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FIG. 2. Effects of overexpression of (A) IKK®N and (B) MKK7N
using adenovirus vectors on the Cdk6 inhibition and osteoclastogenesis
by RANKL in the RAW cell culture. RAW cells were infected with 2
recombinant adenovirus carrying the IKK™Y, MKK7™", or LacZ gene at
100 MOI, and subsequently, growih-arrested by incubation in a low
serum medium for 2 days. The cells were stimulated with serum in the
presence or absence of RANKL (100 ng/ml) for 5 days. Bar, 100 pen,
Expressions of Cdk6, IKK2, and MXK7 were determined by Western
blotting with B-actin as loading controls. The number under each band
is the treated/control ratio of the intensity of the Cdk6 band normalized
to that of B-actin measured by densitomerry. Similar results were
obtained in independent Western blottings of three separate experi-
ments. The graph indicates means (bars) = SE (error bars) for 8
wells/group. *Significant difference from the RANKL-tweated and
AxLacZ-infected culture; p < 0.01.
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Cdk6 cDNA and tested their ability to respond to RANKL
and differentiate to osteoclasts. The ability of RANKL to
induce TRACP* multinucleated osteoclast formation was
compared among the empty vector-transfected cells and
low- (~1.5-fold) and high- (>5-fold) expressing cells.
RANKL induced osteoclastogenesis in the empty vector-
transfected cells and low-expressing clones; however, it was
markedly decreased in high-expressing clones (Fig, 3A).
Cdké-led resistance to osteoclast differentiation is unlikely
to be caused by an unexpected interference of the RANKL/
NF-«B signaling by the overexpressed Cdk6, because
RANK expression was not significantly affected by Cdk6
expression (Fig. 3B).

Overexpression of Cdk6 does not influence cell cycle
regulation of osteoclasts

Because Cdk6 promotes the G{-$ wansition, suppression
of osteoclast differentiation by overexpressed Cdk§ could
be a mere consequence of its execution of this role. We
thercfore examined the effects of both RANKL and Cdké
overexpression on G1-§ transition and proliferation of
RAW cells. The three kinds of transfected cells were sim-
ilarly arrested in quiescence, stimulated with serum in the
presence and absence of RANKL, and analyzed for cell
proliferation and populations in G0/G1 and G2/M by BrdU
incorporation and flow cytometric analysis (FACS; Table
). At 3 days of culture, when osteoclastogenesis just
started, RANKL slightly reduced cell proliferation and the
G2/M population; however, Cdk6 overexpression caused no
significant changes in either of them. These results indicate
that the inhibitory effect of Cdké on osteoclast differentia-
tion was not exerted through cell cycle regulation.

DISCUSSION

This study showed that Cdk6 is a key molecule in determin-
ing the differentiation rate of osteoclasts as a downstream
effector of RANKL/NF-«B signaling. Figure 4 shows the
mechanism of effect of RANKL on osteoclast differentiation
based on present and previous studies. The RANK activation
by binding of RANKL stimulates the NF-«B signaling, prob-
ably through association with TRAFs. 53! NF.xB moves
from the cytoplasm into the nucleus, associates with various
transcription factors in the nucleus, and downregulates Cdks,
which is a negative regulator of the transition from the Gl 1o
the differentiation stage.

This study failed to show the contribution of JNK, an-
other major pathway lying downstream of RANKL, to the
RANKL-led Cdké downregulation. Our results, however,
do not rule out the possibility that pathways other than
NF-«xB-mediated Cdk6 inhibition are required for oste-
oclast differentiation. JNK is known to activate activator
protein 1 (AP-1), which is composed of various combina-
tions of Fos and Jun family members. Mice deficient in
c-Fos are reported to be osteopetrotic because of the failure
in ostecclast differentiation, which can be tescued by Fra-1
as well as c-Fos overexpression,”*=3" indicating a crucial
role of the INK/AP-1 signaling in osteoclastogenesis, (%4
JNK is activated by the phosphorylation of Thr and Tyr
residues through MKK4 and/or MKK7, MKK7 seems to be



Cdké IN OSTEOCLAST DIFFERENTIATION BY RANKL 1133
A EV LOW-EXP HIGH-EXP
#21 #11 #18
car =
TRACP B

NUMBER OF
OSTEOCLASTS
Jche
a8 §
X \\ﬁ :
N

FIG. 3. (A) RANKL-induced osteaclastogen-
esis from RAW cells overexpressing Cdké. Sta-
ble clones of RAW cells transfected with Cdks
cDNA were established 2s described in the Ma-
terials and Methods section, and clones with low
expression (21) and high expression (11 and 18)
were sefected on Western blotting (top panel).
These clones and empty vector-transfected
RAW (EV} cells were induced for osteoclast
differentiation by treating with RANKL (100

> ng/ml) for 7 days, and osteoclast formation was
k7222 determined by TRACP staining, The macro-
scopic images of culture wells and the micro-
scopic images inside the wells are shown in the
middle panels. Bar, 100 pm. The graph in the
bottom panel is expressed as means (bars) = SE
B EV LOW-EXP HIGH-EXP (error bars) for 8 wells/group. *Significant dif-
ference from the EV cell culture; p < 0.01. (B)
#21 #11 #18 RANK mRNA levels by RT-PCR in each clone
stimulated for 3 and 6 days with RANKL, The
0 3 5 0 3 6 0 3 6 0 3 5 number under each band is the intensity of the
RANK RANK band normatized to that of GAPDH mea-
10 14 40 08 10 04 10 11 11 03 09 o8 sured by densitometry. Other clones with low
GAPDH and high expressions showed similar results,
Tantk 1, Cent. CycLe REGULATION 0OF RAW CELrs OveErexrressNGg Cdké
FACS
BrdU (GD) GO/GT (%) G2/M (%)
RANKL™ RANKL* RANKL™ RANKL* RANKL™ RANKL*
EV 0.52 003 0.39 £ 0.03* 752=05 187 *07 15906 123 = 06"
#21 (Low) 0.52 005 0.34 £ 0.04* 755%02 780 + 04 161035 12.6 = 0.5'
#11 (High) 0.56 + (.10 0.45 = 0.03' 748 £0.9 789 £0.7 163 *05 122+ 038"
#18 (High) 0.56 £ 0.08 0.39 £ 0.06' 157%06 77909 16.7x11 119 = 06"

Cell proliferation was determined by BrdU incorporation into EV, low-expressing and high-expressing clones in the presence and absence of RANKL
at 3 days of culture. Cell cycle disiribution of mononuclear cells was determined by FACS, and percentages of cells in ¢ach cell cycle stage (GO/GL and
G2M) are shown. Data are expressed as the mean = SD for 6 wells/clone. Cdk8 overexpression did not significantly atfeet the cell proliferation and the
cell cycle distribution. RANKL weatment reduced the cell proliferation and the cell poputation at G2/M.

*p < 0.001; 'p < 0.01 significant inhibition by RANKL.

more specific in JNK activation than MKK4 because MKK4
is known to activate p38 MAPK as well. We previously
reported that overexpression of MKK7™ in RAW cells by
the adenovinis vector inhibited both RANKL-induced JNK
activation and osteoclast formation.?? JNK may possibly
contribute to osteoclast differentiation through an indepen-
dent pathway of Cdk6. Other possible pathways far oste-
oclast differentiation are the p38 MAPK and the Smad
signaling. Recently, Matsumoto et al.®® reported that
RANKL activates p38 pathways in osteoclast precursors,
which is essential for osteoclast differentiation, and Fuller et

al®? and Kaneda et al.®® showed the critical tole of
transforming growth factor (TGF)-8 in osteoclast differen-
tiation and survival. The involvement of cell cycle factors in
osteoclast dijfferentiation mediated by these pathways
should be clarified in the future.

Cdk6 overexpression did not affect cell cycle regulation
of RAW cells. D cyclins and partner kinases Cdk4 and Cdké
are all known to be critical factors that control the cell
growth potential, ®52® but severa] specific roles have been
reported for Cdké. The Cdk6-cyclin D3 complex is unique
among cyclin D and cognate kinase combinations and
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FIG. 4. Scheme of Cdk6-dependent RANKL effect on osteoclast
differentiation obtained from this study. RANKL stimulates NF-xB
signaling by binding to RANK through association with TRAFs.
NF-«B downregulates Cdké, which is a negative regulator of the
transition from the G1 phase to the differentiation stage. Other signal-
ing pathways such as JNK, p38 MAPK, and Smads might be involved
in osteoclast differentiation through mechanisms independent of Cdké.

evades inhibition by CKIs.®® Therefore, it can greatly
enhance the proliferative potential of fibroblasts under
growth-suppressive conditions,®* and consequently, sensi-
tizes cells to physical and chemical transformation.®” Cdk6
combined with cyclin K, encoded by human herpes virus 8,
which is the causative agent of Kaposi sarcoma, is also
reported to be immune to inhibition by CKIs.®* These
functions were not seen in Cdk4 complexes. This study
discovered a novel function of Cdk6 as an inhibitor of the
transition to the differentiation stage without affecting cell
cycle regulation. Although Cdk4 has 70% homology of
amino acid sequence with Cdk§," the Cdk4 protein was
not affected by RANKL in this study. We hereby propose
that Cdk4 and Cdké play different roles and that Cdk4
cannot substitute for Cdké in osteoclastic cells.

How could Cdk6 control differentiation without influenc-
ing cell cycling? One possibility is that Cdk6 directly con-
trols a factor critically involved in differentiation. This
possibility may not be as remote as generally thought, In
fission yeast, Pasl cyclin and its partner kinase Pef! activate
a transcription factor complex functionally equivalent to
E2F-DP of mammals, thereby promoting S phase entry, just
like Cdk6, yet they independently inhibit the mating pher-
omone signaling whose activation is essential for differen-
tiation of this yeast cell.®” Thus, this might be a good
model for the situation of Cdké in RANKL-induced oste-
oclast differentiation, highlighting a potential functional
similarity between Cdké and Pefl.

OGASAWARA ET AL.

Among cell cycle factors, Cdk’s have vital roles in con-
trolling cell cycle progression. Therefore, much attention
has been devoted to the view that CKI-led inhibition of
Gl-specific Cdk’s is critical for cell differentiation. Accord-
ingly, potential roles for CKIs in differentiation have been
studied extensively, but with mixed results.“%*" Several
studies revealed a certain correlation between induction of
p21°®" and differentiation in hematopoietic cells including
monocytes/macrophages.®=*® For osteoclast differentia-
tion as well, upregulation of p21°™" and P27™ is reported
to be associated with osteoclast differentiation in the
M-BMM¢ culture.*” This was inconsistent with the
present results in RAW cells that P27 was not increased,
but rather decreased, by RANKL and that p21®! could not
be detected. Mice completely ablated for p21°®' and/or
P27¥! or other major CKls still develop and grow nor-
mally without significant bone abnormality such as osteo-
petrosis, strongly dismissing the current view.®4® Al
though there is evidence for p57X®? being involved in
differentiation of some cells,*” no one has identified cell
cycle factors that are controlled by differentiation signals
and critically influence the differentiation commitment pro-
cess. Because the Cdké downregulation was reproducible in
RAW cell and M-BMM4¢ cultures, we believe that Cdké
generally plays a role in the RANKL-induced osteoclast
differentiation. Although we tried to perform the signaling
and overexpression experiments in M-BMM¢, adenovirus
infection a2nd plasmid transfection were much less efficient
in transducing these cells. Matsuo et al.®" reported an
efficient gene transfer into osteoclast precursors using a
retrovirus vector system. However, the level of gene expres-
sion by retrovirus vectors is not enough for experiments
using dominant negative molecules like this study. Devel-
oping more efficient gene transduction systems to primary
osteoclast precursors will be helpful for further analysis of
the signaling pathways of osteoclast differentiation.

This study for the first time showed that Cdké, a Gl
cell cycle factor, plays a critical role in controlling
RANKIL-induced osteoclast differentiation. Numerous
signaling molecules, including transeription factors such
as a nuclear factor of activated T-cells (NFATs), 5152
have recently been reported to be involved in osteoclast
differentiation. Consequently, one of these factors may
be responsible for the RANKL-triggered repression of
Cdk6 transcription. Identification of the transcriptional
repressor as well as key targets for Cdké will definitely
be required for deeper understanding of the molecular
basis of bone resorption.
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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 ostechblastic
MC3T3-El cells induced by bone morphogenetic protein 2 (BMP-2), a potent inducer of ostecblast 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, Smads, and Smad8 are classified as receptor-reg-
ulated Smads (R-Smads), Smad4 is classified as a common-
partner Smad (Co-Smad), and Smad6 and Smad7 are classified
as inhibitory Smads (I-Smads) (6). R-Smads are directly acti-
vated by the type T 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 cyelins and cyclin-dependent protein kinases
{Cdks), which phosphorylate and thereby activate cell cycle

* Corresponding author. Mailing address: Department of Biochem-
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cine, University of Tokyo, 7-3-1 Hongo, Bunkyo, Tokyo 113-0033,
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factors that are essentia] 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 Cdké (11) and the cyclin E-de-
pendent kinase Cdk2. A key physiological substrate for Cdk4
and Cdké 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 (pl6, p15, p18, and p19) inhibit only Cdk4 and Cdks,
whereas Cip/Kip family members (p21, p27, and p57) inhibit all
of the Cdks except for the Cdké-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 eycle progression.
Therefore, much attention has been attracted by the view that
the CKI-led inhibition of G,-specific Cdks is critica! 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°F! 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%'*2 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 § 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 Cdk? (H-298), Cdk4
(C-22), Cdk6 (C-21), Rb {C-15), cyelin 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 Biotechnal-
ogy. Anti-phosphorylated Rb ((3-245) 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). Calvariac 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-E1 cells and primary osteoblasts were maintained in
a-modificd minimum essential medium (a-MEM) (Life Technologics Inc.) con-
taining 109 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-dizmeter plate and allowed
to proliferate for 20 to 24 b, and then their growth was arrested by incubation for
24 to 48 h in «-MEM containing 0.5% FBS, Growth-arrested cells were then
induced for differentiation or proliferation by stimulation with a-MEM contain-
ing 10% FBS and BMP-2 (300 ng/ml) or FGF-2 (10 nM). Te block protein
degradation, we added the proteasome inhibitor MG132 (Z-Leu-Leu-Leu-alde-
hyde; Peptide Institute, Osaka, Japan) to the cultute medium to a final concen-
tration of 2 uM, a5 described previously (15, 24),

Construction of cell clones constitutively expressing Cdks. MC3T3-El cells
were inoculated at 5 X 10° cells per 6-cm-diameter plate, incubated for 24 h, and
then transfected with the pEF/neo [ vector cartying 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 o-MEM containing 10% FBS and 200 pg of G413
(Geneticin; Life Technologies, Inc.)/ml. Stable G418-resistant colonies were then
isolated and expanded for analysis. The levels of Cdké were then quantified by
Western blotting to identify several high- and low-expression-level clones for
in-depth analysis.

Smadé6 expression and differentiation induction, MC3T3-El cells were inog-
ulated at 5 X 10° cells per well in a six-well plate and incubated at 37°C for 20 h
in a-MEM containirg 10% FBS. The cells were then infected for 2 h with a
recombitant adenoviras carrying smads or facZ at a multiplicity of infection of
100 PFU/eell, for which >80% of the cells were infected, as determined by
staining for B-galactosidase. The cells wers washed twice with phosphate-buf-
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 tinsed with ice-cold PBS and lysed with
RIPA buffer (10 mM Tris-HCl [pH 7.5], 150 mM NaCl, 1% Nonidet P-40
[NP-40], 0.1% sodium dodecyl sulfate [SDS], 10 wg of aprotinin/m}, 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 cach) were separated by SDS-7.5, 10,
or 125% polyacrylamide gl electrophoresis and electrotransferred to polyvi-
nylidene diffuoride 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 visuatization 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
dithiotheeitol, 0.1% Tween 20, 10% glycerol, I mM phenylmethylsulfonyl flug-
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 pg of the anti-Cdk4 or
-Cdké antibody, Protein G-Sepharose (15 i) {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 glycerolfree
IP buffer. The immunopurified Cdk4 or Cdké protein was incubated 2t 30°C for
30 min in R buffer (50 mM HEPES [pH 7.5], 2.5 mM EGTA, 10 mM KCI, 10 mM
MgCl,, 1 mM dithiothreitol) containing 0.5 ug of truncated Rb (Santa Cruz) and
10 mM ATP. The reaction products were ¢lectrophoresed in SDS-10% poly-
acrylamide gels and transferred to polyvinylidene difluoride mernbrane 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 Cdks, 5'-ATGAGGACCCTCTCTICTIGE
T-3' and 5'-CCGTAGATGCGTTTGTAGGC 3’ for osteocalcin, 5-TAGCAC
CAGAGGATACCTTGC-3' and §-AATGCTTCATCCTGTTCCAAA-3' for
BMPRIA, 5'-CAGAATCAAGAACGGCTATG-3' and 5-TTGTTTACGGTC
TCCTGTCA-3' for BMPRIL, and 5'-CATGTAGGCCATGAGGTCCACCA
C-¥ 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 Cdks, osteocalcin, and glyceraldehyde-3-
phosphate dehydrogenase; and 30 s at 94°C, 30 5 at 53°C, and I min 30 5 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 welt in a six-well plate and cultured in o-MEM
¢ontaining 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-HCl buffer (pH 8.0) containing 1 mM MgCl, and 0.5% Triton X-100. The
alkaline phosphatase (ALF) activity in the lysates was measured by the hydrolysis
of p-nitrophenyi 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% (volfvol) formaldehyde in PES 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 o-MEM containing 10% FBS with or
without BMP-2 (300 ng/ml). After being cultured for 1 or 3 days, the cells were
labeted with bromodeoxyuridine (BrdU) for 2 h, and the ecil population entering
§ 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 eclls 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),

Flaw 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 m! of solution A (0.03 mg of trypsin/ml, 3.4 mM
trisodium citrate, 0.1% NP-40, 1.5 mM spermine 4HC, and 0.5 mM Tris-HO
[pH 7.6}) and incubation for 10 min; (ii) the addition of 0.15 m! of soletion B (3.4
mM trisodium citrate, 0.1% NP-40, 1.5 mM spermine4HCY, 0.5 mM Tris-HCl
[pH 7.6}, 0.5 mp of teypsin inhibiterml, 0.1 mg of RNase A/ml) and incubation
for 10 min; and (iii) the addition of 0.15 m! of solution € (4.16 mg of propidium
iodide/ml, 3.4 mM trisodium citrate, 0.1% NP-40, 4.8 mM sperming 4HCI, 0.5
mM Tris-HC] {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 § 3 10° cells per 10-cm-diameter dish and cultured in
«-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 scrapets, sedimented by
low-speed centrifugation, resuspended, and incubated at 4°C for 10 min in 200
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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-El 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, Cye, 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) Cdké and Cukd4 activities in MC3T3-E1 cells
during stimulation with or without BMP-2. Cdké 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 ostecblasts

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 cel] lysates were then sonicated at 4°C with
a Branson 430 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-HCl [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 pg each of
Ab-4 and Ab-5; Neomarkers] or 2nti-CBFA1 [2 ug 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 supematants were saved as the un-
bound fraction. The protein A-bound immunocaomplexes were washed once with
1 mt 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-HCl [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-HCl [pH 8.1], 500 mM
NaCl), (iii) LiCl immune complex wash buffer (0.25 M LiClL, 1% IGEPAL-
CA630, 1% sodium deoxycholate, 1 mM EDTA, 10 mM Tris, pH 8.1), and (iv)
TE buffer (10 mM Tris-HCL, ¢ mM EDTA, pH 8.0). The protein A-bound
immunocomplexes were resuspended in 250 ul of elution buffer (1% SDS, 0.1 M
NaHCOj;), mixed by vortexing, and incubated at room temperature for 15 min,
with gentle agitation, After a brief centrifugation, the supernatants were saved,
and clution 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 wl 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 ethanot after the addition of 10 pug of glycogen as a carrier.
The precipitated DNA was recovered by centrifugation and resuspended in 100
il 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 similacly and dissolved in 10 and 100 pl of TE
buffer, respectively. The osteocalein and myogenin promoter sequences were
amplified by 40 cycles of PCR from 1 ul 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-E1 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 § 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 cycling (D1, D2, D3, and E), Cdk2, Cdk4,
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FIG. 2. BMP-2 down-regulates Cdk§ expression mainly via pre-
venting transcription. (A) BMP-2 treatment markedly reduces cdk6
mRNA Jevel. Growth-arrested MC3T3-El 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-
El 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 Cdk6 transcript was semiquantified
by RT-PCR. Glyceraldehyde-3-phosphate debiydrogenase (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 Cdk6 protein level. Growth-arrested MC3T3-El cells were
stimulated for 24 and 36 h with or without BMP-2 and/or MG132 (2
pM), and the Cdk§ protein levels were determined by Western blot-
ting. (D) BMP-2 treatment docs not affect the level of forcefully
expressed Cdké6 protein. Clones constitutively expressing Cdk6 from an
EFlo-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 Wester blotting,

Cdksé, CKIs (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 Cck6, 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-El 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-E1 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
Cdké and Cdk4 during serum stimulation in the presence and
absence of BMP-2, When the cells were stimulated with serum,
Cdk6 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, Cdk6 activity increased at 6 h, but rapidly
decreased to the basal leve] 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 Cdksé, 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 Cdkd4 and Cdké 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 Cdk6 down-regulation is exerted at the tran-
scriptional level, We performed a semiquantitative RT-PCR
analysis of the Cdké 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
0.6 243648 0 6 243648 h
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FIG. 3. Smad6 overexpression effectively blocks BMP-2-led down-
regulation of Cdks. 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-serurmn-level medium for 48 h.
The cells were then stimulated with serum in the presence or absence
of BMP-2, The expression of Cdké 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 73)
or high (no. 5, 37, and 40) levels of Cdké and empty vector-transfected MC3T3-E1 (EV) celis were induced for osteoblast differentiation by
treatment with BMP-2 according to the standard protocel. (A) After 72 h of treatment, the induced ALP activity was assayed (top). The middle
panel shows Western blot data for Cdké 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 pm. (B) Levels of osteocalcin, BMPRIA, and BMPRIE 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 Cdké tran-
script between the treatment and nontreatment groups (Fig.
2B).

Cdk4 is known to be degraded by the ubiquitin-proteasome
system (27). Because Cdké 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-E1 cells
were treated with MG132, a potent inhibitor of this proteolytic
system, during serum stimulation in the absence of BMP-2, the
level of Cdk6é was elevated two- to threefold, consistent with
this assumption (Fig. 2C). In the presence of BMP-2, MG132
treatment elevated the level of Cdké 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 Cdk6 protein, we
constructed and analyzed MC3T3-E1 cell clones that constitu-
tively expressed Cdk6 at low and high levels. BMP-2 treatment
did not influence the levels of Cdké protein expressed from the
constitutive EFla promoter (Fig. 2D). These findings indicate
that BMP-2 down-regulates Cdké expression mainly, if not
exclusively, by transcriptional repression,

Smads mediate BMP-2-induced down-regulation of Cdké. 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 Cdké down-regu- -

lation, we overexpressed Smad6 in MC3T3-E1 cells by use of
an adenovirus vector and examined its effect on BMP-2-led
Cdké down-regulation. As shown in Fig. 3, BMP-2-led Cdké
down-regulation was completely abolished by the overexpres-
sion of Smad6, 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-El cell clones that
stably expressed various levels of Cdké by transfecting MC3T3-
El 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 Cdké 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) Cdké expressers.
The induction of ALP upon BMP-2 treatment was inhibited
significantly in the low expressets 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 Cdks, or the same level
of exogenous Cdké expression as endogenous expression, al-
ready showed a strong inhibitory effect on differentiation. This
implies that the presence of the original level of Cdké 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 Cdké”

BrdU incorporation (OD) at indicated time (h)
in presence or absence of BMP-2

Flow cytometric analysis result in
presence or absence of BMP-2

Cell type 2 72 % Go/G, %GyM
- + - + - + - +
Empty vector 037200 037012 0.07 = 0.01 0.08 = 0.01 =*0 80+1 161 150
Low expresser 0.41 = 0.05 0.37 = 0.08 0.06 * 0.02 0.08 % 0.02 73+ 1 760 17+1 18=1
High expresser 0.55 * 0.07 043 = 0.07 0.05 = 0.01 0.06 = 0.01 77%0 91 151 15+1

“ Cell proliferation was determined by BrdU incorporation after 24 and 72 h of culture in the presence and absence of BMP-2. Ceil 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 arc cxpressed as means * standard deviations after analysis of eclls in cight 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 Cdk§. Nei-
ther the mRNA nor the protein levels of the BMP receptors
BMPRIA and BMPRII were significantly affected by Cdké
expression (Fig. 4B and C).

Overexpression of Cdké6 does not influence proliferation of
osteoblasts. Because Cdké 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 Cdké
overexpression on the G,-S transition and the proliferation of
MC3T3-E1 cells. Empty vector-transfected MC3T3-El cells, as
well as the low and high Cdké 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 Cdk6 on osteoblast differentiation
is not exerted via cell cycle regulation.

The Cdk6-exerted differentfation 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 Cdks for cell cycle
control, we examined whether Rb mediates the Cdké-exerted
inhibition of osteoblastic differentiation by determining the
effects of overexpressed Cdk6 on the vivo binding of Runx2/
Cbfal and Rb to the osteecalcin promoter during BMP-2 treat-
ment. To this end, we performed a ChlP assay. The specifici-
ties of the anti-Runx2/Chfal 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 Cdké
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 Cdk6 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 Cdk6-led differentiation inhibition. In
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11 #40
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1.5}
1r —— gy
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0 . \ . , .
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FIG. 5. Overexpression of Cdk6 does not influence proliferation of
MC3T3-E1 cells. Proliferation rates wete 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. Cdké-exerted differentiation block is correlated with a loss of binding of Runx2/Cbfal, but not Rb, to the ostcocalcin promoter.
(A) ChIP assay performed with empty vector-transfected MC3T3-E1 cells (EV) and clones 31 (fow Cdké expresser) and 40 (high Cdk§ expresser)
culturcd 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 contrel 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 osteocalein 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 Runx?/Cbfal, because in the high
Cdké expresser, Rb bound the promoter without the binding of
Runx2/Cbfal.

These ChIP assay results indicate that Rb is unlikely to
mediate the Cdké-led differentiation inhibition, although it is
certainly required for the efficient osteoblast differentiation of
MC3T3-El cells {23). In addition, the loss of Runx2/Cbfal
binding to the osteocalcin promoter during Cdk6-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.

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, Qsteo-
blastic cells, including the presently used MC3T3-E1 cell line
and primary mouse osteoblasts, express both Cdk4 and Cdks,
yet only Cdke is critically involved in the commitment to dif-

(=={17]

;n [
%smad4 . 1,587

Diffarentiation l

FIG. 7. Schematic presentation of the mechanism by which Cdké
inhibits osteoblastic differentiation. BMP-2 binds the type II receptor,
which subsequently activates the type I receptor by direct association,
The activated type [ 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 transeription 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 Cdk6-exerted blocking
of differentiation.

The Cdké-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
scem to be responsible for the requirement of Cdké down-
regulation for efficient osteoblast differentiation because we
did not find any noticeable effect of BMP-2 and Cdké 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
Cdké in this cell line is consistent with the observation that
Cdk4, but not Cdk6, 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 Cdk6 as a
differentiation inhibitor, however, is remote because unlike for
Runx2/Cbfal, there was no apparent correlation between the
Cdké6-exerted differentiation block and the binding of Rb to
the osteocalcin promoter,

How could Cdké 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 E2ZF-DP of mammals, thereby promoting
S-phase entry, just like Cdk6, yet they independently inhibit
mating pheromong signaling, whose activation is essential for
the differentiation of yeast cells (22). Thus, this may be a good
model for the situation of Cdké 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 controfling BMP-2-in-
voked osteoblast differentiation. Several transcription factors,
such as Runx2/Cbfal, osterix, and low-density lipoprotein re-
ceptor protein 3, 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 Cdké tran-
scription. The identification of the transcriptional repressor as
well as key targets of Cdké 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 Cdké in
the erythroid differentiation of a murine leukemia cell line

(10).
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SRC-1 Is Necessary for Skeletal Responses to Sex Hormones
in Both Males and Females
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ABSTRACT: We created SRC-1""" mice by mating floxed SRC-1 mice with CMV-Cre transgenic mice. The
SRC-17"" mice showed high turnover osteopenia under physiological conditions and hardly responded to
osteoanabolic actions of exogenous androgen and estrogen in males and females, respectively, after gonadec-
tomies, indicating that SRC-1 is essential for the maintenance of bone mass by sex hormones.

Introduction: Steroid receptor coactivator-1 {SRC-1) is the first identified coactivator of nuclear receptors, This
study investigated the role of SRC-1 in skeletal tissues of males and females using the deficient (SRC-1~/") mice.
Materials and Methods: SRC-1™"" mice were generated by mating our original floxed SRC-1 mice with CMV-Cre
transgenic mice. Bone metabolism between 24-week-old SRC-7~" and wildtype (WT) littermates under physio-
logical conditions was compared in males and females by radiological, histological, and biochemical analyses.
Difference of skeletal responses to steroid hormones was examined by gonadectomies and exogenous administration
experiments with the hormones. Statistical analysis was performed by ANOVA deterrnined by posthoc testing using
Bonferroni’s method. .

Results and Conclusions: Although SRC-1~*" mice showed no abnormality in growth or major organs, both males
and females showed osteopenia with high bone turnover in the trabecular bones, but not in the cortical bones,
compared with WT littermates. Their serum levels of sex hormones were upregulated, suggesting a compensatory
reaction for the insensitivity to these hormones. Gonadectomies caused decreases in BMDs of SRC-1""" and WT
mice to the same levels; however, replacement with Sa-dihydrotestosterone and 17B-estradiol in males and females,
respectively, failed to restore the bone loss in SRC-17", whereas the WT bone volume was increased to the
sham-operated levels. In contrast, bone loss by administered prednisolone was similarly seen in SRC-17"" and WT
mice, We conclude that SRC-1 is essential for the maintenance of bone mass by sex hormeones, but not for the
catabolic action of glucocorticoid, under both physiological and pathological conditions.
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INTRODUCTION ment. Androgens are also kitown to exert beneficial effects
on the mainienance of normal bone mass and remodeling.
Patients with hypogonadism or androgen receptor (AR)
defect often develop osteoporosis with high bone turnover,

and testosterone supplementation can restors the BMD in

STEROI'D HORMONES ARE involved in mediating important
physiological processes in numerous target tissues in-
cluding breast, uterus, brain, and bone, The actions are

mediated by their binding to structurally homologous nu-
clear receptors, which act as ligand-dependent transcription
factors to either activate or rcpress target gene
expression.'™® Among steroid hormones, the sex steroids
estrogens and androgens are essential for normal skeleta)
development and maintenance of healthy bone remodeling
during life.*"™ Estrogen deficiency causes osteoporosis
with high bene turnover in postmenopausal women, and this
disorder can be prevented or reversed by estrogen replace-

The authors have no conflict of interest.

eugonadal osteoporotic men.® Contrary to the bone-sparing
actions of estrogens and androgens, another steroid hor-
mone, glucocorticoids, stimulate bone resorption and inhibit
bone formation in humans and consequently lead to a de-
crease in bone mass. Excess glucocorticoids in vivo, as a
result of either prolonged steroid therapy or Cushing’s syn-
drome, lead to the development of osteoporosis, the degree
of which seems to be related to the duration and dose of
treatment,®1%

Expressions of nuclear receptors of these steroid hor-
mones, estrogen receptors (ERs), ARs, and glucocorticoid
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receptor {GRs), in bone have been identified mainly in
osteoblasts and bone marrow cells.* The transcriptional
activitics of the receptors are mediated by interaction with
several classes of coactivators/corepressors in a ligand-
dependent manner,®!1? The first characterized steroid re-
ceptor coactivator (SRC) family contains three homologous
members: SRC-1, SRC-2 (also known as TIF2 and GRIP1),
and SRC-3 (also known as p/CIP, AIB1, RAC3, ACTR, and
TRAM-1).9'*'9) The SRC coactivators have been reported
to function in several ways: recruitmnent of histone acetyl-
transferases, histone methyltransferases, interaction with
other coactivators, and contact with certain general tran-
scription factors."® There are several pieces of evidence
that the SRC coactivators play important roles ¢limically in
mediating the response to stercid hormones. A chromo-
somal translocation that involves SRC-2 was identified in
acute myeloid leukemia.!'” SRC-3 overexpression was doc-
umented in breast, ovarian, and pancreatic cancer.t¥!®
These data suggest the possibility that the SRC family could
modulate the response to steroid hormones in bone as well.

SRC-1 was originally cloned as a strong transactivator of
GR* and has been reported to enhance the actions of many
nuclear receptors, including ERs and AR.® Clinical in-
volvement of SRC-1 has not yet been found; however, its in
vivo function has been investigated by analyses of the
SRC-I-deficient mice created by the O'Malley group using
a conventional gene targeting method.*™ There were no
apparent abnormalitics in their major organs except for a
partial resistance to sex hormones and thyroid hormone. =2
Aiming at generating double/triple mutant mice with tissue-
specific SRC-1 deficiency and other cofactor gene mutations
such as SRC-2 and SRC-3 without embryonic lethality in
the future, we first created floxed SRC-/ mice in which the
SRC-1 gene locus was flanked by loxP sites. In this study,
the first using the floxed mice, we generated SRC-I-
deficient (SRC-17/") mice, whose SRC-1 function was gen-
erally blocked, by mating them with CMV-Cre transgenic
mice. To define the functions of SRC-1 in skeletal tissues of
both males and females, we analyzed the bone phenotype of
the SRC-1 ™" mice under physiclogical conditions and un-
der stimulation by estrogens, androgens, or glucocorticoids.

MATERIALS AND METHODS
Generation of SRC-17"" mice

Mouse SRC-1 genomic clones were obtained by screen-
ing an embryonic stem (ES) cell genomic library in A phage
(Stratagene) using human SRC-1 ¢DNA as a probe. A 20-kb
fragment of mouse SRC-1 containing exons 3-5, encoding
the basic-helix-loop-helix (bHLH) domain, was used to
construct the targeting vector (Fig. 1A). The targeting vec-
tor consisted of a 7.7-kb 5° homologous region containing
exon 4, a 3.3-kb 3" homologous region, a single loxP site,
and the phosphoglycerate kinase-neomycin (PGKneo) cas-
sette between the two loxP sites. The linearized targeting
vector was electroporated into ES cells (25 pg/1.0 X 10’
cells) using a Gene Pulser IT (Bio-Rad Laboratories) at 250
V and 500 pF, and G418 neomycin-resistant clones were
expanded as described previously.®® Two ES cell clones
(Fig. 1B, 4p29 and 4q30) containing a targeted SRC-1L3
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allele were identified by Southern blot analysis of EcoRI-
digested ES cell genomic DNA, using 5’ {probe 1) and 3’
(probe 2) external probes and 4 neomycin probe. Targeted
ES cells were aggregated with single eight-cell embryos
from ICR mice (CLEA Japan) and returned to a pseudo-
pregnant host of the same strain to generate chimeras as
described previously.?*' Chimeric males were crossed with
C57BL/6] females (CLEA Japan) to produce germ line
transmission of the targeted L3 allele. SRC-7°" mice were
then crossed with the CMV-Cre transgenic mice to generate
SRC-1"""* (also designated as SRC-1""") mice (mice bear-
ing one allele in which exon 4 and the neomycin cassette
were deleted). Inbreeding of SRC-1-~"* mice yielded SRC-
1477 (also designated as SRC-17"") mice homozygous for
the deletion of SRC-1 exon 4. Because SRC-72*2 mice and
CMV-Cre transgenic mice were in different strains, all
SRC-1™"" mice used in this study had been backcrossed for
10 generations into the C57BL/6 background.

Animal conditions

All mice were kept in plastic cages under standard labo-
ratory conditions with a 12-h dark, 12-h light cycle and a
constant temperature of 23°C and humidity of 48%. The
mice were fed a standard rodent diet (CE-2; CLEA Japan)
containing 25.2% protein, 4.6% fat, 4.4% fiber, 6.5% ash,
3.44 keal/g, 2.5 TU vitamin D,/g, 1.09% c¢alcium, and 0.93%
phosphorus with water ad libitum. In each experiment,
homozygous wildtype (WT) and SRC-I1""" mice that were
littermates generated from the intercross between heterozy-
gous mice were compared, All experiments were performed
according to the protocol approved by the Animal Care and
Use Committee of the University of Tokyo.

RT-PCR analysis

Total RNA was extracted from excised femora and tibias
using an ISOGEN kit (Wako Pure Chemical Industries) and
reverse transcribed using XL reverse transcriptase (Takara
Shuzo Co.) and an oligo (dT) primer (Takara Shuzo Co.).
After first-strand cDNA synthesis, 5% of the reaction mix-
ture was amplified with r-TagDNA polymerase (Takara Shuzo
Co.) using specific primer pairs: 5'-CATGTAGGCCATG-
AGG TCCACCAC-3' and 5'-TGAAGGTCGGTGTGAACG-
GATTTGGC-3' for G3PDH; 5'-TACTGAGAAGAGGCG-
CAGGG-3' and 5'-CCAGAAGAAGAGGGCCCAGC-3' for
SRC-1 (exon 4-exon 5); and S5'-ATGAGTGGCCTTG-
GGGACAG-3' and 5'-CCAGAAGAAGAGGGCCCAGC-3’
for SRC-1 (exon 3-exon 5). Up to 35 cycles of amplification
were performed, with each cycle consisting of 96°C for 30 s,
55°C for 60 s, and 72°C for 60's.

Western blot analysis

To detect SRC-1 protein expression, bone cell lysates
were separated by SDS-PAGE and transferred onto nitro-
cellulose membranes. Membranes were probed with a goat
polyclonal antibody raised against a carboxyl terminus pep-
tide of human SRC-1 that is identical to the corresponding
mouse sequence (1:1000 dilution, C-20; Santa Cruz Rio-
technology) and a rabbit polyclonal antibody raised against
a recombinant protein corresponding to amino acids 350-
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(B) Southem blot analysis of targeted ES clones.
Genomic DNA from WT ES cells and homolo-
gous targeted clones (4p29 and 4q30) were di-
gested with EcoRI for hybridization with probe
1 (Ieft) and 2 (right). (C) Southem blot analysis
of offspring of heterozygous mates with probe 2.
(D) Detection of the SRC-1 transceipt by RT-
PCR in long bones of WT, SRC-17/-, and
floxed SRC-1 (SRC-1“*1¥) mice. (E) Western
blot analysis of the SRC-1 protein using an
antibody against a carboxy! terminus of the
SRC-1 peptide in long bones of WT, SRC-1"",
and floxed SRC-I (SRC-1"*%) mice. (F)
Growth curves determined by the body weight
of WT and SRC-I™"" mice in both sexes. Data

5 -

are expressed as means (symbols) = SE {error
bars) for 15 mice/group for males and 12 mice/
group for females. There were no significant
differences between WT and SRC-7~/" mice in

cither sex (p > 0.05). (G) Smaller testes were
observed in male SRC-/~" mice.

650 mapping within an internal region of SRC-1 of mouse
origin (1:1000 dilution, M-341; Santa Cruz Biotechnology)
and then a peroxidase-conjugated second antibody. Blots
were visualized using an ECL detection kit (Amersham
Biosciences).

Radiological analysis

Bone radiographs of excised femora, tibias, and the fifth
lumbar vertebrae from 12-, 16-, and 24-week-old WT and
SRC-17"" littermates were taken using a soft X-ray appa-
ratus (model CMB-2; SOFTEX). BMD was measured by
DXA using a bone mineral analyzer (PIXImus Mouse Den-
sitometer; GE Medical Systems). CT was performed with 2
pQCT analyzer (XCT Research SA+; Stratec Medizintec-
nik) operating at a resolution of 80 um. Metaphyseal pQCT
scans of femora were performed to measure the trabecular
volumetric BMD. The scan was positioned in the metaph-
ysis at 1.2 mm proximal from the distal growth plate. This
area contains cortical as well as trabecular bone. The tra-
becular bone region was defined by setting the threshold to
395 mg/em® according to a previous report®® Mid-
diaphyseal pQCT scans of femora were performed to deter-
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mine the cortical volumetric BMD and the cortical thick-
ness. The mid-diaphyseal region of femcra in mice contains
mostly cortical bone. The cortical bone region was defined by
setting the threshold to 690 mg/em®®® The interassay CVs for
the pQCT measurements were <2%. pCT scanning of the fifth
lumbar vertebrae was performed using a composite X-ray
analyzer (model NX-CP-C80H-IL; Nittetsu ELEX Co.), and a
total of 300 cross-sectional tomograms per vertebra were ob-
tained with 2 slice thickness of 10 pum and reconstmcted at
12 X 12 pixels into a 3D feature by the volume-rending
method (software, VIP-Station; Teijin System Technology)
using a computer (mode! SUN SPARK-S5; Sun Microsystems).
Electronic sections were cut in the wansverse, coronal, and
sagittal planes on 3D reconstructed irnages,

Histological analysis

Histological analyses were performed using 24-week-old
WT and SRC-1~ Littermates. For von Kossa and toluidine
blue stainings, lumbar vertebrae were fixed with 70% eth-
anol, embedded in glycol methacrylate without decalcifica-
tion, and sectioned in 3-um slices using a microtome
{(model 2050; Reichert Jung). For calcein double labeling,
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mice were injected subcutaneously with 16 mgkg body
weight of calcein at 10 and 3 days before death. Sections
with toluidine blue stainings were used to visualize calcein
labels under fluorescent light microscopy. TRACP™ cells
were stained at pH 5.0 in the presence of L(+)-tartaric acid
using naphthol AS-MX phosphate (Sigma-Aldrich Co.) in
N.N-dimethyl formamjde as the substrate. The specimens
were subjected to histomorphometric analyses using a semi-
automated system (Osteoplan IT; Carl Zeiss), and measure-
ments were made at 400X magnification, Parameters for the
trabecular bone were measured in an area 0.3 mm in length
from the cortical bone at the fifth lumbar vertebrae. Nomen-
clature, symbols, and units are those recommended by the
Nomenclature Committee of the American Society for Bone
and Mineral Research.*®

Serum and urinary biochemistry

Blood samples from 24-week-old WT and SRC-17~
litermates (n = 15/genoctype for males and n = 1/
genotype for females) were collected by heart puncture
under Nembutal (Dainippon Pharmaceutical Co.) anesthe-
sia, and urine samples were collected for 24 h before death
using oil-sealed bottles in metabolism cages (CL-0303;
CLEA Japan). The levels of calcium, phosphorus, and al-
kaline phosphatase activity in serum were measured using a
calcium HR kit {Wako Pure Chemical Industries), an inor-
ganic phosphorus II kit (Wako Pure Chemical Industries),
and a liquitech alkaline phosphatase kit (Roche Diagnos-
tics), respectively, with an autoanalyzer (type 7170; Hitachi
Hith-Technologies). Serum osteocalcin levels were mea-
sured using the competitive radioimmunoassay (RIA) kit
(Biomedical Technologies). Serum testosterone and 178-
estradiol (E,) levels were measured using RIA kits (Diag-
nostic Products), and serum leptin was assayed with the
ELISA-based Quantikine M mouse leptin immunoassay kit
(R&D Systems). Urinary deoxypyridinoline was measured
using the Pyriliks-D ELISA (Metra Biosystems). The values
were corrected according to urinary creatinine (Cr), as mea-
sured by a standard colorimetric technique with an autoana-
lyzer (type 7170). '

Gonadectomy and hormone treatment

Male WT and SRC-1"" littermates were orchidecto-
mized or sham-operated at 16 weeks of age and implanted
subcutaneously with 60-day time-release pellets (Innovative
Research of America) containing either placebo or 5a-
dihydrotestosterone (DHT; 10 mg/pellet; 8 mice/group).
Female WT and SRC-I™"" littermates were ovariectomized
or sham-operated at 16 weeks of age and implanted subcu-
taneously with 60-day time-release pellets containing either
placebe or E, (0.025 mg/pellet; 8 mice/group). For the
glucocorticoid experiment, male WT and SRC-1~" litter-
mates were implanted subcutaneously with 60-day time-
release pellets containing either placebo or prednisolone (4
mg/pellet) at 16 weeks of age (8 mice/group). BMD of the
fifth lumbar vertebrae was measured in situ by DXA using
a bone mineral analyzer (P[XImus Mouse Densitometer) at
16 and 24 weeks. All mice were killed at 24 weeks of age,
seminal vesicles of male and uteri of female mice were
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excised and weighed, and BMD of the excised fifth lumbar
vertebrac was measured by DXA.

Statistical analysis

All data are expressed as means * SE, Means of groups
were compared by ANOVA, and significance of differences
was determined by posthoc testing using Bonferroni’s
methed,

RESULTS
Generation of SRC-1""" mice by a Cre-loxP system

We targeted exon 4 of the SRC-I gene, which encodes the
bHLH domain to generate functionally null SRC-1 mutant
mice (Fig. 1A). The targeting vector was designed with three
loxP sites flanking exon 4 and the PGKneo cassette. Complete
excision of exon 4 and floxed PGKiieo cassette in the L3 allele
mediated by Cre recombinase was confirmed in the genomic
DNA sequence of F, offspring, and the mutation resulted in the
creation of a stop codon at exon 5 by splicing exon 3 and 5
transcripts. Thus, the truncated protein produced from the
deleted allele lacks the C-terminal region that includes all
SRC-1 functional domains for transcriptional activation, his-
tone acetyltransferase activity, and interactions with nuclear
receptors, CBP, P300, and p/CAF.(442729

Chimeric males derived from targeted L3 ES clones
transmitted the mutation through their germline, yielding
floxed SRC-1 (SRC-1*"%) mice. Floxed SRC-1 mice grew
normally and exhibited no overt abnormalities with normal
SRC-1 mRNA and protein expression levels (Figs. 1D and
1E). Floxed SRC-1 mice were crossed with CMV-Cre trans-
genic mice to generate SRC-1 heterozygous (SRC-14)
mice, Inbreeding of heterozygous SRC-1*"~ mice yielded
SRC-17"" mice in accordance with Mendelian expectations
(Fig. 1C). Short SRC-1 transcripts exclusive of excn 4 were
detected by RT-PCR in the long bones of SRC-17/" mice
(Fig. 1D); however, because of the creation of a stop codon
at exon 5, no SRC-1 protein expression was shown by
Western blot analysis using an antibody against a carboxyl
terminus of the SRC-1 peptide, confirming disruption of the
SRC-I gene (Fig. 1E). Similar mRNA and protein expres-
sion pattemns were observed in tissues including liver, kid-
ney, isolated primary osteoblasts, and bone miarrow cells,
even when we used other primer sets and antibodies (data
not shown).

Both male and female SRC-1~" mice grew normally and
were apparently indistinguishable from WT litermates.
Growth curves determined by the body weight were some-
what similar between WT and SRC-1™" mice in both males
and females during the observation period up to 28 weeks,
although a slight increase of body weight caused by obesity
was seen in both sexes of SRC-J ™ mice a5 they got older
(Fig. IF). While no abnormality of reproductive organs,
including ovary and uterus, was found in female SRC-177"
mice, a slight hypoplasia of testis was seen (~20% in
weight) in males (Fig. 1G). These abnormalities were the
same as those reported in the SRC-I-deficient mice gener-
ated by a conventional method %
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FIG. 2. Radiological findings of the long
bones in SRC-1~" and WT littermates. (A and B
B) Plain X-ray images of femur and tibia in
representative (A) males and (B) females of both
genotypes at 24 weeks of age. The BMD of the
endre femurs and tibias measured by DXA is
shown in the graphs below. (C and D) pQCT
images of the distal metaphysis (left) and the
mid-diaphysis (right) of the femurs in represen-
tative (C) males and (D) females of both geno-
types at 24 wecks of age. The color gradient
indicating BMD is shown in the right bars. The
trabecular content and density at the metaphysis
and the cortical thickness and density at the
mid-diaphysis are shown in the graphs below,
Data in all graphs are expressed as means
(bars) £ SE (error bars) for 15 mice/group for
males and 12 mice/group for females, Signifi-
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cant difference from WT: *p < 0.05, **p <
0.01.

Osteopenia in male and female SRC-1""" mice

To leam the physiclogical role of SRC-1 in skeletal tissues,
we analyzed the long bones and vertebrae of SRC-1""" mice.
The lengths of the long bones and the trunk of these mice were
similar to those of WT littermates, at least during the observa-
tion period up to 24 weeks of age, indicating that SRC-1 is not
involved in the regulation of skeletal growth, BMD was similar
between long bones of the two genotypes at 12 weeks of age
and tended to be lower in SRC-1""" than WT mice at 16
weeks, although this was not statistically significant (data not
shown). At 24 weeks, however, SRC-1""" mice showed
~10% less BMD of long bones than WT littermates in males
(Fig. 2A) and females (Fig. 2B). When trabecular and cortical
bones were analyzed separately in the femora using pQCT,
SRC-17"" mice showed ~35-45% lower BMC and BMD of
trabecular bones; however, the cortical bones were not affected
by the SRC-1 deficiency in either males (Fig. 2C) or females
(Fig. 2D).

To investigate the abnormalities of the SRC-/""" trabec-
ular bones in more detail, we performed morphological
analyses of vertebral bodies that are rich in trabecular bone
in males and females at 24 weeks of age. 3D CT analysis of

the fifth lumbar vertebrae confirmed the decrease in SRC-
1™~ trabecular bone in both sexes (Fig, 3).
Histomorphometric analyses confirmed that the bone vol-
umes (BV/TV) were decreased by 30~40% in the SRC-
1™’ males and females compared with those of WT litter-
mates (Table 1), Parameters for both bone formation (Ob.S/
BS, MAR, and BFR) and resorption (N.Oc/B.Pm, Oc.S/BS,
and ES/BS) were also significantty higher in SRC-17/~
mice. The increase in bone resorption parameters (~60-
80%) exceeded that in bone formation parameters (~30-
60%), indicating a state of high-turnover osteopenia that is
characteristic of osteoporosis with sex hormone deficiency.
Biochemical markers in the serum and urine supported
the increase of bone turnover by SRC-1 deficiency (Table
2). Bone formation markers (serum alkaline phosphatase
and osteocalcin) and a bone resorption marker (urinary
deoxypyridinoline) were higher in both males and females
of SRC-17" mice than those in WT littermates. The serum
calcium and phosphorus levels were similar between the
two genotypes, suggesting that the skeletal abnormalities by
SRC-1 deficiency were not the result of the changed cal-
ciumn or phosphorus levels. Considering that SRC-1~"" mice
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Female

FIG. 3. Radiological and histological findings of the lumbar verte-
brae in SRC-1™" and WT littermates, 3D CT images of the fifth
vertebrac in representative males and females of both genotypes at 24
weeks of age. The BMD of the entire fifth vertebrae measured by DXA
was 53.7 * 3.5 (male WT), 49.0 * 2.1 {male SRC-I""7), 48.7 £ 3.3
(female WT), and 41.6 = 1.4 mg/em?® (female SRC-17") for 15
mice/group for males and 2 mice/group for females, There were
significant differences between WT and SRC-1™ in both sexes (p <
0.03).

showed a slight obesity at this age, we measured the serum
level of leptin, which has recently been reported to be an
antiosteogenic factor. The level was somewhat upregulated,
although not significantly, in SRC-1"" mice. Interestingly,
despite the high bore turnover, the serum levels of both
testosterone in males and estradiol in fernales were elevated
in SRC-I™"" mice, suggesting a compensatory mechanism
in the endocrine system for the insensitivity to these sex
hormones.

Insensitivity to administration of sex hormones in
gonadectomized SRC-1""" mice

To examine the involvement of SRC-1 in the skeletal
actions of sex hormones, we performed hormone adminis-
tration experiments (Figs. 4A~4D). After orchidectomy and
ovariectomy on males and females, respectively, at 16
weeks of age, a slow-releasing pellet of sex hotrnone or
placebo was subcutaneously implanted, and BMD was mea-
sured at 24 weeks. Effects of gonadectomies and hormone
replacements were confirmed by seminal vesicle and uterine
weights of males and females, respectively (Table 3). Both
orchidectomy and ovariectomy markedly decreased these
weights in WT and SRC-17" mice. DHT and E, restored
them to the levels similar to those of sham-operated mice in
WT, whereas these hormones restored almost one-half of
them in SRC-1™"" mice, which is consistent with a previous
study using another SRC- knockout mouse.*® Regarding
BMD, besides the raw BMD values (Figs. 4A and 4C), the
percent changes from baseline to final BMD during 8 weeks
(Figs. 4B and 4D) were also compared between WT and
SRC-I™"" mice. Both orchidectomy and ovariectomy de-
creased bone volumes of the two genotypes to the same
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levels in both sexes (~45.0 mg/cm? in males and 38.5
mg/cm? in females). When slow-releasing pellets of DHT
and E, were subcutaneously implanted in the gonadecto-
mized males and females, respectively, they prevented bone
loss in WT mice. However, these hormone replacements
restored little of the bone loss in SRC-I ™" mice, indicating
that SRC-1 deficiency impairs the skeletal responses to sex
hormenes in both males and femnales.

We further examined the contribution of SRC-1 to the
catabolic action of glucocorticoids on bone (Figs. 4E and
4F). When a slow-releasing pellet of prednisolone was
implanted at 16 weeks, BMD was reduced similarly in WT
and SRC-I™/" littermates, ~10% during the following &
weeks, suggesting that SRC-1 is not essential in the bone
catabolic action of glucocorticoids mediated by GR.,

DISCUSSION

In this study, we originally generated SRC-7™~ mice by
means of a Cre-loxP system and confirmed the lack of
SRC-1 gene expression in bone and other tissues. There is
another SRC-I knockout mouse line that was generated by
the O'Malley group, using a conventional gene targeting
method.?® Because both our SRC-/™ mice and the con-
ventional §RC-I knockout mice have similar genetic back-
grounds by being extensively backcrossed into C57BL/S,
we assume that the two mice should exhibit similar pheno-
types. Modder et al.®® recently reported skeletal pheno-
types of the conventional SRC-1 knockout mice showing
resistance to the osteoanabolic action of estradiol in ovari-
ectomized females, which is consistent with our results.
Comparison of the two knockout mice is surnmarized in
Table 4. In the conventional knockout mice, the targeting
event inserted an in-frame stop codon at the Met (381) in
exon 11, causing the downstream deletion of genomic se-
quence. Although the RNA encoding the bHLH-PAS do-
main was normally expressed in the knockout mice, all
SRC-1 functional domains for transcriptional activation
were confirmed to be disrupted, and it was not likely to have
a dominant negative effect, because the bHLH-Per-Amt-
Sim (PAS) domain interacted with neither the full-length
SRC-1 nor other SRC-1 family members such as TIF2.%%
In our SRC-1""" mice, a stop codon created in the middle of
the bHLH-PAS domain at exon 5 predicts a truncated prod-
uct that is shorter than that in the conventional SRC-/
knockout mice. Besides the skeletal finding in female mice
in the previous report,* this study revealed that the SRC-1
deficiency also caused resistance 1o osteoanabolic action of
androgen in orchidectomnized males and no abnormality in
osteocatabolic action of glucocorticoids. Discrepancy be-
tween the previous and present studies seems to be the bone
phenotype under physiological conditions: their conven-
tional SRC-1 knockout mice did rot exhibit osteopenia,
whereas our SRC-1/" mice did. We believe, however, that
this discrepancy is caused by the difference in age when the
analyses were done: 12 weeks for them versus 24 weeks for
us. In fact, our study also did not detect significant differ-
ence of BMD at 12 weeks between WT and SRC-17
littermates of either sex under physiological conditions. It is
speculated that, with aging, the compensatory elevation of



