (ELISA assay)dt HAH A
(western blot) 22 RANKL O HHEIE M2FMOR HASH 27} RT-PCR 212t

OFXEDERI2 RANKL Ol sucrose =SJF It W2t 2A0H¥CH. Ols
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