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Although both osteoblasts and adipocytes have a common origin, i.e., mesenchymal cells, the molecular
mechanisms that define the direction of two different lineages are presently unknown. In this study, we
investigated the role of a transcription factor, CCAAT/enhancer binding protein 3 (C/EBP), and its isoform
in the regulation of balance between osteoblast and adipocyte differentiation. We found that C/EBP, which is
induced along with osteoblast differentiation, promotes the differentiation of mesenchymal cells into an
osteoblast lineage in cooperation with Runx2, an essential transcription factor for osteogenesis. Surprisingly,
an isoform of C/EBPf, liver-enriched inhibitory protein (LIP), which lacks the transcriptional activation
domain, stimulates transcriptional activity and the osteogenic action of Runx2, although LIP inhibits adipo-
genesis in a dominant-negative fashion. Furthermore, LIP physically associates with Runx2 and binds to the
C/EBP binding element present in the osteocalcin gene promoter. These data indicate that LIP functions as a
coactivator for Runx2 and preferentially promotes the osteoblast differentiation of mesenchymal cells. Thus,
identification of a novel role of the C/EBPf} isoform provides insight into the molecular basis of the regulation

of osteoblast and adipocyte commitment.

Accelerated adipogenesis in bone marrow, namely fatty mar-
row, is often observed in patients with osteoporosis in associ-
ation with bone loss (7). Because osteoblasts that play a central
role in bone formation are derived from undifferentiated mes-
enchymal cells which have the capacity to differentiate into
adipocytes (34), it is likely that balance between osteoblasto-
genesis and adipogenesis is critical to the maintenance of bone
volume. Recent studies revealed that osteoblast differentiation
and bone formation are regulated by critical transcription fac-
tors, Runx2 and Osterix (13, 44). Runx2 directly regulates
osteoblast-specific genes, including osteocalcin, osteopontin,
and type I collagen, through its specific DNA binding element,
OSE2 (14), and ectopic expression of Runx2 induces osteo-
blast differentiation of mesenchymal cells (29). Mice deficient
in Runx2 show no bone formation (24), and the inherited
mutations of the Runx2 gene in humans cause cleidocranial
dysplasia, characterized by severely impaired osteogenesis
(27). Target disruption of the Osterix gene in mice results in
abnormal skeletogenesis with a complete lack of osteogenesis
(28). These findings indicate that Runx2 and Osterix are es-
sential transcription factors for osteoblast differentiation. On
the other hand, the program of adipocyte differentiation is
sequentially regulated by CCAAT/enhancer binding protein
(C/EBP) family members and peroxisome proliferator-activat-
ing protein gamma (PPARYy) (37). A recent study showed that
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PPARYy insufficiency enhances osteogenesis by stimulating os-
teoblast differentiation of bone marrow progenitors (2). Con-
sistently, the introduction of PPARY2 or activation of PPARYy
by treatment with its ligand inhibits Runx2 expression and
osteoblast differentiation (25). Moreover, impairment of
Runx2 expression increases adipocyte differentiation (16, 23).
These studies suggest that the relative expression level of
Runx2 and PPARY is involved in the regulation of balance
between osteoblastogenesis and adipogenesis.

C/EBPp, which belongs to the leucine zipper family of tran-
scription factors, forms a homodimer or heterodimer complex
with other C/EBP family members (11). Overexpression of
C/EBPB in mesenchymal cells induces PPARYy expression and
adipocyte differentiation in cooperation with C/EBP3 (43).
C/EBPp-deficient mice manifest the reduction in adipogenesis
(41). These biochemical and genetic studies indicate that
C/EBPB plays contributive roles in the early stages of adipo-
genesis by regulating transcription of the genes necessary for
adipocytic differentiation, such as the PPARy gene (11, 41).
Interestingly, it has been described that C/EBP is expressed
in the osteoblastic cell lineages and up-regulated during osteo-
blast differentiation (3, 17, 32, 35). Gutierrez et al. also showed
that C/EBPB and C/EBP5 regulate the osteocalcin gene pro-
moter through physical interaction with Runx2 (17). Collec-
tively, these studies suggest the importance of C/EBPB during
osteoblast differentiation. In contrast, it has been reported that
overexpression of C/EBPR stimulates the proliferation of a
mouse osteoblast cell line, MC3T3-E1, but suppresses its os-
teoblast differentiation (21). Therefore, it remains unclear



1972 HATA ET AL.

whether C/EBPB is implicated in osteoblast differentiation of
mesenchymal cells.

An isoform of C/EBP, liver-enriched inhibitory protein
(LIP), which is translated from the same mRNA of C/EBPB
(12), has been shown to play a unique role in several tissues (4,
6, 15, 39). Since LIP lacks a transcriptional activation domain,
it usually functions as a transcriptional repressor (12). Like-
wise, LIP markedly inhibits the transcriptional function of
C/EBPB, thereby suppressing adipocyte differentiation (8).
Consistently, LIP expression is negatively regulated during the
adipocyte differentiation of mesenchymal cells (42). Therefore,
it is most likely that the ration of C/EBPB-LIP is a critical
factor for biological phenomena that are controlled by
C/EBPB.

To understand the molecular basis that regulates the bal-
ance between osteoblastogenesis and adipogenesis, we inves-
tigated the role of C/EBPB and LIP in osteoblast differentia-
tion and adipocyte differentiation. In the present study, we
found that C/EBP promotes osteoblast differentiation of mes-
enchymal cells in Runx2-dependent and -independent mecha-
nisms. Moreover, our results indicate that LIP functions as a
coactivator for Runx2 and stimulates osteoblastic differentia-
tion of mesenchymal cells. Thus, these findings provide sup-
port for the notion that LIP is an important key regulator that
determines the commitment of osteoblasts and adipocytes.

MATERIALS AND METHODS

Cell and antibodies. C3H10T1/2, C2C12, ST2, and Cos7 cells were purchased
from the RIKEN gene bank and cultured in alpha-modified minimal essential
medium containing 10% fetal bovine serum. Anti-Runx2 and anti-C/EBPB an-
tibodies were purchased from Santa Cruz Biotechnology and Oncogene Science.
The anti-C/EBPB antibody recognizes LIP as well as C/EBP.

Isolation of primary osteoblasts and mesenchymal cells. The calvaria were
isolated from 2- or 3-day-old neonatal mice and digested with 0.1% collagenase
and 0.2% dispase for 7 min at 37°C, and then the cells collected by centrifugation
were used as the primary mesenchymal cells. These cells contained few alkaline
phosphatase (ALP)-positive cells. The digested calvaria were sequentially di-
gested four times with 0.1% collagenase and 0.2% dispase for 7 min at 37°C, and
the last three fractionated cells were collected and used as the primary osteo-
blasts.

Constructs and transfection. C/EBPB and C/EBP3 (41) cDNA were kindly
given by Shizuo Akira. To generate the LIP construct, a PCR product which
contains the C-terminal domain of C/EBPB (amino acids 152 through 296) was
synthesized and then subcloned into pcDNA3 (Invitrogen) tagged with a Flag or
Myc epitope in the N terminus. Deletion mutants of LIP, LIP(A73-145), and
LIP(A1-70) were generated by subcloning the corresponding PCR products into
pcDNA3 tagged with a Myc epitope in the N terminus. The sequences of the
constructs were confirmed by DNA sequence analysis. Runx2/Cbfal (22) and
CbfB (5) cDNA were kindly given by Yoshiaki Ito and Paul Liu, respectively.
Dominant-negative mutant Runx2 was constructed as previously described (29).
The Flag-tagged Runx2 mutant constructs Runx2(A242-513) and Runx2(Al-
207) were generated by subcloning the corresponding PCR products into
pcDNA3 tagged with a Flag epitope in the N terminus. The sequences of the
constructs were confirmed by DNA sequence analysis. Transfection of
C3H10T1/2 cells was carried out using FUGENEG (Roche) according to the
manufacturer’s protocol.

Generation of adenovirus. The recombinant adenovirus carrying a wild-type or
mutant form of C/EBPB or Runx2 was constructed by homologous recombina-
tion between the expression cosmid cassette (pAXCAwt) and the parental virus
genome in 293 cells (RIKEN cell bank) by using an adenovirus construction kit
(Takara) as previously described (19). The viruses showed no proliferative ac-
tivity due to a lack of E1A-E1B (26). Titers of the viruses were determined by a
modified point assay (26). Infection of C3H10T1/2, C2C12, or ST2 cells, primary
osteoblasts, or mesenchymal cells with recombinant adenoviruses was performed
by incubation with adenoviruses at a multiplicity of infection (MOI) of 50 except
where specifically indicated.
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Immunoprecipitation and Western blotting. The cells were washed three
times with ice-cold phosphate-buffered saline (PBS) and solubilized in lysis
buffer (20 mM HEPES [pH 7.4], 150 mM NaCl, 1 mM EGTA, 1.5 mM MgCl,,
10% glycerol, 1% Triton X-100, 10 pg of aprotinin/ml, 10 wg of leupeptin/ml, 1
mM phenylmethylsulfonyl fluoride [PMSF], 0.2 mM sodium orthovanadate)
(19). The lysates were centrifuged for 15 min at 4°C at 16,000 X g and incubated
with antibodies for 4 h at 4°C, followed by immunoprecipitation with protein
A-Sepharose (Zymed) or protein G-agarose (Roche). Immunoprecipitates were
washed five times with lysis buffer and boiled in sodium dodecyl sulfate (SDS)
sample buffer, and supernatants were recovered as immunoprecipitate samples.
These samples were separated by SDS-polyacrylamide gel electrophoresis, trans-
ferred to nitrocellulose membranes, immunoblotted with corresponding antibod-
ies, and visualized with horseradish peroxidase coupled to protein A (KPL) or
horseradish peroxidase coupled to anti-mouse immunoglobulin G (IgG) anti-
bodies (Cappel) with an enhancement by use of ECL detection kits (Amersham).

Immunocytochemistry. Cultured cells were washed three times with ice-cold
PBS and fixed with 3.7% paraformaldehyde-PBS for 20 min. After a 20-min
incubation with 0.1% Triton X-100-PBS, the cells were blocked with PBS con-
taining 1% bovine serum albumin for 2 h, incubated with anti-C/EBP polyclonal
antibodies in 1% bovine serum albumin-PBS, washed six times with PBS, and
incubated with fluorescein isothiocyanate-conjugated affinity-purified anti-rabbit
IgG antibodies (Jackson Laboratory). The cells were washed extensively with
PBS and visualized with a fluorescence microscope (Zeiss).

Luciferase assay. A total of 1.3 kb of the mouse osteocalcin gene promoter,
which contains the OSE2 site (positions —137 to —131), was used as described
previously (13). A mouse osteocalcin gene promoter construct which lacks a
putative C/EBP binding element (positions —454 to —446) was generated by
subcloning the corresponding PCR products. The osteocalcin gene promoter
fused to firefly luciferase was cotransfected with the Runx2 and Cbff expression
vector and a thymidine kinase (TK)-renilla luciferase construct (Promega) into
C3H10T1/2 cells. Two days after transfection, the cells were lysed and luciferase
activity was determined by using specific substrates in a luminometer (Promega)
according to the manufacturer’s protocol. Transfection efficiency was normalized
by determining the activity of renilla luciferase.

Reverse transcriptase-PCR (RT-PCR). After denaturation of total RNA at
70°C for 10 min, cDNA was synthesized with the oligo-dT primer and reverse
transcriptase (Gibco). PCR amplification was performed by using the specific
primers for mouse osteocalcin (sense primer, 5'-GACAAAGCCTTCATGTCC
AAGC-3'; antisense primer, 5'-AAAGCCGAGCTGCCAGAGTTTG-3'), ALP
(sense primer, 5'-GCTGATCATTCCCACGTTTT-3'; antisense primer, 5'-CT
GGGCCTGGTAGTTGTTGT-3'), type IA collagen (sense primer, 5'-CCTGG
TAAAGATGGTGCC-3'; antisense primer, 5'-CACCAGGTTCACCTTTCGC
ACC-3'), or Osterix (sense primer, 5'-GAAAGGAGGCACAAAGAAG-3';
antisense primer, 5'-CACCAAGGAGTAGGTGTGTT-3"). PCR products were
loaded onto an agarose gel and stained with ethidium bromide. After the PCR
products were subcloned into a TA cloning vector, DNA sequences of the PCR
products were determined.

Oligonucleotide precipitation assay. Cells were lysed in lysis buffer (10 mM
HEPES [pH 7.9], 100 mM KCI, 5 mM MgCl,, 10% glycerol, 1 mM dithiothreitol,
0.5% NP-40, 10 pg of aprotinin/ml, 10 ug of leupeptin/ml, 1 mM PMSF, 0.2 mM
sodium orthovanadate). The lysates preincubated with streptavidin-agarose
beads (Vector) were incubated with 1 mg of a biotinylated double-stranded
oligonucleotide probe that contains three repeats of C/EBP binding element
present in the osteocalcin gene promoter (sense primer, 5'-GATCGGACATT
ACTGAACACTACGGGACATTACTGAACACTCCCGGGACATTACTGA
ACACT-3'; antisense primer, 5'-GATCAGTGTTCAGTAATGTCCCGGGAG
TGTTCAGTAATGTCCCGTAGTGTTCAGTAATGTCC-3') and 10 mg of
poly(dI-dC) - poly(dI-dC) for 16 h. DNA-bound proteins were collected with
streptavidin-agarose beads for 1 h, washed with the lysis buffer, separated on an
SDS-polyacrylamide gel, and identified by Western blotting.

Chromatin immunoprecipitation analysis. C3H10T1/2 cells were cross-linked
with 1% formaldehyde for 15 min at room temperature and washed three times
with ice-cold PBS containing 1 mM PMSF and 1 pg of aprotinin/ml. The cells
were collected by scraping and centrifugation and lysed in lysis buffer (1% SDS,
10 mM EDTA, 50 mM Tris-HCI [pH 8], 1 mM PMSF, 1 pg of aprotinin/ml). The
lysates were vortexed and sonicated with a Bioruptor (Cosmo Bio). The average
length of DNA fragments ranged between 300 and 800 bp. The lysates were then
clarified by centrifugation and diluted fivefold in chromatin immunoprecipitation
buffer (15 mM Tris [pH 8], 1% Triton X-100, 0.01% SDS, 1 mM EDTA, 150 mM
NaCl, 1 mM PMSF, 1 pg of aprotinin/ml, 1 pg of leupeptin/ml). The samples
were precleared using protein G-Sepharose beads for 1 h at 4°C. Next, 0.1, 0.5,
and 1% of each sample were used for input control. The samples were then
immunoprecipitated with anti-Flag antibody or control IgG, and the immune
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FIG. 1. C/EBPB expression associated with osteoblastogenesis. Ex-
pression of C/EBP and its isoform, LIP, in mouse primary osteoblasts
as determined by immunoblotting analysis (A) and immunochyto-
chemical analysis (B) is shown. C/EBPB expression (C) and ALP
activity (D) of C3H10T1/2 or primary mesenchymal cells cultured with
or without BMP2 for 7 days are also shown.

complexes were washed with low-salt buffer (0.1% SDS, 1% Triton X-100, 2 mM
EDTA, 20 mM Tris-HCI [pH 8], 150 mM NaCl), high-salt buffer (0.1% SDS, 1%
Triton X-100, 2 mM EDTA, 20 mM Tris-HCI [pH 8], 500 mM NacCl), LiCl buffer
(0.25 M LiCl, 1% NP-40, 1% deoxycholate, 1 mM EDTA, 10 mM Tris-HCI [pH
8]), and TE buffer (10 mM Tris-Hel [pH 8], 1 mM EDTA) and eluted with
elution buffer (50 mM Tris-HCI [pH 8], 10 mM EDTA, 1% SDS). Immunopre-
cipitated DNA was reverse cross-linked at 65°C for 12 h and purified using a
PCR purification kit (QIAGEN). A total of 5 pl of the purified DNA was
subjected to PCR amplification using the specific primer for the C/EBP binding
element present in the osteocalcin gene (sense primer, 5'-TGCCCTACAACC
GGATCTTA-3'; antisense primer, 5'-AAACTGGGCTCCAACTCTCA-3").

Determination of ALP activity. ALP activity was determined as described
previously (31). C3H10T1/2, C2C12, or ST2 cells were washed with PBS and
lysed with 0.05% Triton X-100 solution. The ALP activities of the lysates were
determined using p-nitrophenol-phosphate as a substrate. Protein contents of the
lysates were measured by use of the Bradford protein assay reagent (Bio-Rad).
For cytochemical analysis, cells were washed with PBS, fixed with 3.7% formal-
dehyde, and stained with a mixture of 330 pg of Nitro Blue Tetrazolium/ml, 165
pg of bromochloroindolyl phosphate/ml, 100 mM NaCl, 5 mM MgCl,, and 100
mM Tris (pH 9.5).

Oil red O staining. C3H10T1/2 cells were washed with PBS and fixed with 10%
formalin for 20 min. After the cells were washed twice with PBS and once with
60% isopropyl alcohol, they were stained with Oil red O solution (Sigma). The
area of the cells stained with Oil red O was measured with an Image Pro Plus
analyzer (Palmerton, Inc.).

Determination of osteocalcin production. Osteocalcin production in the cul-
ture media was determined by using a mouse osteocalcin enzyme immunoassay
kit (Biomedical Technologies, Inc.) according to the manufacturer’s protocol.

Statistical analysis. All data were analyzed by analysis of variance, followed by
a paired ¢ test. Values are given as means = standard deviations.

RESULTS

Promotion of osteoblast differentiation by C/EBP@. To ex-
amine whether C/EBP is involved in the regulation of osteo-
blast differentiation, we first determined the expression of
C/EBP@ in mouse primary osteoblasts by Western blot analy-
sis. As shown in Fig. 1A, primary osteoblasts constitutively
expressed C/EBPB. Immunocytochemical analysis using the
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anti-C/EBP antibody showed nuclear localization of C/EBP
in primary osteoblasts (Fig. 1B). To examine whether C/EBPB
expression is associated with osteoblast differentiation, we de-
termined the C/EBPB expression in a multipotent mesenchy-
mal cell line, C3H10T1/2. C3H10T1/2 cells faintly expressed
C/EBPB in an undifferentiated fashion (Fig. 1C). In contrast,
when treated with bone morphogenetic protein 2 (BMP2), the
cells showed distinct expression of C/EBPB (Fig. 1C) and in-
duction of ALP activity (Fig. 1D), which is a well-known phe-
notypic marker for an osteoblast lineage (30). In addition,
BMP2 also induced C/EBPR expression in primary mesenchy-
mal cells (Fig. 1C). These results, consistent with those of
previous studies (3, 35), demonstrated that C/EBP@ expression
is induced along with osteoblast differentiation of mesenchy-
mal cells and suggested that C/EBPR is involved in the regu-
lation of osteoblast differentiation.

To investigate the role of C/EBPp in the regulation of os-
teoblast differentiation of mesenchymal cells, we examined the
effects of C/EBPB overexpression on osteoblast differentiation
by using an adenovirus system (Fig. 2A), which is one of the
most powerful and efficient gene delivery systems (19, 20, 26,
29). As shown in Fig. 2B and C, ALP activity was induced in
C3H10T1/2 cells overexpressing C/EBPB. Of interest, this ef-
fect of C/EBPB was markedly enhanced in the presence of
BMP2 (Fig. 2B and C). Furthermore, overexpression of
C/EBPB induced osteocalcin, type IA collagen, and ALP ex-
pression in C3H10T1/2 cells (Fig. 2D). Consistent with these
data, overexpression of C/EBPB markedly increased ALP ac-
tivity in C2C12, ST2, and primary mesenchymal cells isolated
from mouse calvaria (Fig. 2E). These data indicate that
C/EBPB promotes the differentiation of mesenchymal cells
toward an osteoblast lineage.

Functional and physical interaction of C/EBP@ with Runx2
during osteoblastogenesis. Because we observed that treat-
ment with BMP2 enhances C/EBPB-induced osteoblast differ-
entiation (Fig. 2B and C), it is possible that C/EBP regulates
osteoblast differentiation in cooperation with BMP2 signaling.
In this context, Runx2 has been shown to play an important
role in the BMP2-regulated osteoblast differentiation of mes-
enchymal cells (29) and to physically associate with C/EBPB
and C/EBP3 (17). We therefore examined whether C/EBPB
functionally collaborates with Runx2 in the regulation of os-
teoblast differentiation. As previously reported (14, 29), over-
expression of Runx2 induces ALP activity (Fig. 3A) and osteo-
calcin, type IA collagen, and ALP expression in C3H10T1/2
cells (Fig. 2D). When C/EBPB and Runx2 were cooverex-
pressed in C3H10T1/2 cells, ALP activity was significantly in-
creased (Fig. 3A). These data show that C/EBPB and Runx2
functionally collaborate in promotion of osteoblast differenti-
ation of mesenchymal cells. To verify the cooperative role of
C/EBPg and Runx2, we next performed a reporter assay using
the osteocalcin gene promoter, which is directly regulated by
Runx2 though the specific DNA binding element OSE2 (14).
As described previously (17), overexpression of C/EBPB sig-
nificantly increases osteocalcin gene promoter activity in the
absence of Runx2 (Fig. 3B) and further enhances its activity in
the presence of Runx2 (Fig. 3B). We have confirmed that
C/EBP overexpression does not induce Runx2 expression in
C3H10T1/2 cells (Fig. 3C). Since there is a consensus sequence
of C/EBP binding element in the osteocalcin gene promoter,



1974 HATA ET AL.

B
A Control
CEBPp - + - + o
BMPZ - -  # | C/IEBPp
- .

Blot: «-C/EBPB

! ciEBPp
+BMP2

C ﬂLPacll\_rity D
g PRI Cont Runx2 C/EBPB
[ emp2() Osteocalcin
M emP2(+)
200
Col IA
100
ALP
p-actin
Control C/EBPpR
E Control C/EBPB
0] sT2

c2c12

primary
mesenchymal
cells

FIG. 2. C/EBPp promotes osteoblast differentiation of mesenchy-
mal cells. (A through C) C3H10T1/2 cells were infected with control or
C/EBPR adenovirus at an MOI of 40 and incubated with BMP2 for 7
days. The cells were determined by immunoblotting (A), ALP staining
(B), or ALP activity (C). (D) C3H10T1/2 cells were infected with
control, Runx2, or C/EBP adenovirus at an MOI of 40 and cultured
for 7 days. Osteocalcin, type IA collagen (Col IA), or ALP expression
in the cells was assessed by RT-PCR. (E) ST2, C2C12, and mouse
primary mesenchymal cells were infected with control or C/EBPB
adenovirus at an MOI of 40 and incubated for 7 days. The cells were
subjected to ALP staining.

we determined whether C/EBP binds to the element using a
biotinylated oligonucleotide probe. As shown in Fig. 3D,
C/EBPB binds to the element. The deletion of the element
suppressed C/EBPB-induced osteocalcin gene promoter activ-
ity, whereas the deletion did not affect Runx2-induced pro-
moter activity (Fig. 3E). These data indicate that C/EBPB
regulates the osteocalcin gene promoter through association
with its DNA binding element. Furthermore, a coimmunopre-
cipitation experiment confirmed that C/EBP physically asso-
ciates with Runx2 (Fig. 3F), as shown previously (17). Together
with the cooperative effects of C/EBPB and Runx2 on ALP
activity, these results indicate that C/EBP controls osteoblast
differentiation of mesenchymal cells through a physical asso-
ciation with Runx2.

Runx2-independent osteoblast differentiation by C/EBPf.
Komori et al. described that ALP-positive immature osteo-
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blast-like cells are present in Runx2-deficient cells (24). This
finding suggests that a certain transcription factor(s) might be
involved in the regulation of osteoblast differentiation in the
absence of Runx2. Because we observed that C/EBPB overex-
pression induces ALP activity in the absence of BMP2 or
Runx2 (Fig. 2B and C and 3A), we asked whether C/EBP has
the ability to promote the differentiation of mesenchymal cells
into osteoblastic cells in an Runx2-independent manner. To
test this, we determined the effects of dominant-negative
Runx2 (29) on ALP activity induced by C/EBPB. As shown in
Fig. 3G, overexpression of dominant-negative Runx2 did not
affect ALP activity induced by C/EBPB. These data suggested
that C/EBPB can promote osteoblast differentiation indepen-
dently, at least in part, of Runx2. To further confirm the
Runx2-independent action of C/EBPB, we determined the ef-
fects of C/EBPB on mesenchymal cells isolated from Runx2-
deficient mice (24). In Runx2-deficient mesenchymal cells,
C/EBPB could induce ALP activity even in the absence of
BMP2 and Runx2 (Fig. 3H). This effect of C/EBPB was en-
hanced by the introduction of Runx2 (Fig. 3H). Collectively,
these results indicated that C/EBPR regulates osteoblast dif-
ferentiation in both Runx2-dependent and -independent
mechanisms.

Regulation of osteoblast and adipocyte commitment by LIP.
It has been shown that a naturally occurring isoform of
C/EBPB, LIP, exhibits a dominant-negative effect on adipo-
genesis due to a lack of the transcriptional activation domain
(18) (Fig. 4A). We observed that overexpression of LIP inhib-
its C/EBPB-induced adipocytic differentiation in C3H10T1/2
cells (Fig. 4B and C). Moreover, LIP overexpression also in-
hibits the PPARy gene promoter activity transactivated by
C/EBPg and C/EBPS (Fig. 4D). These data support the notion
that LIP inhibits adipogenesis in a dominant-negative fashion.
Notably, we found that LIP was expressed in primary osteo-
blasts (Fig. 1A) and induced in C3H10T1/2 cells in response to
BMP2 treatment (Fig. 4E), suggesting that LIP plays a role in
osteoblast differentiation. To define whether LIP affects osteo-
blast differentiation as well as adipocytic differentiation of mes-
enchymal cells, we examined the effects of LIP overexpression
on osteoblast differentiation of C3H10T1/2 cells in the pres-
ence of BMP2 that concomitantly induced osteoblastic and
adipocytic differentiation of C3H10T1/2 cells (1, 19). As ex-
pected, overexpression of LIP markedly inhibited adipogenesis
induced by BMP2 (Fig. 4F). However, surprisingly, LIP over-
expression enhanced the osteogenic action of BMP2 on osteo-
blast differentiation (Fig. 4G and H) without affecting Runx2
expression (Fig. 4I). Consistently, LIP increased BMP2-in-
duced ALP activity in C2C12 cells (Fig. 4)). We found that
overexpression of LIP did not induce osteocalcin, Runx2, and
Osterix expression (Fig. 5A), indicating that LIP alone is un-
able to promote osteoblast differentiation. Since C/EBP phys-
ically and functionally associates with Runx2 (Fig. 3F) (17), we
next examined whether LIP has physical and functional inter-
actions with Runx2. Although the effect of overexpression of
LIP alone had no effects on ALP activity (Fig. 5B), ALP ac-
tivity was dramatically increased when LIP was cooverex-
pressed with Runx2 (Fig. 5B). Furthermore, overexpression of
LIP together with Runx2 also transactivated the osteocalcin
gene promoter activity more than Runx2 alone (Fig. 5C). In
addition, LIP also stimulated Runx2-dependent ALP activity
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FIG. 3. C/EBPB regulates osteoblastogenesis in a Runx2-dependent and -independent fashion. (A) C3H10T1/2 cells were infected with control or
C/EBP adenovirus with or without Runx2 adenovirus and cultured for 7 days. ALP activity in the cells was measured. (B) Osteocalcin gene promoter
fused to the luciferase reporter construct and TK-renilla reporter constructs were transfected into C3H10T1/2 cells together with pcDNA3 (control), the
C/EBPg expression vector, the Runx2 expression vector, or both vectors. Luciferase activity of the cell lysates was measured in relative light units (RLU).
(C) The lysates of C3H10T1/2 cells infected with control or C/EBPB adenovirus together with or without Runx2 adenovirus were examined by
immunoblotting with anti-Runx2 or C/EBPB antibody. (D) The lysates of C3H10T1/2 cells infected with control or C/EBP adenovirus were incubated
with a biotinylated probe containing the C/EBP binding element (BE) in osteocalcin gene promoter in the presence or absence of unbiotinylated probe
(Comp). Associated protein with biotinylated probe was determined by immunoblotting with anti-C/EBPB antibody. Ppt, precipitation. (E) Luciferase
reporter construct-fused osteocalcin gene promoter containing osteocalcin luciferase (OC-Luc) or lacking the C/EBP binding element [OC(AC/EBP-
BE)-Luc] and the TK-renilla reporter construct were transfected into C3H10T1/2 cells together with pcDNA3 (control), the C/EBP expression vector,
the Runx2 expression vector, or both vectors. Luciferase activity of the cell lysates was measured. (F) C3H10T1/2 cells were infected with the control,
C/EBPB adenovirus, Runx2 adenovirus, or both adenovirus strains. The cell lysates were immunoprecipitated (IP) with anti-C/EBPB antibody, and
immunoprecipitates were determined by immunoblotting with anti-Runx2 antibody. (G) C3T10T1/2 cells were infected with adenoviruses as indicated
in the text and cultured for 7 days. ALP activity in the cells was measured. (H) Mesenchymal cells isolated from Runx2-deficient mice were infected with

adenoviruses as indicated in the text and cultured for 7 days. ALP activity

in C2C12 cells (Fig. 5D). Coimmunoprecipitation experiments
showed the physical interaction between LIP and Runx2 (Fig.
S5E). To gain further insight into the molecular interaction
between LIP and Runx2, we examined the association by using
the deletion mutants of LIP or Runx2. As shown in Fig. SF, the
leucine zipper domain of LIP is responsible for the binding to
Runx2. Figure 5G indicates that Runx2 associates with LIP
through the C-terminal portion containing the transcriptional
activation domain. To address whether LIP can directly bind to
the osteocalcin gene, we performed an oligonucleotide precip-
itation assay and a chromatin immunoprecipitation experi-
ment. As shown in Fig. SH and I, LIP has the capacity to bind
to the osteocalcin gene promoter. These data suggest that LIP
functions as a coactivator for Runx2 during osteoblastogenesis.
To explore the importance of LIP as a coactivator for Runx2,
we examined the effects of a mutant of LIP, namely, LIP(A1-
70), which lacks both transcriptional activation and DNA bind-

of the cells was measured.

ing domains (Fig. 4A). Because the mutant retains the ability
to associate with Runx2 (Fig. 5F) and C3H10T1/2 cells slightly
express C/EBPB (Fig. 1C), overexpression of the mutant pro-
foundly inhibited Runx2-induced ALP activity (Fig. 5J) by in-
hibiting the interaction of C/EBPB with Runx2. These data
suggest that LIP functions as a coactivator for Runx2 during
osteoblast differentiation. To further understand the relation-
ship between LIP and Runx2 during osteoblast differentiation,
we next evaluated the effects of LIP on osteoblast differentia-
tion by using Runx2-deficient mesenchymal cells. Consistent
with the results shown in Fig. 5B and C, overexpression of LIP
failed to induce osteoblast differentiation of Runx2-deficient
mesenchymal cells (Fig. 5K), whereas overexpression of Runx2
or C/EBPR was able to promote osteoblast differentiation of
Runx2-deficient mesenchymal cells (Fig. 3H). In contrast,
when Runx2 was introduced into Runx2-deficient mesenchy-
mal cells, LIP overexpression stimulated osteoblast differenti-
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FIG. 4. LIP inhibits adipocyte differentiation in a dominant-negative fashion. (A) Schematic structure of C/EBPB, LIP, and its deletion
mutants. AD, activation domain; BD, binding domain; LZ, leucine zipper. (B) C3H10T1/2 cells infected with control, C/EBP, or LIP adenovirus
were analyzed by immunoblotting with anti-C/EBPB antibody. (C) C3H10T1/2 cells were infected with adenoviruses as indicated in Materials and
Methods, incubated for 7 days, and then stained with Oil red O. Oil red O-stained area was measured as described in Materials and Methods.
(D) PPARYy gene promoter fused to the luciferase reporter construct and TK-renilla reporter constructs was transfected into C3H10T1/2 cells
together with expression vectors as indicated. Luciferase activity of the cell lysates was measured. (E) C3H10T1/2 cells were incubated with BMP2
as indicated, and expression of LIP and C/EBPB was determined by immunoblotting. (F) C3H10T1/2 cells infected with control or Flag-tagged LIP
adenovirus were incubated with BMP2 for 7 days and stained with Oil red O. The Oil red O-stained area was measured. (G and H) C3H10T1/2
cells infected with control or Flag-tagged LIP adenovirus were incubated with BMP2 for 7 days and ALP activity (G) and osteocalcin production
(H) were determined. (I) C3H10T1/2 cells infected with control or Flag-tagged LIP adenovirus were incubated with BMP2 for 7 days, and the cell
lysates were examined by immunoblotting with anti-Flag, Runx2, or C/EBPB antibody. (J) C2C12 cells infected with control or Flag-tagged LIP
adenovirus were incubated with BMP2 for 7 days, and ALP activity was determined.

ation (Fig. 5K). These data indicate that LIP, which lacks
transcriptional activity, requires Runx2 to induce osteoblast
differentiation of mesenchymal cells.

DISCUSSION

Several clinical and experimental studies suggest that the
differentiation program of mesenchymal cells in bone marrow
is controlled by various hormones, growth factors, and cyto-
kines through specific transcription factors (7, 13, 40, 44). Con-
sistent with clinical evidence (7), estrogen preferentially stim-

ulates the commitment of mesenchymal cells into osteoblasts
(10, 33). Similarly, sonic hedgehog seems to be one of the
cytokines that promote osteoblast differentiation and suppress
adipocytic differentiation (38). In addition, the involvement of
several transcription factors in regulation of the balance be-
tween osteoblastogenesis and adipogenesis has been described.
Several studies suggest the reciprocal roles of Runx2 and
PPARYy during osteoblast and adipocyte differentiation (2, 16,
23). Recently, Cheng et al. (9) and Ichida et al. (20) indicated
that a homeobox gene, the Msx2 gene, stimulates the commit-
ment of mesenchymal cells into an osteoblast lineage in asso-
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FIG. 5. LIP enhances osteogenic action of Runx2 through its physical association. (A) Total RNA of C3H10T1/2 cells infected with control (Cont)
or Flag-LIP adenovirus or incubated with BMP2 was determined by RT-PCR analysis. (B) C3H10T1/2 cells were infected with adenoviruses as indicated
in the text and incubated for 7 days. ALP activity of the cells was measured. (C) Osteocalcin gene promoters fused to luciferase reporter construct and
TK-renilla reporter constructs were transfected into C3H10T1/2 cells together with pcDNA3 (control), LIP expression vector, Runx2 expression vector,
or both vectors. Luciferase activity of the cell lysates was measured. (D) C2C12 cells infected with adenovirus as indicated in the text were cultured for
7 days and then examined by ALP staining. (E) C3H10T1/2 cells were infected with control, LIP, or Runx2 adenovirus or both LIP and Runx2 adenovirus.
The cell lysates were immunoprecipitated with anti-C/EBP antibody, and immunoprecipitates (IP) were determined by immunoblotting with anti-Runx2
antibody. (F) The lysates of Cos7 cells were transfected with Myc-tagged LIP constructs as indicated and incubated with Flag-tagged Runx2 protein
immobilized on protein G-agarose beads. Precipitated proteins (Ppt) were examined by immunoblotting with anti-Myc antibody. (G) The lysates of Cos7
cells were transfected with Flag-tagged Runx2 constructs as indicated and incubated with Myc-tagged LIP protein immobilized on protein G-agarose
beads. Precipitated proteins were examined by immunoblotting with anti-Flag antibody. (H) The lysates of C3H10T1/2 cells infected with control or LIP
adenovirus were incubated with biotinylated probe containing C/EBP binding element (BE) in the osteocalcin gene. Associated protein with biotinylated
probe was determined by immunoblotting with anti-C/EBPB antibody. (I) The lysates of C3H10T1/2 cells infected with control or Flag-tagged LIP
adenovirus were subjected to chromatin immunoprecipitation analysis. C, immunoprecipitation with control mouse IgG; F, immunoprecipitation with
anti-Flag antibody. (J) C3H10T1/2 cells were infected with adenoviruses as indicated in the text. Seven days after culture, ALP activity was examined.
(K) Runx2-deficient mesenchymal cells were infected with control, either LIP adenovirus or Runx2 adenovirus, or both adenoviruses and then cultured
for 7 days. ALP activity was determined.

ciation with inhibition of adipogenesis. Because transgenic
mice overexpressing the AFosB transcription factor showed
increases in bone formation and decreases in adipogenesis
(36), it is likely that AP-1 transcription factors are also involved

in the commitment of bone marrow mesenchymal cells. How-
ever, to date, investigation of the transcriptional events in-
volved in the commitment of mesenchymal cells has not been
accomplished. In the present study, we have shown that LIP
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preferentially stimulates osteoblast differentiation of undiffer-
entiated mesenchymal cells but inhibits adipocyte differentia-
tion. To support this, we found that expression of LIP is up-
regulated during osteoblast differentiation. In contrast, Tang et
al. demonstrated that LIP expression is down-regulated during
adipocyte differentiation of 3T3-L1 cells (42). Previous studies
(18, 45) and our results also indicate that LIP blocks the adi-
pogenic function of C/EBPB in a dominant-negative mecha-
nism. Thus, LIP is one of several key transcription factors that
define the balance between osteoblastogenesis and adipogen-
esis in bone marrow.

Since LIP is an isoform of C/EBP that lacks a transcrip-
tional activation domain, it how LIP stimulates osteoblasto-
genesis is an interesting question. We have demonstrated that
LIP physically associates with Runx2 and binds to the DNA
binding element present in the osteocalcin gene promoter
which is one of the targets for Runx2. These biochemical ex-
periments indicate that LIP functions as a coactivator for
Runx2. Indeed, LIP enhances the transcriptional activity of
Runx2 and its osteogenic action. Consistently, unlike C/EBPS,
LIP was not able to promote osteoblast differentiation in
Runx2-deficient cells. Collectively, LIP has dual functional
roles in the regulation of osteoblastogenesis and adipogenesis.

The C/EBPB gene has only one exon, and both C/EBP and
LIP are transcribed from the common mRNA (12). Calkhoven
et al. showed the molecular regulatory mechanisms of expres-
sion of C/EBPB isoforms in an adipogenic cell line, 3T3-L1,
during adipogenesis (8). However, the regulation of LIP ex-
pression during osteoblast differentiation is presently un-
known. Because we found that BMP2, one of most powerful
osteogenic cytokines (44), induces LIP expression, investiga-
tion of the role of BMP2 signaling in LIP expression may solve
this issue.

Large bodies of evidence indicate that Runx2 is an essential
transcription factor for bone formation (13, 44). However, it
has been suggested that other transcriptional regulators are
cooperatively involved in the osteogenic action of Runx2 be-
cause the transcriptional activity of Runx2 itself is relatively
weak (22). As described previously (17), we have also observed
that C/EBPp physically interacts with Runx2. In addition, we
showed that C/EBPB induces ALP activity and osteogenic
markers as type IA collagen and osteocalcin. Furthermore, a
mutant of C/EBP, which lacks a DNA binding domain but
retains the activity of binding to Runx2, markedly inhibited the
osteogenic action of Runx2 presumably by competing with
endogenous C/EBP or its related family. Together with the
results from a previous study (17), we show that C/EBP is an
important transcriptional partner for Runx2 during osteogen-
esis. In conflict with our data, an earlier study reported that
osteoblast differentiation was inhibited in MC3T3-E1 cells sta-
bly transfected with C/EBPB (21). Although we cannot com-
pletely exclude the possibility that this discrepancy is due to a
difference in the experimental model or culture condition, we
believe that C/EBPB positively regulates osteoblastogenesis
based on the following reasons: (i) overexpression of C/EBPB
by using an adenovirus system, which is one of the most pow-
erful, efficient, and reproducible technologies to introduce the
exogenous genes into the variety type of cells without making
a clonal difference, promoted osteoblast differentiation of ST2,
C2C12, and primary mesenchymal cells as well as C3H10T1/2
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cells; (ii) these effects of C/EBPB adenovirus are dose depen-
dent (data not shown); (iii) C/EBP physically interacts with
Runx2 and enhances its transcriptional activity and osteogenic
action; and (iv) in our hands, we did not observe the stimula-
tive effects of C/EBPB on the proliferation of osteoblasts. Gen-
eration and analyses of appropriate transgenic mice or knock-
out mice as described below solve this issue.

Interestingly, our results, using a dominant-negative Runx2
mutant or Runx2-deficient mesenchymal cells, indicate that
C/EBPR itself can induce osteoblast differentiation. Thus,
C/EBPB regulates osteoblast development in Runx2-depen-
dent and -independent mechanisms. However, bone abnormal-
ity in C/EBPB-deficient mice has not yet been reported (41).
We have observed that C/EBPa and C/EBPS are able to pro-
mote osteoblast differentiation of mesenchymal cells (R. Nish-
imura, K. Hata, and M. Ueda, unpublished data). Gutierrez et
al. reported that C/EBPS as well as C/EBPp activates the rat
osteocalcin gene promoter (17). It is therefore likely that other
C/EBP family members would compensate for C/EBPB defi-
ciency during osteoblast differentiation. Since we have pres-
ently been generating transgenic mice in which the pan type of
dominant-negative C/EBP mutant is specifically expressed in
an osteoblast lineage, the analyses of the mouse model may
allow further dissection of the roles of C/EBP in bone devel-
opment in vivo.

In conclusion, the identification of dual functional roles of
LIP in osteoblast and adipocyte differentiation provides a
novel insight into understanding the molecular mechanism of
the commitment of mesenchymal stem cells in bone marrow
and may allow us to develop new therapeutic agents for bone
disease such as osteoporosis.
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