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Because a temporal arrest in the G, phase of the cell cycle is thought to be a prerequisite for cell differen-
tiation, we investigated cell cycle factors that critically influence the differentiation of mouse osteoblastic
MC3T3-E1 cells induced by bone morphogenetic protein 2 (BMP-2), a potent inducer of osteoblast differen-
tiation. Of the G, cell cycle factors examined, the expression of cyclin-dependent kinase 6 (Cdk6) was found
to be strongly down-regulated by BMP-2/Smads signaling, mainly via transcriptional repression. The enforced
expression of Cdké blocked BMP-2-induced osteoblast differentiation to various degrees, depending on the
level of its overexpression. However, neither BMP-2 treatment nor Cdké overexpression significantly affected
cell proliferation, suggesting that the inhibitory effect of Cdké on cell differentiation was exerted by a mech-
anism that is largely independent of its cell cycle regulation. These results indicate that Cdké is a critical
regulator of BMP-2-induced osteoblast differentiation and that its Smads-mediated down-regulation is essen-

tial for efficient osteoblast differentiation.

Bone morphogenetic protein 2 (BMP-2) is a potent inducer
of bone formation through its stimulation of osteoblast differ-
entiation (17). It exerts this effect via two types of serine/
threonine kinase receptors: BMP-2 binds the type II receptor,
which subsequently activates the type I receptor by a direct
association. Signals from the activated type I receptor are
transmitted to the nucleus through various mediator mole-
cules, the most important among them being a family of pro-
teins termed Smads. Smads are classified into three subgroups,
i.e., Smadl, Smad5, and Smad8 are classified as receptor-reg-
ulated Smads (R-Smads), Smad4 is classified as a common-
partner Smad (Co-Smad), and Smad6 and Smad?7 are classified
as inhibitory Smads (I-Smads) (6). R-Smads are directly acti-
vated by the type I receptor, form complexes with Co-Smad,
and are translocated into the nucleus, where they regulate the
transcription of target genes. I-Smads inhibit the activation of
R-Smads by interfering with their association with the type I
receptor, which results in the hindrance of the assembly of
R-Smads with Co-Smad. Although the downstream signaling
of the BMP-2/Smad pathway leading to osteoblast differenti-
ation has been extensively investigated, most of the studies
have focused on the bone-related transcriptional regulators
Runx2/Cbfal (7, 31), osterix (12), SIP1 (25), Smurfl (32),
NF-kB (4, 9), Hoxc-8 (1, 20), and Tob (29).

The proliferation of eukaryotic cells depends on their pro-
gression through the cell cycle, and an at least temporal cell
cycle arrest in the G, phase is thought to be a prerequisite for
cell differentiation (18). Cell cycle progression is controlled by
the action of cyclins and cyclin-dependent protein kinases
(Cdks), which phosphorylate and thereby activate cell cycle
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factors that are essential for the onset of the next cell cycle
phase. In mammalian cells, traverse through G, and subse-
quent S-phase entry require the activities of the cyclin D-
dependent kinase Cdk4 and/or Cdk6 (11) and the cyclin E-de-
pendent kinase Cdk2. A key physiological substrate for Cdk4
and Cdk6 is the retinoblastoma (Rb) protein, which binds and
inactivates the E2F-DP transcription complexes that are essen-
tial for S-phase entry. Phosphorylation by Cdk4/6 and addi-
tionally by Cdk2 inactivates Rb, thereby releasing E2F-DP
from inactivation and consequently promoting S-phase entry
and progression (5, 14). These Cdks are negatively regulated
by cyclin-dependent kinase inhibitors (CKIs) via direct binding
to themselves (19, 26). CKIs have been classified into two
families, the INK4 family and the Cip/Kip family. INK4 family
members (p16, p15, p18, and p19) inhibit only Cdk4 and Cdk6,
whereas Cip/Kip family members (p21, p27, and p57) inhibit all
of the Cdks except for the Cdk6-cyclin D3 complex. Because of
its unique ability to evade inhibition by Cip/Kip proteins,
Cdk6-D3 can control the cell’s proliferative potential under
growth-suppressive conditions despite its relative minority in
level of expression in mesenchymal cells (8).

Cdks play crucial roles in controlling cell cycle progression.
Therefore, much attention has been attracted by the view that
the CKI-led inhibition of G;-specific Cdks is critical for cell
differentiation. Accordingly, potential roles for CKIs in differ-
entiation have been extensively studied, but with mixed results.
Many studies revealed a certain correlation between the in-
duction of p21<'™! and differentiation, yet many did not. Mice
with a complete deletion of p21<™* and/or p27%™* or other
major CKIs still develop normally, with proper differentiation,
which calls the current view into question (3, 13). Although
there is evidence for p57%™? being involved in the differenti-
ation of some cells (28, 30), no one has identified cell cycle
factors that are controlled by differentiation signals and that
critically influence the differentiation commitment process.
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Since in lower eukaryotes the control of the cell cycle factors
driving the onset of S phase greatly influences the commitment
to cell differentiation, we reinvestigated the possibility of the
crucial participation of some cell cycle start factors in mam-
malian cell differentiation control as well, using BMP-2-in-
duced osteoblast differentiation as a model system, and we
found that upon BMP-2 treatment, Cdk6 expression was down-
regulated primarily by BMP-2/Smad signal-invoked transcrip-
tional repression and that its down-regulation was essential for
efficient osteoblast differentiation.

MATERIALS AND METHODS

Reagents and antibodies. Recombinant human BMP-2 was generously pro-
vided by Yamanouchi Pharmaceutical Co., Ltd. (Tokyo, Japan), and recombi-
nant human fibroblast growth factor 2 (FGF-2) was provided by Kaken Phar-
maceutical Co., Ltd. (Chiba, Japan). Antibodies against Cdk2 (H-298), Cdk4
(C-22), Cdk6 (C-21), Rb (C-15), cyclin D1 (C-20), cyclin D2 (M-20), cyclin D3
(C-16), cyclin E (M-20), p18 (M-20), p21 (H164), p27 (F-8), BMPRIA (E-16),
BMPRII (T-18), and Smad6 (S-20) were obtained from Santa Cruz Biotechnol-
ogy. Anti-phosphorylated Rb (G3-245) and anti-B-actin (AC-15) antibodies were
purchased from Pharmingen and Sigma, respectively.

Osteoblast culture. The mouse osteoblast cell line MC3T3-E1 was purchased
from the Riken Cell Bank (Tsukuba, Japan). Primary osteoblasts were isolated
from neonatal mouse calvariae according to international and university guide-
lines (33). Calvariae dissected from 1- to 4-day-old mice were digested for 10 min
with 1 ml of trypsin-EDTA (Sigma) containing 10 mg of collagenase (type 7;
Sigma), and the released cells were collected. This step was repeated five times,
and the cells obtained by the second through fifth digestion steps were pooled as
primary osteoblasts. MC3T3-El1 cells and primary osteoblasts were maintained in
a-modified minimum essential medium («-MEM) (Life Technologies Inc.) con-
taining 10% fetal bovine serum (FBS) (Sigma). The cells were inoculated at 5 X
10* cells in a six-well plate or 5 X 10° cells in a 10-cm-diameter plate and allowed
to proliferate for 20 to 24 h, and then their growth was arrested by incubation for
24 to 48 h in a-MEM containing 0.5% FBS. Growth-arrested cells were then
induced for differentiation or proliferation by stimulation with «-MEM contain-
ing 10% FBS and BMP-2 (300 ng/ml) or FGF-2 (10 nM). To block protein
degradation, we added the proteasome inhibitor MG132 (Z-Leu-Leu-Leu-alde-
hyde; Peptide Institute, Osaka, Japan) to the culture medium to a final concen-
tration of 2 pM, as described previously (15, 24).

Construction of cell clones constitutively expressing Cdk6. MC3T3-E1 cells
were inoculated at 5 X 10 cells per 6-cm-diameter plate, incubated for 24 h, and
then transfected with the pEF/neo I vector carrying a human Cdk6 cDNA or no
insert by use of the Lipofectamine reagent (Life Technologies, Inc.) according to
the manufacturer’s instructions. Twenty-four hours later, the cells were split 1:10
to 1:100 and selected in «-MEM containing 10% FBS and 200 pg of G418
(Geneticin; Life Technologies, Inc.)/ml. Stable G418-resistant colonies were then
isolated and expanded for analysis. The levels of Cdk6 were then quantified by
Western blotting to identify several high- and low-expression-level clones for
in-depth analysis.

Smad6 expression and differentiation induction. MC3T3-E1 cells were inoc-
ulated at 5 X 10* cells per well in a six-well plate and incubated at 37°C for 20 h
in a-MEM containing 10% FBS. The cells were then infected for 2 h with a
recombinant adenovirus carrying smad6 or lacZ at a multiplicity of infection of
100 PFU/cell, for which >80% of the cells were infected, as determined by
staining for B-galactosidase. The cells were washed twice with phosphate-buff-
ered saline (PBS), their growth was arrested by incubation in «-MEM containing
0.5% FBS for 48 h, and they were stimulated with «-MEM containing 10% FBS
with or without BMP-2 (300 ng/ml).

Western blot analysis. The cells were rinsed with ice-cold PBS and lysed with
RIPA buffer (10 mM Tris-HCI [pH 7.5], 150 mM NaCl, 1% Nonidet P-40
[NP-40], 0.1% sodium dodecyl sulfate [SDS], 10 wg of aprotinin/ml, 0.1 M NaF,
2 mM Na;VO,, and 10 mM B-glycerophosphate). After a brief sonication, the
lysed cells were centrifuged at 15,000 X g for 20 min at 4°C to obtain soluble cell
extracts. The cell extracts (10 pg of protein each) were separated by SDS-7.5, 10,
or 12.5% polyacrylamide gel electrophoresis and electrotransferred to polyvi-
nylidene difluoride membranes (Immobilon-P; Millipore Corp., Bedford, Mass.).
After the blocking of nonspecific binding by soaking of the filters in 5% skim
milk, the desired proteins were immunodetected with their respective antibodies,
followed by visualization by use of the ECL Plus Western blotting detection
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system (Amersham Pharmacia Biotech, Buckinghamshire, United Kingdom) ac-
cording to the manufacturer’s instructions.

In vitro kinase assay. Cells were lysed with ice-cold IP buffer containing 50
mM HEPES (pH 7.5), 150 mM NaCl, 1 mM EDTA, 2.5 mM EGTA, 1 mM
dithiothreitol, 0.1% Tween 20, 10% glycerol, 1 mM phenylmethylsulfonyl fluo-
ride (PMSF), 10 pg of aprotinin/ml, 1 mM NaF, and 0.1 mM sodium orthovana-
date. The lysates were incubated at 4°C for 2 h with 0.5 ng of the anti-Cdk4 or
-Cdk6 antibody. Protein G-Sepharose (15 wl) (Amersham-Pharmacia) was then
added and incubated for an additional 1 h. Immune complexes bound to protein
G-Sepharose were precipitated by centrifugation and washed with glycerol-free
IP buffer. The immunopurified Cdk4 or Cdk6 protein was incubated at 30°C for
30 min in R buffer (50 mM HEPES [pH 7.5], 2.5 mM EGTA, 10 mM KCl, 10 mM
MgCl,, 1 mM dithiothreitol) containing 0.5 g of truncated Rb (Santa Cruz) and
10 mM ATP. The reaction products were electrophoresed in SDS-10% poly-
acrylamide gels and transferred to polyvinylidene difluoride membrane filters.
Phosphorylated truncated Rb was detected with an anti-Ser780-phosphorylated
Rb antibody (MBL).

Reverse transcription-PCR (RT-PCR). Total RNAs (1 pg) extracted from
cells were reverse transcribed and amplified by PCR. The gene-specific primer
pairs used were as follows: 5'-CGTGGTCAGGTTGTTTGATG-3" and 5'-TGC
GAAACATTTCTGCAAAG-3' for Cdk6, 5'-ATGAGGACCCTCTCTCTGC
T-3" and 5'-CCGTAGATGCGTTTGTAGGC-3' for osteocalcin, 5'-TAGCAC
CAGAGGATACCTTGC-3" and 5'-AATGCTTCATCCTGTTCCAAA-3" for
BMPRIA, 5'-CAGAATCAAGAACGGCTATG-3" and 5'-TTGTTTACGGTC
TCCTGTCA-3" for BMPRII, and 5'-CATGTAGGCCATGAGGTCCACCA
C-3" and 5'-TGAAGGTCGGTGTGAACGGATTTGGC-3' for glyceraldehyde-
3-phosphate dehydrogenase. The cycling parameters were 30 s at 94°C, 30 s at
55°C, and 1 min 30 s at 72°C for Cdk6, osteocalcin, and glyceraldehyde-3-
phosphate dehydrogenase; and 30 s at 94°C, 30 s at 53°C, and 1 min 30 s at 72°C
for BMPRIA and BMPRII.

ALP activity measurement and in situ staining. MC3T3-E1 cells were inocu-
lated at 5 X 10* cells per well in a six-well plate and cultured in «-MEM
containing 10% FBS with or without BMP-2 (300 ng/ml). After being cultured
for 3 days, the cells were rinsed with PBS and lysed by sonication in 10 mM
Tris-HCI buffer (pH 8.0) containing 1 mM MgCl, and 0.5% Triton X-100. The
alkaline phosphatase (ALP) activity in the lysates was measured by the hydrolysis
of p-nitrophenyl phosphate to p-nitrophenol. The protein content was deter-
mined by using a protein assay kit (Bio-Rad). For in situ ALP staining, the cells
were fixed with 3.7% (vol/vol) formaldehyde in PBS and were stained with
naphthol AS-MX phosphate (Sigma), with N,N-dimethyl formamide as a sub-
strate and Fast BB salt (Sigma) as a coupler.

BrdU incorporation assay. MC3T3-E1 cells were inoculated at 10° cells per
well in a 96-well plate and cultured in «-MEM containing 10% FBS with or
without BMP-2 (300 ng/ml). After being cultured for 1 or 3 days, the cells were
labeled with bromodeoxyuridine (BrdU) for 2 h, and the cell population entering
S phase was determined by quantifying the incorporated BrdU (Cell Prolifera-
tion ELISA; Roche Molecular Biochemical, Mannheim, Germany).

XTT assay. Cells were inoculated at 10° cells per well in a 96-well plate and
cultured for 5 days in a-MEM containing 10% FBS with or without BMP-2 (300
ng/ml), with cell sampling every day. The sampled cells were quantified by use of
an XTT {sodium 3,3-[(phenylamino)carbonyl]-3,4-tetrazolium-bis(4-methoxy-6-
nitro) benzenesulfonic acid hydrate} assay kit (Roche).

Flow cytometric analysis. Approximately 10° cells were suspended in 0.02 ml
of citrate buffer and subjected to the following serial treatments at room tem-
perature: (i) the addition of 0.18 ml of solution A (0.03 mg of trypsin/ml, 3.4 mM
trisodium citrate, 0.1% NP-40, 1.5 mM spermine 4HCI, and 0.5 mM Tris-HCl
[pH 7.6]) and incubation for 10 min; (ii) the addition of 0.15 ml of solution B (3.4
mM trisodium citrate, 0.1% NP-40, 1.5 mM spermine-4HCI, 0.5 mM Tris-HCl
[pH 7.6], 0.5 mg of trypsin inhibitor/ml, 0.1 mg of RNase A/ml) and incubation
for 10 min; and (iii) the addition of 0.15 ml of solution C (4.16 mg of propidium
iodide/ml, 3.4 mM trisodium citrate, 0.1% NP-40, 4.8 mM spermine 4HCI, 0.5
mM Tris-HCI [pH 7.6]) and incubation for 10 min. The DNA content was
determined and analyzed with EPICS XL and XL EXPO32 instruments (Beck-
man).

ChIP. Chromatin immunoprecipitation (ChIP) was performed by use of a
commercial kit (Upstate Cell Signaling Solutions, Lake Placid, N.Y.). Cells were
inoculated at a density of 5 X 10° cells per 10-cm-diameter dish and cultured in
a-MEM containing 10% FBS and BMP-2 (300 ng/ml). At days 1 and 4 of culture,
the protein and DNA were cross-linked by the direct addition of formaldehyde
to the culture medium to a final concentration of 1% and incubation at 37°C for
10 min. The cells were then washed twice with ice-cold PBS containing 1 mM
PMSF and 1 pg of aprotinin/ml, collected with cell scrapers, sedimented by
low-speed centrifugation, resuspended, and incubated at 4°C for 10 min in 200 pl
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FIG. 1. BMP-2 treatment inhibits expression of Cdk6. (A) Time-dependent expression of cell cycle factors controlling the G,-S transition in
mouse osteoblastic MC3T3-El1 cells during differentiation induction. Growth-arrested MC3T3-E1 cells were stimulated with FBS in the presence
or absence of BMP-2, with cell sampling done at the indicated times. The amounts of cell cycle factors expressed during stimulation were
semiquantified by Western blotting. B-Actin was used as a loading control. Cyc, cyclin. (B) Time-dependent expression of Cdks 2, 4, and 6 in
MC3T3-E1 cells during FGF-2 stimulation. Growth-arrested MC3T3-E1 cells were stimulated with FBS in the presence or absence of FGF-2, with
cell sampling performed at the indicated times, followed by Western blotting of Cdks 2, 4, and 6. (C) Cdk6 and Cdk4 activities in MC3T3-E1 cells
during stimulation with or without BMP-2. Cdk6 and Cdk4 were immunoprecipitated and assayed for kinase activity, and their amounts were
determined in parallel. (D) Time-dependent expression of Cdk2, Cdk4, and Cdk6 proteins in primary neonatal mouse calvarial osteoblasts

stimulated with or without BMP-2.

of lysis buffer (1% SDS, 10 mM EDTA, 50 mM Tris [pH 8.1]) containing 1 mM
PMSF and 1 pg of aprotinin/ml. The cell lysates were then sonicated at 4°C with
a Branson 450 sonifier at an output control of 2 and a duty cycle of 10 for 10 s
to fragment the chromosomal DNA into 0.2- to 1-kb pieces. After the insoluble
material was removed by centrifugation at 15,000 X g for 10 min, 1/10 aliquots of
the supernatants were taken and saved as input. The rest of the supernatants
were diluted appropriately with ChIP dilution buffer (0.01% SDS, 1.1% Triton
X-100, 1.2 mM EDTA, 16.7 mM Tris-HCI [pH 8.1], 167 mM NaCl) containing 1
mM PMSF and 1 pg of aprotinin/ml and were pretreated with a salmon sperm
DNA-protein A-50% agarose slurry at 4°C for 30 min with gentle agitation.
After a brief centrifugation to remove the slurry, the supernatants were collected
and incubated at 4°C overnight with antibodies (anti-mouse pRb [1 ug each of
Ab-4 and Ab-5; Neomarkers] or anti-CBFAI1 [2 pg of sc-8566; Santa Cruz]).
Immunocomplexes were allowed to bind to protein A-agarose by incubation with
a salmon sperm DNA-protein A-50% agarose slurry at 4°C for 1 h with gentle
agitation. After a brief centrifugation, the supernatants were saved as the un-
bound fraction. The protein A-bound immunocomplexes were washed once with
1 ml each of the buffers shown below in sequential order: (i) low-salt immune
complex wash buffer (0.1% SDS, 1% Triton X-100, 2 mM EDTA, 20 mM
Tris-HCI [pH 8.1], 150 mM NaCl), (ii) high-salt immune complex wash buffer
(0.1% SDS, 1% Triton X-100, 2 mM EDTA, 20 mM Tris-HCI [pH 8.1], 500 mM
NaCl), (iii) LiCl immune complex wash buffer (0.25 M LiCl, 1% IGEPAL-
CA630, 1% sodium deoxycholate, 1 mM EDTA, 10 mM Tris, pH 8.1), and (iv)
TE buffer (10 mM Tris-HCI, 1 mM EDTA, pH 8.0). The protein A-bound
immunocomplexes were resuspended in 250 pl of elution buffer (1% SDS, 0.1 M
NaHCOs), mixed by vortexing, and incubated at room temperature for 15 min,
with gentle agitation. After a brief centrifugation, the supernatants were saved,
and elution was repeated one more time. Both eluates were combined, and after
the addition of 20 pl of 5 M NaCl, were heated at 65°C for 4 h to reverse
cross-linking. Ten microliters of 0.5 M EDTA, 20 pl of 1 M Tris-HCI (pH 6.5),
and 2 pl of proteinase K (20 mg/ml) were added to the eluates, and the mixtures
were incubated for 1 h at 45°C to remove proteins bound to DNA, followed by
sequential extraction steps with phenol-chloroform and chloroform and by DNA
precipitation with ethanol after the addition of 10 g of glycogen as a carrier.
The precipitated DNA was recovered by centrifugation and resuspended in 100
wl of TE buffer. The input fractions of the supernatants and the unbound

fractions were similarly treated to remove cross-links and proteins, and the
DNAs were ethanol precipitated similarly and dissolved in 10 and 100 pl of TE
buffer, respectively. The osteocalcin and myogenin promoter sequences were
amplified by 40 cycles of PCR from 1 pl each of the DNA solutions, with
parameters of 30 s at 95°C, 30 s at 60°C, and 30 s at 72°C and with the following
primers: 5'-CTGAACTGGGCAAATGAGGACA-3" and 5'-AGGGGATGCT
GCCAGGACTAAT for the mouse osteocalcin promoter (positions —67 to
—471) and 5'-ACCCCTTTCTTGTTCCCTTCCT-3" and 5'-CTCCCGCAGCC
CCTCAC-3' for the mouse myogenin promoter (positions —9 to —431)

Statistical analysis. The means of groups were compared by analysis of vari-
ance, and the significance of differences was determined by post hoc testing using
the Bonferroni method.

RESULTS

Cdk6 is down-regulated in osteoblasts upon BMP-2 treat-
ment. Within 24 h after treatment with BMP-2, C2C12 cells
begin to express osteocalcin mRNA and ALP, two represen-
tative markers of mature osteoblasts (21). Accordingly, the
commitment to BMP-2-induced osteoblast differentiation oc-
curs within 24 h. Since the MC3T3-El1 cells used in the present
study are known to be in a stage that is one step more differ-
entiated toward mature osteoblasts than C2C12 cells, we as-
sumed that the commitment of this cell line to BMP-2-induced
osteoblast differentiation occurred well within 24 h, and there-
fore we analyzed the effect of BMP-2 on the initial 48-h ex-
pression levels of cell cycle factors that critically regulate the
onset of S phase in this cell line. The cells were arrested in
quiescence by serum starvation, stimulated with serum in the
presence or absence of BMP-2, and harvested every 6 or 12 h.
The amounts of cyclins (D1, D2, D3, and E), Cdk2, Cdk4,
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FIG. 2. BMP-2 down-regulates Cdk6 expression mainly via pre-
venting transcription. (A) BMP-2 treatment markedly reduces cdk6
mRNA level. Growth-arrested MC3T3-E1 cells were stimulated with
or without BMP-2 for the indicated times, and RNAs were prepared.
cdk6 mRNA was semiquantified by RT-PCR. (B) BMP-2 treatment
does not affect the stability of cdk6 mRNA. Growth-arrested MC3T3-
E1 cells were stimulated with serum for 6 h and then incubated with
actinomycin D (Sigma) (0.1 pg/ml) with or without the addition of
BMP-2. RNAs were prepared and the Cdko transcript was semiquantified
by RT-PCR. Glyceraldehyde-3-phosphate dehydrogenase (GAPDH)
mRNA was used as a control for the RNA preparations. (C) The
proteasome inhibitor MG132 does not influence the action of BMP-2
on the Cdké6 protein level. Growth-arrested MC3T3-E1 cells were
stimulated for 24 and 36 h with or without BMP-2 and/or MG132 (2
wM), and the Cdké6 protein levels were determined by Western blot-
ting. (D) BMP-2 treatment does not affect the level of forcefully
expressed Cdko protein. Clones constitutively expressing Cdk6 from an
EFla-promoter as well as empty vector-transfected MC3T3-E1 (EV)
cells were growth arrested as described in the text and stimulated for
48 h with or without BMP-2. The amounts of Cdk6, Cdk4, and Cdk2
were then semiquantified by Western blotting.

Cdk6, CKlIs (p18, p21, p27, and p57), and Rb and phosphor-
ylated Rb proteins in the whole-cell lysate at each time point
were analyzed by Western blotting (Fig. 1). In this cell line, the
amounts of Cdk6, Cdk2, and p18 increased during serum stim-
ulation, as early as 6 h after stimulation, and the amount of p21
decreased, whereas the amounts of the remaining factors were
unchanged. This cell line did not express detectable amounts of
p57 throughout the experiment (data not shown). Coinciding
with the elevation of Cdk2, phosphorylated forms of the Rb
protein appeared. Under these conditions, the cells grew to
confluence but did not commit to differentiation into osteo-
blasts.

In contrast, when MC3T3-E1 cells were stimulated with
BMP-2 to stimulate osteoblast differentiation, the induction of
Cdk6 completely disappeared (Fig. 1A), while the levels of the
remaining factors, including Cdk4, were virtually indistinguish-
able from those obtained by serum stimulation. The behavioral
difference between Cdk6 and Cdk4 was further noticeable in
another experiment. When MC3T3-El1 cells were treated with
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FGF-2, a potent stimulator of osteoblast proliferation, the
level of Cdk4, but not that of Cdk6, was markedly elevated
(Fig. 1B).

To confirm that the blocked induction of Cdk6 was faithfully
reflected by its kinase activities, we assayed the activities of
Cdk6 and Cdk4 during serum stimulation in the presence and
absence of BMP-2. When the cells were stimulated with serum,
Cdko6 activity increased at 12 h and remained high at least until
48 h. In contrast, when the cells were stimulated with serum
containing BMP-2, Cdké6 activity increased at 6 h, but rapidly
decreased to the basal level by 12 and 24 h, the times expected
for the commitment to differentiation to take place (Fig. 1C).
These activities were roughly correlated with the amounts
of immunoprecipitated Cdk6, which faithfully reflected its
amounts in whole-cell lysates (Fig. 1A), except for the BMP-
2-treated 6-h sample, from which Cdk6 was more efficiently
immunoprecipitated. This result was reproducible, but its rea-
son was unclear.

On the other hand, there was no significant difference in the
time course and extent of Cdk4 activation between BMP-
2-treated and untreated MC3T3-E1 cells. Thus, despite the
fact that Cdk4 and Cdk6 are structurally homologous (11) and
share D cyclins as their catalytic partners, only the expression
of Cdk6 was significantly influenced by BMP-2 treatment. We
did a similar experiment with proliferating MC3T3-E1 cells
and observed a similar down-regulation of Cdk6 upon BMP-2
treatment, although it was less obvious, perhaps due to the lack
of synchronization in their cell cycle progression (data not
shown).

Cdk6 down-regulation is not specific to this cell line and is a
more general phenomenon. We performed the same Western
blot analysis with a culture of primary osteoblasts isolated
from neonatal mouse calvariae and obtained the same results.
Treatment with BMP-2 during serum stimulation completely
blocked the induction of Cdk6 at 24 and 32 h, whereas Cdk4
and Cdk2 were uninfluenced (Fig. 1D). These results show that
Cdko6 was specifically down-regulated during the commitment
to BMP-2-induced osteoblast differentiation.

BMP-2-led Cdké down-regulation is exerted at the tran-
scriptional level. We performed a semiquantitative RT-PCR
analysis of the Cdké6 transcript and found that cdk6 mRNA
disappeared when MC3T3-E1 cells were stimulated with BMP-
2 (Fig. 2A). In contrast, BMP-2 did not significantly influence
the stability of either cdk6 mRNA or protein. When the cells
were stimulated with serum for 6 h and then treated with

Lac Z Smad6

FIG. 3. Smad6 overexpression effectively blocks BMP-2-led down-
regulation of Cdk6. MC3T3-El1 cells were infected with a recombinant
adenovirus carrying the smad6 or lacZ gene and were subsequently
growth arrested by incubation in a low-serum-level medium for 48 h.
The cells were then stimulated with serum in the presence or absence
of BMP-2. The expression of Cdk6 and Smad6 was determined by
Western blotting, with B-actin used as a loading control.
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FIG. 4. Overexpression of Cdk6 inhibits BMP-2-induced osteoblast differentiation. MC3T3-E1 cell clones expressing low (no. 31, 57, and 75)
or high (no. 5, 37, and 40) levels of Cdk6 and empty vector-transfected MC3T3-E1 (EV) cells were induced for osteoblast differentiation by
treatment with BMP-2 according to the standard protocol. (A) After 72 h of treatment, the induced ALP activity was assayed (top). The middle
panel shows Western blot data for Cdké6 in growing empty vector-transfected cells and cells from clones 31 and 40. *, P < 0.1; there is a significant
difference from the ALP activity of BMP-2-treated empty vector-transfected cells. The bottom panels show ALP staining of empty vector-
transfected cells and clones 31 and 40. Bars, 100 wm. (B) Levels of osteocalcin, BMPRIA, and BMPRII mRNAs, as determined by semiquantitative
RT-PCRs with empty vector-transfected cells and clones 31 and 40 stimulated for 48 h with or without BMP-2. GAPDH mRNA was used as a
control for the RNA preparations. (C) Protein levels of BMPRIA and BMPRII in empty vector-transfected cells and clones 31 and 40 stimulated

for 48 h with or without BMP-2.

actinomycin D in the presence or absence of BMP-2, there was
no difference in the rate of disappearance of the Cdk6 tran-
script between the treatment and nontreatment groups (Fig.
2B).

Cdk4 is known to be degraded by the ubiquitin-proteasome
system (27). Because Cdk6 and Cdk4 are siblings and execute
similar functions, we assumed that Cdk6 was likely to be de-
graded by the same proteolytic system. When MC3T3-El1 cells
were treated with MG132, a potent inhibitor of this proteolytic
system, during serum stimulation in the absence of BMP-2, the
level of Cdk6 was elevated two- to threefold, consistent with
this assumption (Fig. 2C). In the presence of BMP-2, MG132
treatment elevated the level of Cdk6 by the same degree,
suggesting that there is no acceleration of Cdk6 degradation by
treatment with this differentiation inducer. To further confirm
that BMP-2 did not affect the stability of the Cdké6 protein, we
constructed and analyzed MC3T3-El1 cell clones that constitu-
tively expressed Cdko6 at low and high levels. BMP-2 treatment
did not influence the levels of Cdk6 protein expressed from the
constitutive EFla promoter (Fig. 2D). These findings indicate
that BMP-2 down-regulates Cdk6 expression mainly, if not
exclusively, by transcriptional repression.

Smads mediate BMP-2-induced down-regulation of Cdk6. A
differentiation signal invoked by BMP-2 is known to be medi-
ated by Smad proteins, particularly R-Smads and Co-Smads,
while I-Smads, such as Smad6 and Smad7, inhibit this signaling
(6). To investigate whether Smads mediate Cdk6 down-regu-
lation, we overexpressed Smad6 in MC3T3-E1 cells by use of
an adenovirus vector and examined its effect on BMP-2-led
Cdk6 down-regulation. As shown in Fig. 3, BMP-2-led Cdk6
down-regulation was completely abolished by the overexpres-
sion of Smadé, indicating that Smads do indeed mediate the
BMP-2-led Cdk6 down-regulation.

Osteoblasts overexpressing Cdké strongly resist BMP-2-in-
voked differentiation. As discussed above, Cdk6 was down-
regulated during BMP-2-invoked osteoblast differentiation.
Consequently, a key question is whether this down-regulation
is essential for osteoblast differentiation or not. To address this
question, we constructed >100 MC3T3-E1 cell clones that
stably expressed various levels of Cdk6 by transfecting MC3T3-
E1 cells with an expression vector harboring Cdk6 cDNAs and
then tested their ability to respond to BMP-2 and to differen-
tiate into mature osteoblasts. Figure 2D shows the protein
levels of Cdk6, Cdk4, and Cdk2 in some representative clones
that were treated with BMP-2 or were left untreated compared
to the protein levels in similarly treated empty vector-trans-
fected control MC3T3-E1 cells. The Cdk4 and Cdk2 protein
levels were not affected by the overexpression of Cdk6, sug-
gesting the absence of any particular compensatory regulation
of Cdk4 or Cdk2 expression upon Cdk6 overexpression.

The ability of BMP-2 to induce osteoblast differentiation, as
monitored by ALP production and osteocalcin expression,
which are well-characterized early and late differentiation
markers, respectively, was then studied with control cells
and low (~2-fold) and high (>10-fold) Cdké6 expressers.
The induction of ALP upon BMP-2 treatment was inhibited
significantly in the low expressers and completely in the high
expressers (Fig. 4A). Osteocalcin mRNA, as measured by
semiquantitative RT-PCR, was markedly reduced in the low
expressers and was undetectable in the high expressers (Fig.
4B). Thus, a twofold overexpression of Cdk6, or the same level
of exogenous Cdk6 expression as endogenous expression, al-
ready showed a strong inhibitory effect on differentiation. This
implies that the presence of the original level of Cdk6 expres-
sion was enough to markedly inhibit the BMP-2-invoked dif-
ferentiation of MC3T3-E1 cells.
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TABLE 1. Proliferation and cell cycle distribution of MC3T3-E1 cells that overexpress Cdk6”
BrdU incorporation (OD) at indicated time (h) Flow cytometric analysis result in
in presence or absence of BMP-2 presence or absence of BMP-2
Cell type 2 7 % Gy/G, %Go/M
- + - + - + - +
Empty vector 0.37 = 0.01 0.37 = 0.12 0.07 = 0.01 0.08 £ 0.01 78 =0 80 =1 16 £1 150
Low expresser 0.41 = 0.05 0.37 = 0.08 0.06 = 0.02 0.08 £ 0.02 78 £ 1 76 =0 17*+1 18+1
High expresser 0.55 = 0.07 0.43 = 0.07 0.05 = 0.01 0.06 £ 0.01 770 79 =1 15+1 15+1

“ Cell proliferation was determined by BrdU incorporation after 24 and 72 h of culture in the presence and absence of BMP-2. Cell cycle distribution was determined
by flow cytometric analysis of cells after 24 h of culture. Three representative clones (31, 57, and 75 and 5, 37, and 40, respectively) were chosen from the low- and
high-expressing group. Data are expressed as means * standard deviations after analysis of cells in eight separate wells for each clone.

The Cdk6-led resistance to osteoblast differentiation is un-
likely to be caused by an unexpected interference of the BMP-
2/Smads signaling pathway by the overexpressed Cdk6. Nei-
ther the mRNA nor the protein levels of the BMP receptors
BMPRIA and BMPRII were significantly affected by Cdké6
expression (Fig. 4B and C).

Overexpression of Cdké6 does not influence proliferation of
osteoblasts. Because Cdk6 promotes the G,-S transition, the
suppression of osteoblast differentiation by overexpressed
Cdk6 could be a mere consequence of its execution of this role.
We therefore examined the effects of both BMP-2 and Cdk6
overexpression on the G,-S transition and the proliferation of
MC3T3-E1 cells. Empty vector-transfected MC3T3-E1 cells, as
well as the low and high Cdk6 expressers, were similarly ar-
rested in quiescence, stimulated with serum in the presence or
absence of BMP-2, and analyzed for S-phase entry as well as
for cell populations in G,-G, and G,-M by BrdU incorporation
and flow cytometric analyses (Table 1). Cell proliferation was
also monitored in the presence and absence of BMP-2 by an
XTT assay (Fig. 5). The overexpression of Cdk6 did not cause
any significant changes in either the cell cycle distribution or
the proliferation rate of the cells, regardless of whether the
cells were stimulated with BMP-2 or not. These results suggest
that the inhibitory effect of Cdké6 on osteoblast differentiation
is not exerted via cell cycle regulation.

The Cdké-exerted differentiation block is correlated with a
loss of the binding of Runx2/Cbfal, but not Rb, to the osteo-
calcin promoter. Rb, a potent repressor of the E2F-DP tran-
scriptional factor that is essential for the onset of S phase, has
been reported to also act as a transcriptional coactivator for
Runx2/Cbfal, a key transcriptional factor for osteoblast differ-
entiation (23). Since Rb is a direct target of Cdké for cell cycle
control, we examined whether Rb mediates the Cdk6-exerted
inhibition of osteoblastic differentiation by determining the
effects of overexpressed Cdk6 on the vivo binding of Runx2/
Cbfal and Rb to the osteocalcin promoter during BMP-2 treat-
ment. To this end, we performed a ChIP assay. The specifici-
ties of the anti-Runx2/Cbfal and anti-Rb antibodies used for
this assay were confirmed by the lack of precipitation of the
irrelevant myogenin promoter, but the clear precipitation of
the osteocalcin promoter, by both antibodies (Fig. 6).

Using these antibodies, we compared the binding levels of
Runx2/Cbfal and Rb to the osteocalcin promoter in empty
vector-transfected MC3T3-E1 cells and in low and high Cdk6
expressers at day 1 (a time just after the differentiation com-
mitment) and day 4 (well after the onset of full differentiation
phenotypes for MC3T3-E1 cells) post-BMP-2 treatment. As

shown in Fig. 6A, on day 1 Runx2/Cbfal bound slightly to
the osteocalcin promoter in the empty vector-transfected
MC3T3-E1 cells, but not in either the low or high Cdké6
expressers, whereas no binding of Rb to this promoter was
detected in any of these cells. On day 4, when osteocalcin was
fully expressed, the binding of Runx2/Cbfal to this promoter
was clearly detected in the empty vector-transfected MC3T3-
E1 cells and the low Cdké6 expresser, but not in the high Cdk6
expresser, in which osteoblast differentiation was completely
blocked (Fig. 4) despite a high level of Runx2/Cbfal expression
(Fig. 6B). Thus, there was a close correlation between osteo-
blast differentiation and the binding of Runx2/Cbfal to the
osteocalcin promoter in Cdké6-led differentiation inhibition. In
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FIG. 5. Overexpression of Cdk6 does not influence proliferation of
MC3T3-E1 cells. Proliferation rates were determined by XTT staining
of empty vector-transfected cells (EV) and clones 31 and 40 cultured
in the presence (B) or absence (A) of BMP-2, with cell sampling done
every day.
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FIG. 6. Cdk6-exerted differentiation block is correlated with a loss of binding of Runx2/Cbfal, but not Rb, to the osteocalcin promoter.
(A) ChIP assay performed with empty vector-transfected MC3T3-El1 cells (EV) and clones 31 (low Cdk6 expresser) and 40 (high Cdk6 expresser)
cultured for 1 and 4 days with BMP-2, as described in Materials and Methods. IP Rb, immunoprecipitation with an anti-Rb antibody; IP Runx2,
immunoprecipitation with an anti-Runx2/Cbfal antibody; In, total DNA input for each sample; C, immunoprecipitation with control serum; Un,
PCR from the supernatant after immunoprecipitation; B, PCR from immunoprecipitation product. The primer sets for PCRs of the osteocalcin
and myogenin promoter regions are described in Materials and Methods. (B) Runx2/Cbfal is expressed in a high Cdk6 expresser cultured for 4
days with or without BMP-2. The level of Runx2/Cbfal was determined by Western blotting. The loading control is B-actin.

contrast, there was no apparent correlation between Rb bind-
ing and osteoblastic differentiation. On day 4, the binding of
Rb to the osteocalcin promoter was detected, as reported pre-
viously (23), but it was present in all of the cells, despite the
fact that osteoblastic differentiation in the high Cdk6 expresser
was completely blocked. Moreover, Rb seemed to bind the
promoter independently of Runx2/Cbfal, because in the high
Cdk6 expresser, Rb bound the promoter without the binding of
Runx2/Cbfal.

These ChIP assay results indicate that Rb is unlikely to
mediate the Cdko6-led differentiation inhibition, although it is
certainly required for the efficient osteoblast differentiation of
MC3T3-E1 cells (23). In addition, the loss of Runx2/Cbfal
binding to the osteocalcin promoter during Cdko6-exerted dif-
ferentiation inhibition raises the possibility that Cdk6 may in-
hibit osteoblastic differentiation by blocking the promoter-
binding ability of the Runx2/Cbfal transcriptional factor.

7 swran [ [*] [ene N\
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FIG. 7. Schematic presentation of the mechanism by which Cdk6
inhibits osteoblastic differentiation. BMP-2 binds the type II receptor,
which subsequently activates the type I receptor by direct association.

DISCUSSION

In the present study, we have shown that Cdk6 expression is
shut down mainly at transcription upon BMP-2 treatment and
that this shutdown, mediated by BMP-2-activated Smad sig-

naling, is required for efficient osteoblast differentiation. Osteo-
blastic cells, including the presently used MC3T3-E1 cell line
and primary mouse osteoblasts, express both Cdk4 and Cdko6,
yet only Cdk6 is critically involved in the commitment to dif-

The activated type I receptor directly phosphorylates R-Smads (Smads
1, 5, and 8) and promotes their complex formation with Co-Smad
(Smad4). The R-Smads/Co-Smad complexes are then translocated into
the nucleus, where they repress the transcription of the cdk6 gene and
permit osteoblastic differentiation to take place.
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ferentiation. This study demonstrates that Cdké is a key mol-
ecule determining the differentiation rate of osteoblasts as a
downstream effector of BMP-2/Smad signaling. Figure 7 de-
picts a schematic presentation of the mechanism by which
BMP-2 induces osteoblast differentiation, as revealed by the
present and previous studies. BMP-2 binds to the type II re-
ceptor and activates the type I receptor, leading to the forma-
tion of R-Smads/Co-Smad complexes, which are imported into
the nucleus. The R-Smads/Co-Smad complexes then repress
the cdk6 promoter, thereby removing Cdko6-exerted blocking
of differentiation.

The Cdké6-cyclin D3 complex is unique among cyclin D-
cognate kinase combinations and evades inhibition by CKIs
(8). Therefore, it can greatly enhance the proliferative poten-
tial of fibroblasts under growth-suppressive conditions and
consequently sensitizes cells to physical and chemical transfor-
mation (2). This unique ability of Cdk6, however, does not
seem to be responsible for the requirement of Cdk6 down-
regulation for efficient osteoblast differentiation because we
did not find any noticeable effect of BMP-2 and Cdk6 overex-
pression on the proliferation or even the cell cycle progression
of MC3T3-E1 cells under the experimental conditions we em-
ployed. This apparent lack of a growth-stimulating function for
Cdko6 in this cell line is consistent with the observation that
Cdk4, but not Cdké6, was up-regulated by FGF-2, a potent
stimulator of osteoblast proliferation.

The Rb protein has been implicated in osteoblast differen-
tiation. The incidence of osteosarcoma increases 500-fold in
patients inheriting Rb gene mutations. Recently, the Rb pro-
tein was reported to physically interact with Runx2/Cbfal,
which transactivates osteoblast-specific promoters (23). This
transactivation is lost in tumor-derived Rb protein mutants,
underscoring its potential role in osteoblast differentiation.
The possibility that Rb directly mediates the role of Cdko6 as a
differentiation inhibitor, however, is remote because unlike for
Runx2/Cbfal, there was no apparent correlation between the
Cdko-exerted differentiation block and the binding of Rb to
the osteocalcin promoter.

How could Cdk6 control differentiation without influencing
cell cycling? One possibility is that Cdk6 directly controls a
factor(s) that is critically involved in differentiation. This pos-
sibility may not be as remote as is generally thought. In Schizo-
saccharomyces pombe, Pasl cyclin and its partner kinase Pefl
activate a transcriptional factor complex that is functionally
equivalent to E2F-DP of mammals, thereby promoting
S-phase entry, just like Cdké6, yet they independently inhibit
mating pheromone signaling, whose activation is essential for
the differentiation of yeast cells (22). Thus, this may be a good
model for the situation of Cdk6 in BMP-2-induced osteoblast
differentiation, highlighting a potential functional similarity be-
tween Cdk6 and Pefl.

This study demonstrates for the first time that Cdk6, a G,
cell cycle factor, plays a critical role in controlling BMP-2-in-
voked osteoblast differentiation. Several transcription factors,
such as Runx2/Cbfal, osterix, and low-density lipoprotein re-
ceptor protein 5, have been reported to be involved in bone
formation (12, 16). Consequently, one of these factors may be
responsible for the BMP-2-invoked repression of Cdk6 tran-
scription. The identification of the transcriptional repressor as
well as key targets of Cdko6 will definitely be required for a
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deeper understanding of the molecular basis of bone forma-
tion.

Finally, it is appropriate to stress that our finding is not
specific to BMP-2-induced osteoblast differentiation. Very re-
cently, Matushansky et al. reported a similar role for Cdké6 in
the erythroid differentiation of a murine leukemia cell line
(10).
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