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achinery and Causes a Delay in S Phase
rogression in RAW264 Cells
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Osteoclast differentiation factor (ODF) induces dif-
erentiation of mouse RAW264 cells to mature osteo-
lasts. To understand the mechanism controlling a
oupling between withdrawal from the cell cycle and
ifferentiation, we examined cell cycle progression
nd expression profiles of cell cycle regulatory genes
t the initial phase in committed cells. ODF rapidly
onverted the hyperphosphorylated form of the reti-
oblastoma protein (pRb) into the hypophosphor-
lated form. The p21 protein was induced by ODF
reatment in the same time course with that of dephos-
horylation of pRb, followed by a sharp decline. After
his period, a delayed entry of the S phase started
ccompanying the induction of CycD3 and cdk6 in
ifferentiating cells. Hydroxyurea treatment indi-
ated that the S phase entry was a prerequisite for
steoclast formation. Thus, ODF induces pleiotropic
ffects on cell cycle regulatory genes in RAW264 cells
uring the initial phase of the differentiation process
o osteoclasts. © 2001 Academic Press

Osteoclasts are multinucleated giant cells and
resent only in bone with the capacity to resorb min-
ralized tissues. They are hematopoietic cells derived
rom colony-forming unit granulocyte-macrophage
CFU-GM) and branch from the monocyte-macrophage
ineage early during the differentiation process (1, 2).
umerous studies showed that the presence of either
arrow stromal cells or osteoblasts is required for this

rocess and recently, the significance of this interac-
ion between two cell systems was clarified at the mo-
ecular level (2). Namely, osteoclast differentiation fac-
or (ODF) is a type II transmembrane protein of the
umor necrosis factor (TNF) ligand family and is ex-
ressed in stromal cells and osteoblasts (3–5). ODF
inds the receptor called receptor activator of NF-kB

1 To whom correspondence should be addressed. Fax: 81-743-72-
549. E-mail: ttakeya@bs.aist-nara.ac.jp.
278006-291X/01 $35.00
opyright © 2001 by Academic Press
ll rights of reproduction in any form reserved.
ors and induces osteoclast formation (6). In this pro-
ess, ODF does not function as a growth factor but
lays a role as a differentiation factor at the final stage
f the entire process (7, 8).
The mechanisms of the mammalian cell differentia-

ion process have been studied extensively at the mo-
ecular level using a variety of cell lines (9, 10). In
articular, cell cycle regulatory machinery at the G1/S
ransition has been a major target for such studies
ecause it plays crucial roles in the temporal coupling
etween withdrawal from the cell cycle and differenti-
tion. In this regard, while ODF has been shown to
ctivate c-jun terminal kinase via one pathway and
end signals to NF-kB via another pathway (11), little
nformation is available on its effect on the cell cycle

achinery.
To clarify which are the cell cycle regulatory factors

hat must be regulated to allow differentiation, it is
ssential to establish a suitable system to follow the
ifferentiation process. Coculture systems which have
een used in studying the differentiation as well as the
aturation process of osteoclasts (2) may not be suit-

ble for this end, because the presence of two different
ypes of cells in the system could cause difficulties in
nalyzing the details involved in the process. In this
egard, Hsu et al. (12) originally reported that the
ouse monocyte/macrophage derived cell line RAW264

13) could be induced to mature osteoclasts with puri-
ed ODF and without any stromal cells. We made use
f this system and analyzed the initial phase of the
ifferentiation process in terms of cell cycle progres-
ion and expression profiles of cell cycle regulatory
enes. Here, we focused on genes that were known to
articipate in the G1/S transition step.
We found that the ODF treatment rapidly converted

he hyperphosphorylated form of the retinoblastoma
usceptibility protein (pRb) into the hypophosphory-
ated form, followed by rephosphorylation at a later
tage. A delayed and prolonged duration of the S phase



was detected in accordance with the phosphorylation
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rofiles of pRb. Hydroxyurea treatment implicated this
phase entry was prerequisite for osteoclast forma-

ion. Furthermore, genes that were expressed differen-
ially between proliferating and differentiating cells
ere identified.

ATERIALS AND METHODS

Construction and preparation of sODF. We cloned the extracel-
ular domain (amino acid positions from 75 to 317) (3–5) into an
xpression vector pGEX-2TK and expressed them in Escherichia coli.
he product (sODF) was purified using GST-affinity column (data
ot shown) and used for the following experiments. For a control
xperiment, an empty vector was expressed and the GST protein was
urified and used as GST protein.

Cell culture and formation of osteoclasts. RAW264 mouse
onocyte/macrophage line cells (13) were obtained from Human
cience Research Resources Bank (HSRRB, Japan) and were main-
ained in Eagle medium supplemented with 10% fetal calf serum and
% nonessential amino acids (GIBCO-BRL). For osteoclastogenesis
n vitro, cells were serum-starved (0.5% serum) for 24 h and then 100
g/ml of purified sODF was added together with 10% of fetal calf
erum (HyClone, USA) (50 h). After culturing for the indicated
eriods, cells were fixed and stained for tartrate resistant acid phos-
hatase (TRAP) as described previously (14).

Preparation of RNA and RT-PCR. After the preparation of total
NA and complementary DNA (cDNA), RT-PCR reactions were car-
ied out under the conditions described previously, in which a linear
mplification was achieved (15). Primers covering the unique region
f each of the following mouse genes were designed: GAPDH (16),
21 (17), and p27 (18). Products were separated by agarose gel
lectrophoresis. Primers for GAPDH were included in each experi-
ent as an internal control.

Western blot analysis and antibodies. Western blotting was es-
entially carried out as described previously (19). Antibodies for
yclin D1 (sc-450), D2 (sc-452), D3 (sc-453), and E (sc-481) were
urchased from Santa Cruz Biotechnology (CA). Rabbit polyclonal
ntibodies for cdk4 (sc-260), cdk6 (sc-177), and p27 (sc-527) were also
btained from Santa Cruz Biotechnology. Anti-p53 monoclonal anti-
ody (OP03, Oncogene Science Inc., USA), anti-pRb monoclonal an-
ibody (14001A, Pharmingen, USA) and anti-b-actin monoclonal an-
ibody (A-5316, Sigma, USA) were used. Anti-rat IgG and -mouse
gG were obtained from Cappel (USA) and Amersham-Pharmacia-
iotech, respectively. Anti-BrdU monoclonal antibody (RPN202,
mersham-Pharmacia-Biotech) was used.

BrdU incorporation and flow cytometry. These were also carried
ut as described previously (19). Cells were grown on coverslips and
ulsed for 30 min prior to harvesting at the indicated time by adding
romodeoxyuridine (BrdU; Amersham-Pharmacia-Biotech) directly
o the culture medium to a final concentration of 100 mM. The cells
ere then harvested, fixed with glycine buffer (50 mM glycine, pH
.0 containing 70% ethanol) and stained with anti BrdU mouse
onoclonal antibody (Amersham-Pharmacia-Biotech) and fluores-

ein isothiocyanate (FITC)-conjugated anti mouse IgG antibody
Amersham-Pharmacia-Biotech). BrdU positive cells were counted
nder a confocal microscopy (LSM410, Carl Zeiss). For fluorescence-
ctivated cell sorting (FACS) analysis, cells were harvested and
nally suspended in PBS containing 0.1% sodium citrate, 0.1% Tri-
on X-100, and 1 m g/ml of RNase. Following incubation at 37°C for
0 min, cells were stained with 50 m g/ml of propidium iodide at 4°C
n the dark and DNA content was analyzed on a FACScan station
ith Cell Quest software (Becton Dickinson). Measurements from
bout 20,000 cells were saved in the list mode and displayed as a
requency distribution histogram of propidium iodide fluorescence
279
aptured at 585 6 21 nm. Analysis of histograms was performed
sing ModFIT LT program (Verity Software House Inc.). The coeffi-
ient of variation of the diploid peak was always smaller than 8%.

Hydroxyurea treatment. Hydroxyurea (HU) (Sigma) was directly
dded to the medium of either GST- or ODF-treated cells to a final
oncentration of 1 mM (20) and incubated for the incubation periods
s indicated in each experiment.

ESULTS

steoclastogenesis in Vitro

Mouse RAW264 cells, derived from the monocyte/
acrophage lineage (13) and known to express RANK

12), were stimulated with sODF under the conditions
escribed under Materials and Methods (Fig. 1A). Af-
er four days, plates became fully covered by giant
ultinucleated cells (Fig. 1B). It was suggested that

hese cells were osteoclasts by the following criteria in
ddition to their morphological characteristics. First,
he cells were TRAP positive, second, they showed pit
orming activity on dentine slices and finally, the ex-
ression of differentiation marker genes such as calci-
onin receptor was detected (data not shown). In con-
rast, RAW264 cells just proliferated and osteoclasts
ere not observed with the GST protein (Fig. 1B).

ell Cycle Progression on ODF Stimulation

We first examined the effect of ODF stimulation on
ell cycle progression by measuring the BrdU incorpo-
ation and using flow cytometry. BrdU incorporation
as measured every 3 to 4 h after ODF stimulation in

omparison with GST-treated cells (hereafter these
ells will be referred to as control cells); at each point,
ells were labeled with BrdU for 30 min. As shown in
ig. 2A, the incorporation became evident after 8 h in
ontrol cells and peaked at 11 h, followed by a sharp
ecline; the incorporation started to increase again at
1 h. In contrast, the population of cells labeled with
rdU started to appear after 11 h in ODF-treated cells

FIG. 1. Osteoclastogenesis in vitro. (A) The outline of the culture
ystem. (B) Cultured mouse RAW264 cells in the presence of sODF
left) and GST protein (right). Cells were cultured for 4 days as
escribed in (A), fixed, and stained for TRAP. Bar, 200 mm.
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nd gave a broad peak, followed by a decline at 21 h.
low cytometric analysis of the cell population in the S
hase gave essentially identical patterns observed by
rdU incorporation in both conditions (Fig. 2B). These
ndings strongly suggested that ODF caused a delayed
ntry and prolonged duration of the S phase in cells to
ommit to osteoclastogenesis; in other words, ODF
timulation did not block S phase entry, but rather
nduced a different mode of S phase progression.

Rb Phosphorylation in ODF-Treated Cells

We then examined the phosphorylation profiles of
Rb during the period of the first 24 h in control and
DF-treated cells (Fig. 3A). Phosphorylation of pRb is
ssential for initiating a series of reactions required for
he G1/S transition (21) and hence, the phosphoryla-
ion state of pRb is believed to be an important deter-
inant of cell proliferation or arrest.
pRb was found to be fully phosphorylated in
AW264 cells at 0 h even after serum starvation for

FIG. 2. Cell cycle progression in ODF-treated RAW264 cells. (A)
rdU incorporation was measured every 3–4 h. ODF-treated cells
ere stained with anti-BrdU antibody and positive cells were

ounted against the total population (%) (open circles). RAW264 cells
reated with GST protein alone were used as control cells (closed
ircles). (B) Flow cytometric analyses of ODF-treated and con-
rol cells. Control cells (closed circles) and ODF-treated cells (open
ircles).
280
ent at 18 h where the incorporation rate of BrdU
eached the bottom. In contrast, a dephosphorylation
eaction of pRb took place by ODF stimulation; the
ypophosphorylated form of pRb was the major one at
h. pRb was completely converted to the hyperphos-

horylated form at 15 h, and this form continued
hrough the period (even up to 40 h; data not shown).
uch phosphorylation profiles of pRb, seen in both con-
itions, correlated well with the population of cells
ntering the S phase observed by flow cytometry (Fig. 2).

xpression Profiles of Cell Cycle Regulatory Genes

The above findings indicated that the modulation of
he phosphorylation profile of pRb could reflect the
unctional mechanism of ODF. Since G1 cyclins/cdk
omplexes and their regulators, cdk inhibitors, play
oles for this reaction (21, 22), we examined the expres-
ion profiles of these genes at the mRNA and protein
evels within the first 24 h after ODF stimulation and
ompared with those in control cells.
Of cyclins, we examined CycD1, D2, D3, and E that

ad been believed to function in the G1 phase and also
t the G1/S transition phase (Fig. 3B). Little expres-
ion of CycD1 was detected in both conditions at the
RNA and protein levels (data not shown). However, a

ignificant induction of the CycD2 and D3 proteins was
etected in ODF-treated cells while the induction was
eak and transient in control cells; in particular, the

nduction of the CycD3 protein appeared to be more
tringently regulated around at 11 h. The CycE protein
as barely detected during the initial phase in both

onditions, but it became evident at 24 h in control
ells.
Next, we examined cdk2, 4, and 6 (Fig. 3C). Among

hese kinases, cdk2 and cdk6 showed characteristics of
DF-dependency, although their profiles were differ-
nt each other. The cdk2 protein level was suppressed
n the early phase (4 and 11 h) in ODF-treated cells;
therwise the protein levels were comparable in both
onditions. The cdk6 protein, on the other hand, was
ignificantly induced at 11 h in ODF-treated cells.
dk4 was observed to be expressed constantly in both
onditions for the first 24 h.
Of the Cip1/Kip1 family of cdk inhibitors, the p21

rotein was barely detected in control cells while a
ignificant induction was detected during the early
hase until 11 h in ODF-treated cells, followed by an
brupt decline (Fig. 3D). In this regard, the bands were
lways detected as doublets, but it remains to be clar-
fied whether this reflects any differences in their phys-
ological conditions such as phosphorylation level. Ex-
ression profiles of p21 mRNA showed good correlation
ith that of protein (Fig. 3E). On the other hand, the
27 protein showed a constant expression throughout
his period in both conditions (Fig. 3D), although the
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xpression profile of p27 mRNA did not correlate with
hat of protein in ODF-treated cells (Fig. 3E). The
NK4 family, on the other hand, did not show differen-
ial expression profiles between proliferating and dif-
erentiating cells (data not shown).

The induction of p21 detected in ODF-treated cells
uggested the preceding activation of p53, because it
as well established that p53 is a positive regulator of
21 mRNA expression (23). We, therefore, examined
hether p53 was induced by ODF-treatment. As

hown in Fig. 3D, the induction of p53 protein was
learly demonstrated during the initial phase in ODF-
reated cells. Taken together, a delayed entry and pro-
onged duration of the S phase was prominent in ODF-
reated cells and in accordance with this phenomenon,
xpression profiles of cyclin, cdk and cdk inhibitor
enes as well as phosphorylation profiles of pRb were
ound to be regulated by ODF.

ffect of HU Treatment on Osteoclast Formation

To clarify whether the unique S phase progression
etected in ODF-treated cells was a pivotal process for
steoclastogenesis, we treated RAW264 cells with HU
n the presence or absence of ODF (Fig. 4). The addition
f HU at 0 h and its maintenance throughout the
ollowing incubation period for 24 h caused cell detach-
ent into media in both conditions. However, if HU
as added at 24 h when most cells were in the S phase

FIG. 3. Expression profiles of cell cycle regulatory genes. RAW264
nd either GST protein or ODF was added with 10% fetal calf serum (
imes for Western blot analysis (A–D) and RT-PCR (E), respectively,
nd E; (C) cdk: cdk2, 4 and 6; (D) CDK inhibitors: p21, p27 and
ypophosphorylated and hyperphosphorylated forms of pRb, respectiv
s an internal control for RT-PCR in (E).
281
nd the condition was maintained for the following 3
ays, osteoclast formation was detected as in the nor-
al time course, although the numbers of osteoclasts
ere reduced to 10%. If HU was added at 48 and 72 h
fter ODF stimulation, the matured cell numbers in-
reased and the population reached to 40 and 90%,
espectively, of the normal level at 4 days after ODF-
timulation. Incubation for further two to three days
id not show any significant differences. These findings
trongly suggested that the entry to the S phase was
rerequisite for osteoclast formation and once passed
his stage, DNA replication was not required.

ISCUSSION

In the present study, we focused on the initial stage
f the differentiation process in which mouse RAW264
ells were induced to become osteoclasts by ODF stim-
lation. We added ODF together with 10% fetal calf
erum after serum starvation (0.5%) for 24 h, but this
ondition was not essential for osteoclast formation;
DF could induce osteoclasts even from asynchro-
ously proliferating RAW 247 cells (data not shown).
n all cases, ODF treatment could induce differentia-
ion to osteoclasts in the presence of 10% serum. This
ight be a characteristic feature of this differentiation

ystem, given that other systems such as C2C12 cells
n which differentiation toward muscle cells can be

lls were incubated with a low concentration of fetal calf serum (0.5%)
h). Cell extracts and total RNA were prepared from cells at indicated
described in materials and methods. (A) pRb; (B) cyclin: CycD2, D3,
; (E) RT-PCR products of p21 and p27. P and pp in (A) indicate
. Actin was blotted to quantitate proteins applied. GAPDH was used
ce
50
as
p53
ely
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riggered by serum starvation alone (10) or adipocyte
ifferentiation of 3T3-L1 cells in which cells have to be
endered confluent and arrested during the G1 phase
efore committing to differentiation (24). ODF treat-
ent was thus expected to induce a suppression or

lockage of proliferative signals stimulated by serum,
nd we focused our analyses on the cell cycle regula-
ory system in RAW264 cells.

An early response detected only in ODF-treated cells
as dephosphorylation of pRb. Since phosphorylation
f pRb is well known to be crucial for the G1/S transi-
ion, dephosphorylation induced by ODF is presumed
o induce cell cycle adjustment or arrest at the stage
efore the G1/S transition. In fact, a delay of cell cycle
rogression was observed in ODF-treated cells as seen
n Fig. 2. In addition to dephosphorylation of Rb, the
ransient induction of p21 and suppression of cdk2
ould function together favorably to suppress the S
hase entry. This hypophosphorylated form of pRb was
hen observed to shift to the hyperphosphorylated form
t 15 h in accordance with the accumulation of BrdU-
ositive cells. At this point, the induction of CycD2/D3
nd cdk6 was evident and these factors might be in-
ovled in the phosphorylation of Rb. Taken together,

FIG. 4. Effects of HU addition on osteoclast formation. Time
ourse of HU treatment and its effect on osteoclast formation is
ummarized. Culture conditions including ODF treatment were as
escribed in the legend to Fig. 1. Morphology of cells after HU
reatment (right side): from the top, HU added at 0, 24, 48, and 72 h.
umbers of detected osteoclasts at 4 days after the first ODF stim-
lation are shown as the % of cell numbers formed under the normal
onditions.
282
ropic effects on expressions of cell cycle regulatory
enes, resulting in a delayed S phase progression in
AW264 cells.
HU treatment before and during the period of a

elayed entry and prolonged duration of the S phase
locked the osteoclast formation, but treatment after
his period (48 and 72 h) caused only a slight effect on
he osteoclast formation. Therefore, the entry to and
he completion of the S phase might be essential to
ccomplish the whole differentiation process. In this
egard, full formation of osteoclasts was not observed
y HU treatment even at 24 and 48 h. We found that
he efficiency of osteoclast formation was very sensitive
o inoculated cell numbers. We therefore presumed
hat HU treatment caused severe damage to cells that
ad not completed the S phase and thus reduced viable
ell numbers, resulting in fewer osteoclasts. The mech-
nism involved in the S phase progression in ODF-
reated cells, however, may not be identical with that
een in mitotic cells. For example, in contrast to control
ells, CycE protein was barely detected in ODF-treated
ells. Phosphorylation of pRb by the CycE/cdk2 com-
lex has been reported to be required for complete
hosphorylation of pRb (27), inactivation of E2F bind-
ng and activation of E2F transcription, which are all
ssential for successful mitotic cell cycle progression.
Osteoclasts are multinucleated giant cells some-

imes containing up to 100 nuclei (1, 2). These multinu-
lei are reported to be formed by fusion of mononuclear
recursor cells (25), not by simple endoreduplication or
ndomitosis. In this regard, during the early phase of
dipocyte differentiation of 3T3-L1 cells, another
odel system of differentiation, the cells are reported

o transiently reenter the cell cycle, resulting in an
ncrease in DNA synthesis and several rounds of cell
ivision (26). This phase, called mitotic clonal expan-
ion, was reported to be essential to complete the dif-
erentiation process. pRb in that system becomes hy-
erphosphorylated during the early phase where the
ime course resembles that of clonal expansion. Taken
ogether, each differentiation system seems to have its
wn unique mechanism controlling a coupling between
ithdrawal from the cell cycle and differentiation. To
ain further insight on the process to osteoclast forma-
ion, the system described in this study was shown to
e very useful for the purpose.

EFERENCES

1. Roodman, G. D. (1996) Advances in bone biology: The osteoclast.
Endocr. Rev. 17, 308–332.

2. Suda, T., Takahashi, N., Udagawa, N., Jimi, E., Gillespie, M.,
and Martin, T. J. (1999) Modulation of osteoclast differentiation
and Function by the new members of the tumor necrosis factor
receptor and ligand families. Endocr. Rev. 20, 345–357.

3. Yasuda, H., Shima, N., Nakagawa, N., Yamaguchi, K., Kinosaki,
M., Mochizuki, S., Tomoyasu, A., Yano, K., Goto, M., Murakami,



A., Tsuda, E., Morinaga, T., Higashio, K., Udagawa, N., Taka-

1

1

1

1

14. Takahashi, N., Yamana, H., Yoshiki, S., Roodman, G., Mundy,

1

1

1

1

1

2

2

2

2
2

2

2

2

Vol. 282, No. 1, 2001 BIOCHEMICAL AND BIOPHYSICAL RESEARCH COMMUNICATIONS
hashi, N., and Suda, T. (1998) Osteoclast differentiation factor is
a ligand for osteoprotegerin/osteoclastogenesis-inhibitory factor
and is identical to TRANCE/RANKL. Proc. Natl. Acad. Sci. USA
95, 3597–3602.

4. Lacey, D. L., Timms, E., Tan, T. L., Kelley, M. J., Dunstan, C. R.,
Burgess, T., Elliott, R., Colombero, A., Elliot, G., Scully, S., Hsu,
H., Sullivan, J., Hawkins, N., Davy, E., Capparelli, C., Eli, A.,
Qian, Y-X., Kaufman, S., Sarosi, I., Shalhoub, V., Senaldi, G.,
Guo, J., Delaney, J., and Boyle, W. J. (1998) Osteoprotegerin
ligand is a cytokine that regulates osteoclast differentiation and
activation. Cell 93, 165–176.

5. Wong, B. R., Rho, J., Arron, J., Robinson, E., Orlinick, J., Chao,
M., Kalachikov, S., Cayani, E., Bartlett, F. S., III, Frankel, W. L.,
Lee, S. Y., and Choi, Y. (1997) TRANCE is a novel ligand of the
tumor necrosis factor receptor family that activates c-Jun
N-terminal kinase in T cells. J. Biol. Chem. 272, 25190–25194.

6. Anderson, D. M., Marakovsky, E., Billingsley, W. L., Dougall,
W. C., Tometsko, M. E., Roux, E. R., Teepe, M. C., DuBose, R. F.,
Cosman, D., and Galibert, L. (1997) A homologue of the TNF
receptor and its ligand enhance T-cell growth and dendritic-cell
function. Nature 390, 175–179.

7. Tanaka, S., Takahashi, N., Udagawa, N., Tamura, T., Akatsu, T.,
Stanley, E. R., Kurokawa, T., and Suda, T. (1993) Macrophage
colony-stimulating factor is indispensable for both proliferation
and differentiation of osteoclast progenitors. J. Clin. Invest. 91,
257–263.

8. Biskobing, D. M., Fan, X., and Rubin, J. (1995) Characterization
of M-CSF-induced proliferation and subsequent osteoclast for-
mation in murine marrow culture. J. Bone. Miner. Res. 10,
1025–1032.

9. Studzinski, G. P., and Harrison, L. E. (1999) Differentiation-
related changes in the cell cycle traverse. Int. Rev. Cytol. 189,
1–58.

0. Piette, J. (1997) The transition from proliferation to differentia-
tion in nerve cells: What can we learn from muscle? Exp. Cell.
Res. 234, 193–204.

1. Wong, B. R., Josien, R., Lee, S. Y., Vologodskaia, M., Steinman,
R. M., and Choi, Y. (1998) The TRAF family of signal transducers
mediates NF-kB activation by the TRANCE receptor. J. Biol.
Chem. 273, 28355–28359.

2. Hsu, H., Lacey, D. L., Dunstan, C. R., Solovyev, I., Colombero, A.,
Timms, E., Tan, H. L., Elliott, G., Kelley, M. J., and Sarosi, I.
(1999) Proc. Natl. Acad. Sci. USA 96, 3540–3545.

3. Ralph, P., and Nakoinz, I. (1977) Antibody-dependent killing of
erythrocyte and tumor targets by macrophage-related cell lines:
Enhancement by PPD and LPS. J. Immunol. 119, 950–954.
283
G., Jones, S., Boyde, A., and Suda, T. (1988) Osteoclast-like cell
formation and its regulation by osteotropic hormones in mouse
bone marrow cultures. Endocrinology 122, 1373–1382.

5. Itahana, K., Morikazu, Y., and Takeya, T. (1996) Differential
expression of four connexin genes, Cx-26, Cx-30.3, Cx-32, and
Cx-43, in the porcine ovarian follicle. Endocrinology 137, 5036–
5044.

6. Sabath, D. E., Broome, H. E., and Prystowsky, M. B. (1990)
Glyceraldehyde-3-phosphate dehydrogenase mRNA is a major
interleukin 2-induced transcript in a cloned T-helper lympho-
cyte. Gene 91, 185–191.

7. El-Deiry, W. S., Tokino, T., Waldman, T., Velculescu, V., Oliner,
J. D., Burell, M., Hill, D. E., Rees, J. L., Hamilton, S. R., Kinzler,
K. W., and Vogelstein, B. (1995) Topological control of p21WAF1/
CIP1 expression in normal and neoplastic tissues. Cancer Res.
55, 2910–2919.

8. Polyak, K., Lee, M-H., Erdjument-Breomage, H., Koff, A., Rob-
erts, J. M., Tempst, P., and Massague, J. (1994) Cloning of
p27Kip1, a cyclin-dependent kinase inhibitor and a potential
mediator of extracellular antimitogenic signals. Cell 78, 56–66.

9. Arata, Y., Fujita, M., Ohtani, K., Kijima, S., and Kato, JY. (2000)
Cdk2-dependent and -independent pathways in E2F-mediated S
phase induction. J. Biol. Chem. 275, 6337–6345.

0. Cliby, W. A., Roberts, C. J., Climprich, K. A., Stringer, C. M.,
Lamb, J. R., Schreiber, S. L., and Friend, S. H. (1998) Overex-
pression of a kinase-inactive ATR protein causes sensitivity to
DNA-damaging agents and defects in cell cycle checkpoints.
EMBO J. 17, 159–169.

1. Pardee, A. (1989) G1 events and regulation of cell proliferation.
Science 246, 603–608.

2. Sherr, C. (1994) G1 phase progression: Cycling on cue. Cell 79,
551–555.

3. Hunter, T. (1993) Braking the cycle. Cell 75, 839–841.
4. MacDougald, O. A., and Lane, M. D. (1995) Transcriptional

regulation of gene expression during adipocyte differentiation.
Annu. Rev. Biochem. 64, 345–373.

5. Young, R. W. (1962) Cell proliferation and specialization during
endochondral osteogenesis in young rats. J. Cell. Biol. 14, 357–
370.

6. Patel, Y. M., and Lane, M. D. (2000) Mitotic clonal expansion
during preadipocyte differentiation: Calpain-mediated turnover
of p27. J. Biol. Chem. 275, 17653–17660.

7. Lundberg, A. S., and Weinberg, R. A. (1998) Functional inacti-
vation of the retinoblastoma protein requires sequential modifi-
cation by at least two distinct cyclin-cdk complexes. Mol. Cell.
Biol. 18, 753–761.


	MATERIALS AND METHODS
	FIG. 1

	RESULTS
	FIG. 2
	FIG.3

	DISCUSSION
	FIG. 4

	REFERENCES

