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Abstract To examine possible mechanisms underlying osteoblast differentiation from mesenchymal stem cells,
we investigated bHLH functional activity in cell lines representing different stages of osteoblast maturation. Interaction
of nuclear proteins with oligonucleotides corresponding to various bHLH binding sequences (known as E-boxes) was
determined in mobility shift assays. Both ADD-1 oligonucleotide, a binding site for transcription factor ADD-1, and
OCE-1, an E-box from osteocalcin promoter, produced retarded bands after incubation with nuclear extracts from
osteogenic cells. Cells at different stages of osteogenic maturation demonstrated similar patterns and intensity of binding,
as did cells treated with different osteogenic inducers. Binding to ADD-1 andOCE-1 was not tissue-specific as it was also
observed in fibroblastic 10T1/2 cells. MEF-1 oligonucleotide, the E-box sequence from the muscle creatine kinase
enhancer, demonstrated no changes in binding with nuclear extracts from moderately differentiated (W-20) or relatively
mature (ROS 17/2.8) cells under any conditions tested. However, in poorly differentiated RI-2J cells, which do not
express osteogenic markers unless treated with dexamethasone, induction of differentiation was reflected in transient
inhibition of binding to MEF-1. Inhibition of binding was not seen under differentiation-restrictive conditions.
Promoter-reporter studies also demonstrated inhibition of MEF-1 driven CAT expression by dexamethasone under
differentiation-permissive conditions in RI-2J cells. These data suggest that bHLH gene expression is not required for the
early steps of osteogenesis; moreover, inhibition of bHLH protein binding to a MEF1-type E box might be an integral part
of osteogenic commitment. J. Cell. Biochem. 65:1–10. r 1997 Wiley-Liss, Inc.
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During the past several years, data has accu-
mulated indicating that osteogenesis begins in
a multipotential stem cell of the mesenchymal
lineage which is also a precursor for myoblasts,
adipocytes and chondrocytes. Clonal cell lines
can be derived from calvaria or bone marrow
stromal cells which differentiate into not only
osteoblasts but also myoblasts, adipocytes, and
chondrocytes [Grigoriadis et al., 1990; Yamagu-
chi and Kahn, 1991; Dorheim et al., 1993;
Gimble et al., 1994; Okuyama et al., 1995]. In
vivo, bone morphogenetic proteins (BMPs) can
induce bone formation in muscle, and in cul-
tured myogenic cells treatment with BMP-2
blocks myogenic differentiation while at the

same time induces osteoblastic features [Mur-
ray et al., 1993; Katagiri et al., 1994].
For myogenic cells, establishment of the dif-

ferentiated phenotype is predominantly under
the regulation of members of basic helix-loop-
helix (HLH) gene family [Olson and Klein,
1994]. The myoblast-specific bHLH transcrip-
tion factors such asMyoD,myogenin, andmyf5,
form heterodimers with the more ubiquitously
expressed E2A gene products, E12 and E47.
These heterodimers bind promoter and en-
hancer sequences (collectively called E-boxes)
of tissue-specific genes and activate their tran-
scription. Other members of the HLH family,
including Id-1, Id-2, and twist, are dominant
negative regulators which interrupt this pro-
cess by dimerizing with E12 and E47 proteins,
thus preventing MyoD/E2A dimer formation
and differentiation [Benezra et al., 1990; Mur-
ray et al., 1992].
The presence of negative Id HLH regulators

has been demonstrated in osteoblastic cells
[Ogata and Noda, 1991; Ogata et al., 1993].
Moreover, Id expression was modulated by the
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agents known to promote osteogenesis [Glackin
et al., 1992; Murray et al., 1992; Ogata et al.,
1993] and the osteocalcin gene promoter was
shown to contain an E-box sequence crucial for
osteocalcin gene expression [Tamura and Noda,
1994]. These data suggest that HLH genes
might be responsible for osteogenic commit-
ment and/or subsequent differentiation in a
manner similar to that in myogenic cells. We
have therefore investigated the expression of
HLH genes during osteogenic differentiation by
examining the interaction of proteins with
bHLH binding sites (E-boxes) using nuclear
extracts from osteogenic cells and by assessing
the functional activity of E-box-containing pro-
moters in expression constructs transfected into
various osteogenic cell lines.

MATERIALS AND METHODS

All reagents were purchased from Sigma (St.
Louis, MO) unless otherwise stated. Recombi-
nant human BMP-2 and the murine stromal
cell line W-20 [Thies et al., 1992] were gener-
ously provided by Genetics Institute (Andover,
MA). Fetal bovine serum (FBS) was preselected
by assaying for alkaline phosphatase (APase)
activity and osteopontin (OP) mRNA and iden-
tifying those lots showing high levels with dexa-
methasone (Dex) but low levels in the absence
of inducer. The selected serum was purchased
from Atlanta Biologicals. ITS1y-Premix se-
rum substitute was purchased from Collabora-
tive Biomedical products and tissue cultureme-
dia were obtained from Gibco BRL. ROS 17/2.8
osteosarcoma cells were donated by Dr. G. Ro-
dan (Merck), and 10T1/2mouse embryonic fibro-
blasts were purchased from the University of
PennsylvaniaCell Center. Isolation of immortal-
ized RI-2J cell line is described below.

Cell Culture

ROS17/2.8,W-20, and 10T1/2 fibroblastswere
maintained in DMEM with 10% FBS, 2 mM
L-glutamine, 100U/ml penicillin, and 100 µg/ml
streptomycin at 37°C in 5% CO2. RI-2J cells
were cultured in a-MEM with the same serum
and antibiotic supplements.

Cell Immortalization

Rat bone marrow cells were immortalized
with a retrovirus containing the large T anti-
gen of SV-40 virus and the Neot gene. Briefly,
bone marrow cells were collected from femurs

of 4–5-week-old Wistar rats as described previ-
ously [Leboy et al., 1991]. Cells were plated at a
density of 1.5 3 106 cells/cm2 in a-MEM with
15% FBS and 2 mM L-glutamine (day 0). On
day 1, polybrene (2 µg/ml) was added and the
incubation continued overnight. On day 2, cul-
ture medium was replaced with a retrovirus-
containing supernatant. After 3 h incubation at
37°C with gentle mixing, virus-containing me-
dium was substituted with regular culture me-
dium. Selection for resistance to 500–1000 µg/ml
G418 was started on day 5 and continued for 3
weeks. Neomycin-resistant clones were col-
lected and screened for APase activity in the
presence and absence of dexamethasone (Dex)
or 1,25 dihydroxyvitamin D3.

Oligonucleotides

Oligonucleotides corresponding to different
E-box sequenceswere synthesized in theNucleic
Acid Facility of the University of Pennsylvania.
The sequences of their top strands were as
follows:

OCE-1: 58GGTACCTTGACCTATTGCGCAC-
ATGACCCCC 38

ADD-1: 58GGTACCGATCCAATTGGGCAAT-
CAGGAC 38

µE5E2: 58 GGTACCAGAACACCTGCAGCA-
GCTGGCAGGC 38

MEF-1: 58GGTACCCCCCCCAACACCTGCT-
GCCTGAGCCC 38.

Nuclear Extract Preparation and Mobility
Shift Assay

Nuclear extracts were prepared from 1–5 3
106 cells as described by Schreiber et al [1989].
E-box-containing oligonucleotides were end-
labeled with 32P using T4 polynucleotide ki-
nase. Binding was carried out with 5 µg of
protein (1–2 µl of nuclear extract), 2 µg of
Poly-d(I-C), and 3 µl of 5x binding mixture (60
mM Hepes, pH 7.9, 20 mM Tris-HCl, pH 7.9,
300 mM KCl, 5 mM EDTA, pH 8.0, 60% glyc-
erol, and 5 mM DTT) in a total volume of 15 µl
for 20 min at room temperature. Labelled oligo-
nucleotides (0.05 pmols, 2–4 3 104 cpm/reac-
tion) were added and incubation continued for
additional 20min. Protein-DNAcomplexeswere
separated on polyacrylamide gel (Acrylamide:
BisAcrylamide 5 29:1) for 2 h at 100 V. For
each condition, at least three different prepara-
tions of nuclear extracts were tested.
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RNA Isolation, Northern Blotting,
and Hybridizations

Total RNA was extracted by acid guanidin-
ium isothiocyanate-phenol-chloroform as de-
scribed previously [Leboy et al., 1989]. Twenty
µg RNA was denatured in glyoxal buffer at
50°C for 1 h, chilled on ice, and separated by
electrophoresis on 1% agarose gel with circulat-
ing buffer (0.01 M Na2HPO4 pH 6.5). RNA was
transferred to nylon membrane (DuPont Gene-
Screen Plus, NEN Research, Boston, MA) by
alkaline blotting with 5 mM NaOH. Hybridiza-
tion of probes to 32P-labelled probes was per-
formed in 3 3 SSPEwith 50% formamide. Plas-
mids containing the following cDNAs were
employed to generate the desired probes: rat
osteopontin [Yoon et al., 1987], rat alkaline
phosphatase [Theide et al., 1988], rat bone sia-
loprotein [Chen et al., 1992], and rat collagen
a1(I) [Genovese et al., 1984] were used to pro-
duce nick-translated probes with a kit from
BRL and a-32P-dCTP; rat osteocalcin [Yoon et
al., 1988] and Id (pMH18DR) [Benezra et al.,
1990] were used to prepare riboprobes with a
kit from Promega Corporation and a-32P-CTP.
Hybridizations were performed overnight at
42°–48°C for nick-translated probes and at 65°C
for riboprobes. Hybridization membranes were
washed with 2 3 SSC-0.1% SDS at room tem-
perature, followed by 0.1 3 SSC-0.1% SDS at
room temperature and then 0.1 3 SSC-0.1%
SDS at hybridization temperature. The extent
of hybridization of probe to membranes was
determined by autoradiography using Kodak
XOMAT AR film, and quantitated with a Mo-
lecular Dynamics densitometer.

Assays for Alkaline Phosphatase and
PTH-Stimulated cAMP

Kinetic assays for alkaline phosphatase activ-
ity were carried out as described previously
[Leboy et al., 1989]. Measurement of cAMP
levels after PTH stimulation were performed
using the Biotrak cAMP[125I] assay system (Am-
ersham) which is based on competition between
cAMP produced and a known amount of
125I-labelled cAMP for a cAMP-specific anti-
body. Cells cultured in 35 mm dishes were
washed with HBSS and exposed to 200 ng/ml of
rat (1-34) PTH (Sigma) for 2 min. The medium
was then removed, the cell layer washed with 1
ml fresh HBSS, and the cells in HBSS were
transferred to a microfuge tube. Cells were

pelleted by centrifugation and the cAMP ex-
tracted with 65% ethanol. Extracts were evapo-
rated to dryness in a vacuum oven and resus-
pended in the Amersham assay buffer for
measurement of cAMP.

Transfection With MEF-CAT Constructs

Cells were cotransfected, using the CaPO4

precipitation procedure [Ausubel et al., 1990],
with a 5:1 mixture of plasmid containing five
copies of the MEF-1 E-box upstream of the
chloramphenicol acetyltransferase (CAT) re-
porter gene and plasmid containing the SV-40
virus promoter/b-galactosidase gene.After 48-72
h, cells were harvested in Tris HCl buffer, dis-
rupted by sonication and centrifuged.All super-
natants were tested for b-galactosidase activity
with o-nitrophenyl-b-D-galactopyranoside sub-
strate to determine transfection efficiency [Alam
and Cook, 1990].
For CAT assays, cell extracts containing equal

amounts of b-galactosidase activity were as-
sayed with 14C-chloramphenicol using silica gel
TLC [Ausubel et al., 1990]. Relative amounts of
unreacted CAT and acetylated CAT were then
assessed by densitometry scanning of X-ray
films.

RESULTS
Characterization of Cell Lines

To evaluate the activity of HLH genes over
the course of osteogenesis, three cell lines which
represented different stages in osteogenic differ-
entiation were employed.
The immortalized rat stromal cell line RI-2J

was the least differentiated cell line used in
these studies. At early times in culture without
inducer, these cells expressed mRNA for colla-
gen a1(I) but the levels of alkaline phosphatase
(APase) and osteopontin (OP) mRNAwere neg-
ligible. With prolonged cultivation PTH-depen-
dent cAMP production was detected, but induc-
tion of OPandAPasemRNArequired treatment
with Dex (Table I). Although BMP-2, like Dex,
acts on primary stromal cells to induce the full
spectrum of osteoblastic markers [Rickard et
al., 1994], BMP-2 treatment of RI-2J cells in-
duced only APase, but not OPmRNA. No osteo-
calcin or bone sialoprotein mRNAwas detected
under any culture conditions. Thus, RI-2J cells
can, in the presence of Dex, show some proper-
ties characteristic of preosteoblasts, but they
appear unable to differentiate further.
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W-20 is a non-immortalized mouse bone mar-
row stromal cell line [Thies et al., 1992]. Rela-
tively undifferentiated in sparse cultures, at
confluency these cells express high levels of OP
and APase mRNAwith or without Dex. BMP-2
further enhances APase mRNA expression and
induces appearance of OC mRNA and PTH
responsiveness. These cells do not express bone
sialoprotein mRNA under any culture condi-
tions (Table II).
The ROS 17/2.8 cells demonstrated proper-

ties previously reported for this osteosarcoma
cell line [Rodan et al., 1988]. Subconfluent cul-
tures expressed substantial levels of OP and
APase mRNA, and osteocalcin mRNAwas pres-
ent in the absence of VitD. With confluency,
levels of these mRNAs increased and bone sia-
loprotein mRNA was detected. In addition, the
cells produced mineralized nodules in the pres-
ence of b-glycerophosphate. Dex enhanced ex-
pression of APase and bone sialoprotein, while
VitD elevated levels of OP, APase, and osteocal-
cin.

Together, the selected cell lines encompassed
a broad spectrum of osteogenic differentiation
(Table II), with fibroblastic cells initially ex-
pressing none of the osteoblast markers (low
density RI-2J cells), preosteoblasts showing low
levels of early osteoblast markers (Dex-treated
RI-2J, low densityW-20 cells), andmaturemin-
eralizing osteoblastic cells (confluent ROS 17/
2.8 osteosarcoma cells).

Binding of Nuclear and Cytoplasmic Proteins
From Osteogenic Cells to E-Box Sequences

The various members of the bHLH family of
transcription factors bind as dimers to different
E-box sequences. Therefore, in an attempt to
characterize the HLH profile of osteogenic cells
we used several E-box oligonucleotides known
to interact with various HLH proteins and to be
expressed in different mesenchymal derivates:
1) MEF-1 (frommuscle creatine phosphokinase
enhancer) which preferentially binds complexes
containing MyoD family proteins as well as
ubiquitous E2A gene products [Braun et al.,

TABLE I. Characterization of RI-2J Cell Line*

OPmRNA APmRNA Collagen I mRNA

PTH-induced cAMPa

@ day 1 Confluent

Control 1 1 1 1.06 1.48
Dex (1028 M) 5.1 6 1.0 26.3 6 23.7 2.1 1.15 1.25
BMP-2 (100 ng/ml) 0.9 6 0.7 20.0 6 21.2 ND 1.23 1.66

*Total RNAwas prepared from day 3 pre-confluent cultures. Twenty µg of each RNAsample was separated on glyoxal gels and
hybridized to probes as described in Materials and Methods. Films of Northern blots were scanned with a Molecular
Dynamics densitometer and the values for Control cultures set to 1.0. ND 5 Not determined.
aResults are presented as a ratio of cAMPamount in PTH-treated vs untreated cultures. cAMPvalues ranged from 65–71 fmol
cAMP/dish for day 1 samples from non-PTH treated cells to 106–114 fmol cAMP/dish for confluent cultures treated with BMP.
All assays were performed with duplicate samples.

TABLE II. Cell Lines Used in the Study

Cell line Source Inducer

Properties

PTHa OPb APb BSPb OCb Ca21 c

ROS 17/2.8 Rat osteosarcoma none 1 1 1 1 1 1
Dex 1 1 1 1 1 1
BMP-2 1 1 1 1 1 1

W-20 Mouse clonal bone marrow
stromal cell line

none
Dex
BMP-2

(1)
ND*

1

(1)
(1)
1

(1)
(1)
1

2
2
2

2
2
1

2
2
2

RI-2J Rat bone marrow stromal
cells immortalized with
SV-40 large T

none
Dex
BMP-2

(1)
1
1

2
1
2

2
1
1

2
2
2

2
2
2

2
2
2

*ND 5 Not determined. (1) 5 Expressed only after confluency.
acAMP response to PTH stimulation.
bmRNAexpression.
cAlizarin Red stain for Ca21.
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1989]. 2) µE5E2-the binding site for E2A gene
products E12 and E47 from the immunoglobulin
promoter region [Wilson et al., 1991]. 3) ADD–
the binding site for anHLH-zip protein (ADD-1)
expressed in adipogenic cells [Tontonoz et al.,
1993]. 4) OCE-1-an E-box sequence from the
osteocalcin gene promoter reported to bind
HLH-type proteins in an Id-dependent fashion

and crucial for OC gene expression [Tamura
and Noda, 1994].
E-box binding with different oligo-

nucleotides. To assess the E-box binding ca-
pacity of osteoblastic cells with these four oligo-
nucleotides, nuclear extracts from ROS 17/2.8
and RI-2J cells were prepared and used in
mobility shift assays. Both extracts produced
retarded bands with all of the oligonucleotides.
The binding of nuclear proteins toMEF-1,ADD,
and OCE-1 showed both a band common to all
of the oligonucleotides and some bands which
were unique to each oligonucleotide (Fig. 1).
Specificity of binding was analyzed by competi-
tion experiments. With ADD, OCE-1 and
MEF-1, the DNA-protein bands disappeared in
the presence of 50x excess of cold oligonucleo-
tide identical to that used as a probe; results
with ADD and OCE-1 oligos are shown in Fig-
ure 2. Cross competition experiments were also
performed, using different E-box oligonucleo-
tides as cold competitors for binding to a single
radioactive oligonucleotide. These analyses
demonstrated competition for some bands
among different E-boxes, arguing that similar
proteins participated in their formation. When
the µE5E2 oligonucleotide was radioactively la-
belled, the bands were not competed by a 50x
excess of either µE5E2 or any of the other oligos
tested (data not shown); thus binding to the
µE5E2 DNA appeared nonspecific. In addition,

Fig. 1. Binding of nuclear proteins from osteoblastic cells to
32P-labelled E-box oligonucleotides. Mobility shift assay with
nuclear extracts from RI-2J (left panel) and ROS 17/2.8 cells
(right panel) produces retarded bands with each of the E-box
sequences tested. While one band in the middle appears to be
common to MEF-1, ADD-1, and OCE-1, others are unique to
each oligonucleotide.

Fig. 2. Specificity of E-box binding to ADD-1 and OCE-1 oligonucleotides. Competition experiments were
performed using 50x molar excess of cold oligonucleotides as competitors. In each case specific binding was totally
eliminated by the presence of a cold oligonucleotide identical to the one used as a probe. Various degrees of
cross-competition between different E-box sequences were also observed; both MEF-1 and OCE-1 competed for
ADD-1 binding proteins while ADD-1 diminished intensity of one of the OCE-1 bands.
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cold µE5E2 did not interfere with formation of
any of the bands formed by other three oligo-
nucleotides (Fig. 2). These results argue against
the presence of functionally active E12/E47 het-
erodimer in RI-2J cells.
Expression ofHLH-like activity in osteo-

blastic cells of different differentiation sta-
tus. To detect whether osteogenic differentia-
tion is accompanied by changes in the binding
ability of HLH proteins, we used two ap-
proaches. Fibroblastic cells and cell lines which
represent different stages in osteogenesis were
compared with respect to protein binding to
different E-box sequences. In addition, we exam-
ined whether E-box binding was altered under
the influence of factors and conditions known to
induce, promote, ormodulate osteogenesis (con-
fluency, Dex, BMP-2).
Differences in the maturation status of vari-

ous osteogenic cell lines, culturedwithout induc-
ers, were not reflected in differences in E-box
binding. Nuclear extracts from fibroblastic
10T1/2, low differentiated RI-2J, modestly dif-
ferentiatedW-20 and highly differentiated ROS
17/2.8 cells all produced similar patterns of
binding with all oligonucleotides tested (Fig. 3).
Consistent with these observations, addition of
BMP-2 or Dex to W-20 and ROS 17/2.8 cells did
not cause a detectable difference in binding to
any of the E-box oligonucleotides tested despite

the ability of the factors to modulate the differ-
entiation status of these cells. Similarly, nei-
ther BMP nor Dex altered the pattern of RI-2J
nuclear protein binding to ADD and OCE-1
oligonucleotides (data not shown).
MEF-1 was the only E-box containing oligo-

nucleotide which showed differences in binding
of nuclear proteins associated with differentia-
tion of the cells. As shown in Figure 4, the
intensity of binding of RI-2J nuclear extract to
MEF-1, relatively low at the beginning of cul-
ture period (Fig. 1), was further inhibited by
treatment with Dex, an agent capable of induc-
ing the initial steps of differentiation. In seven
independent assays, the intensity of binding to
MEF-1 in control cells was 3.6 6 0.8-fold higher
than that in Dex-treated cultures. This inhibi-
tion was transient and was seen only during
the initial culture period (days 1–3). At later
stages of culture, Dex showed either no effect or
elevated binding to the MEF-1 oligonucleotide.
Several experiments were performed to ascer-

tain whether the inhibition of MEF-1 binding
indeed paralleled the induction of differentia-
tion or was a nonspecific response of these cells
to Dex. RI-2J cells were cultured under condi-
tions which either permitted or restricted the
Dex-induced differentiation. Differentiation-
permissive conditions were growth in 10% FBS
throughout the culture period; under these con-

Fig. 3. Binding to E-box oligonucleotides is not tissue-specific. Similar patterns of binding of nuclear proteins to the
panel of E-box-containing oligonucleotides were observed with nuclear extracts from fibroblastic cells (10T1/2) and
osteogenic cells at different stages of maturation.
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ditions Dex (with or without Vitamin D) in-
duced both OP mRNA (Fig. 4B, Table III) and
APase mRNA (Table III). Restrictive conditions
involved replacing the FBS with ITS-Premix on
day 1; this results in negligible OP or APase
induction even after prolonged culture (Table
III). As shown in Figure 4A, inhibition of bind-
ing in the presence of Dex was only seen under
differentiation-permissive conditions. Thus, de-
creased nuclear protein binding to the MEF-1
oligonucleotide is associated with early stages
of osteogenic induction in RI-2J cells.

Activity of E-Box Containing Promoter With
Osteogenic Inducers

To test the functional activity of bHLH pro-
teins in an osteogenic cell line and their capac-
ity to regulate transcription in response to osteo-

genic inducers, RI-2J cells were transiently
transfected with plasmids containing an E-box
sequence linked to the reporter gene chloram-
phenicol acetyltransferase (CAT); the CAT re-
porter plasmid contained five MEF-1 sites
linked to an alkaline phosphatase TATA box
[Wilson et al., 1991]. The RI-2J cells were then
cultured for two additional days with and with-
out Dex. As shown in Figure 5, diminished CAT
activity was seen when osteogenesis was in-
duced by Dex. Like the DNA binding experi-
ments, these CAT assays suggest that when the
RI-2J cell line was induced to undergo osteogen-
esis with Dex, the early stages of induction (day
3) were associated with low levels of functional
bHLH proteins.

Fig. 4. Binding of nuclear proteins to MEF-1 sequence in RI-2J
cells is down-regulated under conditions which induce differen-
tiation of these cells. A: Induction of differentiation is accompa-
nied by inhibition of binding to MEF-1 sequence. Under differ-
entiation-restrictive conditions (ITS-Premix serum substitute
instead of FBS in the culture medium) inhibition of binding is
not detected. For each set of conditions, at least three different
batches of nuclear extracts were tested. B:Northern blot hybrid-
ization for OPmRNA indicates that RI-2J cells cultured with FBS
show Dex-induced expression of OP.

TABLE III. Comparison of Osteoblastic
Differentiation of RI-2J Cells in Parallel
Cultures in the Presence of Either FBS or

Premix (Control 5 1)*

Inducer

FBS Premix

OP AP OP AP

Control 1.0 1.0 1.0 1.0
1028 M Dex 26.7 4.1 2.2 1.0

*20 ug of each RNA sample was separated on glyoxal gels
and hybridized to probes as described in Materials and
Methods. Films of Northern blots were scanned with a
Molecular Dynamics densitometer and the values for con-
trol cultures set to 1.0.

Fig. 5. CAT activity in extracts from RI-2J cells transfected with
MEF-1-containing promoter-reporter construct. RI-2J cells were
transiently transfected with a CAT construct containing the
MEF-1 sequence and cultured for 2 days in the presence or
absence of Dex (1028 M) under differentiation-promoting condi-
tions. Inhibition of CAT activity accompanied Dex-induced
differentiation.
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Expression of a Negative Regulator of HLH
Protein Function, Id, in the Course of

Osteogenesis

bHLH proteins show diminished DNA bind-
ing when complexed with Id proteins. There-
fore, expression of Id mRNA under conditions
which produced different intensities of nuclear
extract binding toMEF-1 was investigated. The
low density RI-2J cells, which show limited
expression of osteoblastic markers, contained
significant amounts of Id mRNA; this was fur-
ther increased by treatment with Dex (Table
IV). When cells were cultured in differentiation
restrictive conditions with ITS-Premix, Dex no
longer enhanced Id expression. Thus, the pat-
tern of Id expression in Dex-treated low density
RI-2J cells was inversely correlatedwithMEF-1
binding. These results suggest that high Id
(and the consequent low DNAbinding by bHLH
proteins) is associatedwith early stages of osteo-
genesis.

DISCUSSION

In myogenesis, where the role of HLH genes
in governing differentiation is well established,
the activity of these transcription factors is
under strict developmental regulation. Some
members of the MyoD family, e.g., myogenin,
are not expressed until after induction of differ-
entiation [Hollenberg et al., 1993; Olson and
Klein, 1994]. Transcription of others such as
MyoD is turned on after commitment of the
multipotential progenitor cell into myoblasts,
but their ability to bind DNA is blocked by the
presence of large amounts of negative regula-
tors (Id-twist family) [Jen et al., 1992]. Forced
expression of any of these proteins in multipo-
tential cells or mesenchymal cell lines is suffi-
cient to activate myogenesis, and appearance of

functionally active, DNA-binding HLH pro-
teins is a hallmark of differentiating myotubes.
If osteogenesis were regulated by HLH genes

in a manner identical to that in myogenesis,
one would expect that different stages in osteo-
genesis would be associated with altered pat-
terns of HLH binding activity. In addition, if
changes in the extent of osteogenesis were
achieved via changes in expression and/or activ-
ity of HLH transcription factors, it would be
anticipated that agents which induce and/or
modulate differentiation would induce binding
of new HLH proteins to their recognition se-
quences. Contrary to these hypotheses, the stud-
ies reported here did not demonstrate appear-
ance of novel bands under the influence of BMP
and/or dexamethasone. Except forMEF-1, there
were also no qualitative differences in binding
among nuclear extracts from cells which repre-
sented different stages of osteogenic differentia-
tion (Fig. 3). Moreover, nuclear extracts from
fibroblastic 10T1/2 cells produced similarmobil-
ity bands with the same intensity (Fig. 3).
While our results would suggest that osteo-

genesis is not associated with elevated expres-
sion of HLH transcription factors, several alter-
native possibilities must be considered: 1) The
similarities in mobility shift patterns might
result from different proteins of the same class
with similar molecular weights and het-
erodimerization patterns. 2) Protein-protein in-
teractionswhichmodulate activity of HLH tran-
scription factors might be disrupted during
nuclear extract preparation, allowing in vitro
binding to E-box sequences which is normally
suppressed in vivo. 3) Subtle differences in the
amount rather than the type of functional HLH
proteins may be sufficient for activation of dif-
ferent genes. This form of regulation was dem-
onstrated in homeodomain genes during early
development [Pankratz et al., 1990].
While new bands did not appear in associa-

tion with osteogenic differentiation, inhibition
of binding to MEF-1 E-box during the early
steps of Dex-induced osteogenesis was appar-
ent (Fig. 4A). This inhibition was evident only
under conditions that promoted differentiation
(RI-2J cells treated with Dex in the presence of
FBS), and was not present either in more ma-
ture cells (ROS 17/2.8) or in cells not capable of
Dex-induced osteogenesis (10T1/2 fibroblasts,
data not shown). Thus, there was a parallel
between induction of osteogenic differentiation
and inhibition of HLH binding to MEF, an E-
box known to bind HLH heterodimers contain-

TABLE IV. Relative Levels of Id mRNA
in RI-2J Cells Treated With Various

Osteogenic Inducers*

Culture
conditions

Days in
culture

Id Message level
(Control 5 1.0)

Inhibition of
bindinga

Control 3 1.0
Dex 3 2.3 1
Control 8 1.0
Dex 8 2.1 2

*RNA was prepared from cells cultured with 1028 M Dex.
Films of Northern blots were scanned with Molecular Dy-
namics densitometer.
aAbsence or presence of inhibition of MEF-1 binding in
nuclear extracts produced from parallel cultures.
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ing myo-specific transcription factors of the
MyoD family. This raises the possibility that
the commitment of multipotential cells to osteo-
genesis requires suppression of myogenesis via
inhibition of myo-specific HLH protein expres-
sion or DNAbinding.
Inhibition of myo-specific MEF binding could

be achieved either by diminished expression of
the MyoD family of transcription factors or by
increase in expression of Id, an inhibitor of
their DNAbinding. Indeed, early stages of osteo-
genesis (low density RI-2J cells) which dis-
played diminished MEF-1 binding also showed
high Id mRNA expression which was further
elevated by Dex treatment (Table IV). Similar
elevation of Id mRNA was reported with Dex-
treated MC3T3-E1 osteoblastic cells by Ogata
and Noda [1991]. Both our results and those of
Ogata and Noda show that Dex elevation of Id
expression is sustained in later stages of osteo-
blast differentiation. However, inmore differen-
tiated cells such as confluent Dex-treated RI-2J
cells or ROS 17/2.8, the correlation between
Dex-elevated Id expression and inhibition of
MEF-1 binding was no longer observed. It may
be that increased Id message level is not paral-
leled by an increase in Id protein in differenti-
ated cells. This possibility is in accord with the
results of Jen et al. [1992]. These authors
showed that after stable transfection of Id gene
under a strong promoter, high levels of IdmRNA
were sustained for a long period of time in
culture, but Id protein was detected by antibod-
ies only for a short period of time after transfec-
tion and subsequently disappeared. Consistent
with this possibility, Id-transfected cell lines
produced in our laboratory demonstrate sup-
pressed MEF-1 binding early after transfec-
tion, but suppression is lost several weeks in
culture despite continued high expression of Id
mRNA[Kazhdan, I., unpublished observations].
Most of the previous studies of HLH gene

expression in osteoblasts have utilized either
the rat osteosarcoma cell line ROS 17/2.8
[Kawaguchi et al. 1992; Tamura and Noda,
1994] or the mouse pre-osteoblast line
MC3T3-E1 [Glackin et al., 1992; Murray et al.,
1992]. Our results, which focus on early stages
of osteogenesis, are generally consistent with
the data from these groups. One exception con-
cerns the specificity of binding to the OCE-1
sequence reported by Noda to be dependent on
osteoblastic differentiation [Tamura and Noda,
1994]. These authors demonstrated little bind-
ing to the OCE-1 sequence with nuclear ex-

tracts of untreated 10T1/2 cells, while treat-
ment with high doses of BMP-2 both induced
osteoblastic proteins and significantly enhanced
nuclear extract binding to OCE-1. Our studies
of binding to OCE-1 oligonucleotide indicated
similar mobility shift patterns with nuclear
extracts from fibroblastic 10T1/2 cells and a
panel of osteoblastic cells. We therefore were
unable to demonstrate any differences in OCE-1
binding which were correlated with osteoblast
differentiation.
In summary, the results of our studies sug-

gest that the first steps of osteoblast differentia-
tion are characterized by low functional activ-
ity of MEF-1 binding proteins and their
inhibition by an effective inducer of differentia-
tion (Fig. 4A). This inhibition seems connected
to the induction of differentiation, as it was not
seen under conditions which interfered with
induction (Fig. 4A, with Premix), nor was it
observed with cells showingmoremature osteo-
blast characteristics (W-20 and ROS 17/2.8
cells). Cells not capable of Dex-induced osteo-
genesis (10T1/2 fibroblasts) also failed to dem-
onstrate Dex inhibition of binding to MEF-1
oligonucleotide. These results are consistent
with the hypothesis that, while HLH proteins
might be necessary for optimal transcription of
the genes characteristic of the later stages of
osteoblast differentiation, they are not respon-
sible for the initial activation of these genes in
bone formation.
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