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Abstract
Ewing's family tumors are characterized by a specific t(11;22) chromosomal translocation that
results in the formation of EWS-Fli1 oncogenic fusion protein. To investigate the effects of EWS-
Fli1 on gene expression, we carried out DNA microarray analysis after specific knockdown of
EWS-Fli1 through transfection of synthetic siRNAs. EWS-Fli1 knockdown increased expression
of genes such as DKK1 and p57 that are known to be repressed by EWS-Fli1 fusion protein.
Among other potential EWS-Fli1 targets identified by our microarray analysis, we have focused
on the FOXO1 gene since it encodes a potential tumor suppressor and has not been previously
reported in Ewing’s cells. To better understand how EWS-Fli1 affects FOXO1 expression, we
have established a doxycycline-inducible siRNA system to achieve stable and reversible
knockdown of EWS-Fli1 in Ewing’s sarcoma cells. Here we show that FOXO1 expression in
Ewing’s cells has an inverse relationship with EWS-Fli1 protein level, and FOXO1 promoter
activity is increased after doxycycline-induced EWS-Fli1 knockdown. In addition, we have found
that direct binding of EWS-Fli1 to FOXO1 promoter is attenuated after doxycycline-induced
siRNA knockdown of the fusion protein. Together, these results suggest that suppression of
FOXO1 function by EWS-Fli1 fusion protein may contribute to cellular transformation in Ewing’s
family tumors.

INTRODUCTION
Ewing's family tumors are malignancies that share histological features as well as a recurrent
and specific t(11;22) chromosomal translocation [1]. This translocation results in a chimeric
transcript encoding the N-terminal domain of the RNA-binding protein EWS and the DNA-
binding domain of the ETS family transcription factor Fli1 [2]. The resultant EWS-Fli1
chimeric fusion protein is known to affect both gene transcription and RNA splicing [3,4].

EWS-Fli11 has been proposed to be an oncogenic fusion protein based on its ability to
transform cells. While a number of EWS-Fli1 target genes have been identified by ectopic
expression of EWS-Fli1 in non-Ewing’s cells [5–8], several studies have indicated that
EWS-FLi1 target genes identified in non-Ewing’s cells do not overlap with those in Ewing’s
cells [9,10]. To study how EWS-Fli1 influences gene expression in the genetic background
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of Ewing’s sarcoma, we and others have examined the effects of EWS-Fli1 knockdown by
siRNA in actual Ewing’s cell lines [4,11,12]. We previously found that knockdown of EWS-
Fli1 in Ewing’s cells leads to growth arrest and reduced invasiveness [4]. More recently we
have shown that EWS-Fli1 abolishes cellular senescence in Ewing’s sarcoma cells by
suppressing the functions of retinoblastoma protein [13].

To gain further insight into the oncogenic mechanisms of EWS-Fli1 fusion protein, in this
manuscript we carried out microarray analysis of RNA samples from Ewing’s sarcoma cells
transfected with synthetic siRNAs against EWS-Fli1. Analysis of our microarray data
revealed that EWS-Fli1 affects many genes including repression of the FOXO1 gene in
Ewing’s sarcoma cells. While synthetic siRNAs represent a convenient approach in the
knockdown of EWS-Fli1, they also have severe limitations such as a relatively short
duration of robust siRNA knockdown and a need to transfect fresh cells for each experiment.
To achieve sustained and reversible siRNA knockdown of EWS-Fli1, we utilized the pSLIK
(single lentivector for inducible knockdown) platform in Ewing’s sarcoma cells to
conditionally turn on production of siRNA against EWS-Fli1. Using this inducible siRNA
system in Ewing’s sarcoma cells, we have found that doxycycline-induced siRNA
knockdown of EWS-Fli1 in Ewing’s sarcoma cells is accompanied by an increase in
FOXO1 expression and a decrease in proliferation. Through chromatin immunoprecipitation
(CHIP) assay, we showed that EWS-Fli1 binds directly to the promoter region of FOXO1.
Taken together, these findings suggest that FOXO1 is a downstream target of EWS-Fli1, and
that the tumor suppressor activity of FOXO1 is likely silenced by the oncogenic EWS-Fli1
fusion protein during tumorigenesis.

MATERIALS AND METHODS
Cell Culture

Human Ewing’s sarcoma cell lines A673, SK-ES and RD-ES were obtained from ATCC
and maintained in RPMI, McCoy’s 5A and Dulbecco’s modified Eagle’s medium (DMEM)
supplemented with 15% fetal bovine serum, respectively.

siRNA transfection and DNA microarray analysis
2 × 106 SK-ES cells in 0.1 ml PBS were electroporated with 4 µl of siRNA and plated onto
4 wells in a collagen-coated 6-well plate. 48 hrs later, total RNA was prepared for DNA
microarray at the University of Washington Center for Expression Array. Target labeling
and hybridization to Affymetrix Gene Chips (Human Genome U133 plus 2.0) were carried
out with minor modifications from procedures recommended by the manufacturer. Probe
sets with a “call” of (P) and a signal log ratio (SLR) of −1.0 (i.e. 2 fold decrease) and lower
or a SLR of +1.0 (i.e. 2 fold increase) and higher were selected to obtain gene annotations
via Affymetrix’s NetAffx Analysis Center (http://www.affymetrix.com/analysis/index.affx).

Lentivirus-mediated siRNA knockdown
Lentiviral siRNA constructs were obtained by annealing the pre-designed primers targeting
EWS-Fli1 AGTACCCTTCTGACATCTCCT, firefly luficerase
ACGTACGCGGAATACTTCGAA, or a scrambled sequence
GGAAACATACTGTTACAAGAA, and subsequent cloning into the pEN_TGmiRC3
shuttle plasmid for transfer into the pSLIK-Neo lentiviral vector [14]. For generation of
lentivirus, subconfluent 293FT packaging cells in a 10 cm plate were transfected with 3 µg
of pSLIK-Neo-siRNA construct plus 9 µg ViraPower DNA Mixture (Invitrogen) by the
Lipofectamine 2000 method. After 48 h, supernatants containing lentivirus were collected
for infection of Ewing cells. Infected cells were then selected by their resistance to

Yang et al. Page 2

Biochem Biophys Res Commun. Author manuscript; available in PMC 2011 November 5.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

http://www.affymetrix.com/analysis/index.affx


neomycin (G418). Induction of GFP and siRNA against EWS-Fli1 from the lenttiviral
vector is controlled by addition of doxycycline to 3 µg/ml in the culture medium.

RT-PCR
Total RNA was extracted from 5 × 105 cells using the RNeasy Mini Kit (Qiagen, Valencia,
CA) and eluted in 40 µl H2O. For RT-PCR, 2 µl RNA was analyzed in a total volume of 25
µl using the SuperScript One-Step RT-PCR Kit (Invitrogen). The primers for EWS-Fli1
were ACCGAGCAGCTATGGACA (EWS-U3) and CTTCAGCTAGAAGGCCACTGA
(Fli-D1), the primers for FOXO1 were GCAGATCTACGAGTGGATGGTC (FOXO1-F)
and AAACTGTGATCCAGGGCTGTC (FOXO1-R), and the primers for GAPDH were
TGGTATCGTGGAAGGACTCAT and GTGGGTGTCGCTGTTGAAGTC.

Western blot analysis
To examine the effect of siRNA on protein expression, 2 × 106 cells were lysed with 0.1 ml
Buffer X (50mM Tris, pH 7.4, 270mM NaCl, 0.5% Triton X-100) supplemented with
protease and phosphatase inhibitors (Sigma-Aldrich Co). After separation on an 8% SDS-
PAGE and transferred onto a polyvinylidene difluoride membrane, the blot was incubated
with a rabbit polyclonal anti-Fli1 or a rabbit anti-FOXO1 (clone C-19 for Fli1 and clone
H-129 for FOXO1, Santa Cruz Biotechnology, Santa Cruz, CA), followed by horse radish
peroxidase-conjugated goat anti-rabbit IgG. The protein bands were visualized using the
ECL Plus Western Blotting Detection Reagents (Amersham Biosciences Corp., Piscataway,
NJ).

Reporter plasmid construction and luciferase assay
Firefly luciferase reporter pGL3-hFOXO1-952 and pGL3-hFOXO1-286 were generated by
cloning the PCR-amplified human FOXO1 promoter fragments into the Mlu I-Hind III sites
of the pGL3-basic vector. G418-resistant Ewing’s sarcoma A673 cells in a 3.5-cm well were
transfected with 2 µg pGL3-hFOXO1 luciferase reporter and 50 ng pRL-SV40 Renilla
luciferase control using FuGENE 6 (Roche Applied Science, Indianapolis, IN) according to
the manufacturer's instructions. 24 hrs after transfection, doxycycline was added to half of
the wells for induction of siRNA, and cells were lysed after 3 days and assayed using the
Promega dual-luciferase assay system. Transfection was repeated at least three times, and
the luciferase activity was normalized to the internal Renilla luciferase control.

Chromatin immunoprecipitation assay
To cross-link DNA and protein, 1 × 108 of A673 cells were treated with 1% formaldehyde
for 5 min at room temperature. Chromatin solution was then prepared as described
previously [15]. For immunoprecipitation, 10 µl of antibody was incubated with chromatin
solutions overnight at 4 °C on a rotating wheel. The immunocomplexes were collected with
salmon sperm DNA/Protein A-Sepharose beads and washed extensively. Formaldehyde
cross-linking was reversed by overnight incubation at 65 °C in 0.2 M NaCl plus 200 µg/ml
proteinase K (Sigma). The mixture was then extracted with phenol/chloroform, and the
DNA was precipitated with ethanol and resuspended in 20 µl of H2O. 20 ng of the DNA
template was then used for PCR amplification of FOX1A and GAPDH promoter regions.
Primers for FOX1A promoter were GGAAGAGGTTCCCACGGAGGGCAT and
CCGGCGACACTTTGTTTA CT. Primers for GAPDH promoter were
TCCTCCTGTTTCATCCAAGC and TAGTAGCCGGGCCCTACTTT.
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RESULTS
Transient knockdown of EWS-Fli1 by synthetic siRNA affects gene expression in Ewing’s
sarcoma cells

In earlier studies, we and others have found that genes affected by EWS-Fli1 and its related
fusion proteins vary greatly in cells that were not derived from the tumors [9,10]. Therefore,
bona fide EWS-Fli1 target genes must be identified in the genetic background of Ewing’s
sarcoma cells but not in surrogate cells such as NIH3T3. To this end, we were able to
achieve a specific siRNA knockdown of EWS-Fli1 in SK-ES Ewing’s sarcoma cells,
whereas a non-specific siRNA against the firefly luciferase gene had no effect on EWS-Fli1
expression (Fig. 1A). To efficiently identify EWS-Fli1 target genes in Ewing’s cells, we
carried out DNA microarray analysis of RNA samples isolated from SK-ES cells transfected
with a specific siRNA against EWS-Fli1 and a non-specific siRNA against luciferase. After
comparison of the microarray data, we identified a set of genes that are significantly affected
by EWS-Fli1 knockdown in these transfected Ewing’s sarcoma cells (Fig. 1B).

Among these genes, Dickkopf-1 (DKK1) is known to be the most up-regulated gene after
siRNA knockdown in an Ewing cell line [12]. DKK1 is a secreted protein modulator of
Wnt/β–catenin signaling. In addition to DKK1, other known EWS-Fli1 target genes from
our list include platelet-derived growth factor receptor [16], cyclin-dependent kinase
inhibitor p57 [17], and insulin-like growth factor binding proteins [12].

One of the genes in our list that were found to be up-regulated by EWS-Fli1 knockdown but
have not been reported previously is FOXO1, a member of the Forkhead box family of
transcription factors. FOXO1 has been known to function as a tumor suppressor [18], and
we speculate that direct repression of this tumor suppressor gene by EWS-Fli1 may be
involved in the pathogenesis of Ewing’s sarcoma.

Conditional siRNA knockdown of EWS-Fli1 can be induced by doxycycline in Ewing’s
sarcoma cells

In our attempt to further carry out the characterization of FOXO1 as a potential EWS-Fli1
target gene in other Ewing’s cell lines, we realized that the use of synthetic siRNAs has
severe limitations: knockdown by synthetic siRNA is transient in nature, and the knockdown
is totally dependent on transfection efficiency. To study FOXO1 gene in other Ewing cell
lines that are difficult to transfect, we have to use an alternative approach to deliver siRNA
into the cells.

To achieve stable and efficient siRNA knockdown of EWS-Fli1 in various Ewing’s sarcoma
cells, we engineered an siRNA construct based on the pSLIK-Neo lentiviral vector [14] for
conditional expression of siRNA against EWS-Fli1. In experiments with the pSLIK-Neo-
siEWS-Fli1 lentiviral vector, infected A673 Ewing’s cells were selected by their resistance
to G418. Expression of GFP and siRNA against EWS-Fli1 from this vector is controlled by
a doxycycline inducible promoter (Fig. 2A). In the absence of doxycycline, these G418-
resistant cells do not express GFP or siRNA, and EWS-Fli1 level in Ewing’s sarcoma cells
remained constant. When doxycycline was added to the culture medium, cells harboring the
pSLIK-Neo-siEWS-Fli1 lentiviral construct express GFP (green under fluorescence
microscope) and EWS-Fli1 protein level was significantly down-regulated by siRNA after
doxycycline addition (Fig. 2B). In the absence of doxycycline, these cells could be easily
expanded without a significant loss of their ability to silence EWS-Fli1 upon doxycycline
addition. This pSLIK vector system has wide applicability since we were able to obtain
efficient siRNA knockdown of EWS-Fli1 in other Ewing cell lines such as RD-ES and SK-
ES cells (Fig. 2C, lanes 1–6). To confirm that doxycycline-induced siRNA knockdown of
EWS-Fli1 is achieved by specific expression of siRNA against EWS-Fli1, we also
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constructed a control lentiviral vector pSLIK-Neo-siGL2 that expresses siRNA against the
firefly luciferase gene not found in human cells. Doxycycline induction of this non-specific
siRNA did not have an effect on EWS-Fli1 protein in any of the Ewing cell lines tested (Fig.
2C, lanes 7–12). Doxycycline-induced specific siRNA knockdown of EWS-Fli1 also
inhibited proliferation of Ewing’s cells, whereas doxycyclin-induction of siRNA against
luciferase did not have such an inhibitory effect (Fig. 2D).

EWS-Fli1 knockdown induces FOXO1 expression in Ewing cell lines
We focused our attention on FOXO1 since it is one of the genes that were shown to have an
inverse relationship with EWS-Fli1 by our microarray experiment but have not been
reported in the literature. FOXO1 is a member of the Forkhead box family of transcription
factors that may function as a tumor repressor [18]. To confirm that the FOXO1 gene is
indeed up-regulated after siRNA knockdown of EWS-Fli1, we carried out RT-PCR analysis
of FOXO1 mRNA in three Ewing’s cell lines before and after doxycycline addition to the
culture medium. As shown in Fig. 3A, doxycycline-induced siRNA knockdown of EWS-
Fli1 in these Ewing cell lines led to an increase in FOXO1 mRNA. We then carried out
western blotting and were able to show that this increase in FOXO1 mRNA was also
reflected by an increase in FOXO1 protein (Fig. 3B). To confirm that the induced FOXO1
protein is functionally active, we transfected Ewing cells with the pFHRE-Luc reporter
plasmid in which expression of the luciferase gene is driven by a FOXO1-responsive
element. As shown in Fig. 3C, doxycycline induction of FOXO1 was associated with an
increase in luciferase activity driven by the FOXO1-responsive element. This increase in
luciferase activity was only observed in cells harboring specific siRNA against EWS-Fli1
but not in cells with a scrambled non-specific siRNA.

EWS-Fli1 binds directly to the promoter region of the FOXO1 gene
To further confirm that up-regulation of FOXO1 after EWS-Fli1 knockdown is a specific
event related to changes in EWS-Fli1 but not an artifact due to the presence of doxycycline
in the culture medium, we tested its expression in control A673 Ewing’s cells expressing an
siRNA against luciferase. As shown in Fig. 4A, doxycycline addition to these control A673
cells did not have an effect on either EWS-Fli1 or FOXO1, while under the same conditions
FOXO1 protein was increased in A673 cells expressing siRNA against EWS-Fli1.

To investigate whether EWS-Fli1 knockdown has an effect on FOXO1 transcription, we
PCR amplified the human FOXO1 promoter and cloned the promoter fragment into the
pGL3 luciferase reporter for transfection and luciferase assay. We found that doxycycline
induction of EWS-Fli1 knockdown resulted in an increase in luciferase activity in A673
cells transfected with pGL3-hFOXO1-952 but not in A673 cells trasnfected with pGL3-
hFOXO1-286, suggesting that EWS-Fli1 repression of the FOXO1 gene is mediated through
an element between −952 to −286 of the FOXO1 promoter region (Fig. 4B). To show that
EWS-Fli1 binds to this promoter region of the FOXO1 gene, we carried out chromatin
immunoprecipitation (CHIP) experiments using an anti-Fli1 antibody. As shown in Fig. 4C,
DNA fragments covering −952 to −286 region of the FOXO1 promoter was enriched by an
anti-Fli1 antibody but not by the non-specific IgG (compare lanes 2 and 3). In addition, less
DNA was recovered by the anti-Fli1 antibody from A673 cells with doxycycline-induced
siRNA knockdown of EWS-Fli1 (compare lanes 5 and 6). Together, these findings
demonstrate that the FOXO1 gene is indeed one of the target genes of EWS-Fli1 fusion
protein in Ewing’s sarcoma cells.
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DISCUSSION
In addition to synthetic siRNA, we previously also used an adenoviral vector to deliver
siRNA and achieved near complete depletion of EWS-Fli1 for a sustained period of time in
infected Ewing cells [13]. However, siRNA knockdown via adenoviral vector is irreversible
and fresh infection has to be carried out for each new experiment. In this study, we have
established a conditional lentiviral siRNA system to reversibly knockdown EWS-Fli1 in
several Ewing cell lines. This doxycycline inducible siRNA system offers at least two
advantages: first, those Ewing cell lines that are difficult to transfect can now be subjected to
siRNA knockdown since the lentivirus will infect all Ewing cells, and the infected cells can
be selected by their resistance to G418; second, siRNA knockdown of EWS-Fli1 in infected
Ewing cells can now be turned on by addition of doxycycline to the culture medium and
turned off by its withdrawal. Once G418-resistant Ewing cells are selected, they can be
saved for all future experiments without the need of repeated infection.

In this study we have provided evidence that FOXO1 is a direct target of the EWS-Fli1
fusion protein in Ewing’s sarcoma cells. FOXO1 belongs to the forkhead O (FOXO)
transcription factor subgroup based on the presence of a conserved DNA-binding forkhead
box among its protein sequences. Genetic deletion of FOXO1 results in modest neoplastic
phenotype in a lineage-restricted manner, suggesting its role as a potential tumor suppressor
in certain cell types [18]. Loss of FOXO1 through chromosomal deletion was shown to
promote androgen-independent prostate cancers [19]. Compared to normal endometrium,
endometrioid endometrial cancer demonstrates a marked loss of FOXO1 expression [20]. In
non-small cell lung cancer, FOXO1 expression is a favorable prognostic factor [21].

From our studies shown here and reported previously [13], EWS-Fli1 knockdown has been
associated with activation of the S-phase repressor pRb, cell cycle arrest, decreased
expression of cyclin D and increased expression of FOXO1. Since FOXO1 is known to
down-regulate cyclin D at the transcriptional level [22], we speculate that tumorigenesis by
EWS-Fli1 fusion protein may involve releasing the cyclin D promoter from repression by
FOXO1 protein, thus providing an oversupply of cyclin D for partnering with CDK4 to
inactivate the pRb protein.

Extensive studies have been carried out to show that the activities of FOXO1 protein are
regulated by phosphorylation, acetylation, methylation and O-linked glycosylation [23].
FOXO1 protein can also associate with different cofactor complexes to regulate context-
dependent programs of gene expression [24]. In comparison, not much is known about
transcriptional regulation of the FOXO1 gene. It was reported that the transcription factor
E2F-1 induces FOXO1 expression via binding to the E2F-1 sites located within 150 bp of
the transcription initiation site of the FOXO1 gene [25]. FOXO1 can also be up-regulated by
other forkhead transcription factors such as FOXC1 and FOXO3 through binding to the
proximal promoter sequence [26,27]. Since there has been no report on negative regulators
of FOXO1 transcription, our study thus provides first evidence that the EWS-Fli1 oncogenic
fusion protein can function as a repressor of the FOXO1 gene in Ewing’s sarcoma and
related tumors.
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Fig. 1. siRNA knockdown of EWS-Fli1 affects gene expression in Ewing cells
(A) SK-ES cells were transfected with a synthetic siRNA against EWS-Fli1 or a control
non-specific siRNA against firefly luciferase (lanes 1–4). 3 days after transfection, cells
lystes were blotted with a rabbit polyclonal anti-Fli1 antibody or a mouse monoclonal anti-
β-actin. (B) After transfection with a synthetic siRNA against EWS-Fli1, gene expression in
these SK-ES cells was analyzed by DNA microarray (in duplicates) and normalized to SK-
ES cells transfected with a control siRNA against firefly luciferase. Only genes significantly
affected by EWS-Fli1 knockdown are listed.
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Fig. 2. Conditional siRNA knockdown of EWS-Fli1 in Ewing’s cells
(A) Diagram for the pSLIK-Neo-siEWS-Fli1 lentiviral siRNA vector. The doxycycline-
inducible promoter is shown as an arrow, and miRNA cassette containing an shRNA against
EWS-Fli1 is cloned downstream of the GFP gene. (B) A673 cells harboring the pSLIK-
siEWS-Fli1 vector were treated with doxycycline and lysates were blotted with an anti-Fli1
antibody for detection of EWS-Fli1 protein. (C) Three Ewing cell lines expressing siRNA
against EWS-Fli1 or luciferase were treated with doxycycline for 4 days and blotted with
anti-Fli1. (D) 0.1 × 106 A673 cells harboring siEWS-Fli1 or siGL2 were cultured in medium
with or without doxycycline, and cell numbers were counted 4 days later.
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Fig. 3. Induction of FOXO1 by EWS-Fli1 knockdown
(A) siRNA against EWS-Fli1 were turned on in three Ewing cell lines harboring the pSLIK-
Neo-siEWS-Fli1 vector, and RNAs were collected for RT-PCR analysis. (B) Lysates from
these three Ewing cell lines were blotted to show induction of FOXO1 protein after EWS-
Fli1 knockdown. (C). pFHRE-Luc reporter was transfected into A673 cells harboring
siEWS-Fli1 or a scrambled siRNA. The transfected cells were then cultured in medium with
or without doxycycline for 4 days, and luciferase activities were measured and normalized
to the pRL-SV40 controls.
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Fig. 4. Direct binding of EWS-Fli1 to FOXO1 promoter
(A) Western blotting was carried out using A673 cells after 3-day treatment with
doxycycline to induce siRNA production. (B) The luciferase reporter plasmids were
transfected into A673 cells harboring inducible siRNA against EWS-Fli1, treated with or
without doxycycline for 3 days before luciferase assay. (C) CHIP assay and PCR were
performed with fragmented chromatin from A673 cells following doxycycline-induced
EWS-Fli1 knockdown.
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