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The Ric-8 gene encodes a guanine exchange factor (GEF) that modulates G protein-mediated signaling,
exhibiting a relevant role during regulation of cell division. In mammals, two Ric-8 homologues have been
reported (Ric-8A and Ric-8B), and recent studies indicate equivalent roles for each protein. Here, we show that
the Ric-8B gene is negatively regulated during osteoblast differentiation by the transcription factor C/EBP�.
Only the larger C/EBP� isoform (C/EBP�-LAP*) downregulates Ric-8B gene promoter activity in osteoblastic
cells. Accordingly, knockdown of C/EBP� expression by small intefering RNA in osteoblastic cells results in a
significant increase of Ric-8B gene expression. Transient overexpression of Brg1 or Brm, the catalytic subunits
of the SWI/SNF chromatin-remodeling complex, inhibits Ric-8B promoter activity. Also, the presence of
inactive SWI/SNF complexes in osteoblastic cells results in increased endogenous Ric-8B transcription, indi-
cating that SWI/SNF activity negatively regulates Ric-8B expression. During osteoblast differentiation, Ric-8B
gene repression is accompanied by changes in nucleosome placement at the proximal Ric-8B gene promoter
and reduced accessibility to regulatory sequences.

Guanine nucleotide exchange factors (GEFs) are important
regulators of the function of heterotrimeric G protein com-
plexes at the plasma membrane in eukaryotic cells (35). GEFs
stimulate the replacement of the GDP bound to the G� sub-
unit by GTP, thus leading to an active form of this protein and
therefore enhancing the G-mediated signaling cascades (35).
Ric-8 was originally identified in Caenorhabditis elegans as a
gene that confers resistance to inhibitors of cholinesterase in a
mutant strain (RIC-8 [resistance to inhibitors of cholinesterase
8]) (22, 23). Using G� proteins as bait during yeast two-hybrid
screening assays of rat and human brain cDNA libraries (15,
40), two highly homologous Ric-8 genes, Ric-8A and Ric-8B,
were later identified. The Ric-8A and Ric-8B proteins have
been proposed to function as GEFs, as both proteins can
interact with several members of the G� family, including Gq�,
Gi/o�, and G13�, and can modulate G protein-dependent sig-
naling in response to different ligands (15, 20, 28, 33, 40, 47).

It has been recently reported that in mammalian cells, Ric-8
has an important role during asymmetric and symmetric cell
division (39). Reduced levels of Ric-8A expression altered the
mitotic spindle alignment as well as the correct localization of
cortical proteins, including NuMA, LGN, and dynein (52).
This was accompanied by a significantly prolonged mitosis,
caused occasional mitotic arrest, and decreased mitotic spindle
movements. In agreement with this phenotype, recent evidence
supports a relevant role of Ric-8 proteins during the initial

stages of C. elegans, Drosophila melanogaster, and mouse em-
bryonic development (5, 23, 45). Despite these data, the mo-
lecular mechanisms involved in Ric-8 protein function still
remain largely undetermined.

Bone formation during development and skeletal remodel-
ing requires the temporal and interdependent expression of
cell growth and phenotypic genes. There are three major stages
of osteoblastogenesis: proliferation, matrix maturation, and
mineralization (29), which are characterized by sequentially
expressed genes that support the progression of osteoblast
differentiation through developmental transition points. The
first transition requires exit from the cell cycle and commit-
ment to the osteoblast phenotype, hence involving downregu-
lation of genes associated with proliferation and upregulation
of genes associated with the osteoblast lineage (38). Changes
in the expression pattern of bone-related genes are controlled
at the transcriptional level by transcription factors, such as
Runx2, ATF4, osterix, and C/EBP�, among others (21). How-
ever, whether these specific transcription factors are also as-
sociated with the transcriptional repression of genes involved
in the preosteoblast active proliferation period remains unde-
termined.

CCAAT/enhancer binding proteins (C/EBPs) belong to the
CREB/ATF family of transcription factors (27). C/EBP� can
be found as three protein isoforms, which are generated by
alternative translation initiation: C/EBP�-1 (also known as
liver activating protein* [LAP*]), C/EBP�-2 (LAP), and
C/EBP�-3 (liver inhibitory protein [LIP]). All three isoforms
contain a b-zip (basic leucine zipper) DNA-binding domain
and may retain either a complete (C/EBP�-LAP*) or partial
(C/EBP�-LAP) N-terminal sequence, which contains a tran-
scription regulatory domain. The C/EBP�-LIP protein isoform
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completely lacks this N-terminal regulatory domain and there-
fore can function as a negative regulator of both C/EBP�-
LAP*- and C/EBP�-LAP-mediated gene transcription (2, 53).
Several reports have confirmed a key role for C/EBP� factors
regulating gene expression during osteogenesis (21). C/EBP�
null mice show delayed bone formation and decreased expres-
sion of bone phenotypic markers (36, 43). In addition, osteo-
blast-targeted overexpression of C/EBP�-LIP in mice gener-
ates osteopenia as a result of reduced bone formation (10).
C/EBP� can interact with SWI/SNF chromatin remodeling
complexes (16) and can recruit them to bone-related target
genes (46). C/EBP� can also interact with key components of
the Mediator complex (19, 25), as well as with transcriptional
coregulators, like CBP/p300 (24), G9a (32), and PRMT4/
CARM1 (17), which contain histone-modifying activities. Inter-
estingly, a recent report indicated that the ability of C/EBP�-
LAP* to interact with some of these coregulators is dictated at
least in part by posttranslational modifications occurring at
the N-terminal domain, which contains a key transcription
activation region (17). Hence, asymmetric dimethylation of
R3 catalyzed by PRMT4/CARM1 inhibits the interaction
between C/EBP�-LAP* and SWI/SNF, affecting the expres-
sion of target genes during cell differentiation.

It has been shown recently that C/EBP� can also downregu-
late gene transcription (50). Therefore, it is important to de-
fine its role (and that of its associated coregulators) as an
activator and/or repressor during early stages of osteoblast
differentiation. Here, we report that Ric-8B gene expression is
downregulated during osteoblast differentiation in a C/EBP�-
LAP*- and SWI/SNF-dependent manner. This transcriptional
inhibition involves nucleosome enrichment and reduced acces-
sibility at the Ric-8B promoter regulatory regions.

MATERIALS AND METHODS

Expression constructs. Constructs containing the mouse Ric-8B promoter
fused to the firefly luciferase gene (p2.1Ric8B-Luc, p1.1Ric8B-Luc, p0.56Ric8B-
Luc, and p0.33Ric8B-Luc) were obtained by cloning different versions of the
Ric-8B promoter into the pGL3-basic plasmid (Promega, Madison, WI). The
p2.1Ric8B-Luc and p1.1Ric8B-Luc sequences were obtained by PCR ampli-
fication of genomic human DNA, using primers that incorporated SacI and
XhoI restriction sites at the 5� and 3� ends, respectively (forward �2124SacI,
5�-AGAGCTCCTGGACACAGAGCAGGCACCC-3�; forward �1128SacI,
5�-AGAGCTCGCTTCGGGGGGAAAGGCCTGG-3�; reverse �58XhoI, 5�-
ACTCGAGCCCAAGCCGCTGCCTCCAGG-3�). The p0.56Ric8B-Luc con-
struct was obtained after digesting p1.1Ric8B-Luc with the KpnI enzyme to
eliminate a 5�-end segment (SacI/KpnI) of the p1.1Ric8B-Luc promoter.
p0.33Ric8B-Luc was obtained by direct PCR amplification of human genomic
DNA, using primers that incorporate the KpnI and XhoI restriction sites at the
5� and 3� ends, respectively (forward �327KpnI, 5�-GGTACCGTCTGTGAAA
GCCCCCTTAAAAG-3�; reverse �58XhoI, 5�-ACTCGAGCCCAAGCCGCT
GCCTCCAGG-3�). The mutated version of the p2.1Ric8B-Luc construct (C/
EBP site III mutated) was obtained using the QuikChange site-directed
mutagenesis kit (Stratagene-Agilent, Santa Clara, CA) according with the man-
ufacturer’s instructions and confirmed by automatic sequencing. Expression of
the Renilla luciferase plasmid was under the control of the simian virus 40
(SV40) constitutive promoter (pRL-SV40). Constructs encoding rat C/EBP�
isoforms pcDNA3.0-C/EBP�-LAP*, pcDNA3.0-C/EBP�-LAP, and pcDNA3.1-
C/EBP�-LIP were donated by Jose L. Gutierrez (University of Concepcion,
Concepcion, Chile). pCGhBRM and pBJ5-BRG1 plasmids, which encode the
human BRM and BRG1 catalytic subunits, respectively, of the ATP-dependent
chromatin remodeling complex SWI/SNF, were donated by Anthony N. Imbal-
zano (University of Massachusetts Medical School, Worcester, MA).

Cell cultures. Rat osteosarcoma-derived ROS 17/2.8 cells were maintained in
F-12 medium supplemented with 5% fetal bovine serum (FBS), 1.176 g/liter
NaHCO3, 0.118 g/liter CaCl2 � 2H2O, and 6.670 g/liter HEPES. C2C12 skeletal

muscle progenitor cells were maintained in Dulbecco’s modified Eagle’s medium
with F-12 (DMEM/F-12) supplemented with 10% FBS and 1.2 g/liter NaHCO3.
To induce osteoblastic differentiation, proliferating C2C12 cells were treated
with 300 ng/ml BMP-2 (R&D Biosystems, Minneapolis, MN) for up to 72 h, as
described before (3). To induce myoblastic differentiation, confluent C2C12 cells
were cultured in medium supplemented with 10% horse serum (14). Mouse
preosteoblastic MC3T3 cells (kindly donated by Rafael Burgos, Universidad
Austral de Chile, Valdivia, Chile) were maintained in �-MEM without ascorbic
acid (AA) and supplemented with 10% FBS and 2.29 g/liter NaHCO3. When
required, MC3T3 cells were grown to confluence and induced to differentiate
into osteoblasts by supplementing the medium with AA (50 �g/ml) from day 3 of
culture. To generate differentiated MC3T3 osteoblastic cells with a mineralized
extracellular matrix, the cells were grown in medium supplemented with �-glyc-
erophosphate from day 13. At day 24, cells were washed with ice-cold phosphate-
buffered saline (PBS), fixed with 70% ethanol, and stained with 1% Alizarin Red,
pH 4.1, for 5 min (room temperature). The ROSBRG1TA cell line was
generated, and it has been characterized previously (46). The cells were
maintained in 50 �g/ml hygromycin, 100 �g/ml Geneticin, and 10 �g/ml
tetracycline. ROSBRG1TA cells were evaluated for their ability to express
Flag-tagged mutant BRG1 proteins (Flag–BRG1K-R) by Western blotting using
an anti-Flag antibody (Covance, Princeton, NJ).

Nuclear extracts and protein expression analyses. Nuclear extracts were pre-
pared as reported previously (30). The protein levels were quantified by Brad-
ford’s assay using bovine serum albumin as a standard. For Western blot anal-
yses, 5 to 10 �g of total protein was subjected to SDS-polyacrylamide gel
electrophoresis (PAGE) and then transferred to nitrocellulose. Immunoblotting
was performed with secondary antibodies conjugated to horseradish peroxide
and enhanced chemiluminescence solutions (Perkin-Elmer, Waltham, MA). Pri-
mary antibodies used were as follows: Flag epitope antibody PRB-132C (Cova-
nce), C/EBP� C-19 (sc-150; Santa Cruz Biotechnology, Santa Cruz, CA), Brg1
G-7 (sc-17796; Santa Cruz Biotechnology), and TFIIB C-18 (sc-225; Santa Cruz
Biotechnology).

ChIP. Chromatin immunoprecipitation (ChIP) studies were performed as
described previously (37). Precleared chromatin fragments (200 to 300 bp) ob-
tained from ROS 17/2.8 or MC3T3 cell cultures (100-mm-diameter plates) were
immunoprecipitated overnight with agitation using the following antibodies:
anti-C/EBP� C-19 polyclonal antibody (Santa Cruz Biotechnology), anti-histone
H3 polyclonal antibody (Upstate Biotechnology, Millipore, Billerica, MA), and
anti-Brm or anti-Brg1 rabbit antisera kindly donated by Anthony Imbalzano
(University of Massachusetts Medical School, Worcester, MA). The PCR prim-
ers used to evaluate the distal upstream region of the mouse Ric-8B gene
(�4,426/�4,421) were 5�-CATGGACAGGGTTTTGGGAGAC-3� (forward)
and 5�-ACCTGTAGGTTCTGTGCATCTC-3� (reverse). To evaluate the region
�636/�426 of the mouse and rat Ric-8B promoters, the primers were 5�-TGG
TTTCCGGCCTTTAGGGAAC-3� (forward) and 5�-GACGACAACTGGCGG
GCTGTTC-3� (reverse). To evaluate the Ric-8B promoter region �396/�284,
the primers used were 5�-GGAGAGACAGTTCTGCTCGTGG-3� (forward)
and 5�-GGAGCCACCAGAGACTGAGTCA-3� (reverse).

Quantitative PCR. Quantitative PCR (QPCR) was performed using the Bril-
liant SYBR green QPCR core reagent kit in an MX3000P spectrofluorometric
thermal cycler (Stratagene-Agilent, Santa Clara, CA) according to the manufac-
turer’s recommendations. Efficiencies for each primer pair were adjusted to
nearly 100%, modifying the Mg2� concentration in the amplification mix.

RT-PCR. Total cellular RNA was isolated from 35-mm plates by using TRIzol
reagent (Invitrogen, Carlsbad, CA) according to the manufacturer’s instructions.
Reverse transcriptase PCR (RT-PCR) was performed using an RT-PCR kit
(Promega). Each sample was denatured at 70°C for 5 min in the presence of 0.25
�g oligo(dT)12–18. The mix was chilled and then incubated at 37°C for 1 h with
100 U Moloney murine leukemia virus (M-MLV) reverse transcriptase (Pro-
mega), 1� buffer M-MLV RT (Promega), 20 U of RNase inhibitor (New Eng-
land BioLabs, Beverly, MA), and 0.5 mM deoxynucleside triphosphates (Invit-
rogen). The reaction was stopped by bringing the samples to 4°C and diluting five
times with nuclease-free water. cDNA samples were amplified by conventional
PCR or quantified by QPCR. Expression of endogenous genes for osteocalcin,
Ric-8B, myogenin, osterix, and glyceraldehyde 3-phosphate dehydrogenase
(GAPDH) was determined by reverse transcription and conventional PCR or by
QPCR, using the following specific primers: rat osteocalcin (forward, 5�-CAGA
CCTAGCAGACACCATAGG-3�; reverse, 5�-CGTCCATACTTTCGAGGCA
G-3�), mouse osteocalcin (forward, 5�-CGTAGTCTGACAAAGCCTTC-3�; re-
verse, 5�-CTGGTCTGATAGCTCGTCAC-3�), Ric-8B (forward, 5�-GGGGCT
ATCGAGCGGGTCCTG-3�; reverse 5�-GTCTCTGGAGAGAATGCGGAG-
3�), osterix (forward, 5�-CTCTGGCTATGCCAATGACTAC-3�; reverse, 5�-
ACATATCCAAGGACGTGTAGA-3�); myogenin (forward, 5�-TGGAGCT
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GTATGAGACATCCC-3�; reverse, 5�-TGGACAATGCTCAGGGGTCCC-
3�), C/EBP� (forward, 5�-TCTACTACGAGCCCGACTGC-3�; reverse, 5�-AG
GTAGGGGCTGAAGTCGAT-3�), and GAPDH (forward, 5�-CCTGCTTCAC
CACCTTCTTGAT-3�; reverse, 5�-CATGGCCTTCCGTGTTCCTA-3�).

Transient-transfection assays. Subconfluent MC3T3 cells were transfected for
24 h using FuGENE reagent (Roche, Indianapolis, IN), according to the man-
ufacturer’s recommendations. Cells cultured in 6- or 24-well plates were trans-
fected with up to 5.0 or 1.0 �g of DNA, respectively. When required, the total
DNA concentration was adjusted using purified plasmid DNA. The analysis of
luciferase activity was performed in a GloMax-20/20 luminometer according to
the Promega dual luciferase reporter assay protocol.

Silencing of C/EBP�. ROS 17/2.8 cells were cultured in 6 well-plates and
transiently transfected at 50% confluence with either C/EBP� small interfering
RNA (siRNA; Cebpb Silencer Select predesigned siRNAs, siRNA-1 ID s127565
and siRNA-2 ID s127566; Ambion) or a random siRNA mix (Silencer Select
negative control 1 siRNA; catalog number 4390844; Ambion) using 4 �l Oligo-
fectamine per well (Invitrogen), according to the manufacturer’s recommenda-
tions. Transfections were carried out in F-12 medium without serum and anti-
biotics, during 4 h. Subsequently, F-12 medium supplemented with 15% FBS
(3�) was added to the cells and incubated for 48 h.

Restriction endonuclease accessibility analyses. Restriction endonuclease ac-
cessibility analyses were performed in both MC3T3 and ROSBRG1TA cells.
Differentiating MC3T3 cells were cultured for up to 13 days in medium supple-
mented with 50 �g/ml ascorbic acid from day 3. At the indicated times (see the
figure legends), cells were washed with ice-cold PBS, scraped, and collected. Cell
suspensions were centrifuged at 1,000 � g for 5 min, and the pellets were
resuspended in 10 ml of buffer RSB plus NP-40 (10 mM Tris-Cl [pH 7.4], 10 mM
NaCl, 5 mM MgCl2, and 0.5% Nonidet NP-40). Cells were disrupted using a
Dounce homogenizer, and lysis was confirmed by trypan blue staining. Then, 10
ml of buffer RSB without NP-40 was added, the suspension was centrifuged at
1,000 � g for 5 min, and the supernatant was discarded. The nuclear pellet was
resuspended in 3 ml of buffer RSB without NP-40 and then quantified by
measuring absorbance at 260 nm. Two A260 units of DNA were incubated with
500 U of EcoRI, BanII, or XmaI (MC3T3 samples) and with BanII or AvaI
(ROSBRG1TA samples) restriction enzymes at 37°C for 30 min in the corre-
sponding buffer (New England BioLabs), in a final volume of 1 ml. Digestion was
stopped by addition of EDTA to a 25 mM final concentration and 0.5% SDS.
The samples were then digested with 100 �g/ml proteinase K for 16 h at 37°C,
and DNA was recovered by phenol-chloroform extraction and subsequent eth-
anol precipitation. The DNA was then resuspended in Tris-EDTA and analyzed
by QPCR using specific sets of primers, according to the type of DNA sample
(mouse or rat). For the mouse (MCT3T3) samples the following primers were
used: forward �636 (5�-TGGTTTCCGGCCTTTAGGGAAC-3�) and reverse
�426 (5�-GACGACAACTGGCGGGCTGTTC-3�) (Ric-8B promoter); forward
�4,624 (5�-CATGGACAGGGTTTTGGGAGAC-3�) and reverse �4,421 (5�-A
CCTGTAGGTTCTGTGCATCTC-3�) (mouse sequence upstream of the
Ric-8B gene promoter). For the rat DNA samples the primers were the follow-
ing: forward �636 and reverse �426 (Ric-8B promoter); forward �118 (5�-GT
GGTAGGCAGTCCCACTTT-3�) and reverse �29 (5�-TGTTTGTGAGGCGA
ATGAAG-3�) (rat Runx2 gene promoter sequence). The results are expressed as
the ratio of the DNA sequence amplified with primers �636/�426 (mouse and
rat samples) versus that of the DNA amplified with primers �4,626/�4,421
(mouse samples) or with the primers �118/�29 (rat samples).

Ric-8B expression in SWI/SNF-deficient ROS 17/2.8 cells. To determine
whether Ric-8B expression requires the activity of the SWI/SNF chromatin
remodeling complex, we used the ROSBRG1TA cell line, which expresses an
ATPase-deficient Flag-tagged Brg1 mutant (K-R) protein under the control of a
tetracycline-inducible promoter system (46). ROSBRG1TA cells were main-
tained in F-12 medium supplemented with 50 �g/ml hygromycin, 100 �g/ml
Geneticin, and 10 �g/ml tetracycline (46). The mutant Brg1 protein is expressed
in these cells when cultured in medium lacking tetracycline for 3 days. Cells were
then collected and processed for Western blotting, QPCR, endonuclease acces-
sibility, and ChIP analyses.

RESULTS

Ric-8B expression is downregulated during osteoblast dif-
ferentiation. Osteoblast differentiation involves downregula-
tion of genes associated with active proliferation and upregu-
lation of genes involved in establishing the osteoblastic lineage
(38). The Ric-8B gene encodes a GEF that has been shown to

modulate G protein-dependent signaling in mitotic cells and
control cell division (26, 44, 49, 52). We found that the Ric-8B
gene is strongly expressed in several osteoblastic and preos-
teoblastic cells that are actively proliferating. As shown in
Fig. 1A, rat (ROS17/2.8 and ROB), mouse (MC3T3), and
human (SaOS-2) cell cultures actively transcribed the Ric-8B
gene at comparable levels. Similarly, nonosteoblastic cell lines,
like the mouse pluripotential C2C12 cells (Fig. 1A), also ex-
pressed high levels of Ric-8B mRNA while proliferating. Im-
portantly, we found that Ric-8B expression was significantly
reduced when the cells stopped proliferating and became en-
gaged in differentiation processes. Thus, when C2C12 cells
were induced to differentiate toward the osteoblastic (Fig. 1B)
or myoblastic (Fig. 1C) lineage, Ric-8B mRNA levels were
downregulated concomitantly with the increase in expression
of osteoblast- and myoblast-specific markers (osterix and myo-
genin, respectively).

MC3T3 cells are a preosteoblastic cell line that has been

FIG. 1. The Ric-8B gene is expressed in proliferating cells and
downregulated during differentiation. (A) mRNA levels of Ric-8B
were determined by RT-PCR from total RNA samples obtained from
different osteoblastic and myoblastic cell lines. ROB, primary rat dip-
loid osteoblasts; ROS17/2.8, rat osteosarcoma cells; SaOS-2, human
osteosarcoma cells; MC3T3, mouse preosteoblastic cells; C2C12,
mouse promyoblastic cells. (B and C) C2C12 cells were cultured for up
to 72 h in the presence of BMP-2 (300 ng/ml) to induce osteoblast
differentiation (B) or in medium supplemented with 10% horse serum
to induce myoblast differentiation (C). The cells were collected at the
indicated times, and the Ric-8B mRNA levels were determined by
RT-PCR using specific primers. Osterix, an osteoblastic differentiation
marker; myogenin, a myoblastic differentiation marker.
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shown to progressively differentiate to mineralized osteoblasts
when grown in the presence of AA. Therefore, this process
represents a well-established model system to study gene reg-
ulation during osteogenesis (48). As shown in Fig. 2A, MC3T3
cells exhibited a heavily mineralized extracellular matrix after
24 days of culture in differentiating medium compared to cells
grown under control conditions (absence of AA). This differ-
entiation process was reflected in the progressive transcrip-
tional activation of the osteocalcin (OC) gene (Fig. 2C), a
well-established bone phenotypic marker (9, 46), which was
paralleled by a gradual decrease in Ric-8B mRNA expression
(Fig. 2B). Interestingly, Ric-8B transcription was slightly in-
creased between days 2 and 3 of differentiation, reflecting the
elevated proliferative activity of these cells at that initial stage
of the differentiation process.

The C/EBP� transcription factor downregulates Ric-8B
gene promoter activity. Previous studies have established that
the C/EBP� transcription factor is a key regulator of bone-
related genes (21). Importantly, a recent report indicated that
C/EBP� factors may be important regulators of the prolifera-
tive state of mammalian cells (12) by modulating the expres-
sion of proliferation-promoting genes. Sequence analysis of the
human and mouse Ric-8B gene promoters (first 2.1-kb region)
revealed the presence of multiple putative C/EBP-binding sites
(Fig. 3A and data not shown). Moreover, the sequence within
the proximal 650 bp of this promoter is highly conserved be-
tween the human and mouse Ric-8B genes (79% conservation,
based on analysis with Vista Tools [http://www.genome.ibl
.gov/vista/index.shtml] and ClustalW [http://www.ebi.ac.uk
/tools/clustalw2/index.html]), suggesting the presence of evolu-
tionarily conserved transcriptional regulatory mechanisms. As
this region contains 3 C/EBP sites (designated site I, site II,
and site III, according to their distance from the region includ-
ing the transcriptional start sites of this gene [Fig. 3A]), we
explored the hypothesis that C/EBP� promotes the osteoblast
phenotype not only by upregulating bone-related genes but
also by controlling genes (like Ric-8B) associated with the
proliferative activity of preosteoblasts.

To begin examining the contribution of C/EBP� to the tran-
scriptional regulation of the Ric-8B gene in osteoblastic cells,

FIG. 2. The Ric-8B gene is repressed during osteoblast differenti-
ation. (A) MC3T3 cells were cultured for 24 days in the presence (II
and IV) or absence (I and III) of 50 �g/ml AA and 3 mM �-glycero-
phosphate. The cells were then photographed using an optical micro-
scope (I and II) or stained with Alizarin Red to visualize mineralized
nodules (III and IV). (B) MC3T3 cells were cultured for up to 24 days
in medium supplemented with 50 �g/ml AA from day 3. The cells were
collected at the indicated times, and Ric-8B mRNA levels were deter-
mined by QPCR, normalizing with respect to GAPDH mRNA expres-
sion. DIV, days of differentiation in vitro. Bars represent means � the
standard errors of the means of three independent experiments. Sta-
tistically significant differences were determined by an analysis of vari-
ance test. NS, not significant; **, P 	 0.01; ***, P 	 0.001. (C) To
control for osteoblast differentiation, OC gene mRNA expression was
determined by QPCR.

FIG. 3. Characterization of Ric-8B gene promoter activity in os-
teoblastic cells. (A) Schematic diagram representing different seg-
ments of the Ric-8B gene promoter sequence evaluated through tran-
sient-transfection and luciferase activity assays. Gray ovals indicate
putative C/EBP-binding sites. White boxes indicate CpG-rich regions,
and black arrows represent different transcription start sites (TSS)
described for this gene. Each of these promoter segments was cloned
into the pGL3-Basic vector, upstream of the firefly luciferase gene.
(B) Subconfluent MC3T3 cells were transiently transfected with in-
creasing amounts (100 to 800 ng) of each of the constructs shown in
panel A. Twenty-four hours later, luciferase activity was determined.
p2.1Ric8B-Luc, p1.1Ric8B-Luc, p0.56Ric8B-Luc, and p0.33Ric8B-Luc
correspond to constructs containing segments of the Ric-8B gene pro-
moter of 2,124, 1,109, 558, and 327 bp, respectively. The bars represent
the means � standard errors of the means of two independent exper-
iments, each performed in triplicate.
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we cloned a 2.1-kb segment of the Ric-8B gene promoter
region in a vector controlling the expression of the luciferase
reporter gene (see Materials and Methods). We found that this
promoter construct is expressed at high rates and in a dose-
dependent manner when transiently transfected in actively
proliferating MC3T3 cells (Fig. 3B). Interestingly, constructs
carrying deleted versions of the Ric-8B promoter (1.1 kb, 0.56
kb, and 0.33 kb) showed equivalent promoter activities (Fig.
3B), indicating that likely most of the regulatory elements
required for Ric-8B transcription in these preosteoblastic cells

reside within the highly conserved proximal 600 bp of the
promoter. Because of these results, most of our experiments
were concentrated in this region of the Ric-8B gene promoter.

We next evaluated whether the C/EBP� transcription factor
contributes to the regulation of Ric-8B gene promoter activity
in osteoblastic cells. As shown in Fig. 4, forced expression of
C/EBP�-LAP* resulted in a significant inhibition of the Ric-8B
promoter activity (Fig. 4B). Interestingly, overexpression of
C/EBP�-LAP or C/EBP�-LIP neither inhibited nor stimulated
the activity of the Ric-8B promoter (Fig. 4B), indicating

FIG. 4. C/EBP�-LAP* negatively regulates the Ric-8B promoter activity in osteoblastic cells. (A) Schematic diagram of putative C/EBP
elements within the first 600 bp of the human, mouse, and rat Ric-8B promoters. Negative values indicate the position of these sites relative to
ATG. To evaluate the contribution of C/EBP site III, nucleotides marked with asterisks were replaced by the nucleotides showed in lowercase
letters by using site-directed mutagenesis. (B) Subconfluent MC3T3 cells were cotransfected with the construct p2.1Ric-8B-Luc (100 ng) and
increasing amounts (100 to 800 ng) of the plasmids encoding each C/EBP� isoform: C/EBP�-LAP*, C/EBP�-LAP, and C/EBP�-LIP. Twenty-four
hours later, luciferase activity was determined. (C) MC3T3 cells were cotransfected with the different constructs containing the Ric-8B promoter
sequences (2.1, 1.1, 0.56, and 0.33 kb) and increasing amounts of the plasmid encoding C/EBP�-LAP* (200 to 800 ng). Twenty-four hours after
transfection, luciferase activity was determined. (D) MC3T3 cells were cotransfected with the p2.1Ric-8B-Luc plasmid, including a mutated
putative C/EBP site III (p2.1Ric-8B-MutC/EBPIII-Luc; 200 ng) and increasing amounts (100 to 800 ng) of the plasmid encoding for C/EBP�-
LAP*. At 24 h after transfection, luciferase activity was determined and compared with that of the wild-type p2.1Ric-8B-Luc promoter construct.
(E) Ten micrograms of nuclear extracts obtained from MC3T3 cells transfected under the conditions described for panel B was analyzed by
Western blotting to control for overexpression of C/EBP�. Reblotting against TFIIB was used to control for equal loading. The graphs show the
percentage of basal activity, calculated as the ratio between firefly and Renilla luciferase activities. The bars represent the means � standard errors
of the means of three independent experiments, each performed in triplicate. Statistically significant differences were determined by the analysis
of variance test. NS, not significant; ***, P 	 0.001.
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that the effect of C/EBP�-LAP* is specific. In addition, the
C/EBP�-LAP*-mediated inhibition occurred when reporter
constructs carrying 2.1 kb (p2.1Ric8B-Luc), 1.1 kb (p1.1Ric8B-
Luc), and 0.56 kb (p0.56Ric8B-Luc) of the Ric-8 gene pro-
moter sequence were evaluated (Fig. 4C). No inhibitory effect,
however, was detected when a shorter promoter segment
(p0.33Ric8B-Luc) was cotransfected with C/EBP�-LAP* (Fig.
4C), indicating that this C/EBP� isoform requires the Ric-8B
promoter sequence included between 0.56 and 0.30 kb to down-
regulate Ric-8B promoter activity. As this promoter region con-
tains the putative C/EBP site III, our results indicated that this
site is relevant for C/EBP�-LAP*-mediated repression of the
Ric-8B gene in osteoblasts. To assess this possibility, we mutated
by site-directed mutagenesis the C/EBP site III (Fig. 4A), such
that it was no longer recognized by the C/EBP� factor (11). This
mutation was introduced in the p2.1Ric8B-Luc construct, which
allowed the evaluation of its effect within the context of the full
Ric-8B promoter sequence. As shown in Fig. 4D, it was found
that the absence of a functional C/EBP site III prevents C/EBP�-
LAP*-mediated repression of Ric-8B promoter activity.

Taken together, these results indicate that C/EBP�-LAP*
inhibits Ric-8B promoter activity by directly recognizing a se-
quence element (site III) located within the proximal 560 bp of
the promoter.

C/EBP� interacts with the Ric-8B gene promoter during
osteoblast differentiation. We next assessed whether C/EBP�
directly binds to the endogenous Ric-8B gene promoter in
osteoblastic cells. As shown in Fig. 5A, during MC3T3 os-
teoblast differentiation, the C/EBP�-LAP* protein content
in nuclear extracts increased at day 5 and remained elevated
through day 13 of differentiation. This expression pattern ac-
companied the gradual decrease of Ric-8B mRNA expression
as well as the gradual increase in OC mRNA levels (Fig. 2B
and C). C/EBP�-LAP protein levels were also found slightly
elevated at day 5 of differentiation (Fig. 5A), which is in agree-
ment with previous reports indicating that C/EBP� expression
is increased during osteoblast differentiation (9). The
C/EBP�-LIP protein isoform was also found elevated at day
5 of differentiation (Fig. 5A). As this protein can function as
an inhibitor of C/EBP�-LAP*- and C/EBP�-LAP-mediated
transcriptional control (2, 53), our results indicate that, under
ex vivo culture conditions that reproduce osteoblast differen-
tiation, C/EBP�-LIP does not prevent the transcriptional ef-
fects of the two larger C/EBP� isoforms.

ChIP analyses revealed that the C/EBP� factor is gradually
recruited to the Ric-8B promoter during MC3T3 osteoblast
differentiation (Fig. 5C, right panels). This interaction is re-
stricted to the highly conserved proximal promoter region of
the Ric-8B gene, as distal upstream sequences (between 4,626
and 4,421 bp from the translational start codon) were not
enriched in the precipitated DNA samples (Fig. 5C, left pan-
els). The C/EBP� interaction was found to be high at days 11
and 13 of differentiation (Fig. 5C, with quantification by QPCR
shown in D), which paralleled the repression of the Ric-8B
gene (Fig. 2). Together, these results demonstrate that during
osteoblast differentiation, increased expression of C/EBP�
(and especially of C/EBP�-LAP*) accompanies binding of the
factor to the Ric-8B gene promoter and the inhibition of
Ric-8B gene transcription.

FIG. 5. C/EBP� binds to the Ric-8B promoter in differentiating
osteoblastic cells. (A) MC3T3 cells were cultured between days 3 and
13 (DIV, days of differentiation in vitro) in the presence of 50 �g/ml
ascorbic acid. Nuclear extracts were prepared on the indicated days,
and the levels of C/EBP� protein isoforms were determined by West-
ern blotting using an anti-C/EBP� polyclonal antibody. Detection of
TFIIB was used to control for equal loading. (B) Diagram illustrating
the location of the primers used in the ChIP experiments. Arrows indicate
the direction of each primer, and the negative values indicate their posi-
tion relative to ATG. (C) MC3T3 cells were cultured as described for
panel A. At the indicated times, cells were cross-linked with 1% formal-
dehyde, and the sonicated chromatin fragments were immunoprecipitated
using specific polyclonal antibodies against C/EBP�. The enrichment of
Ric-8B promoter sequences in the precipitated chromatin fragments was
visualized by conventional PCR using the primers described for panel B.
(D) Quantification of this enrichment by QPCR. Bars represent the
means � the standard errors of the means of three independent experi-
ments. Statistically significant differences were determined by the analysis
of variance test. ***, P 	 0.001; *, P 	 0.05.
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Knockdown of C/EBP� activates Ric-8B expression in os-
teoblastic cells. It was necessary to demonstrate that C/EBP�
is an important component of the regulatory machinery that
modulates transcription of the Ric-8B gene in osteoblastic
cells. Our experimental approach was to reduce the expression
of C/EBP� in osteoblastic cells by using specific siRNA (see
Materials and Methods) and then to determine the effect on
Ric-8B gene transcription. Because C/EBP� is required for the
expression of key bone phenotypic genes (9, 21, 46), C/EBP�
knockdown in MC3T3 cells would prevent the analyses at later
stages of osteoblast differentiation (e.g., day 13). Therefore, we
carried out the knockdown experiments in ROS 17/2.8 cells,
which represent an actively proliferating osteoblastic cell line
that constitutively expresses several bone phenotypic genes,
including Runx2 and OC, among others (34). Treatment of
these cells during 48 h with a specific siRNA against C/EBP�
significantly reduced C/EBP� mRNA (
70%) and protein
(
50%) levels without affecting the expression of C/EBP�-
independent genes (e.g., GAPDH and TFIIB) (Fig. 6A and B).
Importantly, knockdown of C/EBP� resulted in a 2-fold in-
crease of Ric-8B mRNA levels. As a necessary control we
showed that treatment of these osteoblastic cells with a non-
specific siRNA mix (see Materials and Methods) affected the
expression of neither C/EBP� nor of Ric-8B (Fig. 6A and B).
Together, these results demonstrate that in osteoblastic cells,
C/EBP� negatively regulates Ric-8B gene transcription.

SWI/SNF binds to the Ric-8B gene and contributes to
Ric-8B repression. It has been reported that C/EBP� can in-
teract with SWI/SNF, recruiting the complex to target genes to

modulate transcription (16, 17, 46). Both Brm- and Brg1-con-
taining SWI/SNF complexes can be important components of
the repressive machinery that downregulates transcription of
target genes (4, 7). Therefore, we examined whether SWI/SNF
complexes were involved in the transcriptional repression of
the Ric-8B gene during osteoblast differentiation. As shown in
Fig. 7, independent transient overexpression of both SWI/SNF

FIG. 6. C/EBP� downregulates the endogenous expression of
Ric-8B in intact osteoblastic cells. (A) ROS17/2.8 osteoblastic cells
were transfected with a specific siRNA against C/EBP� (siC/EBP�-1).
At 48 h later, mRNA levels of Ric-8B and C/EBP� were determined
by QPCR. The bars represent the means � the standard errors of the
means of two independent experiments. Statistically significant differ-
ences were determined by the analysis of variance test. ***, P 	 0.001.
(B) Nuclear extracts from ROS17/2.8 cells, treated as described for
panel A, were analyzed by Western blotting to determine C/EBP�
protein levels. Control, cells transfected with vehicle; siNR, cells trans-
fected with an unrelated siRNA mix (for siRNA information, see
Materials and Methods).

FIG. 7. Brm and Brg1 bind to the Ric-8B promoter during osteo-
blast differentiation and downregulate its activity. (A and B) Prolifer-
ating MC3T3 cells were cotransfected with the construct p0.56Ric8B-
Luc (100 ng) and increasing amounts of the plasmids coding for the
SWI/SNF catalytic subunits Brm (A) or Brg1 (B) (100 to 800 ng). At
24 h after transfection, luciferase activity was determined. The graphs
show the percentage of basal activity, calculated as described in for Fig.
3. Overexpression of Brm and Brg1 proteins was confirmed by Western
blotting using specific antibodies (data not shown). The bars represent
the averages � standard errors of the means of three independent
experiments, each performed in triplicate. (C to F) MC3T3 cells were
cultured for up to 13 days in the presence of 50 �g/ml AA, starting at
day 3 (DIV, days of differentiation in vitro). At the indicated times,
cells were cross-linked with 1% formaldehyde, and the fragmented
chromatin was immunoprecipitated using specific antibodies against
Brm (C and D) and Brg1 (E and F). The enrichment levels of Ric-8B
promoter sequences in the precipitated chromatin were determined by
QPCR using specific primers. The DNA sequences analyzed are indi-
cated at the top of each graph. The bars represent the means �
standard errors of the means of two independent experiments per-
formed in duplicate. Statistically significant differences were deter-
mined by the analysis of variance test. ***, P 	 0.001; **, P 	 0.01.
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catalytic subunits, Brm and Brg1, resulted in a dose-dependent
reduction of Ric-8B gene promoter activity in transfected
MC3T3 cells (Fig. 7A and B, respectively). In agreement with
these results, we found by ChIP analyses that during osteoblast
differentiation, binding of both Brm and Brg1 to the Ric-8B
promoter is significantly enhanced (Fig. 7D and F, respec-
tively), indicating that the SWI/SNF complex is enriched at the
Ric-8B promoter concomitant with C/EBP� binding (Fig. 7D)
and the transcriptional repression of the Ric-8B gene (Fig.
2B). This SWI/SNF enrichment at the proximal Ric-8B pro-
moter is specific, as no significant association of the complex
(or C/EBP� factor) was detected at upstream regions of the
Ric-8B gene (Fig. 7, compare left and right panels). To exam-
ine the contribution of C/EBP� to SWI/SNF binding to the
Ric-8B gene promoter, we performed ChIP experiments in
osteoblastic cells in which C/EBP� had been knocked down.
As shown in Fig. 8, reduced expression of C/EBP� factor by
using specific siRNAs (Fig. 8B) resulted in the absence of
C/EBP� binding at the Ric-8B promoter as well as in a signif-
icant reduction of Brm and Brg1 association with promoter
sequence (Fig. 8A). Together these results indicate that the

SWI/SNF interaction with the Ric-8B gene promoter in osteo-
blastic cells requires C/EBP�.

We previously reported the generation of ROS17/2.8 cell
lines (ROSBRG1TA) that inducibly express (tetracycline-in-
ducible Tet-off system) Flag-tagged Brg1 mutated in the ATP-
binding site (46). This mutant Brg1 protein is competent for
assembling nonfunctional SWI/SNF complexes that bind to the
bone-specific OC gene promoter and inhibit both chromatin
remodeling and OC gene transcription (46). Cells grown in the
presence of tetracycline express Ric-8B and OC mRNAs at
levels comparable to those detected in wild-type ROS17/2.8
(data not shown). As previously reported (3, 46), removal of
tetracycline from the cell medium for 3 to 4 days induced
expression of the mutant Flag-tagged Brg1 (Fig. 9A) and a
significant reduction of OC mRNA levels (Fig. 9B). In con-
trast, we found that Ric-8B mRNA levels were significantly
increased in cells grown in the absence of tetracycline (Fig.
9B), indicating that the presence of inactive SWI/SNF com-
plexes in the osteoblastic cells reverts repressive mechanisms
operating at the Ric-8B gene. As expected, the mRNA levels of
control genes, such as GAPDH, were unaffected by the pres-
ence of inactive SWI/SNF complexes (data not shown). We
next examined whether these inactive SWI/SNF complexes
were interacting with the Ric-8B gene promoter. As shown in
Fig. 9C, ChIP analyses using an anti-Flag antibody (3, 46)
demonstrated that only in the osteoblastic cells grown in the
absence of tetracycline was the mutant Flag-tagged Brg1 found
to interact with the promoter region of Ric-8B.

Transcriptional downregulation of the Ric-8B gene during
osteoblast differentiation is reflected by a selective increase in
nuclease accessibility and nucleosome enrichment at the pro-
moter region. SWI/SNF activity alters nucleosome structure
and nucleosome positioning at target sites in chromatin. This
repositioning of histone octamers may occur along the same
DNA segment by sliding (18, 51) or to a nucleosome-free DNA
segment by octamer transfer (8, 31). Therefore, we examined
whether binding of C/EBP� and SWI/SNF at the Ric-8B
gene promoter during osteoblast differentiation resulted in
nucleosome reorganization, which may reflect the transcrip-
tion inhibition of this gene. We first assessed alterations in
chromatin structure associated with Ric-8B gene repression
by analyzing changes in restriction endonuclease accessibil-
ity at the C/EBP�-targeted promoter region. As shown in Fig.
10A, we determined accessibility to the restriction enzymes
EcoRI and BanII, which cleave the Ric-8B promoter within
the region spanning the putative C/EBP site III. Therefore, the
degree of accessibility to these two enzymes, especially to
BanII, can directly indicate changes in chromatin organization
associated with the C/EBP�- and SWI/SNF-dependent Ric-8B
gene repression process. Careful analysis of the mouse Ric-8B
promoter sequence indicated that the EcoRI site includes a
noncanonical nucleotide (GGGAAgTCT instead of GGGAA
TTCT). However, this change does not prevent the specific
recognition and subsequent cleavage by the enzyme (reference
42 and our results). We isolated nuclei from differentiating
MC3T3 cell cultures at days 3 and 13, incubated them with
each enzyme, and determined the degree of digestion relative
to a noncleavable distal upstream sequence (see Materials and
Methods). It was found that while accessibility to EcoRI di-
gestion was significantly decreased during osteoblast differen-

FIG. 8. Binding of Brm and Brg1 to the Ric-8B gene promoter
decreases in the absence of C/EBP�. (A) ROS 17/2.8 osteoblastic cells
were transfected with a specific siRNA against C/EBP� (siC/EBP�-2).
At 48 h later, cells were cross-linked with 1% formaldehyde, and the
fragmented chromatin was immunoprecipitated using specific antibod-
ies against C/EBP�, Brm, and Brg1. The enrichment of Ric-8B pro-
moter sequences in the precipitated chromatin fragments was quanti-
fied by QPCR using specific primers to amplify the sequence �636 to
�426. Bars represent the means � standard errors of the means of
three independent experiments. Statistically significant differences
were determined by the analysis of variance test. *, P 	 0.05; **, P 	
0.01. (B) Nuclear extracts from ROS17/2.8 cells treated as described
for panel A were analyzed by Western blotting to determine C/EBP�
protein levels. Control, cells transfected with vehicle; siNR, cells trans-
fected with an unrelated siRNA mix (for siRNA information, see
Materials and Methods).
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tiation, cleavage by BanII was significantly enhanced (Fig.
10B). As a control, we showed that incubation of nuclei from
either proliferating or differentiated cells with XmaI, which
can cleave the Ric-8B promoter in two sites located proximal
to the sequence spanning the transcription start sites (control
cleavage) that are not included in the sequence amplified by
this set of primers (Fig. 10A), did not affect the specific am-
plification of the �636/�426 sequence (Fig. 10B). Together,

these results indicated that transcriptional repression of the
Ric-8B gene during osteoblast differentiation involves a chro-
matin reorganization process that includes increased accessi-
bility at the C/EBP site III (increased cleavage by BanII) and
reduced accessibility upstream (77 bp) of this element (reduced
cleavage by EcoRI). We next assessed whether this increased
BanII accessibility at the Ric-8B promoter is dependent on SWI/
SNF activity. We isolated nuclei from ROSBRG1TA cells grown
in the presence or absence of tetracycline and incubated them
with BanII. As shown in Fig. 10C, chromatin from cells that
express mutant Brg1 (cells cultured in the absence of tetracy-
cline [Fig. 9A]) exhibited reduced accessibility to the restric-
tion enzyme at the Ric-8B promoter. Therefore, this result
indicates that increased accessibility to BanII in the sequence
that includes C/EBP binding site III during Ric-8B gene re-
pression requires SWI/SNF activity.

To determine whether Ric-8B gene repression is also re-
flected by nucleosome enrichment at the Ric-8B gene pro-
moter, we carried out ChIP analyses using an antibody against
total histone H3. As shown in Fig. 10D, transcriptional repres-
sion of Ric-8B during osteoblast differentiation was accompa-
nied by a significant increase (more than 60% enrichment) in
the nucleosomal histone H3 bound to the proximal promoter
region of this gene. Taken together, our results indicate that
during osteoblast differentiation, C/EBP�-mediated repression
of the Ric-8B gene involves nucleosome enrichment in areas
flanking the C/EBP site III element.

DISCUSSION

Here, we report that the Ric-8B gene is downregulated
during osteoblast differentiation by the transcription factor
C/EBP�. We found that only the larger C/EBP� isoform (C/
EBP�-LAP*) inhibited Ric-8B gene promoter activity in os-
teoblastic cells, while the C/EBP�-LAP isoform did not exhibit
a significant transcriptional effect. In agreement with the in-
hibitory effect of C/EBP�-LAP*, siRNA-mediated knockdown
of C/EBP� expression in osteoblastic cells resulted in a signif-
icant increase in Ric-8B gene expression. Transient overex-
pression of Brg1 or Brm, the catalytic subunits of the SWI/SNF
chromatin remodeling complex, also inhibited Ric-8B pro-
moter activity. Moreover, the presence of inactive SWI/SNF
complexes resulted in increased endogenous Ric-8B gene
transcription, indicating that SWI/SNF activity downregu-
lates Ric-8B expression in proliferating osteoblastic cells. Im-
portantly, the SWI/SNF interaction with the Ric-8B promoter
requires C/EBP� expression. Finally, we demonstrated that
during osteoblast differentiation, repression of the Ric-8B gene
involves nucleosome enrichment at the proximal Ric-8B gene
promoter together with changes in nuclease accessibility at
regulatory regions of this promoter. These chromatin remod-
eling events require SWI/SNF activity.

Recent reports support differential functions for the two
long C/EBP� protein isoforms. Thus, C/EBP�-LAP* is found
exclusively in normal mammary epithelial cells, while C/EBP�-
LAP is found in mitotic cells, both normal and tumor derived
(6). Also, and in agreement with our results, actively prolifer-
ating mouse preosteoblastic cells express C/EBP�-LAP, while
cells engaged in osteoblast differentiation increasingly express
C/EBP�-LAP* (36). Other groups have also demonstrated

FIG. 9. SWI/SNF represses Ric-8B gene expression in osteoblastic
cells in an ATP-dependent manner. ROSBRG1TA cells expressing
Flag-tagged Brg1 protein mutated in the ATP-binding site (Flag-
Brg1K-R) and under the control of the tetracycline-inducible Tet-off
system were cultured for 3 days in the presence (�Tet) or absence
(-Tet) of tetracycline (10 �g/ml). The cells were then collected and
processed to confirm Flag-Brg1K-R protein expression, using an anti-
Flag antibody, as reported previously (46). Endogenous Brg1 was de-
tected using a specific antibody (A). Ric-8B and OC mRNA levels
were determined by QPCR (B). Binding of the Flag-Brg1K-R mutant
protein to the proximal Ric-8B promoter was analyzed by ChIP using
the anti-Flag antibody (C). Statistically significant differences were
determined by the analysis of variance test. ***, P 	 0.001; *, P 	 0.05.
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that C/EBP�-LAP overexpression activates the promoter ac-
tivity of the cyclin D1 gene and induces an invasive phenotype
in MCF10A cells (1, 6). This condition also favors mitotic
clonal expansion of MEFs from C/EBP� null mice (41), as well
as increasing proliferation and inhibiting differentiation of
preosteoblastic MC3T3-E1 cells (13). On the other hand, over-
expression of C/EBP�-LAP* in chondrocytes from C/EBP�
null mice results in a block of proliferation, increased expres-
sion of the cell cycle-dependent kinase inhibitor p57, and in-
duced cell differentiation (12). Despite these findings, it was
only recently established that C/EBP�-LAP* and C/EBP�-
LAP can also have different effects when regulating transcrip-
tion at C/EBP� target genes. Thus, C/EBP�-LAP*, but not
C/EBP�-LAP, is capable of repressing transcription of the
COX-2 gene in human cells (50). In agreement with these
results, we observed that transient overexpression of C/EBP�-
LAP* in proliferating MC3T3 preosteoblasts resulted in
decreased endogenous Ric-8B gene transcription (data not
shown). Although a definitive molecular mechanism for this
differential effect has not been determined, recent studies
point to the role of the N-terminal domain of C/EBP�-LAP*,
which is missing in C/EBP�-LAP. This domain has been shown
to be important for the interaction of C/EBP�-LAP* with
HDAC4, a histone deacetylase that is a key component in the
nuclear complex that represses the COX-2 gene (50). This
N-terminal domain also contributes to the interaction of
C/EBP�-LAP* with the SWI/SNF chromatin remodeling com-
plex during C/EBP�-mediated recruitment of SWI/SNF to tar-
get genes (16, 17). Moreover, the ability of C/EBP�-LAP* to
interact with SWI/SNF may be dictated, at least in part, by
covalent modifications occurring at this N-terminal domain;
dimethylation of the R3 residue by the methylase PRMT4/
CARM1 inhibits the C/EBP�-LAP*–SWI/SNF association,
thereby decreasing the expression of C/EBP�-stimulated genes
during cell differentiation (17).

Interestingly, we also found that SWI/SNF downregulates
the expression of the Ric-8B gene in osteoblastic cells. This
transcriptional repression occurs concomitantly with our pre-
viously described C/EBP� (C/EBP�-LAP)- and SWI/SNF-de-
pendent upregulation of the bone phenotypic gene osteocalcin
(9, 46). Together, these results not only suggest that during
osteoblast differentiation the C/EBP� transcription factor can
inhibit and activate the expression of target genes, but also that
it can perform these opposite regulatory functions by forming
specific C/EBP�-LAP*–SWI/SNF and C/EBP�-LAP–SWI/
SNF regulatory complexes, respectively. The transcriptional
repression by the C/EBP�-LAP*–SWI/SNF complex that we

FIG. 10. Ric-8B gene repression during osteoblast differentiation is
associated with chromatin remodeling at the Ric-8B promoter. (A) Di-
agram of the location of the primers used in panels B to D, the putative
C/EBP sites I, II, and III (gray ovals), and the location of target sites
for the restriction endonucleases EcoRI and BanII. (B) MC3T3 cells
were cultured for up to 13 days in medium containing AA (50 �g/ml)
from day 3. At the indicated times, nuclei were isolated and a nuclease
accessibility assay was performed, with incubation for 30 min at 37°C
with EcoRI, BanII, or a restriction enzyme cutting away from the
amplified sequence (control cleavage, XmaI or AvaI). Cleaved
genomic DNA was then purified, and the Ric-8B promoter region
�636/�426, as well as control sequences (that were not cleaved by any
of the enzymes [see Materials and Methods]) were amplified and
quantified by QPCR. (C) ROSBRG1TA cells were cultured as de-
scribed for Fig. 9. After harvesting, nuclei were isolated from cells, and

nuclease accessibility assays were performed as described for panel B.
(D) MC3T3 cells were grown as described for panel B. At the indicated
times, cells were cross-linked with 1% formaldehyde, and the frag-
mented chromatin was immunoprecipitated using specific antibodies
against histone H3. The enrichment of Ric-8B promoter sequences in
the precipitated chromatin was determined by QPCR using specific
primers to amplify the region �396/�284. The bars represent the
means � standard errors of the means of at least two independent
experiments, each performed in duplicate. Statistically significant dif-
ferences were determined by the analysis of variance test. ***, P 	
0.001; **, P 	 0.01; *, P 	 0.05.
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propose here is in agreement with results from other groups
that have also identified SWI/SNF as an important component
of the regulatory complexes that downregulate transcription
during cell differentiation (7).

We found that downregulation of Ric-8B gene transcription
involves nucleosome enrichment and changes in nuclease ac-
cessibility at specific regions of the Ric-8B promoter. Our
results also indicate that the increased association of SWI/SNF
with this promoter sequence supports a chromatin remodeling
process that contributes to transcriptional repression of the
Ric-8B gene. Interestingly, this change in chromatin structure
is not reflected by a generalized reduction in nuclease acces-
sibility at the Ric-8B gene promoter. Thus, BanII nuclease
cleavage at a site that overlaps the C/EBP site III is signifi-
cantly increased upon Ric-8B gene repression. As our tran-
sient-transfection and site-directed mutagenesis data point to
this C/EBP site III as the principal contributor to C/EBP�-
LAP*-mediated repression of the Ric-8B promoter activity, we
propose that the increased accessibility at this regulatory se-
quence reflects the enhanced association of C/EBP� with this
promoter region during Ric-8B gene repression.

The role of the Ric-8B protein during proliferation of preos-
teoblastic cells remains to be established, as does determining
the effect of its downregulation during osteoblast differentia-
tion. Preliminary results from our group indicate that the ex-
pression of this GEF is necessary at early stages of craniofacial
development (unpublished data), in particular during prolifer-
ation and clonal expansion of preosteogenic precursor cells at
the neural crest. Current studies in vivo using animal models
are addressing this important issue.

ACKNOWLEDGMENTS

We thank Brigitte van Zundert (Universidad Andres Bello, Santi-
ago, Chile) for critical reading and interesting comments of the man-
uscript. We also thank Anthony N. Imbalzano (University of Massa-
chusetts Medical School, Worcester, MA) for providing the Brg1 and
Brm expression vectors as well as the anti-Brg1 and anti-Brm antibod-
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