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alization. Phosphate is known to be actively trans-
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Inorganic phosphate (Pi) supplement is generally
sed to accelerate mineralization of cultured bone
ells but the mechanism of action is totally unknown.
ow the action is related with the transactivation
f Runx2/Cbfa1, a master gene product of bone
ormation, was examined. Clonal bone cells (osteoblas-
ic MC3T3-E1, chondrocytic ATDC5 and osteocytic
LO-Y4) on preculture in ascorbate-containing me-

ium constantly expressed and accumulated Cbfa1 in
he nuclei, and subsequent increase of Pi concentra-
ion to 3 or 10 mM was found to invariably induce
uclear export (not import) of Cbfa1 which was com-
leted in a few hours. In addition, Pi was found to

ower the expression of osteocalcin. Leptomycin B
ompletely inhibited Pi-induced nuclear export, sug-
esting that CRM1/exportin 1 is involved in Pi-induced
uclear export. The result suggests that bone cells are
quipped with a novel Pi sensing mechanism which is
unctionally linked to a nuclear export system of
bfa1. © 2001 Academic Press

Key Words: phosphate; Runx2/Cbfa1; nuclear export;
RM1/exportin; ossification.

Bone formation in tissue culture is a relatively slow
rocess and, when used for assays of drug effects, it
equires a month long culture until detectable miner-
lization starts. In order to make such assays more
ractical, an appropriate “cocktail” of inorganic phos-
hate ion (Pi) or b-glycerophosphate as a Pi precursor,
ith ascorbate and/or a glucocorticoid, has been used
s a starter of mineralization (1–4) (e.g., in a selected
lone of MC3T3-E1 cells, a small increase of Pi from 1
o 3 mM was able to condense the pre-mineralization
ime from 2 weeks to 2 days. refer to 3). By far, how-
ver, no direct study has been reported to clarify why
i is needed or how it accelerates the onset of miner-

Abbreviations used: AA, ascorbic acid; OCN, osteocalcin; LMB,
eptomycin-B; ALP, alkaline phosphatase.
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orted into osteoblasts via sodium-dependent type III
hosphate transporter (Glvr-1 and 2, etc.) (2, 5, 6),
ut little is known beyond the entry, namely about how
he ion would be incorporated into extracellular matri-
es as the substrate and/or how it triggers a chain of
eactions which induces matrix formation and miner-
lization, except a finding quite recently reported by
eck et al. (7) that Pi (4 to 10 mM) alone, even in the
bsence of ascorbate, induced osteopontin gene expres-
ion by MC3T3-E1 cells so far in a osteopontin-specific
anner.
Runx2/Cbfa1 is a product of master gene of bone

ormation and its transactivation (nuclear import) is
ssential for osteoblastic and chondrocytic bone forma-
ion (8, 9). We addressed a possibility that Pi triggers
he transactivation and/or potentiation of Cbfa1 as a
asic mechanism to induce osteoblastic and chondro-
ytic ossification.
Using three different types of bone cells, osteoblastic
C3T3-E1, chondrocytic ATDC5 and osteocytic
LO-Y4 (10), we monitored the time course of Cbfa1

ransactivation under the culture condition in which Pi
ondenses pre-mineralization time of two osteogenic
ells, MC3T3-E1 and ATDC5. Such study provided,
owever, a totally unexpected result that Pi quickly
vacuated Cbfa1 from the nuclei into the cytosol by a
eptomycin-B (LMB)-sensitive nuclear export (not im-
ort) which completed within a few hours, thereafter
eeping the cell nuclei free of Cbfa1, and days later
ccelerated mineralization occurred in spite of the nu-
lear absence of Cbfa1. This is the first observation of a
uclear export system of a transcription factor operat-

ng in mammalian bone cells and Pi as one of its oper-
tors. The biological significance of our finding is dis-
ussed because this system may be related with a well
nown adaptation mechanism of a yeast which also
esponds to Pi to start nuclear export of a transcription
actor Pho4 (11).
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MLO-Y4 cells were a gift from Dr. Lynda Bonewald (Texas Health
cience Center, Texas), anti-mouse Cbfa1 antiserum (9) from Dr.
erard Karsenty of Baylor University (Houston, TX) and LMB from
r. Minoru Yoshida (Tokyo University, Tokyo, Japan). MC3T3-E1
nd ATDC5 cells were purchased from Riken Cell Bank (Ibaraki,
apan); monoclonal antibodies which recognize the central or the
-terminal portion of human osteocalcin (OCN) from Kyowa Medex
o. Ltd. (Tokyo, Japan); Gla17,21,24-human osteocalcin from Peptide

nst. Inc. (Osaka, Japan).

Cell culture. MC3T3-E1 cells were precultured in 10% FCS/a-
EM for 8 days; ATDC5 cells were cultured to confluence in 5%
MEM and then transferred in 10% FCS/a-MEM; MLO-Y4 cells
ere cultured to confluence in 5% FCS and 5% FBS/a-MEM on

ollagen type-I coated plates. All the culture media contained ascor-
ic acid (AA: 50 mg/ml).

Measurements of protein content and mineralization. Protein
oncentration of Triton X-100 solubilized cells was determined using
CA protein assay kit (Pearce Chemicals, Rockford, IL, USA);
lkaline phosphatase (ALP) activity colorimetracally using
-nitrophenylphosphate as a substrate; extracellular Ca deposits
fter decalcifying with 0.6 N HCl for 24 h by o-cresolphthalein
omplexone method (Calcium C-test Wako, Osaka, Japan).

Northern blot analysis. The analysis was carried out under high
tringency. In brief, 20 mg as total RNA in cell extracts was sepa-
ated by electrophoresis in 1.2% agarose-formaldehyde gel, trans-
erred onto a nylon membrane filter (Hybond N1, Amersham, UK)
nd hybridized with 32P-labeled cDNA probes encoding the
-terminal of Cbfa1 gifted by Dr. Hideyuki Harada (Sumitomo
harm. Co. LTD., Osaka, Japan). After the final washing, the mem-
rane was exposed to a BAS imaging plate (Fuji Film, Tokyo, Japan),
nd the relative signal intensity was estimated.

Immunocytochemical localization of Cbfa1. Cells were fixed for
0 min in fresh 4% paraformaldehyde in PBS, rinsed with TBS-T
Tris-buffered saline-Tween 20), incubated with anti-Cbfa1 antibody
diluted 1:150) in 3% BSA (bovine serum albumin)/TBS-T, rinsed,
nd then treated with fluorescein isothiocyanate (FITC)-conjugated
nti-rabbit IG antibody (diluted 1:500) for examining by a MRC
onfocal laser scanning microscope (BIO-RAD Microscopy, Hemel
empstead, UK).

Preparation of nuclear extract and gel retardation assay. Nuclear
xtracts were prepared and the assay conducted as originally de-
cribed by Dignum et al. (12). Cells were homogenized using a
ounce homogenizer with a B-type pestle in 4 volumes of buffer A (10
M HEPES-NaOH, pH 7.9, containing 1.5 mM MgCl2, 10 mM KCl,
mM EDTA, 1 mM EGTA, 1 mM DTT, and 1 mg/ml each of protease

nhibitors: p-aminophenyl methansulfonyl fluoride, leupeptin, pep-
tatin A and aprotinin) and mixed with NP-40 to 0.6%. After 5 min
tanding on ice, the homogenates were centrifuged at 20,000g for 5
in. Supernatants were adjusted to buffer B by adding stock solu-

ion for buffer B, and stored as the cytosolic fractions at 280°C. All
hese procedures were performed at 4°C. Protein concentration was
etermined as described above. Double stranded oligonucleotides
ere individually labeled by [a-32P]-ATP using krenow fragment and
urified by Nick column. Each DNA binding reaction mixture con-
ained poly (d[I-C]) (Amersham Pharmacia Biotech, UK), 3000–6000
pm of labeled DNA fragments, 5 mg of nuclear extracts, and a buffer
omposed of 10 mM Tris-HCl (pH 7.5), 50 mM MgCl2, 1 mM DTT, 1
M EGTA, and 10% glycerol. For supershift assays, cellular extracts
ere preincubated with anti-mouse Cbfa1 antisera at 4°C for 30 min
rior to the addition of labeled probe.

Immunoblotting of Cbfa1. Cells were solubilized in Tris-HCl
uffer (pH 6.8) containing 3% sodium dodecyl sulfate (SDS) and 10%
lycerol and after electrophoresis, proteins were transferred to poly-
349
inylidene difluoride membrane for immunoblotting, using antibod-
es toward Cbfa1 and processed as described (13).

Enzyme immunoassay of OCN. Sampled culture medium or stan-
ard OCN was taken in 10 mM sodium phosphate buffer (pH 7.0),
ontaining 0.4 M NaCl and 1.0 g/l BSA fraction V (Intergen Co.,
urchase, NY). OCN in samples (0.15 ml) were assayed by two-site
nzyme immunoassay using the two monoclonal antibodies.

Statistical analysis. Statistical analyses were performed using
tudent’s t test. At P , 0.05, the difference was considered to be
ignificant.

ESULTS

Figure 1 shows that three cell lines used herein
niversally expressed comparable levels of Cbfa1

FIG. 1. Bone cells used consistently express Cbfa1 which grad-
ally accumulates for nuclear OSE2 binding on daily basis and then
i quickly evacuated the factor. (A) Universal expression of Cbfa1 by
C3T3-E1 cells after 8 days preculture and other cells after conflu-

nce in the presence of AA; lane 1, MC3T3-E1; lane 2, ATDC5; lane
, MLO-Y4. (B and C) Nuclear accumulation of Obfa1 during 8 days
reculture of ATDC5 and MLO-Y4 and 10 mM Pi-induced evacuation
n the 9th day, respectively (data of MC3T3-E1 was not shown). D,
ime course of 3 mM Pi-induced evacuation in MC3T3-E1.
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350
ells or until confluence for other cells. The results of
MSA in Fig. 2B and C revealed that, in the presence
f AA and 1 mM Pi, ATDC5 and MLO-Y4 cells con-
tantly expressed and gradually accumulated Cbfa1 in
he cell nuclei in a time-dependent manner during
reculture which would possibly bind to the nuclear
ites including OSE2 promoter of OCN. In the case of
LO-Y4, the accumulation was observed to occur even

n the absence of AA.
Pi accelerates nodule formation by MC3T3-E1 and
TDC5 cells dose-dependently (data not shown) and,

n our laboratory, 3 mM Pi for MC3T3-E1 and 10 mM
or ATDC5 have been routinely employed for acceler-
ting mineralization and ALP activity of these cell
ines which became measurable within 2 and 4 days,
espectively. MLO-Y4 cells did not mineralize under
hese conditions (the data not given). A series of exper-
ments undertaken to chronologically relate the nu-
lear transfer of Cbfa1 with the initiation of mineral-
zation led us to the finding that Pi increase induced
uick evacuation of Cbfa1 from the cell nuclei which
ompleted within a few hours (Figs. 1B and 1C) and
ithin an hour in MC3T3-E1 cells (Fig. 1D), and days

ater accelerated mineralization occurred (data not
hown).
Immunocytochemical studies of Cbfa1 in Figs. 2A to

C provided a direct view of such evacuating action of
i and also showed that the Pi action except on min-
ralization is completely suppressed by LMB, indicat-
ng that CRM1/exportin 1 is involved in the nuclear
xport of Cbfa1. OCN is a protein, the production of
hich is under the rigid control of nuclear Cbfa1 (9),
nd it is expected that Pi-induced evacuation of nu-
lear Cbfa1 would decrease the production. The result
n Fig. 3 indicates that OCN production in fact de-
reased possibly due to Cbfa1 evacuation from the nu-
lei.

ISCUSSION

The results obtained herein shows that mammalian
one cells may be equipped with a novel Pi-sensing
ystem which responds to extracellular Pi to induce the
uclear export (not import) of Cbfa1, a master gene
roduct essential for osteoblastic and chondrocytic
one formation, as a quick response completing within
few hours. Though it was confirmed that thereafter

he cell nuclei was kept free of Cbfa1, days later, Pi-
nduced mineralization followed as a delayed response
n spite of the nuclear absence of Cbfa. It is possible

mmunoblot analysis carried out in parallel with cytochemical study
n A–C. Pi induced nuclear export of Cbfa1 which completed within
0 min, and LMB blocked nuclear export.
FIG. 2. Immunocytochemical visualization and immunoblot
nalysis of Pi-induced nuclear export of Cbfa1 via a LMB-sensitive
ay. (A) AA-induced nuclear accumulation of Cbfa1-immuno-
uorescence after 8 days culture of ATDC5. (B) 10 mM Pi-stimulated
uclear export. (C) Complete suppression of the export by LMB
hich was present from 60 min before Pi stimulus. Similar results
ere obtained with MC3T3-E1 and MLO-Y4 (data not shown). (D)
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hat such quick and delayed responses are mutually
elated and mineralization which developed days later
ould have taken place in a Cbfa1-independent man-
er or have been effected by the cytosolic Cbfa1 itself.
ecently, we have observed that PTH (1-34) can drive
uclear import of Cbfa1 in a related manner with its
steogenic action both in vivo and in vitro, indicating
hat the nuclear import is essential for bone formation
nd expression of a certain set of bone specific proteins
uch as bone sialoprotein, ALP and OCN (14 and un-
ublished observations). In order to unify these incom-
atible results, future more detailed studies appear to
e needed.
Saccharomyces cerevisae, a yeast, is known to adjust

ts secretion pattern of acid phosphatase depending on
hosphate availability. Under phosphate-rich condi-
ion, the transcription factor Pho4 is phosphorylated by
kinase for nuclear export, which turns off transcrip-

ion of genes of phosphatase which turns on during
hosphate starvation (15). The mechanism of its nu-
lear trafficking is now under intensive studies (refer
o 16). Bone cells are also known to excrete mineraliz-
ng vesicles enriched with ALP (17) which appears to
e essential for mineralization, and Pi effect observed
erein may imply conservation of Pi-primed acid phos-
hatase secretion system of yeast as a novel Pi-primed
xcretion system of ALP-rich vesicles in mammalian
one cells.
Taken together, our results demonstrated that: (1) Pi

n a high but physiological concentration range quickly
timulates nuclear export of Cbfa1 via a CRM1/

FIG. 3. Pi stimulus decreases OCN production. During 8 days of
ulture in a-MEM supplemented with 10% FCS and 50 mg/ml AA
ith 1 or 10 mM phosphate, the conditioned media in wells were

ollected daily for the last 3 days for EIA of OCN contents. Results
re means 6 SE of 6 wells obtained from 3 independent cultures.
**P , 0.001, significantly different from 1 mM phosphate samples.
351
ccelerating effect on mineralization of osteoblastic
C3T3-E1 and chondrocytic ATDC5 (not on osteocytic
LO-Y4), with a delay of days by a signaling pathway

n which at least nuclear Cbfa1 is not involved, (3) bone
ells stimulated by Pi provide a good model to explore
he basic mechanism underlying nuclear transport in
ammalian bone cells, which may be a conserved form

f a yeast export system.
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