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Cellular differentiation entails the coordination of cell cycle arrest and tissue-specific gene expression. We
investigated the involvement of basic helix-loop-helix (bHLH) factors in differentiation of osteoblasts using the
human osteoblastic cell line MG63. Serum starvation induced growth arrest at G1 phase, accompanied by
expression of cyclin-dependent kinase inhibitor p21WAF1/Cip1. Reporter assays with the p21 gene promoter
demonstrated that the combination of E2A (E12 or E47) and coactivator CBP was responsible for p21
induction independent of p53. Twist inhibited E2A-CBP-dependent activation of the exogenous and endoge-
nous p21 promoters. Ids similarly inhibited the exogenously transfected p21 promoter; however less antago-
nistic effect on the endogenous p21 promoter was observed. Twist was predominantly present in nuclei in MG63
cells growing in complete medium, while it localized mainly in the cytoplasm after serum starvation. The
fibroblast growth factor receptor 3 gene (FGFR3), which generates signals leading to differentiation of osteo-
blasts, was found to be controlled by the same transcriptional regulation as the p21 gene. E2A and Twist
influenced alkaline phosphatase expression, a consensus marker of osteoblast differentiation. Expression of
E2A and FGFR3 was seen at the location of osteoblast differentiation in the calvaria of mouse embryos,
implicating bHLH molecules in physiological osteoblast differentiation. These results demonstrate that a
common regulatory system is involved in at least two distinct steps in osteoblastic differentiation. Our results
also provide the molecular basis of Saethre-Chotzen syndrome, caused by mutations of the TWIST and FGFR3
genes.

The development and remodeling of bone require the dif-
ferentiation of osteoblasts from undifferentiated proliferating
mesenchymal osteoprogenitor cells. Unregulated differentia-
tion of osteoblasts causes craniofacial and limb anomalies,
such as Saethre-Chotzen syndrome (acrocephalosyndactyly
type III; OMIM 101400), one of the most common genetic
conditions with craniosynostosis. The molecular basis of mech-
anisms that induce the differentiated osteoblastic phenotype is
poorly understood.

Cell differentiation is a consequence of a coordinated se-
quence of biochemical events associated with morphological
changes, including arrest in G1 phase followed by irreversible
exit from the cell cycle and a timely ordered expression of
tissue-specific genes. Cell proliferation and terminal differen-
tiation are usually mutually exclusive. Among multiple mech-
anisms involved in the control of terminal differentiation, cell
cycle arrest through inactivation of cyclin-dependent kinases
(CDKs) is likely to be a central feature (46). p21WAF1/Cip1 is an
inhibitor of CDKs (26) and is transcriptionally regulated in
p53-dependent (17) and -independent manners (46).

The E2A proteins belong to the basic helix-loop-helix
(bHLH) family of transcriptional regulatory proteins, function-
ing as dimers via a helix-loop-helix (HLH) domain (40). The
E2A gene encodes two alternatively spliced products, E12 and

E47, which differ in their bHLH domains and hence their
DNA-binding properties (40, 64). E47 has been demonstrated
to activate p21 gene expression in HeLa cells (52). In addition,
E2A proteins have been shown to be involved in regulation of
growth arrest (50) and to recruit coactivator p300/CBP (cyclic
AMP-responsive element binding factor CREB-binding pro-
tein) (11, 16). The dominant-negative-type HLH Id proteins,
which contain functional HLH dimerization motifs but which
lack the DNA-binding basic region, have been shown to inter-
act with other bHLH proteins and block their DNA-binding
activity (4).

The bHLH protein Twist is expressed in mesodermal and
cranial neural crest cells during embryogenesis in both inver-
tebrate and vertebrate development (3, 19, 65, 69). Expression
of Twist has been implicated in the inhibition of differentiation
of multiple cell lineages including muscle (27, 62), cartilage
(27), and bone cells (35, 39, 55). Twist directly interacts with
E12 and inhibits the expression of the muscle creatine kinase
gene (MCK) (24, 62), suggesting its involvement in myogenesis.

The fibroblast growth factor receptor 3 (FGFR3) signaling
pathway results in upregulation of genes that are related to
osteoblast differentiation, including the genes for osteopontin,
osteonectin, and osteocalcin (10). FGFR3 is detected in su-
tural osteogenic fronts, and Twist expression and FGFR3 ex-
pression are mutually exclusive (55). After birth cranial sutures
are the primary site of osteoblast differentiation and bone
formation in the calvaria. Saethre-Chotzen syndrome is char-
acteristic of skull deformity due to craniosynostosis, the pre-
mature fusion of the cranial sutures. This syndrome is caused
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by mutations in the gene encoding Twist or FGFR3 (18, 28,
56). The question, then, is whether Twist and FGFR3 are in
the same or parallel developmental pathways in calvarial bone
development.

To this end, we examined how these bHLH proteins are
involved in transcriptional regulation of cell cycle arrest (p21)
and differentiation (FGFR3) in a human osteoblastic cell line
MG63. Our results clearly show that E12 and E47 induce
transcription of the p21 gene, resulting in cell cycle arrest in a
p53-independent manner. This induction is inhibited by Twist
and Ids. The same is true for the regulation of FGFR3 expres-
sion, demonstrating that common transcriptional regulation
controls cell cycle arrest and differentiation of osteoblasts. Our
results also provide a molecular basis for the pathogenesis of
Saethre-Chotzen syndrome.

MATERIALS AND METHODS

Cell culture. The human osteosarcoma osteoblast-like cell line MG63, which
is negative for p53 (9), was cultured in Dulbecco’s modified Eagle’s medium
(DMEM) with 10% fetal bovine serum (FBS) at 37°C under a humidified atmo-
sphere of 5% CO2. For induction of cell cycle arrest and differentiation, cells
were cultured in DMEM containing 0.1 or 2% FBS with or without 1,25-dihy-
droxyvitamin D3 [1,25-(OH)2D3; 10�8 M] (Biomol Research Laboratories).

Cell cycle analysis. MG63 cells (105 cells/dish 60 mm in diameter) were
cultured in DMEM containing either 0.1, 2, or 10% FBS and treated with or
without 1,25-(OH)2D3 (10�8 M). Cells were harvested by trypsinization, fixed
with a fluorescence-activated cell sorter (FACS) lysis solution (Becton Dickin-
son), and permeabilized with a FACS permeabilization solution (Becton Dick-
inson). After being washed with phosphate-buffered saline (PBS), the cells were
resuspended in staining solution containing propidium iodide (50 �g/ml) and
RNase A (50 �g/ml) and analyzed for their DNA content with a FACScan
(Becton Dickinson).

Plasmid construction. An expression plasmid for Twist was constructed by
cloning the XhoI-XbaI fragment of human Twist cDNA into pcDNA3 (Invitro-
gen). A point mutation (Y103X) was introduced into the Twist coding region by
site-directed mutagenesis, generating pCMV-Twist (Y103X). The mutation was
confirmed by DNA sequencing. Full-length cDNAs encompassing the respective
coding regions of human E12 and E47 in pSP64 vector and human vitamin D3

receptor (hVDR) in p91023B were cloned into pcDNA3, generating pCMV-E12,
pCMV-E47, and pCMV-hVDR, respectively. Mammalian expression vectors for
Id1, Id2, and the E12 N-terminal deletion mutant �1-507 (amino acids [aa] 508
to 654) were described elsewhere (25). p21 cDNA was ligated in the sense or
antisense orientation, generating pCMV-p21 and pCMV-p21as. The expression
plasmid for CBP (pRSV-CBP) was a generous gift from T. Nakajima of the
University of Tsukuba (42). The p21-luc reporter construct (a gift from X.-F.
Wang, Duke University) carries the 2.4-kb HindIII fragment of the p21 promoter
in the pGL3-basic vector (Promega) (13). p21 promoter mutants p21-1.8kb-luc,
p21-220bp-luc, and p21-del PvuII-luc were produced by deletion of the XhoI and
TthIII1, XhoI and PstI, and PvuII and PvuII fragments from the p21-luc con-
struct. The 1.5-kb NcoI-SphI fragment of the FGFR3 promoter from cosmid
clone pc385.12 containing the human FGFR3 genomic fragment (47) was in-
serted into the pGL2-basic vector (Promega), thus generating FGFR3-luc.
FGFR3 promoter mutants FGFR3-1.0kb-luc, FGFR3-0.7kb-luc, and FGFR3-
0.5kb-luc were produced by deletion of the NcoI and HincII, NcoI and XhoI, and
NcoI and PvuII fragments from the FGFR3-luc construct. The simian virus 40
nuclear localization signal sequence was fused to pEGFP-C2 (Clontech), gener-
ating vector pnGFP, expressing green fluorescent protein localized in the nu-
cleus.

Transient transfection and luciferase assay. Subconfluent cultures of MG63
cells (2 � 105 cells/dish 60 mm in diameter) were transfected with a total of 10
�g of expression and reporter plasmids by the calcium phosphate method to-
gether with �-galactosidase (�-Gal) expression vector pCMV-�-gal, which was
used as an internal control to monitor the transfection efficiency. Total amounts
of transfected DNA were equalized by the addition of empty vectors pcDNA3
and pRc/RSV. After incubation overnight with the DNA precipitate, cells were
then cultured in DMEM containing 0.1, 2, or 10% FBS for a further 48 h for
luciferase assay and for a further 72 h for immunostaining. Luciferase activities
were assayed using the luciferase assay system (Promega) and normalized to
�-Gal activities, which were determined by the method of Rose and Botstein

(57). All assays were performed at least three times in duplicate, and represen-
tative data are presented. The results are the means of different experiments �
standard errors.

Immunofluorescence staining. Cells were fixed in PBS with 3.7% formalde-
hyde, permeabilized with Triton X-100 (0.1%) in PBS, and then treated with
serum to block nonspecific binding sites. Polyclonal rabbit antibodies against
E2A (sc-349; Santa Cruz Biotechnology), Id1 (sc-488; Santa Cruz Biotechnolo-
gy), HEB (sc-357; Santa Cruz Biotechnology), �-Gal (Zymed), and FGFR3
(sc-123; Santa Cruz Biotechnology), polyclonal goat antibodies raised against a
peptide corresponding to an amino acid sequence at either the amino terminus
(sc-6070; Santa Cruz Biotechnology) or the carboxyl terminus (sc-6269; Santa
Cruz Biotechnology) of human Twist, and a mouse monoclonal antibody to
human p21 (sc-817; Santa Cruz Biotechnology) were used. After permeabiliza-
tion, cells were incubated for 1 h at room temperature with the above-mentioned
primary antibodies at the respective dilutions of 1:50 to 1:1,200. To discriminate
the exogenous expression of E2A from the endogenous one, different concen-
trations of the anti-E2A antibody were used; endogenous expression of E2A
could be detected by 1:100-diluted antibody, while overexpressed E2A derived
from the exogenous gene was detected by 1:300-diluted antibody. Immune com-
plexes containing E2A, Twist, Id1, HEB, FGFR3, and p21 were detected with
rhodamine-conjugated anti-rabbit immunoglobulin G (IgG) (Chemicon), rho-
damine-conjugated anti-goat IgG (Santa Cruz Biotechnology), and fluorescein
isothiocyanate (FITC)-conjugated anti-mouse IgG (Chemicon). DNA in nuclei
was detected with 4�, 6�-diamidino-2-phenylindole (DAPI). DNA synthesis was
determined by measuring the 1-h uptake of thymidine analog bromodeoxyuri-
dine (BrdU). After additional fixation in PBS and DNA denaturation in 2 N HCl,
BrdU was detected using a commercial kit (Boehringer) according to the man-
ufacturer’s instructions, except that a FITC-conjugated antimouse antibody was
substituted in the secondary-antibody step. In the quantitative analysis, a mini-
mum of 150 positive cells were evaluated in each transfection. Cells were exam-
ined with an Olympus fluorescence microscope (BX-FLA) or a Zeiss confocal
laser-scanning fluorescence microscope (LSM510UV). The intensity of fluores-
cence was quantified by image analyzing computer software NIH Image.

Western blotting. Cell extracts were prepared by trichloroacetic acid precipi-
tation as described previously (51). Proteins were separated by electrophoresis
with a 10% acrylamide gel and then analyzed by immunoblotting. Antibodies
were detected using the ECL method (Amersham Life Science).

Immunohistochemistry. Whole heads of mice at embryonic day 15 were fixed
overnight in 4% paraformaldehyde. Sections were prepared as described previ-
ously (20). Tissue sections were stained with a rabbit polyclonal antibody raised
against E2A, HEB, or FGFR3 and then incubated in biotinylated goat anti-rabbit
IgG (Vector Laboratories). Immunostains were visualized by using a peroxidase
substrate system (Vectastain-elite ABC kit; Vector). Irrelevant rabbit IgG was
used for control experiments. After immunostaining, sections were counter-
stained by immersion in 0.5% methyl green in 0.1 M sodium acetate solution (pH
4.0) and then observed under a light microscope.

ALP activity assay. Alkaline phosphatase (ALP) activity in cell supernatants
was assayed as outlined in detail previously (6). Briefly, at the end of the culture
periods, the cells were washed with PBS and scraped into 10 mM Tris-HCl (pH
7.5)–0.5 mM MgCl2–0.1% Triton X-100. The ALP activity in thawed and soni-
cated samples was measured using an ALP diagnostic kit (Sigma; 104-LS).
Absorbance at 410 nm was read, and the enzyme activity was calculated. Protein
concentrations were determined with the Bio-Rad protein assay kit. ALP specific
activity was calculated as nanomoles of p-nitrophenylphosphate per microgram
of protein.

RESULTS

Cell cycle arrest and p21 induction in differentiating MG63
cells. MG63 cells used in the present study are p53 deficient (9)
and retain common features of normal human osteoblasts,
such as the ability to differentiate in culture by serum starva-
tion with 1,25-(OH)2D3, an active form of vitamin D3 (8). First,
we investigated how serum starvation and 1,25-(OH)2D3 influ-
ence cell cycle arrest of MG63 cells. MG63 cells, when cultured
in medium with 0.1% FBS for 72 h, showed a great reduction
in the proportion of cells in S and G2/M phases (from 33 to
7%) (Table 1; Fig. 1A). This result indicates that low-serum
culture induces G1 arrest of the cell cycle preceding differen-
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tiation of MG63 cells. The arrest was accelerated by the addi-
tion of 1,25-(OH)2D3 (Table 1).

To gain insight into the molecular mechanism of G1 arrest,
we examined whether low-serum culture induced expression of
p21. Culture in low-serum medium induced expression of en-
dogenous p21 in nuclei of MG63 cells (Fig. 2A, a and b),
suggesting that induction of the p21 gene is involved in cell
cycle arrest induced by low-serum culture. To monitor the
promoter activity of the p21 gene, the reporter plasmid (p21-
luc) carrying the 2.4-kb fragment encompassing the p21 pro-
moter region was transfected into MG63 cells. Then the cells

were cultured for 48 h in medium with 10, 2, or 0.1% FBS, and
luciferase activity of cell lysates was determined. A slight in-
crease (approximately twofold) in luciferase activity was seen
by culture in medium with 2% FBS compared with that in
medium with 10% FBS; culture in medium with 0.1% FBS
greatly enhanced luciferase activity by up to six-to eightfold
(Fig. 1B). These results indicate that serum starvation induces
activation of the p21 gene promoter.

We directly tested if p21 could induce cell cycle arrest in
MG63 cells. MG63 cells were transfected with an expression
plasmid encoding p21 as well as the �-Gal expression vector
and examined for BrdU incorporation by immunostaining. The
incorporation of BrdU was impaired in 95.2% of p21-positive
MG63 cells cultured in high serum (Fig. 1C), supporting a
close link between p21 induction and cell cycle arrest in MG63
cells. Importantly, both cell cycle arrest and p21 induction by
serum starvation are independent of p53 in MG63 cells.

Activation of the p21 promoter by ectopic E2A. To deter-
mine whether E2A proteins play a part in growth arrest of
MG63 cells, we examined the expression of endogenous E2A
proteins. Our investigation revealed that E2A was present in
nuclei of MG63 cells cultured in high serum (10% FBS). Low-
serum culture (0.1% FBS) enhanced the expression of E2A
(Fig. 2A, c and d). Western blot analysis demonstrated that the
average level of E2A expression in MG63 cells cultured in low
serum was significantly higher than that in the cells cultured in
high serum (Fig. 2B). It should be noted that induction of
endogenous p21 expression paralleled the enhanced expres-
sion of endogenous E2A (Fig. 2A, a to d).

To determine whether E2A proteins regulate the expression
of p21, we examined the effects of the E2A gene products, E12
and E47, on p21 promoter activity in MG63 cells. MG63 cells
were cotransfected with p21-luc and an E2A expression plas-
mid (pCMV-E12 or pCMV-E47), and luciferase activities were
determined after 48 h of culture. Overexpression of E12 in-
duced activation of the p21 promoter up to 400-fold in an E12
dose-dependent manner (Fig. 3A). The E12 N-terminal dele-
tion mutant (aa 508 to 654; del E12) lacking the transcription
activation domain (1) failed to induce p21 promoter activation
(Fig. 3A). Similarly, the p21 promoter was activated by the
ectopic expression of E47, although the magnitude of activa-
tion was lower than that of E12. Additive effects of E12 with
E47 were not evident (Fig. 3A). These results demonstrate that
the E2A products, E12 and E47, induce p21 promoter activity
in MG63 cells.

The p21 gene is shown to have seven putative E2A-binding
sequences (designated E1 to E7) spreading over the 2.4-kb
sequence upstream of the transcriptional initiation site (Fig.
3B). These binding sequences are expected to mediate the
E2A-dependent activation of the p21 promoter. To examine
this assumption, truncated fragments containing E2A-binding
sites were linked to the luc reporter plasmids and tested for
their ability to respond to E2A in MG63 cells. A profound
reduction in E2A responsiveness was seen in a mutant carrying
only three proximal E2A-binding sequences (E1 to E3) (Fig.
3C). Our results suggest the involvement of multiple elements
in the p21 promoter region in E2A-induced activation of p21
gene transcription.

Endogenous p21 induction and repression of BrdU incor-
poration by ectopic E12 expression. We further tested if E12

FIG. 1. Effects of serum starvation on cell cycle arrest and p21
expression in MG63 cells. (A) G1 arrest by serum starvation. MG63
cells were cultured in DMEM containing 10% FBS (a) or 0.1% FBS
(b) for 48 h and analyzed for their DNA content by flow cytometry. (B)
Activation of p21 promoter by serum starvation. MG63 cells were
transfected with 2.5 �g of p21-luc, cultured in DMEM containing
either 10, 2, or 0.1% FBS for 48 h, and collected for luciferase assay.
Luciferase activity is expressed as fold increase over that for cells
cultured in DMEM containing 10% FBS. (C) Inhibition of cell growth
by p21 as measured by BrdU incorporation. MG63 cells were trans-
fected with pCMV-p21 and pCMV-�-gal plasmids and maintained in
DMEM containing 10% FBS for 48 h. BrdU was added 1 h before
fixation. Arrowheads, positions corresponding to cells. The cells were
stained for �-Gal (a), BrdU (b), and DNA (c). DAPI was used for
counterstaining to visualize the nucleus. Scale bar, 20 �m.

TABLE 1. Cell cycle distribution of serum-starved and 1,25-
(OH)2D3-treated MG63 cellsa

Time
(h)

Percentage of cells in S and G2/M at indicated FBS concn (%)
and 1,25-(OH)2D3 statusb

10 2
0.1c

� � � �

24 32.9 32.4 26.1 22.7 nd
48 25.5 20.5 13.7 10.2 8.3
72 15.7 15.1 13.6 12.1 7.6

a MG63 cells were cultured in DMEM with FBS at the concentrations indi-
cated. The cells were treated with or without 1,25-(OH)2D3 for the indicated
times and analyzed for DNA content by propidium iodide staining with a flow
cytometer. Data were processed using Cell Quest. nd, not determined.

b �, present; �, absent.
c 1,25-(OH)2D3 was absent at this FBS concentration.
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could stimulate expression of the endogenous p21 gene. MG63
cells were transfected with pCMV-E12 and examined for p21
expression by immunostaining. Upon introduction of E12, en-
dogenous p21 expression was induced in cells expressing high
levels of E12 even when cultured in high serum (Fig. 4A; Table
2). These observations strongly support a close link between
p21 induction and E12 expression in MG63 cells (Fig. 2). The
incorporation of BrdU, conversely, was decreased in E12-pos-
itive MG63 cells cultured in high serum (Fig. 4B; Table 2).
Similar experiments were carried out by introduction of �-Gal
expression vector pCMV-�-gal in addition to E12 expression
vector pCMV-E12 to identify cells transfected. Cells express-

FIG. 2. Effects of serum starvation on expression of p21, E2A,
Twist, and Id1 in MG63 cells. (A) Proliferating MG63 cells in DMEM
containing 10% FBS (a, c, e, and g) and G1-arrested MG63 cells in
DMEM containing 0.1% FBS (b, d, f, and h) were stained with anti-
bodies for p21 (fluorescein; a and b), E2A (rhodamine; c and d), Twist
(rhodamine; e and f), and Id1 (rhodamine; g and h) and observed
under a fluorescence microscope. Scale bar, 20 �m. (B) MG63 cells
with (�) or without (�) the E12-expressing plasmid were cultured in
indicated concentrations of FBS. Equal amounts of whole-cell extracts
were analyzed by Western blotting with antibodies against E2A and
	-tubulin, Lane �, expression of E12 in cells exogenously transfected.

FIG. 3. Activation of p21 promoter by E12 and E47 independent of
p53. (A) Transcriptional activation of p21 promoter by E12 and E47.
MG63 cells were cotransfected with 2.0 �g of the p21-luc reporter
plasmid in combination with pCMV-E12, pCMV-E47, or pCMV-del
E12 (�1-507). The cells were cultured in DMEM containing 2% FBS
for 48 h and collected for luciferase assay. Luciferase activity mediated
by pcDNA3 is arbitrarily set at 1. (B) Schematic diagram of luc re-
porter constructs. The 2.4-kb promoter sequence of the p21 gene (solid
line) was cloned at the site upstream of the luciferase gene in p21-luc.
Possible binding sites for E2A (inverted triangles) and p53 (boxes) in
the promoter are shown. Dashed lines, internal deletions. (C) Two
micrograms of p21 promoter deletion mutant reporter plasmids with
or without the E12 or E47 expression plasmid (2 �g) along with the
pCMV-�-gal plasmid was transfected into MG63 cells. The cells were
cultured in DMEM containing 2% FBS for 48 h and collected for
luciferase assay. Luciferase activities were normalized against �-Gal
activities. Activities relative to that mediated by the empty pcDNA3
are shown.
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ing �-Gal produced p21 with E12 expression at high levels and
were impaired in incorporation of BrdU (data not shown).
Upon introduction of pCMV-�-gal with a control empty vec-
tor, neither endogenous p21 induction nor inhibition of incor-
poration of BrdU was observed (data not shown). No appre-
ciable induction of p21 was seen, even in MG63 cells
expressing E12, when the antisense p21 sequence was overex-
pressed (Fig. 4C). In addition, introduction of the p21 anti-

sense sequence inhibited E12-mediated cell cycle attenuation;
all cells expressing E12 in Fig. 4D were BrdU positive, unlike
cells expressing E12 in Fig. 4B. The proportion of E12-positive
MG63 cells expressing p21 was approximately equivalent to
that of cells incapable of synthesizing new DNA (Table 2). The
forced expression of E12 thus presumably causes MG63 cells
to arrest at G1 phase through the induction of p21.

Transcriptional inhibition of the p21 gene by Twist and Ids.
Twist has been shown to interact with E12 (24, 62) and to be
expressed in early preosteoblasts (55). We therefore examined
by immunostaining with a polyclonal antibody raised against
the amino terminus of Twist whether Twist was expressed in
MG63 cells. Twist was predominantly present in nuclei of
MG63 cells cultured in medium containing either 2 (data not
shown) or 10% FBS (Fig. 2A, e). Interestingly, we found a
peculiar localization of Twist in serum-starved MG63 cells; it
was mainly localized in the cytoplasm with a granular appear-
ance and was weakly positive in nuclei (Fig. 2A, f). Similar
results were obtained using a polyclonal antibody raised
against the carboxyl terminus of Twist (data not shown).

To further analyze the biological significance of the interac-
tion of Twist with E2A for p21 induction in MG63 cells, we
tested the role of Twist in E2A-dependent activation of p21
transcription. When p21-luc was transfected along with the
Twist expression vector, a great reduction in luciferase activity
in both E12- and E47-containing cells was observed (Fig. 5A
and B), indicating antagonistic effects of Twist on E2A-in-
duced transcriptional activation. Some patients with Saethre-
Chotzen syndrome have mutations in the TWIST gene (17, 28).
A nonsense mutation (Y103X) found in a patient was exam-
ined for its effect on E2A-induced p21 activation. Unlike the
wild type, the Twist mutant failed to inhibit p21 promoter
activation in response to E2A (Fig. 5A and B). The inhibitory
effect of Twist on E12-dependent p21 promoter activation was
dose dependent (Fig. 5C). We similarly attempted to deter-
mine whether exogenous Twist suppressed the p21 transcrip-
tional activation induced by serum starvation. MG63 cells were
transfected with or without the Twist expression vector along
with p21-luc and then cultured in medium containing either
0.1, 2, or 10% FBS. As expected, the exogenous expression of
Twist suppressed the stimulatory effect of low-serum culture
on p21-luc expression, while the Twist (Y103X) mutant had
little, if any, effect on low-serum-mediated p21 promoter acti-
vation (Fig. 5D).

FIG. 4. Effects of E12 on endogenous p21 expression and BrdU
incorporation in MG63 cells. (A) Activation of endogenous p21 by E12
overexpression. MG63 cells were transfected with pCMV-E12 and
maintained in DMEM containing 10% FBS for 72 h. The cells were
fixed and stained for E12 (rhodamine; a), p21 (fluorescein; b), and
DNA (DAPI; c). DAPI was used for counterstaining to visualize the
nucleus. Arrowheads, cells transfected with E12. (B) Effects of E12 on
cell proliferation. MG63 cells were treated by the same procedure as
for panel A. BrdU was added 1 h before fixation. Arrowheads, posi-
tions corresponding to cells. The cells were stained for E12 (rhoda-
mine; a), BrdU (fluorescein; b), and DNA (DAPI; c). (C) Impairment
of E12-dependent p21 induction by the p21 antisense plasmid. MG63
cells were transfected with pCMV-E12 and an antisense p21 construct
(pCMV-p21as) and maintained in DMEM containing 10% FBS for
72 h. The cells were fixed and stained for E12 (rhodamine; a), p21
(fluorescein; b), and DNA (DAPI; c). Arrowheads, cells expressing
E12. (D) Impairment of E12-mediated cell cycle attenuation by the
p21 antisense plasmid. MG63 cells were treated by the same procedure
as for panel C. BrdU was added 1 h before fixation. Arrowheads,
positions corresponding to cells. The cells were stained for E12 (rho-
damine; a), BrdU (fluorescein; b), and DNA (DAPI; c). Scale bar, 20
�m.

TABLE 2. Effects of E12 expression on DNA synthesis and p21
expressiona

Transfection

% of cells that were:

E12� and: E12� and:

p21� BrdU� p21� BrdU�

E12 88.3 81.4 0.1 43.7
E12 � p21as 15.0 27.6 0.1 51.0

a MG63 cells were transiently transfected with 5.0 �g of pCMV-E12 and either
an empty vector or pCMV-p21 antisense (p21as). The cells were maintained in
DMEM containing 10% FBS. The expression of p21 was monitored by immu-
nostaining of E12 and p21 (Fig. 4A and C). DNA synthesis was evaluated by
measuring the uptake of BrdU for 1 h in a parallel dish of cells, and cells were
stained for E12 (Fig. 4B and D). At least 150 cells were counted in each category,
and results are representative of multiple experiments performed.
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Id proteins are dominant-negative-type HLH molecules
which contain functional HLH dimerization motifs but which
lack the DNA-binding basic region (4). Id1 is expressed in
early preosteoblasts, similar to Twist (39, 55). Our investiga-
tion revealed that Id1 was present in the nuclei of MG63 cells
cultured in high serum (10% FBS) and low serum (0.1% FBS)
(Fig. 2A, g and h). Therefore, the effects of expression of Id
proteins, in addition to Twist, with respect to p21 promoter
activation were examined. Both Id1 and Id2 reduced luciferase
activities driven by the p21 promoter in response to E12 and
E47 (Fig. 5A and B). The inhibitory levels achieved by Id1 and
Id2 expression were equivalent to those achieved by Twist
expression. These results are compatible with the report that
overexpression of Id1 in NIH 3T3 cells accelerates cell growth
and inhibits p21 expression (52). Ids have been shown to act as
dominant-negative antagonists of other bHLH transcription
factors (48, 52), but the effects of Ids on Twist function are not
known. We thus investigated how Id expression influenced the
function of Twist. The inhibition of E2A-dependent p21 pro-

moter activation by Twist was further enhanced by addition of
either Id1 or Id2 (Fig. 5A and B), suggesting that Twist, Id1,
and Id2 inhibit p21 expression in a cooperative manner.

Inhibition of endogenous p21 induction by ectopic Twist and
Ids. We further tested if Twist and Id proteins could inhibit
expression of the endogenous p21 gene. MG63 cells were
transfected with expression plasmids for E12 and Twist and
then examined for p21 expression by immunostaining. Upon
introduction of E12, endogenous p21 expression was induced
in cells expressing high levels of E12 (Fig. 4A). Overexpression
of Twist abolished the endogenous p21 expression induced by
E12 (Fig. 6A and Table 3). Interestingly, overexpression of Id1
or Id2 showed little effect on E12-dependent endogenous p21
expression (Fig. 6B and C and Table 3), in contrast to the
profound inhibition of the p21 promoter in reporter plasmids
(Fig. 5A and B).

Competition of E12-dependent transcriptional activity be-
tween CBP and Twist. The coactivator p300/CBP harboring
histone acetyltransferase (HAT) activity has been shown to
interact with E12 (16). HAT activity is thought to be important
for decondensing the chromatin and facilitating the binding of
the RNA polymerase II transcription complex to core promot-
ers (2, 44). To analyze the functional implications of the inter-
actions between E12 and the HAT coactivator, we studied the
effects of CBP on E12-dependent transcriptional activation of
the p21 gene. Overexpression of CBP significantly enhanced
the E12-mediated transactivation of the p21 promoter in the
absence of Twist (Fig. 5C). Twist-induced inhibition of p21

FIG. 5. Effects of Twist, Id1, Id2, and CBP on E2A-dependent
transactivation of p21. (A) Inhibition of E12-dependent transactiva-
tion of p21 by Twist, Id1, and Id2. MG63 cells were cotransfected with
2.5 �g of p21-luc in combination with 2.0 �g of either pCMV-E12,
pCMV-Twist, pCMV-Twist (Y103X), pCMV-Id1, or pCMV-Id2. The
cells were cultured in DMEM containing 2% FBS for 48 h and col-
lected for luciferase assay. Activation mediated by pcDNA3 is arbi-
trarily set at 1. (B) Inhibition of E47-dependent transactivation of p21
by Twist, Id1, and Id2. MG63 cells were cotransfected as for panel A
except for pCMV-E12, which was replaced with 2.0 �g of pCMV-E47.
(C) CBP-mediated suppression of inhibition of E12-dependent p21
transcription by Twist. MG63 cells were cotransfected with 1.0 �g of
p21-luc and 0.25 �g of either pcDNA3 or pCMV-E12. The cells were
cultured in DMEM containing 2% FBS for 48 h and collected for
luciferase assay. Activation mediated by pcDNA3 is arbitrarily set at 1.
(D) Twist-mediated inhibition of p21 gene expression induced by se-
rum starvation. MG63 cells were transfected with 2.5 �g of p21-luc and
2.5 �g of pCMV-Twist or pCMV-Twist (Y103X). The cells were cul-
tured in DMEM containing either 10, 2, or 0.1% FBS for 48 h and
collected for luciferase assay. Luciferase activity is expressed as fold
increase over that for vehicle-transfected cells cultured in DMEM
containing 10% FBS. Empty vector pcDNA3 was included to adjust
DNA amounts.

FIG. 6. Inhibition of E12-dependent p21 induction by Twist and
Ids overexpression. MG63 cells were transfected with pCMV-E12 and
either pCMV-Twist (A), pCMV-Id1 (B), or pCMV-Id2 (C). DNA
amounts used for transfection were adjusted by empty vectors. The
cells were maintained in DMEM containing 10% FBS for 72 h. The
cells were fixed and stained for E12 (rhodamine; a), p21 (fluorescein;
b), and DNA (DAPI; c). Arrowheads, cells expressing E12. Scale bar,
20 �m.
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promoter activation in response to E12 was overcome by CBP
in a dose-dependent manner (Fig. 5C). Taken together, these
findings support the view that CBP acts as a coactivator of the
E12-mediated transcription of the p21 promoter and suggest
that Twist suppresses transcriptional activity conferred by a
combination of E12 and CBP.

Transcriptional regulation of the FGFR3 gene by E2A,
Twist, Ids, and CBP. We were interested in investigating the
transcriptional regulatory mechanism that involves E2A, Twist,
and Ids in osteoblast differentiation beyond cell cycle arrest.
Thus these molecules were tested for their effects on expres-
sion of the FGFR3 gene. FGFR3 is expressed in differentiating
osteoblasts at the osteogenic front (55), presumably leading to
the upregulation of genes related to osteoblast differentiation
(10). MG63 cells were cotransfected with luciferase reporter
construct FGFR3-luc containing the 1.5-kb promoter sequence
of the FGFR3 gene, along with one of E2A expression vectors
pCMV-E12 and pCMV-E47. Overexpression of either E12 or

E47 activated the FGFR3 promoter in a dose-dependent man-
ner (Fig. 7A). We searched potential sequences for E2A bind-
ing in the FGFR3 gene promoter and found six candidates
spreading over the 1.5-kb sequence upstream of the transcrip-
tional initiation site (Fig. 7B). To examine whether these bind-
ing sequences mediate the E2A-dependent activation of the
FGFR3 promoter, 5�-end-truncated fragments of the FGFR3
promoter were linked to the luc reporter plasmids and tested
for their ability to respond to E2A in MG63 cells. All mutant
fragments, even those lacking any putative E2A-binding sites,
were found to be activated as highly as the wild type (Fig. 7C).

We next tested the role of Twist, Id1, and Id2 in E2A-
dependent activation of FGFR3 transcription. A reduction in
luciferase activity from FGFR3-luc was observed by expression
of either Twist, Id1, or Id2, while no significant change was
induced by expression of the Twist (Y103X) mutant (Fig. 7D).
Twist-induced inhibition of FGFR3 promoter activation in re-
sponse to E12 was overcome by CBP in a dose-dependent

FIG. 7. Effects of E2A, Twist, Id1, Id2, and CBP on FGFR3 transcription in MG63 cells. (A) Transcriptional activation of the FGFR3 promoter
by E12 and E47. MG63 cells were cotransfected with 2.5 �g of the FGFR3-luc reporter plasmid along with pCMV-E12 or pCMV-E47. Cells were
harvested 48 h after transfection and then assayed for their luciferase activities. (B) Schematic diagram of luc reporter constructs. The 1.5-kb
promoter sequence of the FGFR3 gene (solid line) was cloned at the site upstream of the luciferase gene in FGFR3-luc. Possible binding sites for
E2A (inverted triangles) in the promoter are shown. (C) Two micrograms of FGFR3 promoter deletion mutant reporter plasmids with or without
the E47 expression plasmid (2 �g) along with the pCMV-�-gal plasmid was transfected into MG63 cells, and luciferase assays were performed.
Luciferase activities were normalized against �-Gal activities. Activities relative to that mediated by the empty pcDNA3 are shown. (D) Inhibition
of E2A-dependent transactivation of FGFR3 by Twist, Id1, and Id2. MG63 cells were cotransfected with 2.5 �g of p21-luc in combination with
2.0 �g of pCMV-E12, pCMV-E47, pCMV-Twist, pCMV-Twist (Y103X), pCMV-Id1, and pCMV-Id2. The cells were harvested 48 h after
transfection and then assayed for reporter gene expression. (E) CBP-mediated suppression of inhibition of E12-dependent FGFR3 transcription
by Twist. MG63 cells were cotransfected with 1.0 �g of FGFR3-luc and 0.25 �g of either pcDNA3 or the pCMV-E12 expression vector. Activation
mediated by pcDNA3 is arbitrarily set at 1. (F) Additive effect of E2A and 1,25-(OH)2D3 on FGFR3 expression. MG63 cells were transfected with
2.5 �g of FGFR3-luc and 2.5 �g of pCMV-E12. The cells were cultured in DMEM containing either 10, 2, or 0.1% FBS with or without
1,25-(OH)2D3 for 48 h and collected for luciferase assay. Luciferase activity is expressed as fold increase over that for vehicle-transfected cells
cultured in DMEM containing 10% FBS. DNA amounts were adjusted by empty vectors.
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manner (Fig. 7E). These results demonstrate that FGFR3 is a
transcriptional target of E2A, and this expression could be
regulated by a coordination of Twist, Ids, and CBP, similar to
what was found for the p21 gene.

Expression of E2A and FGFR3 during calvarial bone devel-
opment in vivo. To address the implications of E2A and
FGFR3 for in vivo calvarial bone development, we examined
the localization of the two molecules in calvarial bone tissue of
mouse fetus by immunostaining. An examination of fetuses at
embryonic day 15 showed that E2A was expressed at bordering
areas of condensing calvarial mesenchyme just lateral to the
temporal cartilage (Fig. 8A, a and b). Expression of FGFR3
was found at the same sites (Fig. 8A, c). Ubiquitous bHLH
factor HEB was also expressed in the developing calvarial
bones (data not shown). The border positive for E2A, HEB,
and FGFR3 is known to be an osteogenic area where osteo-
progenitors differentiate into the parietal bones through osteo-
blasts (55). Interestingly, E2A and FGFR3 were also expressed
in differentiated neurons of the cortical plate, whereas very low
levels of FGFR3 and E2A were detected in undifferentiated
cells of the ventricular zone (Fig. 8A). These findings strongly
support the possibility that bHLH molecules E2A and presum-
ably HEB play roles in regulating the expression of FGFR3.

Endogenous FGFR3 induction by ectopic E47 expression.
We further tested if E47 could stimulate expression of the
endogenous FGFR3 gene. MG63 cells were cotransfected with
pCMV-E47 and pnGFP and examined for FGFR3 expression
by immunostaining. Upon introduction of E47, endogenous
FGFR3 expression in cells cultured in 2% FBS was greatly
enhanced (Fig. 8B). Quantitative analysis of the integrated
density indicated that MG63 cells transfected with E47 ex-
pressed endogenous FGFR3 at a level approximately twofold
that at which it was expressed in untransfected cells. These
observations are consistent with the reporter assay (Fig. 7A)
and strongly support the implication of E47 in FGFR3 pro-
moter activation in MG63 cells.

Effects of 1,25-(OH)2D3 on expression of p21 and FGFR3.
1,25-(OH)2D3 stimulates MG63 cells to differentiate into cells
with osteoblastic phenotypes under low-serum conditions (6).
We therefore examined the effects of 1,25-(OH)2D3 on the
bHLH-regulated transcriptional regulatory network. Low-se-
rum-induced G1 cell cycle arrest of MG63 cells was enhanced
by the addition of 1,25-(OH)2D3 (Table 1). The p21 promoter
was slightly activated (approximately 1.5-fold) in response to
1,25-(OH)2D3 with 2% FBS when the vitamin D3 receptor was
introduced into the MG63 cells (data not shown).

FIG. 8. Osteoblast differentiation in vivo and in vitro. (A) E2A and FGFR3 expression in the developing calvarial bones. Frontal sections were
stained with antibodies for E2A (a and b) and FGFR3 (c). Solid arrowheads (a to c) and open arrowhead (a), cortical plate and the ventricular
zone, respectively. The region between arrows (b and c) indicate parietal bones with osteoblast differentiation. Box (a), magnified area shown in
panels b and c. cc, cerebral cortex; pb, parietal bone; tc, temporal cartilages; ep, epithelium. Scale bar, 200 �m. (B) Activation of endogenous
FGFR3 by E47 overexpression. MG63 cells were transfected with pCMV-E47 and pnGFP and maintained in DMEM containing 2% FBS for 72 h.
The cells were fixed and stained for FGFR3 (rhodamine; b) and DNA (DAPI; c). pnGFP (fluorescein; a) was used as a marker to visualize the
transfected cells. DAPI was used for counterstaining to visualize the nucleus. Arrowheads, cells transfected with E47. Scale bar, 20 �m. (C) Effects
of 1,25-(OH)2D3 with serum starvation on expression of endogenous FGFR3 in MG63 cells. Proliferating MG63 cells in DMEM containing 10%
FBS (a) and G1-arrested MG63 cells in DMEM containing 0.1% FBS with 1,25-(OH)2D3 (b) were stained with antibodies for FGFR3 and observed
under a confocal laser microscope. Scale bar, 20 �m. (D) ALP activity in MG63 cells. Cells were transfected with either pCMV-E12, pCMV-Twist,
or empty vector and cultured with or without 1,25-(OH)2D3 for 96 h. The cells were harvested, and cell extracts were prepared for determining
ALP activities. Values are means with standard errors of three independent experiments.
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The influence of 1,25-(OH)2D3 on the expression of FGFR3
in MG63 cells further examined. 1,25-(OH)2D3 with 2% FBS
showed little effect (approximately 1.8-fold enhancement) on
E12-induced activation of the FGFR3 promoter (Fig. 7F).
Western blot analysis indicated that amounts of E2A mole-
cules did not appear to be changed greatly in response to
1,25-(OH)2D3 (data not shown). Thus the effects of 1,25-
(OH)2D3 and E2A on the FGFR3 promoter seemed to be
independent and additive (Fig. 7F). The 1,25-(OH)2D3 effect
was presumably exerted through two possible vitamin D re-
sponse elements in the FGFR3 promoter region. We then
examined by immunostaining with a polyclonal antibody raised
against FGFR3 whether FGFR3 was induced by 1,25-(OH)2D3

in low-serum medium. Immunofluorescence staining revealed
that 1,25-(OH)2D3 in low-serum culture profoundly enhanced
the expression of endogenous FGFR3 in the cytoplasm (Fig.
8C). However it was hard to see any difference in endogenous
FGFR3 expression between 0.1%-serum cultures with and
without 1,25-(OH)2D3 (data not shown).

Osteoblast differentiation by bHLH proteins. We finally
wished to examine the possibility that bHLH-mediated coor-
dination of p21 and FGFR3 expression induced osteoblast
differentiation. This issue was assessed by examining induction
of ALP, which is considered a marker of the final differentia-
tion of osteoblasts. MG63 cells cultured in low serum (0.1%)
produced a significant amount of ALP (Fig. 8D), similar to the
results of low-serum-induced activation of E2A, as shown in
Fig. 2. No appreciable change between 10 and 2% serum
culture was observed (Fig. 8D). Either addition of 1,25-
(OH)2D3 or overexpression of E12 slightly enhanced expres-
sion of ALP in 0.1%-FBS culture; additive effects were seen
when both treatments were done together. Introduction of
Twist into MG63 cells cultured in 0.1% FBS with 1,25-
(OH)2D3 remarkably reduced the level of ALP. These results
directly demonstrate the involvement of bHLH molecules in
physiological osteoblast differentiation.

DISCUSSION

The present study demonstrates that E2A transcription fac-
tors (E12 and E47), HLH transcriptional inhibitors (Twist, Id1,
and Id2), and coactivator CBP regulate the expression of the
p21 and FGFR3 genes, which are closely associated with cell
cycle arrest and differentiation of osteoblasts, respectively. Cel-
lular differentiation involves at least two major and distinct
steps: (i) commitment, which irreversibly withdraws proliferat-
ing cells from the cell cycle, and (ii) induction of tissue-specific
genes, which promote differentiation resulting in expression of
characteristic phenotypes. This is the first report showing the
involvement of common transcriptional regulation in two
genes expressed at distinct steps in the course of osteoblast
differentiation. The finding that these transcription factors are
involved in regulation of differentiation through gene expres-
sion related to cell cycle arrest and tissue-specific gene expres-
sion, particularly regulation of the p21 gene, may be applicable
to other cell lineages besides osteoblasts. This assumption may
be supported by observations that MyoD induces terminal cell
cycle arrest during skeletal muscle differentiation by increasing
the expression level of p21 (22) and that Twist inhibits the
expression of the MCK gene by interacting with MyoD (24, 62).

p53 has been shown to be responsible for cell cycle arrest at
the G1 phase through direct induction of the p21 gene (15, 18).
In contrast, p53-independent induction of p21 has been dem-
onstrated in several cell lineages (60, 63). It should be noted
that mice that are homozygous for a targeted disruption of the
p53 gene develop normally (14). There is a paucity of infor-
mation on p53 expression during differentiation from preos-
teoblasts to mature osteocytes via osteoblasts. Our results show
that the p53-deficient osteoblasts remain arrested in G1 phase
when cultured in low-serum medium, suggesting the possibility
that cell cycle withdrawal and induction of p21 occur indepen-
dently of p53 in osteoblasts. p53 may act synergistically with
E2A, to activate p21 expression in wild-type cells. Alterna-
tively, regulation of p21 gene expression by p53 may be inde-
pendent of regulation by E2A. HEB, a ubiquitous bHLH fac-
tor with biochemical and functional properties similar to those
of E2A (29), was expressed in the developing calvarial bones
and the nuclei of MG63 cells (data not shown). These results
may support the observation that E2A-deficient mice do not
show bone formation defects (71); these transcription factors
presumably compensate each other.

This study presents several aspects of the mechanism by
which low-serum culture induces p21. An increase in the
amount of E2A in the nucleus due to low-serum culture (Fig.
2A, c and d, and B) is, at least in part, responsible for induction
of the p21 gene. E47 has also been reported to be increased
during erythroid differentiation by the addition of stem cell
factor (70). The p21 promoter region contained multiple bind-
ing sites for p53 and E2A (Fig. 3B), and two proximal E2A-
binding sites (E1 and E2) were demonstrated to be able to
mediate E47-dependent activation in HeLa cells (52). Our
deletion analysis of the p21 promoter indicates that the two
proximal E2A-binding sites are not sufficient for E47-depen-
dent activation of the promoter in osteoblast cell line MG63
(Fig. 3C). The discrepancy in results between the two groups
may be due to differences in the experimental systems, includ-
ing the different cell lines used. It is possible that E2A activates
the p21 promoter indirectly. Deletion analysis of the FGFR3
promoter also indicates that the putative E2A binding sites are
not sufficient for E47-dependent activation of the promoter in
MG63 cells (Fig. 7C). Further studies on the implications of
bHLH proteins in these promoters would be useful for our
understanding of osteoblastic differentiation and Saethre-
Chotzen syndrome.

We demonstrate in this study that overexpression of coacti-
vator CBP transcriptionally enhances E12-dependent activa-
tion of the p21 promoter in osteoblasts (Fig. 5C). This result is
similar to previous reports that p300/CBP is required for the
expression of cell cycle inhibitors p21 and p27 in F9 cells (31).
The induction of p21 expression in keratinocyte differentiation
is dependent on p300, which alone has been shown to be
unable to stimulate the p21 promoter to any significant extent
(37). E2A proteins recruit p300/CBP to activate target genes
via nuclear HAT activity (16). HAT activity seems to play a
role in the induction of p21 gene expression during osteoblast
differentiation.

Our results further show that Twist, Id1, and Id2 inhibit
transcription of the p21 gene induced by the combination of
E2A and CBP. Twist and Ids are involved in the suppression of
differentiation through inhibition of p21 expression, preventing
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unnecessary G1 arrest. We assume that growing cells are in-
hibited in expressing p21 presumably by formation of a multi-
component complex consisting of an activator complex of E2A
with p300/CBP and the inhibitor Twist. Physical interactions
between E2A and E2A (40), E2A and Twist (24, 62), E2A and
Ids (25), E2A and p300/CBP (16, 54), and Twist and p300/CBP
(23) have been reported. In particular, overexpression of Twist
completely suppressed E12-dependent induction of endoge-
nous p21 expression (Fig. 6A and Table 3), while overexpres-
sion of Ids was less effective in suppression of endogenous p21
expression in response to E12 (Fig. 6B and C and Table 3). Ids
may be present in insufficient amounts in our experiment.
Alternatively, the difference may be due to the functional prop-
erties of Twist and Ids. Very recently Twist has been reported
to bind directly to p300/CBP and p300/CBP-associated factor
through two independent HAT domains, resulting in inhibition
of HAT activities (23). HAT activity is important for decon-
densing the chromatin (2, 44), changing the accessibility of the
transcription machinery (67). In contrast, it has not been re-
ported that Ids have the ability to inhibit HAT activities. Tran-
scription from ectopic reporter plasmids lacking a condensed
chromatin structure is inhibited by Ids; however Ids ineffec-
tively inhibit the endogenous p21 gene promoter with the chro-
matin structure. These ideas might be consistent with the ob-
servation that Saethre-Chotzen syndrome results from
mutations of the TWIST gene; nevertheless no mutations in the
Id genes of patients with Saethre-Chotzen syndrome have been
found so far, even though both molecules are expressed in
early preosteoblasts (55). Our observations firmly imply that
the inhibition of HAT activities may be a mechanism underly-
ing the Twist-mediated inhibition of the E2A-CBP-dependent
transcription.

Dimerization is essential for bHLH proteins to bind DNA
and exert transcriptional activity (34), and, in general, the
ubiquitously expressed E2A proteins heterodimerize with tis-
sue-specific bHLH proteins such as MyoD and myogenin in
myoblasts (34, 68), LYL1 in T cells (38), and eHAND in
trophoblasts (12). Cell-type-specific bHLH proteins can di-
rectly interact with the p300/CBP HAT (16, 41, 53, 54, 59)
when bound as a heterodimer with an E2A protein. Although
there has been no report concerning bone-specific bHLH fac-
tors, it is interesting to speculate that E2A heterodimerizes
with an unidentified bone-specific bHLH factor. This specula-

tion may be supported by our and other groups’ observations
on the transactivation activity of the bHLH proteins. For ex-
ample, E12 activates transcriptional activity of the p21 gene
more highly than E47 (Fig. 3A); nevertheless E12 is shown to
efficiently heterodimerize with tissue-specific bHLH factors
and not to homodimerize, unlike E47 (5, 64).

Low-serum culture of MG63 cells induces Twist expression.
Interestingly, we found that, in cells cultured in low-serum
medium, the Twist protein is predominantly and characteris-
tically present in the cytoplasm in a granular pattern, in con-
trast to nuclear localization of Twist protein in cells cultured in
high serum (Fig. 2A, e and f). bHLH proteins have been shown
to be posttranslationally modified in terms of phosphorylation
and dephosphorylation (30, 61). Granular localization in the
cytoplasm may result from phosphorylation that may be medi-
ated by a kinase activated upon low-serum culture. It has been
shown in yeast that phosphorylation alters the localization of
bHLH protein Pho4 (45). There is a possibility that Twist in
the cytoplasm blocks nuclear import of other bHLH factors.
The bHLH inhibitor I-mfa binds to MyoD family members and
blocks their nuclear import (32). Heterodimerization of bHLH
proteins has been proposed to take place in the cytoplasm
prior to nuclear import (21). An increase in the amount of
Twist due to low-serum culture may make the effect complete.

Without affecting the expression of genes participating in
proliferation, such as the E2F-1, E2F-2, cyclin E, and myc
genes (data not shown), Twist may make cells remain in an
undifferentiated state by regulating p21 expression, thereby
increasing the proliferation rate, and may have a role in the
genesis of some tumors. This is consistent with the fact that
enhanced expression of Twist is observed in rhabdomyosarco-
mas, which originate from undifferentiated mesenchymal cells
(36).

The present study paves the way for analyzing the molecular
etiology of craniosynostosis. Craniosynostosis syndromes are
characterized by early fusion of cranial sutures, presumably
based on an increase in osteoblast activity as a result of pre-
cocious osteoblast differentiation. Saethre-Chotzen syndrome
has been attributed to mutations of the gene for Twist or
FGFR3, and phenotypes in patients with mutations of TWIST
and FGFR3 are indistinguishable (56). The craniosynostosis
induced by a loss-of-function mutation of TWIST is a haplo-
insufficiency phenotype (7). Craniosynostosis associated with
FGFR3 with a Pro250Arg mutation is thought to be due to a
gain-of-function mechanism. Inhibition of transcription by
Twist would thus be greatly significant in determining the tim-
ing of initiation of osteoblast differentiation. Twist inhibits the
terminal differentiation of osteoprogenitors into osteoblasts by
inhibiting p21 and FGFR3 expression, while the Twist mutant
fails to inhibit p21 and FGFR3 promoter activation (Fig. 5 and
7D). These observations provide evidence that Twist and
FGFR3 are included in the same developmental pathway in
osteoblast differentiation (Fig. 9). Mutations in TWIST could
lead to a growth defect of osteoprogenitors in the early fusion
of the cranial suture by decreasing proliferation activity and
accelerating differentiation. Other types of FGFR molecules
may also be under the transcriptional regulation by the HLH
inhibitors. In addition, Twist probably functions as an inhibitor
of chondrogenesis by inhibiting expression of FGFR3, which
inhibits cell growth in the cartilaginous growth plates; expres-

TABLE 3. Effects of Twist and Ids on E12-dependent p21
expressiona

Transfection

% of cells that were:

E12� and: E12� and:

p21� p21� p21� p21�

E12 88.3 11.7 0.1 99.9
E12 � Twist 19.9 80.1 1.9 98.1
E12 � Id1 45.5 54.5 1.6 98.4
E12 � Id2 42.6 57.4 2.6 97.4

a MG63 cells were transiently cotransfected with 5.0 �g of pCMV-E12 and
either pCMV-Twist, pCMV-Id1, or pCMV-Id2. DNA amounts used for trans-
fection were adjusted by an empty vector. The cells were maintained in DMEM
containing 10% FBS. The expression of p21 was monitored by immunostaining
of E12 and p21 (Fig. 4A and 6). At least 150 cells were counted in each category,
and results are representative of multiple experiments performed.
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sion of Twist and terminal differentiation markers for chon-
drocyte precursors are mutually exclusive (27, 58).

Expression of FGFR3 is reported to be seen in neural crest,
limb, and head mesenchyme as well as bone (19, 33, 43, 49, 69).
We have shown that FGFR3 and E2A are expressed in differ-
entiated neurons, whereas very low levels of FGFR3 and E2A
were detected in undifferentiated cells of the ventricular zone
(Fig. 8A). In addition, FGFR3 functions in the neuronal dif-
ferentiation of PC12 cells (66). Some Saethre-Chotzen syn-
drome patients show not only synostosis of the coronal suture
but also limb abnormalities (brachydactyly and cutaneous syn-
dactyly), mental retardation, conductive deafness, and cleft
plates. These suggest that Twist and FGFR3 are presumably
implicated in the development of the epithelial cells and neu-
rons other than osteoblasts.

However it seems unlikely that all cells expressing p21 ex-
press FGFR3. Indeed we observed that the FGFR3 promoter
was not activated in rat embryonic fibroblasts, in contrast to
promoters of the MCK genes (data not shown). It is intriguing
to note that E2A overexpression induces p21 gene expression
to a greater degree than that of the FGFR3 gene (Fig. 3A
versus 7A). We thus speculate that there is a difference in gene
expression between p21 and FGFR3 in terms of transcriptional
regulation.

In a broader context, our study suggests that HLH factors
and coactivator CBP play multiple roles in development via the
cell cycle and differentiation of osteoblasts. The determination
of components of these developmental pathways could lead to
the identification of additional candidate genes for different
genetic diseases.
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