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The chimeric fusion gene EWS/FLI-1 is detected in most cases of Ewing’s sarcoma (ES), the second most
common malignant bone tumor of childhood. Although 80% of ES tumors develop in skeletal sites, the
remainder can arise in almost any soft tissue location. The lineage of the cell developing the EWS/FLI-1 gene
fusion has not been fully characterized but is generally considered to be of either mesenchymal or neural crest
origin. To study this oncogene in a conceptually relevant target cell, EWS/FLI-1 was introduced into the murine
cell line C2C12, a myoblast cell line capable of differentiation into muscle, bone, or fat. In this cellular context,
EWS/FLI-1 profoundly inhibited the myogenic differentiation program. The block in C2C12 myogenic differ-
entiation required the nuclear localization and DNA-binding functions of EWS/FLI-1 and was mediated by
transcriptional and posttranscriptional suppression of the myogenic transcription factors MyoD and myoge-
nin. Interestingly, C2C12-EWS/FLI-1 cells constitutively expressed alkaline phosphatase, a bone lineage
marker, and were alkaline phosphatase positive by histochemistry but showed no other evidence of bone lineage
commitment. Consistent with recent findings in human ES tumor cell lines, C2C12-EWS/FLI-1 cells consti-
tutively expressed cyclin D1 and demonstrated decreased expression of the cell cycle regulator p21°'*!, even
under differentiation conditions and at confluent density. This C2C12-EWS/FLI-1 cell model may assist in the
identification of novel differentially expressed genes relevant to ES and provide further insight into the cell(s)

of origin developing ES-associated genetic fusions.

The chimeric gene EWS/FLI-1 is identified in most tumors
of the Ewing’s sarcoma primitive neuroectodermal tumor (ES/
PNET) family. The EWS gene encodes a ubiquitously ex-
pressed protein that has been demonstrated to interact with
the RNA transcriptional machinery (32) and, in the context of
EWS/FLI-1, likely acts as a transcriptional activator (2, 31).
Although there are several distinct types of EWS/FLI-1 fu-
sions, all share fusion of the EWS transcriptional activation
domain with carboxy-terminal sequences from FLI-1, a mem-
ber of the Ets family of DNA-binding proteins. Because the
Ets DNA-binding domain is retained in the fusions, investiga-
tors have hypothesized that EWS/FLI-1 acts as a mutant tran-
scription factor, altering normal gene regulation. Therefore, it
is likely that EWS/FLI-1 plays a central role in ES/PNET, but
whether this fusion protein plays a necessary and sufficient role
in ES/PNET causation remains to be established. Sophisti-
cated analyses of 3T3 cells expressing EWS/FLI-1 have iden-
tified several differentially expressed genes; however, the pre-
cise gene expression programs induced by EWS/FLI-1 to bring
about transformation remain to be defined (reviewed in refer-
ence 1). At present, developing a cohesive model of EWS/
FLI-1 transformation has been somewhat difficult because of
limited cell line and animal model systems to study the biologic
consequences of EWS/FLI-1 expression.

Patients with tumors of the ES/PNET family generally
present with a bony lesion involving an extremity, but involve-
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ment of the pelvis or axial skeleton, or even an extraosseus site,
is also observed. The somewhat diverse sites of origin for
ES/PNET, and the observation that some tumors exhibit neu-
ral markers (13), has led to the speculation that the target cell
for these tumors may involve a cell with multilineage potential,
such as might be expected from a cell of mesenchymal or
neural crest origin. Characterization of the cell giving rise to
ES remains incomplete, largely because ES tumors provide few
clues to their cellular origins (12). This is in stark contrast to
other pediatric small round blue tumors, such as osteosarcoma
and rhabdomyosarcoma, which arise in similar anatomical sites
as ES yet offer substantial histologic evidence of their cellular
lineage. These findings suggest the possibility that EWS/FLI-1
might act to suppress cellular differentiation signals as one
facet of its role as an oncogene.

The mouse cell line C2C12 is best known as a murine myo-
blast cell line that has been extensively used to study myogenic
differentiation (54). However, studies have also shown that
C2C12 cells are capable of differentiating into bone (23) and
fat (47), characteristics of a mesenchymal cell line. In this
report, we have used the C2C12 cell line to develop a novel
cellular model system to study the biologic effects of EWS/
FLI-1 expression. Characterization of C2C12-EWS/FLI-1 cells
revealed that EWS/FLI-1 expression was associated with an
altered cellular morphology, a profound resistance to custom-
ary myogenic differentiation signals, and dysregulation of cell
cycle regulatory genes.

MATERIALS AND METHODS

Cells and cell culture. C2C12 cells were grown at 5% CO, in Dulbecco’s
minimal essential (DME) (high) medium supplemented with 10% fetal calf
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serum, 2 mM glutamine, nonessential amino acids, and penicillin-streptomycin.
Human EWS/FLI-1 cell lines were acquired and cultured as previously described
(42), except for SS, which is a human cell line recently established at the Sim-
mons Cancer Center from a patient with ES. For myogenic differentiation, the
parental or C2C12-EWS/FLI-1 cell line was cultured until reaching a density of
approximately 80 to 90%, washed twice in phosphate-buffered saline, and then
changed to DME medium containing 2% horse serum.

To assess bone mineralization potential, parental or C2C12-EWS/FLI-1 cells
were placed in bone mineralization medium, which was comprised of minimum
essential medium supplemented with 10% fetal bovine serum, biotin, vitamin
B12, thiotic acid, nonessential amino acids, sodium pyruvate, L-glutamine, pen-
icillin-streptomycin, and 50 g of ascorbic acid/ml for 8 days (29). The medium
was then changed to fresh medium containing 50 pg of ascorbic acid/ml and 3
mM sodium phosphate for an additional 4 days. Calcification was assessed on day
12 by Von Kossa staining. For alkaline phosphatase induction, cultured C2C12
cells were washed in phosphate-buffered saline, placed in DME medium con-
taining 5% fetal calf serum and 300 ng of BMP-2/ml (22), and harvested for RNA
isolation at the desired time points.

Plasmids and retroviral transduction. Wild-type or mutant forms of EWS/
FLI-1 were introduced into C2C12 cells by retroviral transduction by using the
vectors MINV-EWS/FLI-1 (42) and MINV-EWS/FLI-1 R2L2 (2, 42), as previ-
ously described (42). Stable C2C12-EWS/FLI-1 or control C2C12-MINV/neo
(18) cell lines were generated by selecting retrovirally transduced cells in 0.8 mg
of (absolute) neomycin/ml. The plasmid MINV/FLI-1(C) was constructed by
digesting deltaEB/FLI-1(C) (2) with Xhol, blunting it with T4 DNA polymerase,
and then digesting it with Bg/II to liberate the insert. The resulting cDNA was
then cloned into the vector MINV/Neo by using the available Bg/IT and SnaBI
restriction sites.

To overexpress MyoD and myogenin, C2C12-EWS/FLI-1 or control cells were
transduced with a replication-defective retrovirus containing murine myoD or
myogenin (45) or the control MSCV/puro vector alone. Stable cell populations
were obtained by selection in 2 pg of puromycin/ml. Cells were then immediately
placed in medium containing 2% horse serum to assess morphological differen-
tiation. In the case of control C2C12/MyoD cells, puromycin selection was not
performed because transduced cells spontaneously differentiated into multinu-
cleated myotubes while still in the growth medium (GM).

Antibodies, Western immunoblotting, and immunofluorescence. Radioimmu-
noprecipitation assay protein lysates were prepared as previously described (42),
resolved on Laemmli polyacrylamide gels by sodium dodecyl sulfate-polyacryl-
amide gel electrophoresis, and transferred to nitrocellulose. Membranes were
probed with the indicated antibody and developed by enhanced chemilumines-
cence. Antibodies used in this study were purchased from Santa Cruz Biotech-
nology, except as specifically indicated, and included anti-MyoD, anti-myogenin,
anti-FLI-1, anti-EWS, anti-p21, anti-extracellular signal-regulated kinase 1 and 2
(anti-ERK1/2; Cell Signaling, Inc.), anti-Akt, and anti-p38 mitogen-activated
protein kinase (MAPK) antibodies. To assess activation of signal transduction
pathways important in muscle differentiation, antibodies recognizing the acti-
vated (phosphorylated) forms of ERK1/2 (pErk), p38 MAPK (pp38; Cell Sig-
naling, Inc.), and Aktl (pAkt; Upstate Biotechnology) were employed. For
immunofluorescence analysis, C2C12 cells were grown on fibronectin coverslips
or small tissue culture dishes, placed in either GM or muscle differentiation
medium (DM), fixed, and probed with an anti-myosin heavy chain (anti-MHC)
(Sigma) antibody. MHC-positive cells were detected with a fluorescein-conju-
gated secondary antibody and visualized by immunofluorescent microscopy (Ni-
kon Instruments). Total cell nuclei were visualized by 4',6’-diamidino-2-phe-
nylindole (DAPI) nuclear staining.

Cell cycle analysis. The growth arrest of C2C12-EWS/FLI-1 or C2C12-neo
cells in myogenic DM was assessed by using a commercially available 5-bromo-
2'-deoxyuridine (BrdU)-based assay (Roche). Briefly, cells were plated either in
GM or in DM for 1 to 3 days, labeled with BrdU for 30 min, and then fixed
according to the manufacturer’s instructions. Cells were then incubated with a
working solution containing an anti-BrdU antibody, washed, and treated with an
anti-mouse immunoglobulin G-fluorescein-conjugated secondary antibody to al-
low detection of BrdU-positive cells. The number of BrdU-positive cells was then
quantitated by fluorescence-activated cell sorting (FACS) with a FACScan cell
sorter (Becton Dickinson) containing a 488-nm argon laser and analyzed with
CellQuest software (Becton Dickinson).

RT-PCR and transcriptional activation analysis. RNA was obtained from the
EWS/FLI-1 or control cell line by using a Trizol-based extraction method ac-
cording to the manufacturer’s instructions (Invitrogen), and cDNA was gener-
ated with a commercially available reverse transcription-PCR (RT-PCR) kit
(Superscript; Invitrogen). To assess muscle-related gene expression, the follow-
ing primers were utilized (50) (all 5" to 3"): L7, GGAGCTCATCTATGAGAA
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GGC (forward) and AAGACGAAGGAGCTGCAGAAC (reverse); myogenin,
TGGAGCTGTATGAGACATCCC (forward) and TGGACAATGCTCAGGG
GTCCC (reverse); myoD, GCAGGCTCTGCTGCGCGACC (forward) and
TGCAGTCGATCTCTCAAAGCACC (reverse); a-skeletal actin, CAGAGCA
AGCGAGGTATCC (forward) and GTCCCCAGAATCCAACACG (reverse);
desmin, GTGGAGCGTGACAACCTGAT (forward) and GATGGTCTCATA
CTGAGCCCG (reverse). To assess bone differentiation, the primers GCCCTC
TTCCAAGACACATATA (alkaline phosphatase forward), CCATGATCACG
TCGATATCC (alkaline phosphatase reverse), TCTCCACTCTTCTAGTTCCT
(type I collagen forward), and TTGGGTCATTTCCACATGC (type I collagen
reverse) were utilized (10).

For the MyoD and myogenin transcriptional activation assay, 293T cells were
plated onto 60-mm-diameter plates and transfected by a modified calcium phos-
phate protocol (34) by using 10 pg of MyoD or myogenin plasmid or vector
alone, 250 ng of a B-galactosidase (lacZ) reporter driven by 5’ regulatory regions
from the myogenin gene (myogenin-lacZ reporter) (6, 7), and 1 pg of pCMV/
GFP. To assess the ability of EWS/FLI-1 to inhibit myogenin or MyoD-induced
transcriptional activation, cells were cotransfected with plasmids containing ei-
ther wild-type EWS/FLI-1 or the EWS/FLI-1 mutant FLI-1(C) or R2L2 (2) or
vector alone (1:1 molar ratio). The number of lacZ-positive cells was determined
by 5-bromo-4-chloro-3-indolyl-B-p-galactopyranoside (X-Gal) staining 48 to 60 h
after transfection, and normalized for transfection efficiency by fluorescent mi-
croscopy (with green fluorescent protein).

Alkaline phosphatase enzyme-based histochemistry. To assess alkaline phos-
phatase enzymatic activity in cultured cells, parental or C2C12-EWS/FLI-1 cells
or human ES cell lines were grown on coated microscope slides until the cells
reached approximately 70% confluence. Cells were then gently washed, fixed
with Pen-Fix (Richard-Allan), and stained by using a commercially available
5-bromo-4-chloro-3-indolylphosphate—nitroblue tetrazolium alkaline phospha-
tase substrate kit (Vector Laboratories) according to the manufacturer’s instruc-
tions. After staining, slides were gently washed in 100 mM Tris-HCI (pH 9.5) for
5 min, rinsed in tap water, and air dried prior to mounting.

RESULTS

EWS/FLI-1 alters the morphology and myogenic differenti-
ation program of murine cell line C2C12. Type I EWS/FLI-1
was introduced into the cell line C2C12 by retroviral gene
transfer, and a stable polyclonal population was obtained after
drug selection with G418 (neomycin). Compared to cells trans-
duced with control retrovirus, C2C12-EWS/FLI-1 cells exhib-
ited an obvious alteration in cellular morphology, character-
ized by a more cuboidal appearance, even at confluent cell
density (Fig. 1A). Interestingly, the appearance of the C2C12-
EWS/FLI-1 cells was reminiscent of that of cell lines derived
from human EWS/FLI-1 tumors, such as the cell line LD (Fig.
1A). Stable expression of EWS/FLI-1 in C2C12 cells was con-
firmed by anti-FLI-1 immunoblotting with an antibody that
readily recognizes the EWS/FLI-1 fusion protein (Fig. 1B).

Because C2C12 cells differentiate into myotubes when sub-
jected to low-serum conditions, this cell line has been exten-
sively used to characterize molecules important in the muscle
differentiation program. To determine the effect of EWS/FLI-1
on C2C12 differentiation, C2C12-EWS/FLI-1 cells were placed
in 2% horse serum (myogenic DM) and cellular morphology
was serially analyzed. Compared to vector control cells (neo),
which formed readily apparent multinucleated myotubes by
day 3, C2C12-EWS/FLI-1 cells showed no morphological evi-
dence of muscle differentiation, even after 7 days in low-serum
conditions (Fig. 2A). Moreover, in contrast to control C2C12
cells that became more elongated and began to line up in linear
arrays as early as day 1 (Fig. 2A, left), C2C12-EWS/FLI-1 cells
showed no evidence of morphological change and remained
cuboidal throughout. The lack of C2C12-EWS/FLI-1 myogenic
differentiation was also confirmed by immunofluorescence
with an anti-MHC. Control (neo) C2C12 cells demonstrated
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FIG. 1. Expression of EWS/FLI-1 in the multipotential cell line
C2C12. (A) A stable polyclonal population of C2C12 cells expressing
either type I EWS/FLI-1 (left) or vector alone (neo) (right) is shown at
confluence in standard GM. Note the cuboidal appearance of the
C2C12-EWS/FLI-1 cells compared to the more-spindle-shaped control
C2C12 cells. For comparison, a human EWS/FLI-1 cell line (LD) is
shown at the far right. (B) C2C12-EWS/FLI-1, C2C12-neo, and the
human ES cell lines TC-71 (71), TC-32 (32), LD, RD-ES (RD), SK-
N-MC (MC), and SK-ES-1 (ES) were analyzed by anti-FLI-1 immu-
noblotting.

strong anti-MHC immunoreactivity after 3 days in DM while
C2C12-EWS/FLI-1 cells demonstrated only rare anti-MHC-
positive cells (Fig. 2B, top panels). The levels of endogenous
FLI-1 and EWS proteins were the same in C2Cl2-neo and
C2C12-EWS/FLI-1 cells and were not affected by culturing the
cells in DM (Fig. 2C). Similarly, EWS/FLI-1 protein levels
(EF-1) also remained constant whether C2C12-EWS/FLI-1
cells were cultured in GM or DM.

To explore possible mechanisms for the lack of myogenic
differentiation, C2C12-EWS/FLI-1 and C2C12-neo cells were
placed in muscle DM and analyzed for muscle-specific gene
expression by semiquantitative RT-PCR (50). Consistent with
previous studies, MyoD was induced in C2C12-neo cells by day
1in DM (41) and gradually increased thereafter (Fig. 3). Myo-
genin and skeletal actin (ska), downstream targets of MyoD
(48), were induced by day 2. Expression of desmin, another
muscle-related gene, was detectable on day 0 (cells still in GM)
but markedly increased further when cells were placed in DM.
As expected, this orderly induction of muscle-specific genes
(41) correlated with the morphological differentiation of
C2C12-neo cells into classic multinucleated myotubes (Fig.
2A). This normal pattern of muscle gene expression contrasted
sharply with that observed when C2C12-EWS/FLI-1 cells were
placed in DM. C2C12-EWS/FLI-1 cells showed a marked delay
in MyoD expression, which was not detectable until day 3 in
DM. There was also evidence of impaired induction of MyoD
target genes, with C2C12-EWS/FLI-1 cells exhibiting little or
no expression of myogenin, desmin, and skeletal actin through
day 5. Interestingly, although MyoD was expressed in C2C12-
EWS/FLI-1 cells on days 3 and 5, there was no evidence of
myogenin expression. This was despite the fact that myogenin
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was readily detected when a similar level of MyoD was ex-
pressed in parental cells (Fig. 3, compare neo-MyoD/myogenin
d2 with EF-1-MyoD/myogenin d3). Moreover, C2C12-EWS/
FLI-1 cells continued to show no morphological evidence of
myotube formation, even after 10 days in DM (data not
shown). As a control for equivalent RNA integrity and quantity
among the samples, RT-PCR amplification of the mRNA en-
coding the ribosomal protein L7 was performed and was equiv-
alent in all samples. The results of the muscle-specific gene
RT-PCR analysis were also confirmed by Western immuno-
blotting. Induction of MyoD and myogenin protein expression
was readily detectable in C2C12-neo cells by day 2 in DM,
whereas MyoD protein was expressed at only threshold levels
in C2C12-EWS/FLI-1 cells through day 5 in DM (data not
shown). Consistent with the RT-PCR analysis, myogenin pro-
tein expression was not detectable by immunoblotting even
when C2C12-EWS/FLI-1 cells were cultured in DM for up to
7 days (data not shown). These results demonstrate that ex-
pression of EWS/FLI-1 in the cell line C2C12 alters the gene
expression program normally observed when these cells are
subjected to low-serum conditions.

Overexpression of MyoD or myogenin fails to rescue the
differentiation defect of C2C12-EWS/FLI-1 cells. Expression of
MyoD, an important myogenic transcription factor (reviewed
in reference 5), was markedly delayed when C2C12-EWS/
FLI-1 were subjected to low-mitogen medium (Fig. 3). To
determine whether restoring MyoD expression would rescue
the observed differentiation defect, C2C12-EWS/FLI-1 cells or
vector control cells were transduced with a high-titer MyoD
retrovirus (45) and then placed in DM. C2C12 cells transduced
with MyoD formed massive multinucleated myotubes after 2 to
3 days, even while still in GM, while C2C12-EWS/FLI-1 cells
showed no signs of myotube formation in GM (data not
shown) or even after 7 days in DM (Fig. 4A). C2C12-EWS/
FLI-1 cells transduced with MyoD retrovirus did develop an
altered cellular morphology, becoming more slender and spin-
dle-like. To confirm restoration of MyoD expression and the
expression of downstream MyoD target genes, transduced cells
were examined by Western immunoblotting. As anticipated,
C2C12-EWS/FLI-1 and control cells transduced with MyoD
retrovirus demonstrated constitutive expression of the MyoD
protein (Fig. 4B). Overexpression of MyoD in EWS/FLI-1 and
control C2C12 cells was sufficient to induce constitutive ex-
pression of myogenin, MHC, p21, and downstream targets of
MyoD (16, 17, 48). Interestingly, despite higher expression of
MyoD in C2C12-EWS/FLI-1 cells than in control cells, there
was only partial rescue of MHC and p21 protein expression.

An analysis of myogenic factor mRNA expression by semi-
quantitative RT-PCR also revealed a similar pattern. Overex-
pression of MyoD in control C2C12-neo cells resulted in robust
expression of myogenin, skeletal actin, and desmin mRNA
(Fig. 4C). Overexpression of MyoD in C2C12-EWS/FLI-1
cells, on the other hand, restored myogenin mRNA expression
but only partially rescued expression of skeletal actin and
desmin. Therefore, although MyoD overexpression forced the
myogenic differentiation of parental cells, restoring MyoD ex-
pression in C2C12-EWS/FLI-1 cells failed to overcome their
resistance to myogenic differentiation signals and was associ-
ated with a blunted induction of muscle-specific genes.

EWS/FLI-1 inhibits MyoD- and myogenin-dependent tran-
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FIG. 2. EWS/FLI-1 inhibits the morphological differentiation of C2C12 cells to muscle. (A) C2C12-neo (top) or C2C12-EWS/FLI-1 cells were
placed in DM (2% horse serum) for the indicated number of days and evaluated for morphological evidence of myogenic differentiation.
Representative areas were then photographed. C2C12-neo cells differentiated to classic multinucleated myotubes by day 3 (top right), whereas
C2C12-EWS/FLI-1 cells showed little evidence of morphological differentiation into myotubes, even after 7 days (bottom right) in DM.
(B) C2C12-neo (neo) and C2C12-EWS/FLI-1 cells were analyzed on day 3 in DM by immunofluorescence (IF) with an antibody against MHC, a
marker of myogenic differentiation, and stained with DAPI to visualize total nuclei. Note the only rare MHC-positive cell in the C2C12-EWS/FLI-1
population. (C) To confirm stable EWS/FLI-1 expression under differentiation conditions, C2C12-neo (neo) and C2C12-EWS/FLI-1 cells were
analyzed by Western immunoblotting (IB) in GM (0) or after the indicated number of days in DM with an anti-FLI-1 antibody which recognizes
endogenous FLI-1 and the EWS/FLI-1 fusion (EF-1) or with an antibody recognizing the endogenous EWS protein.
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FIG. 3. EWS/FLI-1 interferes with the induction of muscle-specific
genes. C2C12 cells expressing EWS/FLI-1 (EF-1) or control vector
(neo) were placed in DM, and the expression of myogenin, MyoD,
skeletal actin (ska), and desmin was analyzed by semiquantitative RT-
PCR (50) prepared on the indicated days (d1, d2, d3, and d5). To
control for equivalent sample integrity and quantity, the expression of
the ribosome-associated protein L7 mRNA is shown at the bottom.
The data depicted are representative of three independent experi-
ments.

scriptional activation. In C2C12 cells, EWS/FLI-1 led to de-
layed induction of MyoD and blocked myogenin expression
(Fig. 3). Although overexpression of MyoD partially rescued
downstream target gene expression (Fig. 4B and C), the lack of
myogenic differentiation suggested that EWS/FLI-1 might in-
terfere with MyoD and/or myogenin transcriptional activation.
To explore this possibility, a MyoD transcriptional activation
assay was performed by using a B-galactosidase (lacZ) reporter
driven by 5’ regulatory regions from the myogenin gene (6, 7).
As anticipated, 293T cells transfected with a MyoD expression
plasmid exhibited a fourfold increase in the lacZ-positive col-
ony number compared to cells transfected with control plasmid
alone (Fig. 5A). Cotransfection of MyoD and EWS/FLI-1 at
equimolar ratios, however, profoundly inhibited MyoD-depen-
dent transcriptional activation, decreasing lacZ-positive colony
formation 10-fold. Transfection of MyoD with vector alone
(neo) or an EWS/FLI-1 point mutant (EWS/FLI-1 R2L2) de-
fective in nuclear localization, DNA binding (2), and transfor-
mation (42) had little effect on MyoD-induced transcriptional
activation. Similarly, cotransfection of MyoD with FLI-1(C),
which contains only the portion of FLI-1 present in the EWS/
FLI-1 fusion protein (2), had only a modest inhibitory effect on
MyoD-induced transcriptional activation, decreasing lacZ col-
ony formation by only 50%.

Overexpression of MyoD in C2C12-EWS/FLI-1 cells did not
overcome the block in myogenic differentiation, despite re-
stored expression of myogenin. Moreover, direct rescue of
myogenin expression by a myogenin retrovirus (45) also failed
to rescue the inhibitory effect of EWS/FLI-1 on the C2C12
myogenic program (data not shown). These results suggested
that EWS/FLI-1 might also suppress myogenin-dependent
transcriptional activation. To test this hypothesis, a myogenin-
induced transcriptional activation assay was performed in 293T
cells with the same myogenin-lacZ reporter, taking advantage
of the ability of myogenin to induce its own expression (11).
Compared to vector alone, myogenin increased lacZ colony
formation approximately threefold (Fig. SB). Cotransfection of
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FIG. 4. Overexpression of MyoD fails to rescue C2C12-EWS/FLI-1
myogenic differentiation despite partial rescue of downstream gene
expression. (A) C2C12-neo or C2C12-EWS/FLI-1 cells were trans-
duced with a MyoD retrovirus and examined for morphological evi-
dence of myogenic differentiation. Note that control cells transduced
with MyoD retrovirus formed large multinucleated myotubes (upper
photos) while EWS/FLI-1-expressing cells showed no evidence of myo-
tube formation (lower photos). (B) Protein lysates from C2C12-neo or
C2C12-EWS/FLI-1 cells were transduced with MyoD or control (p)
retrovirus and examined by anti-MyoD, anti-myogenin, anti-MHC, or
anti-p21 immunoblotting. As controls, 293T cells transfected with
MyoD or myogenin are shown at the left (note that both myogenin and
MyoD are detected as doublet bands). (C) The same cells depicted in
panel B were analyzed by semiquantitative RT-PCR for myoD, myo-
genin, skeletal actin (sk actin), and desmin mRNA expression. The
expression of the ribosome-associated protein L7 mRNA is shown at
the bottom to confirm equivalent sample integrity. (D) C2C12-neo or
C2C12-EWS/FLI-1 cells overexpressing MyoD were analyzed by im-
munofluorescence (IF) with an anti-MHC antibody. Note the less
intense MHC staining of C2C12-EWS/FLI-1 cells compared to control
(neo) cells. Cells were counterstained with DAPI (bottom) to visualize
total cell nuclei.
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FIG. 5. EWS/FLI-1 blocks MyoD-dependent and myogenin-de-
pendent transcriptional activation of a myogenin-lacZ reporter. 293T
cells were transfected with MyoD (A) or myogenin (B) plasmid and a
B-galactosidase (lacZ) reporter driven by 5’ regulatory regions from
the myogenin gene (6, 7) and either control vector (neo), type I
EWS/FLI-1 (EF-1), the point mutant EWS/FLI-1 R2L2, or a plasmid
containing only the portion of FLI-1 present in the EWS/FLI-1 fusion
[Fli-1(C)]. Transcriptional activation of the reporter was scored by the
lacZ-positive colony number. Data were normalized for differences in
transfection efficiency by cotransfection of a green fluorescent protein
plasmid. The baseline myogenin-lacZ colony number (control plasmid
and myogenin-lacZ only) is shown at the far left. Error bars represent
the standard errors of duplicate experiments.

myogenin and EWS/FLI-1 completely blocked myogenin-in-
duced transcriptional activation, suppressing the number of
lacZ-positive colonies to less than background levels. Impor-
tantly, cotransfection of control plasmid or the EWS/FLI-1
R2L2 mutant had little inhibitory effect on myogenin-induced
transcriptional activation in this assay. These results demon-
strate that EWS/FLI-1 interferes with MyoD- and myogenin-
dependent transcriptional activation and may explain why
overexpression of MyoD failed to rescue C2C12-EWS/FLI-1
myogenic differentiation despite restored expression of myo-
genin.

Altered pattern of cell cycle gene expression in C2C12-EWS/
FLI-1 cells. To determine whether other MyoD target genes
might also be inhibited by EWS/FLI-1, the expression of the
cyclin-dependent kinase inhibitor p21°P', a transcriptional tar-
get of MyoD and a critical effector of MyoD-induced muscle
differentiation (16, 17), was examined by Western immuno-
blotting. In C2C12-neo cells, p21 protein expression was in-
duced within 24 h after placing the cell in DM, reaching a peak
on day 2 (Fig. 6A, upper panels). As expected, expression of
proliferating cell nuclear antigen (PCNA), a protein associated
with cellular proliferation (46, 51), decreased upon transfer of
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FIG. 6. EWS/FLI-1 alters C2C12 cell cycle gene expression without
interfering with DM-induced cell cycle arrest. Protein lysates were
prepared from C2CI12 cells expressing EWS/FLI-1 or control cells
(neo) cultured in either GM or DM and analyzed by anti-p21 (upper
panel), anti-PCNA (middle panel), or anti-cyclin D1 (lower panel)
immunoblotting (IB). In the case of the cyclin D1, cells were analyzed
in GM and after 3 days in DM. For comparison, protein lysates from
the human ES cell lines TC-71, TC-32, and LD were probed with
anti-cyclin D1 antibody and shown at the left. (B) C2C12-neo or
C2C12-EWS/FLI-1 cells were cultured in GM or cultured for the
indicated number of days in DM, labeled with BrdU, and then ana-
lyzed in an anti-BrdU-based immunofluorescence assay. The number
of cells undergoing DNA replication (BrdU-positive cells) was quan-
titated by FACS, with the percentage of BrdU-positive cells shown on
the right.

C2C12-neo cells to DM, reflecting the growth arrest accompa-
nying differentiation. In contrast, C2C12-EWS/FLI-1 cells
showed no evidence of p21 induction in DM, consistent with
the EWS/FLI-1-associated block in MyoD expression and tran-
scriptional activation noted in earlier experiments (Fig. 3 and
5). p21 has also been recently reported to be constitutively
decreased in some human ES cell lines (9, 30) and was among
the most consistent member of the G, checkpoint regulators to
be dysregulated in primary ES tumor specimens (27). Interest-
ingly, C2C12-EWS/FLI-1 cells had higher levels of constitutive
PCNA expression (Fig. 6A, middle panels). Nonetheless,
C2C12-EWS/FLI-1 PCNA protein levels still gradually de-
creased in DM, in a pattern similar to that of C2C12-neo cells.
Despite suppressed p21 levels, there was no evidence of con-
tinued C2C12-EWS/FLI-1 cell proliferation in muscle DM by
viable cell counts (data not shown), likely because the differ-
entiation assays were performed at confluent density.
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Although the relationship between cell cycle regulators such
as p21 and cyclin D1 may depend on cellular context (40); in
myogenic cells, p21 and cyclin D1 generally appear to play
antagonistic roles (43, 52). To determine whether EWS/FLI-1
also altered the expression of cyclin D1, protein lysates were
prepared from C2CI12-EWS/FLI-1 or control cells either
plated in GM or after 3 days in muscle DM. Consistent with
previous findings (43, 52), cyclin D1 protein expression de-
creased to threshold levels when C2C12 cells were placed in
DM (Fig. 6A, lower panels). Cyclin D1 expression in C2C12-
EWS/FLI-1 cells, however, failed to be down-regulated in DM.
Cyclin D1 was also highly constitutively expressed in the ES
cell lines TC-71, TC-32, and LD, a finding also noted by others
(9, 30).

The defect in p21 induction and the constitutive expression
of cyclin D1 even in DM suggested the possibility that the
defect in C2C12-EWS/FLI-1 myogenesis could due to the in-
ability of these cells to undergo the growth arrest requisite for
muscle differentiation. To explore this possibility, the prolifer-
ation of C2C12-EWS/FLI-1 and control cells was analyzed by
a BrdU-based immunofluorescence assay. In GM, C2C12-
EWS/FLI-1 and C2Cl12-neo cells showed similar rates of cel-
lular proliferation, as measured by BrdU incorporation, with
47 and 52% of cells staining positive for BrdU by FACS anal-
ysis, respectively (Fig. 6B). By day 1 in DM, BrdU incorpora-
tion had decreased to 23% in both C2C12-EWS/FLI-1 and
C2C12-neo cells, consistent with the onset of cell cycle arrest
accompanying the transition to DM. After 3 days in DM, the
vast majority of C2C12-EWS/FLI-1 and C2C12-neo cells were
growth arrested, with only 15 and 7% of cells, respectively,
staining positive for BrdU.

Thus, expression of EWS/FLI-1 in C2C12 cells suppressed
induction of the MyoD target gene p21 and resulted in the
constitutive expression of cyclin D1, a pattern shared by some
human ES cell lines. Furthermore, the altered expression of
p21 and cyclin D1 was not associated with a defect in DM-
induced growth arrest, suggesting that EWS/FLI-1 inhibited
the C2C12 myogenic differentiation program independent of
its impact on the cell cycle.

Classic signal transduction pathways important in myogen-
esis are intact in C2C12-EWS/FLI-1 cells. Signal transduction
pathways such as MAPK (3), phosphatidylinositol 3-kinase (PI
3-kinase) (21), and p38 MAPK (8, 56) play important roles in
muscle differentiation. Although the precise mechanisms are
not yet fully defined, these signaling pathways likely modulate
events upstream of the basic helix-loop-helix family of muscle
regulatory transcription factors. Recently, the MAPK family
members ERK1 and ERK2 have been demonstrated to be
constitutively activated in human EWS/FLI-1 tumor cell lines
(25, 42). Furthermore, activated forms of Ras have been dem-
onstrated to inhibit skeletal muscle differentiation (33), likely
through multiple mechanisms (35, 38). The PI 3-kinase signal-
ing pathway, in contrast, has been demonstrated to be an
important promoter of myogenic differentiation. Inhibitors of
PI 3-kinase have been shown to block skeletal muscle differ-
entiation (21), and constitutive activation of PI 3-kinase en-
hances myogenesis and the induction of muscle-specific genes
(19, 20). PI 3-kinase has also been shown to play a role in
the ability of EWS/FLI-1 cells to avoid chemotherapy-induced
apoptotic signals (49). Like PI 3-kinase, activation of p38
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FIG. 7. Signaling pathways important in muscle differentiation are
intact in C2C12-EWS/FLI-1 cells. Protein lysates were prepared from
C2C12-EWS/FLI-1 or vector control cells (neo) while in GM (day 0) or
after the indicated number of days in muscle DM. Samples were
analyzed by immunoblotting with an antibody recognizing the acti-
vated form of ERK1/2 (pERK) or total ERK1/2 (upper panel), an
antibody recognizing the activated form of Akt1 (pAkt) or total Akt1/2
(middle panel), or an antibody recognizing the activated form of p38
MAPK (pp38) and total p38 (lower panel). Controls, consisting of NIH
3T3 cells starved (—) and stimulated (+) with serum (for ERK and
Akt) and HeLa cells untreated (—) and treated (+) with anisomycin
(for p38 MAPK), are shown at the left.

MAPK, a pathway classically involved in mediating cellular
responses to stress-related signals, has also been demonstrated
to play an essential role in promoting skeletal muscle differ-
entiation (8, 56).

To determine whether dysregulation of any of these signal
transduction pathways could account for the block in C2C12-
EWS/FLI-1 muscle differentiation, C2C12 cells expressing
EWS/FLI-1 were placed in DM, and the pattern of ERK (Fig.
7, top panel), Akt (an established downstream target of PI
3-kinase [14]) (Fig. 7, middle panel), and p38 MAPK (Fig. 7,
lower panel) activation was compared to control C2C12 cells
by phosphospecific immunoblotting. Consistent with previous
results (42), C2C12-EWS/FLI-1 cells demonstrated low-level
constitutive activation of ERK1/2 in GM (Fig. 7, day 0). How-
ever, once cells were placed in DM, ERK1/2 activation in-
creased further, peaking at day 2, and gradually decreased. An
almost identical pattern of ERK activation was observed in
control C2C12 cells during myogenic differentiation. The pat-
tern of Akt and p38 MAPK activation was also similar in
C2C12-EWS/FLI-1 and C2C12-neo cells (Fig. 7, middle and
lower panels). As expected, total ERK1/ERK2, Akt 1/2, and
p38 MAPK protein levels were unchanged in GM and DM and
were similar in both C2C12-EWS/FLI-1 and control cells.
These results demonstrate that although ERK1/2 is constitu-
tively activated in EWS/FLI-1 cells in GM (25, 42), the tem-
poral regulation of ERK1/2 upon transferring the cells to DM
is intact, making dysregulation of this pathway an unlikely
explanation for the altered differentiation potential of C2C12-
EWS/FLI-1 cells. Moreover, the lack of C2C12-EWS/FLI-1
myogenic differentiation was also not explained by insufficient
activation of the promyogenic signaling pathways PI 3-kinase/
Akt and p38 MAPK.

EWS/FLI-1 induces constitutive expression of alkaline
phosphatase, a bone lineage marker, in C2C12 cells. At base-
line, C2C12 cells expressing EWS/FLI-1 exhibited a cuboidal
shape, which persisted even when the cells were placed in
culture conditions conducive to myogenic differentiation. With
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appropriate growth factor stimulation, C2C12 cells also have
the potential to differentiate into osteoblasts (23). Moreover,
induction of the bone differentiation program in C2C12 cells
has been previously demonstrated to block C2C12 myogenesis,
through both transcriptional and posttranslational mechanisms
(22). To determine whether there was evidence for the induc-
tion of proteins associated with the bone lineage, C2C12-EWS/
FLI-1 cells were examined by semiquantitative RT-PCR for
expression of alkaline phosphatase, a commonly used marker
to evaluate the osteoblastic differentiation of C2C12 cells (22,
23). Interestingly, C2C12-EWS/FLI-1 cells demonstrated con-
stitutive expression of alkaline phosphatase mRNA, while pa-
rental (neo) cells showed no evidence of baseline alkaline
phosphatase expression (Fig. 8A, right). C2C12-neo cells did
express alkaline phosphatase mRNA, however, when treated
with bone morphogenetic protein 2 (BMP-2) (Fig. 8A, left), a
potent inducer of bone differentiation (22, 23, 55). In control
cells, alkaline phosphatase expression peaked on day 3 of
BMP-2 treatment and then decreased thereafter (data not
shown), consistent with an early- to mid-bone lineage marker
(28).

To confirm the presence of alkaline phosphatase enzymatic
activity, C2C12-EWS/FLI-1 cells and control cells were as-
sessed by alkaline phosphatase enzyme-based histochemical
staining (23). Consistent with the RT-PCR analysis, C2C12-
EWS/FLI-1 cells were positive for alkaline phosphatase while
C2C12-neo cells were completely negative (Fig. 8B, top). To
determine whether any human EWS/FLI-1 tumor cell lines
showed evidence of constitutive alkaline phosphatase enzy-
matic activity, the ES cell lines LD, TC-71, and SS were eval-
uated by alkaline phosphatase-based histochemistry. LD was
diffusely alkaline phosphatase positive while both TC-71 and
SS demonstrated punctate cytoplasmic staining (Fig. 8B, bot-
tom).

C2CI12-EWS/FLI-1 cells did not exhibit a constitutive in-
crease in other bone lineage markers, however, such as type I
collagen or osteocalcin (28). Expression of osteocalcin, a late
bone lineage marker (28), was detectable at threshold levels in
C2C12-neo cells at baseline levels (neo) and steadily increased
with BMP-2 treatment, whereas C2C12-EWS/FLI-1 cells
showed no evidence of constitutive osteocalcin mRNA expres-
sion. Constitutive expression of type I collagen, an early bone
lineage marker (28), was similar in both C2C12-EWS/FLI-1
and C2Cl12-neo cells. Moreover, C2C12-EWS/FLI-1 cells
showed no evidence of spontaneous ossification when placed in
bone mineralization medium and assessed by Von Kossa stain-
ing (data not shown), confirming that EWS/FLI-1 had not
activated a definitive osteoblastic cell program. Therefore,
EWS/FLI-1 expression in C2C12 cells was associated with con-
stitutive expression of alkaline phosphatase, a marker associ-
ated with bone lineage, a characteristic also shared by some
human EWS/FLI-1 cell lines.

To determine whether the constitutive expression of alkaline
phosphatase by C2C12-EWS/FLI-1 cells was a default conse-
quence of inhibiting myogenesis, C2C12 cells were transfected
with a plasmid expressing the constitutively active ras mutant
G12V (V12 ras), a potent inhibitor of myogenic differentiation
(33). Consistent with previous results (33), C2C12 cells ex-
pressing V12 ras showed no evidence of myogenic differentia-
tion in DM (data not shown) and, like C2C12-EWS/FLI-1
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FIG. 8. Constitutive alkaline phosphatase expression and activity in
cells expressing EWS/FLI-1. (A) C2C12 cells expressing EWS/FLI-1
(EF-1) or vector control (neo) were analyzed for alkaline phosphatase
(alk phos) expression by semiquantitative RT-PCR (top) while in GM.
As a control for alkaline phosphatase expression, C2C12 cells were
treated with BMP-2 and analyzed at the indicated day (D) number. To
control for equivalent sample processing, the expression of the ribo-
some-associated protein L7 mRNA is shown at the bottom. (B) C2C12
cells expressing EWS/FLI-1 or control (neo) (top panel) and the hu-
man ES tumor cell lines LD, TC-71, and SS (bottom panel) were
analyzed for alkaline phosphatase activity by alkaline phosphatase
enzyme-based histochemistry. (C) C2C12 cells stably expressing V12
ras (V12) or the parental vector (P) were cultured in GM or for 3 days
in DM and analyzed for the expression of alkaline phosphatase, MyoD,
or myogenin by semiquantitative RT-PCR. As a control for alkaline
phosphatase expression, C2C12 cells treated with BMP-2 are shown at
the right. For comparison, the constitutive expression of alkaline phos-
phatase by C2C12-EWS/FLI-1 cells is also shown at the right. The
expression of L7 is included as a control for sample integrity.

cells, showed little evidence of MyoD or myogenin gene ex-
pression when placed in DM (Fig. 8C). However, neither V12
nor parental C2C12 cells showed any evidence of constitutive
alkaline phosphatase gene expression, whether cultured in GM
or DM (Fig. 8C). These results suggest that the constitutive
expression of alkaline phosphatase in C2C12-EWS/FLI-1 cells
was not an inevitable consequence of oncogene-associated in-
hibition of myogenic differentiation.
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DISCUSSION

The cell of origin harboring EWS/FLI-1 or one of the related
EWS/Ets fusion genes implicated in ES is unknown. Approxi-
mately 80% of tumors arise from a bony site, while the remain-
der occur in soft tissue sites, suggesting either a multipotential
target cell for ES or distinct target cells, depending on the
anatomical presentation. Some, but not all, ES tumors express
neural markers (13), leading some to speculate about a possi-
ble neural crest cell origin for some ES tumors. However, it is
also conceivable that EWS/FLI-1 merely induces early neural
markers in a nonneural, multipotential stem cell. This, to-
gether with the fact that ES tumors arise in bony or soft tissue
sites, makes a mesenchymal target cell also quite a strong
possibility. Although the cell line C2C12 has been a useful tool
for studying muscle differentiation, its ability to differentiate
into bone, fat, and muscle are characteristic of a mesenchymal
stem cell (15). Therefore, expression of EWS/FLI-1 in C2C12
cells was of interest because it represented a potentially rele-
vant target cell and provided an opportunity to determine the
impact of this oncogene on cellular differentiation.

In C2C12 cells, EWS/FLI-1 profoundly inhibited the muscle
differentiation program by interfering with the induction of the
myogenic regulatory factors MyoD and myogenin in low-mito-
gen-containing medium. Because optimal MyoD and myoge-
nin expression rely on positive auto-regulatory feedback (4, 11,
48), it is likely that the ability of EWS/FLI-1 to suppress
MyoD- and myogenin-dependent transcriptional activation
contributed to their suppressed expression. Moreover, cyclin
D1, constitutively expressed in C2C12-EWS/FLI-1 cells even
while in DM, has been demonstrated to interfere with muscle
regulatory factor-induced transcriptional activation and myo-
genic differentiation (39, 43). Therefore, dysregulated cyclin
D1 may have also played a role in the inability of MyoD and
myogenin overexpression to rescue C2C12-EWS/FLI-1 myo-
genic differentiation. Perhaps the constitutive expression of
cyclin D1 in EWS/FLI-1 cells (9, 30) suppresses differentiation
signals, leading to a primitive cell lacking definitive lineage
markers.

A variety of oncogenes, including activated forms of ras,
have been demonstrated to inhibit muscle cell differentiation
by altering either myogenic gene transcription (24) or up-
stream signaling (37). Muscle regulatory factors become acti-
vated by upstream signaling pathways, such as PI 3-kinase,
ERKI1/2 (MAPK1/2), and p38 MAPK, although the precise
mechanisms still remain to be precisely defined. Activation of
the ras/MAPK (25, 42) and PI 3-kinase/Akt (49) signaling
pathways have been implicated in ES; however, the activation
pattern of these signaling pathways in DM was similar in
C2C12-EWS/FLI-1 and control cells. These results suggest a
model in which EWS/FLI-1 acts as a mutant transcription
factor, inhibiting the expression and activity of transcription
factors important for C2C12 myogenic differentiation. Consis-
tent with this hypothesis, the EWS/FLI-1 point mutant EWS/
FLI-1 R2L2, defective in nuclear localization and transcrip-
tional activation (2), did not interfere with either MyoD- or
myogenin-dependent transcriptional activation or C2C12 mus-
cle differentiation (data not shown).

Previous studies have generally focused on studying EWS/
FLI-1 in the context of NIH 3T3 cells. Although this fibroblas-
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tic cell line is commonly used in oncogene expression analysis
and transformation assays, novel cell culture models will pro-
vide additional and/or corroborative insights into the biologic
consequences of EWS/FLI-1 expression. In the cell line
C2C12, introduction of EWS/FLI-1 revealed some similarities
with human EWS/FLI-1 tumor cell lines. C2C12-EWS/FLI-1
cells exhibited a morphology distinct from that of the parental
cells, becoming more cuboidal, reminiscent of some well-char-
acterized ES cell lines (Fig. 1A). ES tumors are well known as
small round blue tumors that lack most definitive cellular lin-
eage markers (12). Parental C2C12 cells constitutively ex-
pressed myogenic factors such as desmin and MyoD, but
C2C12-EWS/FLI-1 cells lacked baseline desmin or MyoD ex-
pression by Western immunoblotting or RT-PCR (Fig. 3B and
C and 4 and data not shown). This is reminiscent of primary ES
tumors, which almost always lack myogenic markers (12, 44),
whereas rhabdomyosarcoma, another small round blue tumor,
expresses a range of myogenic factors (53). C2C12-EWS/FLI-1
cells also demonstrated a constitutive decrease in p21 expres-
sion and a constitutive increase in cyclin D1 expression, cell
cycle regulators that have been previously demonstrated to be
disturbed in some human EWS/FLI-1 cell lines and in samples
from primary ES tumors (9, 27, 30). C2C12-EWS/FLI-1 cells
also demonstrated constitutive expression of an early to mid-
bone lineage marker, alkaline phosphatase. Interestingly, we
found that some human EWS/FLI-1 cell lines were alkaline
phosphatase positive, which have also been reported in some
primary ES tumors (26, 36). Although C2C12-EWS/FLI-1 cells
did develop a polygonal shape reminiscent of osteoblastic cells,
increased expression of other bone lineage markers was not
detected, and there was no evidence of spontaneous osteoblas-
tic differentiation when C2C12-EWS/FLI-1 cells were placed in
bone mineralization medium (data not shown). Therefore,
EWS/FLI-1 expression in the cell line C2C12 was associated
with some subtle bone lineage features, perhaps analogous to
primary ES tumors, which generally arise in bone but lack the
definitive bone morphological and histochemical features of
osteosarcoma.

In summary, expression of EWS/FLI-1 in the cell line C2C12
induced an alteration in the pattern of myogenic and osteo-
genic marker expression. The resulting C2C12-EWS/FLI-1 cell
line constitutively expressed an early to mid-bone lineage
marker and lost the ability for myogenic differentiation. The
block in myogenic differentiation required the nuclear local-
ization and DNA-binding functions of EWS/FLI-1 and was
mediated by suppression of myogenic transcription factors
through transcriptional and posttranscriptional mechanisms.
Differentiation of mesenchymal stem cells along a particular
lineage pathway likely occurs by direct stimulation of lineage-
specific signals, which may directly or indirectly inhibit differ-
entiation towards other lineages. Our data are consistent with
a model in which EWS/FLI-1 may influence C2C12 differen-
tiation by both indirect and direct mechanisms (Fig. 9). In this
model, the ability of EWS/FLI-1 to inhibit C2C12 myogenic
differentiation acts to diminish the inhibitory influence of the
myogenic pathway on bone differentiation. However, onco-
genes like V12 ras, which also inhibit C2C12 myogenic differ-
entiation, do not induce alkaline phosphatase gene expression.
This suggests the possibility that EWS/FLI-1 may also have a
direct role in modulating C2C12 lineage signals but that EWS/
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FIG. 9. A working model of the effect of EWS/FLI-1 on C2C12
mesodermal differentiation. A schematic representation of EWS/FLI-1
inhibiting C2C12 myogenic signals, which normally act to suppress
bone differentiation. The possibility that EWS/FLI-1 might also di-
rectly modulate bone lineage features is also depicted; see the text for
additional details.

FLI-1 expression alone is not sufficient to direct a full-lineage
commitment towards a bone lineage. Although future study
will be required, our results suggest a model in which EWS/
FLI-1 suppresses lineage-specific transcription factors, result-
ing in a primitive EWS/FLI-1-expressing cell lacking definitive
signs of lineage commitment. Sophisticated gene expression
analysis with C2C12-based EWS/FLI-1 cell lines will be a use-
ful tool for exploring the molecular pathophysiology of ES and
may facilitate progress in identifying potential EWS/FLI-1 tar-
gets.
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