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Abstract We examined the mRNA expression of scleraxis, a non-myogenic helix-loop-helix type transcription
factor in C2C12 myogenic cells. Scleraxis mRNA has been shown to be expressed in sclerotome and perichondrium of
the embryos. We found that C2C12 cells express 1.2 kb scleraxis mRNA constitutively. Since BMP was reported to
induce ectopic bone formation when implanted in muscle, we examined the effects of BMP on scleraxis expression.
Scleraxis mRNA expression in C2C12 cells was suppressed by the treatment with BMP2. This suppression was observed
at 200 ng/ml but not at the lower concentrations. BMP2 treatment suppressed scleraxis mRNA level within 24 h and
lasted at least up to 48 h. Electrophoresis mobility shift assay showed that the proteins in the crude nuclear extracts
prepared from C2C12 cells bound to an Scx-E-box sequence, CATGTG, which is preferentially recognized by scleraxis.
This binding was competed out by 100-fold molar excess of cold Scx-E-box sequence but not by the one with mutations
in the E-box. This band was supershifted by the addition of antiserum raised against scleraxis. BMP2 treatment
suppressed the Scx-E binding activity in C2C12 cells. This suppression of the Scx-E-box binding activity was in parallel to
the BMP2 suppression of the transcriptional activity of the Scx-E-CAT reporter gene transfected into C2C12 cells. These
data indicated that although the default pathway for C2C12 cells is to differentiate into muscle cells, these cells do
express non-myogenic transcription factor, scleraxis, whose expression is suppressed by BMP2. J. Cell. Biochem.
67:66–74, 1997. r 1997 Wiley-Liss, Inc.
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Scleraxis is a helix-loop-helix (HLH) tran-
scription factor that is expressed in sclerotome
and perichondrium in embryos [Cserjesi et al.,

1995; Liu et al., 1996]. Mesenchymal cells could
give rise to muscle, cartilage, fat, and bone,
and, therefore, it is postulated that certain cells
at intermediate stages of differentiation could
give rise to more than one type of cells [Taylor
and Jones, 1979; Grigoriadis et al., 1988, 1990;
Bennett et al., 1991; Poliard et al., 1995). Myo-
genic cell differentiation is under the control of
four HLH type transcription factors called
MDFs (Muscle Differentiation Factors) [Davis
et al., 1987; Braun et al., 1989, 1990; Edmond-
son and Olson, 1989; Rhodes and Konieczny,
1989; Wright et al., 1989; Braun et al., 1990;
Miner and Wold, 1990; Olson, 1993; Weintraub,
1993]. Overexpression of MDFs can convert
non-muscle cells, such as chondrocytes, into
myogenic cells [Weintraub et al., 1989]. This
observation indicates that immature type cells
do have certain plasticity. This plasticity would
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be based on the possible endogenous expression
of multiple types of transcription factors, which
are respectively necessary for the determina-
tion of different cell types.

C2C12 cells differentiate into muscle cells
upon removal of growth stimulatory condition
(serum) and, therefore, the default pathway of
these cells is to become muscle cells [Blau et al.,
1983]. These cells express HLH type transcrip-
tion factors (HLH-TFs) and this HLH-TF ma-
chinery is operating in these cells. One such
factor, Id1, is regulated by BMP and vitamin D,
suggesting that BMP and vitamin D may modu-
late differentiation via the regulation of such
negative type HLH-TF [Kawaguchi et al., 1992;
Ogata et al., 1993].

BMP was first identified in bone matrix as an
activity to induce ectopic bone formation when
implanted in muscle or subcutaneous tissues,
and its genes were cloned from a human osteo-
sarcoma library [Urist, 1965; Urist et al., 1983].
More than ten BMP genes have been cloned to
date and the human recombinant BMP se-
quences show that they are subfamily members
of the TGFb super family [Wozney et al., 1988].
BMPs are also expressed in many tissues other
than skeletal tissues and are considered to play
a key role in morphogenesis in axial structures
and limbs of embryos, neurogenesis, formation
of eye, gut, and glomerulus [Reddi, 1994]. Null
mutation of BMPs or their receptors causes
early embryonic death at around the time of the
appearance of mesenchymal cells, suggesting
that BMPs are the basic regulatory molecules
in determination of mesenchymal cell fate and,
hence, morphology of the body [Miner and Wold,
1990; Luo et al., 1995].

Although BMP2 treatment directs mesenchy-
mal cells to express genes encoding proteins
related to osteoblastic phenotypes, molecular
details of this phenomenon have not been eluci-
dated. Based on the observation that mesenchy-
mal cells can differentiate into osteogenic cells,
we hypothesized that expression of certain posi-
tive transcription factors related to skeletogen-
esis may be induced or suppressed upon BMP
treatment. The aim of this work was to examine
whether a myogenic menchymal cell line,
C2C12, expresses a non-myogenic transcrip-
tion factor, scleraxis, and to examine the effects
of BMP2 on the expression of this gene. We
found that C2C12 cells express scleraxis gene
constitutively and, furthermore, BMP2 treat-

ment suppresses scleraxis expression in these
cells.

MATERIALS AND METHODS
Cell Culture

C2C12 cells (myoblasts) were kindly pro-
vided by Dr. Nabeshima and were maintained
in DMEM supplemented with 5% fetal bovine
serum (FBS) [Blau et al., 1983]. All cultures
were fed with fresh medium every 2–3 days.
C2C12 cells were plated at 10,000–20,000 cells/
cm2 and cultured for several days to reach con-
fluence before experiments. At this point, the
cells did not form myotubes and hence were
maintained in an immature condition. TGFb1

was purchased from King Brewing Co.
(Kurashiki, Japan).

RNA Preparation and Northern Analysis

Total RNA was extracted according to the
acid guanidium thiocyanate-phenol-chloroform
method [Chomczynski and Sacchi, 1987]. Total
cellular RNA was subjected to Northern analy-
sis by fractionation in 1.0% agarose gels contain-
ing 0.66 M formaldehyde. The RNAs were trans-
ferred to nylon filters (Hybond-N; Amersham
Corp., Arlington Heights, IL) by electroblotting
for 18 h [Thomas, 1980]. A 1.2-kb scleraxis
cDNA probe was labeled with [a-32P] dCTP by
using random primers and Klenow fragment
[Feinberg and Vogelstein, 1983]. Complemen-
tary DNAfor glyceraldehyde-6-phosphate dehy-
drogenase (GAPDH) was a gift from Dr. Sevgi
Rodan. Filters were hybridized to the probes in
hybridization solution containing 50% formalde-
hyde, 5 3 SSC (1 3 SSC consists of 0.15 M
NaCl and 10 mM sodium citrate), 5 3 Den-
hardt’s solution, 0.1% SDS and 50 µg/ml sheared
and denatured herring sperm DNA, at 42°C
overnight, were washed at 65°C in 0.2 3 SSC,
0.1% SDS and were exposed to X-ray films at
270°C using intensifying screens.

Electrophoresis Mobility Shift Assays

Nuclear extracts were prepared according to
the method described by Dignam [Dignam et
al., 1983]. For DNA binding, a double-stranded
18-bp synthetic oligonucleotide containing Scler-
axis binding site was used. The sequence of the
upperstrand of this oligonucleotide is CCGAA-
CACATGTGCCCGC (Scx-E), read 58 to 38. The
core CANNTG sequence is underlined. This oli-
gonucleotide was labeled by kinase reaction
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using [g-32P] ATP (New England Nuclear Co.,
Boston, MA) and T4 polynucleotide kinase, fol-
lowed by removal of unincorporated label over
sephadex G-50 columns. Approximately 20,000
cpm of the probe was incubated with 15 µg
of nuclear protein for 15 min at 30°C in 20-µl
reaction mixture, containing buffer D (20 mM
Hepes, pH 7.5, 100 mM KCl, 0.2 mM EDTA, 0.5
mM DTT, 20% glycerol), 5 µg of BSA (Sigma
Chemical Co., St. Louis, MO), and 2 µg of poly
(dI-dC) (Pharmacia, Piscataway, NJ). For com-
petition experiments, 100-fold molar excess of
double-stranded unlabeled competitors were in-
cluded in the binding reactions. The upper
strand sequences of the double-stranded compe-
titors were CCGAACACATGTGCCCGC (Scx-E)
[Cserjesi et al., 1995] and CCGAACAAATTTAC-
CCGC (mScx-E). These double-stranded oligos
were incubated with nuclear extracts for 15 min
before the addition of the probe. The DNA-protein
complexes were fractionated in a 4% polyacryl-
amide gel as described elsewhere [Tamura and
Noda, 1994]. For the supershift experiments, 1 µl
of 0.1 µg/µl IgG or antiserum, raised against scler-
axis were added to the reaction mixture and were
incubated for 20 min before electrophoresis.

Transient DNA Transfections and CAT Assays

Transfection of plasmid DNA into C2C12 cells
was performed by lipofection using DNA-lipid
complexes. The cells were cotransfected with 1
µg of the reporter plasmid and Scx expression
vector [Cserjesi et al., 1995] or pBluescript SK
(1) (pBS) as control [Gorman, 1985]. The cells
were then exposed for 3 h, and were cultured in
fresh DMEM supplemented with 5% FBS. After
24 h, the cell extracts were prepared for the
analysis of chloramphenicol acetyltransferase
(CAT) activity. Equivalent amounts of the cellu-
lar proteins were incubated in a reaction buffer
(0.25 M Tris-HCl, pH 8.0, 40 mM acetyl CoA
[Sigma Chemical Co.], [14C] chloramphenicol
[1.85 G Bq/mmol; Amersham Corp.]), overnight
at 37°C. The acetylation was examined by thin
layer chromatography (TLC) followed by auto-
radiography of the TLC plates. Quantitation of
acetylation ratios was performed by a Bioimag-
ing Analyzer (Fuji Film Inc., Tokyo, Japan).

RESULTS
Scleraxis Gene Is Expressed in C2C12 Cells

To investigate whether scleraxis is expressed
in C2C12 myoblasts, we conducted Northern

analysis. We found that scleraxis mRNA was
expressed constitutively in C2C12 cells as a
1.2-kb band (Fig. 1, lane 1). As serum depletion
is known to trigger myogenic differentiation in
these cells, the serum effect on the level of
scleraxis mRNA was examined. The scleraxis
mRNA level was similar in the cells cultured in
the medium supplemented with 0.5 and 5%
serum where initiation of myotube formation
was observed while the level was slightly lower
in the cells cultured in 15% serum where no
myotube formation was initiated (data not
shown).As BMP2 was reported to induce expres-
sion of osteoblastic phenotypes in mesenchy-
mal cells, we examined the effect of BMP2 on
scleraxis gene expression in the these cells.
Twenty-four-hour BMP2 treatment (200 ng/ml)
suppressed scleraxis mRNA expression several-
fold in these cells (Fig. 1, lane 3). In addition,
another family member, TGFb (2 ng/ml), was
also found to suppress scleraxis mRNA level
(Fig. 1, lane 2). Co-treatment with TGFb did
not further suppress scleraxis mRNA level in
BMP2-treated cells (Fig. 1, lane 4). GAPDH
mRNA levels were not altered by the BMP2 or
TGFb treatment and served as control (Fig. 1,
bottom).

Fig. 1. Scleraxis gene is expressed in C2C12 myoblasts and its
expression is regulated by BMP2 and TGFb. C2C12 cells were
grown to confluence and were cultured for 24 h in the absence
(2) or presence (1) of 200 ng/ml BMP2 and/or 2 ng/ml TGFb1.
Northern blot analysis was conducted as described in Materials
and Methods. The positions of Scleraxis (Scx) and glyceralde-
hyde-6-phosphate dehydrogenase (GAPDH) are indicated. The
data represent one of two independent experiments with similar
results.
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Profiles of the BMP2 Effects on Scleraxis Gene
Expression in C2C12 Cells

We examined the dose profile and the time
course of the effect of BMP2 on scleraxis gene
expression in C2C12 cells. The effects of BMP2
were observed at 200 ng/ml (Fig. 2), but not at
the lower concentrations. The levels of the scler-
axis message in the control cells gradually in-
creased at 24 (Fig. 3, lane 2) and 48 h (Fig. 3,
lane 4). The BMP2 effect on scleraxis mRNA
expression was observed within 24 h (Fig. 3,
lane 3) and this effect was still observed at 48 h
(Fig. 3, lane 5).

Effect of BMP2 on the Binding Activity
in the Nuclear Extracts of C2C12

to Scleraxis Recognition Sequence

We examined the expression of scleraxis in
C2C12 cells by the electrophoresis mobility shift
assay (EMSA). EMSA was carried out by using
an E box (Scx-E) sequence (CATGTG) as a probe
that is recognized preferably by scleraxis [Cser-
jesi et al., 1995]. As shown in Figure 4, nuclear
extracts prepared from C2C12 cells were incu-
bated with Scx-E box probe. Retardation of the
band was observed on EMSA (Fig. 4, lane 2).
This band was supershifted by the addition of

Fig. 2. Dose-dependence of the BMP2 effects on Scleraxis
mRNA expression in C2C12 cells. C2C12 cells at confluence
were treated with the indicated doses of BMP2 for 24 h.

Northern blot analysis was conducted as described in Materials
and Methods. The positions of Scx and GAPDH are indicated.

Fig. 3. Time course of the BMP2 effects on Scleraxis mRNA
expression in C2C12 cells. Confluent C2C12 cells were cul-
tured for the indicated periods of time (h) in the absence (2) or

presence (1) of 200 ng/ml BMP2. Northern blot analysis was
conducted as described in Materials and Methods. The posi-
tions of Scx and GAPDH are indicated.
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the antiserum (Fig. 4, lane 4), but not by IgG
(Fig. 4, lanes 6 and 7) and was competed out by
the presence of 100-fold molar excess of the
unlabeled Scx-E box probe (Fig. 4, lane 8), but
not by mutated competitor, mScx-E, in which
base mutations were introduced into the E-box
core region (from CATGTG to AATTTA) (Fig. 4,
lane 10). We then examined whether BMP2
effects on scleraxis mRNA expression corre-
lates with the level of DNA binding activity in
the nuclear extracts of C2C12. In the nuclear
extracts of the C2C12 cells cultured in the pres-
ence of BMP2 at 200 ng/ml for 24 h, the DNA
binding activity to Scx-E box was suppressed
(Fig. 4, lanes 3 and 7) compared to the control
(Fig. 4, lanes 2 and 6). The suppressed binding
activity was supershifted by the addition of
antiserum against scleraxis (Fig. 4, lane 5) and
was also competed out by the addition of 100-
fold molar excess of unlabeled Scx-E (Fig. 4,
lane 9). These results indicated that BMP2
suppression of Scx mRNA abundance corre-
lated well with the decrease in Scx-E box bind-

ing activity in the nuclear extracts of C2C12
cells that contain scleraxis.

Effects of BMP2 on the Transcriptional
Activity of Scx-E-CAT Construct

To determine whether BMP2 suppression of
scleraxis expression could alter Scx-E-box-
mediated transcription in C2C12 cells, a CAT
assay was conducted. We first cotransfected
scleraxis expression vector transiently in C2C12
cells with a CAT reporter gene containing tan-
dem copies of the scleraxis-binding site se-
quences (Scx-E) inserted upstream to the thymi-
dine kinase basal promoter [Cserjesi et al.,
1995]. The basal level of the transcription of the
CAT reporter gene in C2C12 cells in the pres-
ence of the cotransfected pBS plasmid (Fig. 5,
lanes 1 and 2) was observed in these cells.
Cotransfection with a scleraxis expression vec-
tor enhanced the CAT activity (Fig. 5, lanes 5
and 6). In this system, BMP2 treatment sup-
pressed the Scx-E box-CAT activity (Fig. 5,
lanes 3 and 4), indicating that BMP2 suppres-

Fig. 4. Effects of BMP2 on Scx-E box binding activity in the
nuclear extracts of C2C12 cells. Electrophoretic mobility shift
assays (EMSA) was performed as described in Materials and
Methods. Lane 1, free Scx-E box probe alone. Equal amounts of
nuclear protein prepared from C2C12 cells cultured for 24 h in
the presence (lanes 3, 5, 7, 9) or absence (lanes 2, 4, 6, 8, 10) of
200 ng/ml BMP2 were incubated with radiolabeled Scx-E probe.
For supershift experiment, the reaction was incubated with
antiserum against scleraxis (lanes 4, 5, 8, 9, and 10) or non-

specific IgG (lanes 6 and 7). For competition, 100-fold molar
excess of cold Scx-E sequence (lanes 8 and 9) and mScx-E
sequence, which contains mutation in E-box (lane 10), respec-
tively, were incubated with nuclear extracts in the binding
reaction for 15 min before the addition of the probe. Radiola-
beled Scx-E box probe (20,000 cpm) was used in each lane, and
protein-DNA complexes were resolved by EMSA. The arrow
indicates Scx-E box specific protein-DNA complex and the
arrowhead indicates the supershifted band.
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sion of the scleraxis mRNA level as well as the
suppression of Scx-E box binding activity in the
nuclear extracts to Scx-E-box sequence are
translated into the repression of the Scx-E-box-
dependent transcription activity. The BMP2
suppression of Scx-E-box-CAT activity was spe-
cific to this sequence since BMP2 treatment per
se did not affect the pSV2CAT expression (Fig.
5, lanes 7, 8 vs. 9, 10).

DISCUSSION

In this paper, we report that C2C12 cells
express scleraxis mRNA and that BMP2 sup-
presses the scleraxis mRNA expression in
C2C12 cells. BMP2 treatment also suppresses
binding activity to Scx-E-box in the nuclear
extracts prepared from C2C12 cells. Further-
more, BMP treatment suppressed the transcrip-
tional activity of the CAT reporter constructs,
containing Scx-E-box sequence which is recog-
nized preferentially by scleraxis.

Scleraxis is a basic helix-loop-helix tran-
scription factor that prefigures chondrogenesis
during mouse embryogenesis. During mouse
embryogenesis, scleraxis transcripts are first

detected between day 9.5 and 10.5 post coitum
in the body wall and limb buds, followed by
high levels of expression within mesenchymal
precursors of the axial and appendicular skel-
etons and cranial mesenchymal tissues in ad-
vance of chondrogenesis [Cserjesi et al., 1995].

Constitutive expression of scleraxis in C2C12
cells is contrary to our prediction and suggests
that these cells are still in the stages close to
rather pluripotent levels, and, therefore, the
cells could still differentiate into not only myo-
genic cells as their default path but also into
non-myogenic cells under certain conditions or
upon certain stimuli. It has been postulated
that during the course of determination of mes-
enchymal cell fate, there could be certain precur-
sor cells in intermediate stages, which are ei-
ther tri- or bi-potential before they finally
become mono-potential precursors. It is pre-
dicted from our study that the cells in these
intermediate levels may still express a mixture
of transcription factors responsible for the final
determination of the fate of different types of
cells, such as myoblasts or skeletal cells.

Fig. 5. Effects of BMP2 on the transcriptional activity of Scx-E-
CAT reporter gene in C2C12 cells. C2C12 cells were cotrans-
fected with 1 µg of reporter plasmid, Scx-E-CAT (lanes 1–6) and
1 µg of expression vectors containing Scx cDNA (lanes 5, 6) or 1
µg of pBluescript SK(1) (pBS) (lanes 1–4), or were transfected

with pSV2CAT alone as positive controls (lanes 7–10). Cells
were incubated in DMEM supplemented with 5% FBS in the
absence (2) or presence (1) of 200 ng/ml BMP2 for 24 h. CAT
activity was determined as described in Materials and Methods.
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Bone morphogenetic proteins (BMPs) have
been shown to possess bone- and cartilage-
inducing activity in vivo as well as in vitro and
certain members of the BMP family are ex-
pressed at the sites of bone formation in the
embryos [Reddi, 1994]. BMP2 not only inhibits
myogenic differentiation in C2C12 myoblasts
but also converts their differentiation pathway
into that of osteoblast lineage [Katagiri et al.,
1994]. However, little is known of the genetic
mechanisms that direct cartilage and bone for-
mation or of the mechanisms whereby the BMPs
stimulate these processes. Interestingly, we
found that BMP-2 did not enhance but sup-
pressed scleraxis expression in C2C12 cells. If
scleraxis is the early marker of chondroblast
cell lineage, suppression of its expression by
BMPs may mean to shift the direction of the
cell fate towards osteogenic cells rather than
chondrocytes. This speculation may require fur-
ther analysis especially by using null mutation
animals.

It is intriguing that although BMP and TGFb
do not have the same ability to induce osteogen-
esis in C2C12 cells, i.e., BMP being stimulatory
and TGFb not being, both cytokines suppress
scleraxis gene expression in these cells. What is
known to be common between the two cyto-
kines is the suppression of the myogenic differ-
entiation. However, scleraxis is not a muscle
specific transcription factor such as Myo D.
This apparent paradox could be explained if
scleraxis is required for the differentiation of
chondrocytes. BMP suppression of scleraxis
could mean that apparent BMP function is to
let the cells become more osteogenic cells and
not to become chondrogenic cells. TGFb suppres-
sion of scleraxis also could mean that TGFb
may inhibit chondrogenic differentiation of
these cells. It is known that TGFb can suppress
chondrogenic differentiation in some types of
cells although it could enhance it in the other
types. In the case of C2C12 cells, it is not known
whether TGFb treatment modulates their chon-
drogenic differentiation. Our results on TGFb
suppression of scleraxis expression predict that
differentiation of C2C12 cells towards chondro-
cytes would not occur in the presence of TGFb.

We observed similar levels of scleraxis in
C2C12 cells cultured in 0.5, 1, 10, and 15%
serum with a slight suppression only in 15%
(data not shown), although initiation of myo-

tube formation was observed at the lower se-
rum concentrations. These observations sug-
gested no apparent correlation between the
levels of scleraxis mRNA and the differentia-
tion of C2C12 cells at least at the relatively
early time point we examined. This observation
may reveal the presence of certain populations
of scleraxis-expressing cells at least in some
early stages of myogenic differentiation in cul-
tures. Apparent similar levels of scleraxis could
be explained since a majority of cells would still
not be myogenic cells.

Regulatory roles played by myogenic HLH-
type transcription factors such as MyoD and
myogenin have been thought to promote myo-
genic differentiation in C2C12 cells. In analogy
to such HLH-type transcription factors, scler-
axis could be a HLH-type transcription factor
playing a role in the precursors for the cells in
skeletal cell lineages, more likely of chondro-
cytes. Simultaneous expression of the transcrip-
tion factors responsible for different types of
cell lineages has been observed during the tran-
sition between the diverse differentiation steps
in other systems such as hematopoietic cells. In
this case, transcription factors that are re-
quired at both early and late stages of differen-
tiation have been shown to be expressed in the
immature blood-cell precursors. Scleraxis ex-
pression in C2C12 cells may be in a situation
similar to that seen in hematopoietic cells. Ob-
viously, it is important to determine whether
scleraxis is involved in regulation of any lin-
eage specific genes. At this point, however, since
scleraxis knock out mice have not yet been
reported, no physiological target gene is known.

As observed in the case of hierarchy of the
four myogenic helix-loop-helix type differentia-
tion factors, scleraxis may be participating in
the network of helix-loop-helix type transcrip-
tion factor system, including Id and possibly as
yet identified members, which are located up-
stream and/or down-stream of skeletogenic cy-
tokines such as BMP2 and TGFb. We have
previously reported that certain members of
HLH-type transcription factors, such as Id1
[Kawaguchi et al., 1992], HES1 [Matsue et al.,
1997], and ADD-1 (SREBP-1) [Sawada and
Noda, 1996] are expressed in osteoblasts and
their expression is under the control of calci-
tropic cytokines and hormones including TGFb,
1.25(OH)2 vitamin D3, BMP, and glucocorti-
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coid. Our observation on BMP and TGFb regu-
lation of scleraxis in C2C12 cells could add
further that not only relatively mature skeletal
cells but also their possible precursors, such as
C2C12 cells, could be the important stages of
the cells in skeletal cell differentiation where
scleraxis may play its role in modulation of the
expression of the phenotypes.

A final decision on the cell fate in the pluripo-
tent mesenchymal cells may be determined by
the balance among the levels of diverse tran-
scription factors, which include the members of
the family of tissue-specific master regulatory
genes for different types of cells (myoblasts,
adipocytes, chondrocytes, osteoblasts, etc.) and
non-tissue specific type transcription factors.
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