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Abstract
The presence of the chimeric EWSR1-FLI1 oncoprotein is the main and initiating event defining Ewing sarcoma (ES). The
dysregulation of epigenomic and proteomic homeostasis induced by the oncoprotein contributes to a wide variety of events
involved in oncogenesis and tumor progression. Attempts at studying the effects of EWSR1-FLI1 in non-tumor cells to understand
the mechanisms underlying sarcomagenesis have been unsuccessful to date, as ectopic expression of EWSR1-FLI1 blocks cell
cycle progression and induces apoptosis in the tested cell lines. Therefore, it is essential to find a permissive cell type for EWSR1-
FLI1 expression that allows its endogenous molecular functions to be studied. Here we have demonstrated that HeLa cell lines are
permissive to EWSR1-FLI1 ectopic expression, and that our model substantially recapitulates the endogenous activity of the
EWSR1-FLI1 fusion protein. This model could contribute to better understanding ES sarcomagenesis by helping to understand the
molecular mechanisms induced by the EWSR1-FLI1 oncoprotein.
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Introduction
Ewing sarcoma (ES) is the second most frequent sarcoma of bone and soft tissues in children and young adults. ES is
characterized by various fusions involving the EWSR1 and ETS transcription factors, with EWSR1-FLI1 the most common [1, 2].
One of the burning questions in ES is whether the translocation is the initiating event. Recently, Anderson et al. have demonstrated
that the first event in the ES oncogenesis is the chromosomal translocation, resulting in its fusion protein product EWS-ETS [3].
Accordingly, the EWS-ETS fusion protein is also important for ES progression and oncogenic potential [4–7]. The sustained
expression of this fusion protein allows cells to acquire oncogenic features that trigger multiple genetic and epigenetic modifications
[8–11], among other events. To understand the role of the EWSR1-FLI1 protein in the development of ES, we first need to model its
induction in the cell of origin; however, this is a challenge as the cell origin of ES is still unknown. For that reason, researchers
commonly take one of two strategies: i) use EWSR1-FLI1 knockdown in ES cell lines, or ii) use a heterologous (non-ES related)
system that expresses EWSR1-FLI1. Unfortunately, however, inhibiting EWSR1-FLI1 in ES cell lines induces apoptosis [7, 12], and
ectopic expression of EWSR1-FLI1 prompts apoptosis and growth arrest in mouse normal embryonic fibroblasts as well as in
primary human fibroblasts [13, 14]. Moreover, ectopic EWSR1-FLI1 expression in human mesenchymal stem cells (hMSCs),
defined as the putative cells of origin for ES, does not result in cell transformation or in tumor formation in immunocompromised
mice, although hMSCs are initially permissive to EWSR1-FLI1 ectopic expression [15, 16]. Hence, having a suitable in vitro model
that ectopically expresses EWSR1-FLI1 is an essential preliminary requirement for researchers to begin to understand the
molecular mechanism induced by EWSR1-FLI1 emergence.

To construct a suitable heterologous system, it is essential to achieve a sustained expression of the fusion protein without
compromising either cellular functions or cell viability. In addition, integration of a FLAG-tag element into the system would be useful
to allow a more sensitive detection of DNA/protein or protein/protein interactions [17] when antibodies are not efficient or specific
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enough to get a high signal-to-noise ratio. The use of the FLAG-tag strategy to immunoprecipitate EWSR1-FLI1 has been
extensively reported [7, 9, 18].

In this study, our goal is to develop an inducible ectopic EWSR1-FLI1 system that can be used to get additional insights into the
mechanisms by which EWSR1-FLI1 modulates cell transformation and drives ES tumorigenesis and aggressiveness. To this aim,
we used a permissive HeLa cell line, thereby avoiding the problems due to the ectopic expression of EWSR1-FLI1 and enabling us
to study it also long-term. Further, we included a C-terminal 3×FLAG tag and verified that it did not disrupt the activity of the fusion
protein. Altogether, our ectopic and inducible EWSR1-FLI1 3×FLAG model circumvents the problems of apoptosis and cell cycle
interference. Thus, it could provide a useful tool for studying the molecular mechanisms induced by the emergence and
maintenance of EWSR1-FLI1.

Materials and methods
Cell lines and cell culture conditions

The HeLa Tet-On  3G Cell Line (Clontech; 631183), which expresses the tetracycline (Tet)-regulated transactivator Tet-On 3G, was
established as a parental cell line. Cells were grown in DMEM with 10% FBS, and 250 μg/ml G418 (Gibco; 11811031) was added to
maintain the transfected vector. The stable EWSR1-FLI1 HeLa clones grew in the same medium but supplemented with 0.5 μg/ml
of puromycin (SIGMA; A1113803). Both antibiotics were removed from the medium culture prior to carrying out experiments.
Doxycycline (Clontech; 631311) was used to induce the system. The ES cell lines A673 and RDES were obtained from ATCC
(#CRL-1598 Lot 58078570 and #HTB-166 Lot 58078725, respectively). Cells were grown on 0.1% gelatin-coated plates in DMEM
10% FBS (A673) and RPMI 15% FBS (RDES). All cell lines were maintained in 37°C incubators, in an atmosphere of 5% CO . Cell
lines were free of mycoplasma, and were continuously screened with the MycoAlert  Mycoplasma Detection Kit (Lonza) to ensure
this.

Establishment of HeLa cell lines expressing inducible EWSR1-FLI1 (7–6) 3×FLAG C-terminal

The HeLa Tet-On  3G cell line (Clontech, #631183) was used to achieve inducible and regulated expression of EWSR1-FLI1. This
cell line constitutively expresses the reverse tetracycline-responsive transcriptional activator characterized by high sensitivity to
doxycycline (Clontech, #631310). For this, the EWSR1-FLI1 (7–6 type) cDNA (in which the original stop codon was replaced for a
triple FLAG-stop codon sequence) was first cloned into the response vector pRetroX-Tight-Pur (Clontech, #632104). After retroviral
infection, cells were selected using 250 ゼg/ml G418 (Gibco, #11811–031) and 0.6 ゼg/ml puromycin (SIGMA, #18833), to obtain
stably-transfected individual clones that conserved both plasmids. Finally, individual clones were selected that had no leakage and
were capable of expressing ectopic EWSR1-FLI1 upon doxycycline induction. EWSR1-FLI1 expression was analyzed by Western
blot using an antibody against the COOH-terminal region of FLI1, which was present in this chimeric protein (clone C-19) (Santa
Cruz, #SC-356).

Protein extraction and Western blot

Protein extracts in RIPA buffer (150 mM NaCl, 1% (v/v) NP40, 50 mM Tris-HCl pH 8.0, 0.1% (v/v) SDS, 1 mM EDTA and 0.5% (w/v)
deoxycholate) supplemented with protease inhibitor, 10 mM NaF and 2 mM NaOv, were resolved in 8%/12% polyacrylamide gels
(40 μg of protein per lane) and transferred to a PVDF membrane (Bio-Rad). Primary antibodies were incubated overnight at 4°C
(1:200 to 1:1000 dilution), and EWSR1-FLI1 expression was determined using the anti-FLI1 antibody (C-19) (Santa Cruz, #SC-
356), calnexin (E-10) (Santa Cruz, #SC-46669), FLAG-M2 (SIGMA, #F3165) and LSD1 (Cell Signaling, #C69G12).

Proliferation and cell viability assay

Cells were seeded in 96-well culture plates with 2000 cells per well and cultured for 24 h, 48 h and 72 h (parental Hela3G or the
#3.10 and #3.15 selected clones). Doxycycline was added to complete growth medium at 1 μg/ml concentration. Cell viability for
the indicated times was determined using the ATPlite kit (PerkinElmer, Waltham, MA, USA), and inhibitory concentrations of
proliferation were calculated. Relative units obtained were normalized with respect to the 0 h control point.

mRNA isolated and qRT-PCR

HeLa cells RNA was isolated using miRVana miRNA Isolation Kit (Ambion; Life Technologies, USA). A Nanodrop ND-2000
Spectrophotometer (Thermo Scientific) was used to evaluate the quantity and quality of the total RNA. Expression of selected
genes was analyzed by qRT-PCR as described in García-Domínguez et al. [19]. TaqMan probes used in this study are listed in S1
Table.

Chromatin immunoprecipitation (ChIP)

HeLa cells were fixed with DSG [Di(N-succinimidyl) glutarate] 0.2 mM for 45 min at room temperature followed by 1% formaldehyde
at room temperature for 10 min, and the washed once in ice-cold PBS. The pellet was resuspended in lysis buffer (0.1% SDS, 0.1
M NaCl, 1% Triton X-100, 1 mM EDTA, 20 mM Tris pH 8 and 1 mg/ml protease inhibitors) and sonicated with a Bioruptor until the
crosslinked chromatin was sheared with an average DNA fragment length of 0.5 kbp. After centrifugation (30 min at 14000 rpm),
chromatin preparations were precleared by incubation with 40 μl of Protein A agarose/salmon Sperm DNA 50% gel slurry (Millipore)
for 2 h at 4°C under rotation. Protein A agarose was removed by centrifugation, and the precleared chromatin was
immunoprecipitated by incubation with 5 μg anti-FLAG-M2 antibody and 50 μl protein A agarose overnight at 4°C. Washed pellets
were eluted with 120 μl of a solution containing 1% SDS, 0.1 M NaHCO . Eluted pellets were de-crosslinked at 65°C overnight and
purified in 50 μl Tris-EDTA buffer using the QIAquick PCR Purification Kit (Qiagen). Differences in the DNA content from every
immunoprecipitation assay were determined by real-time PCR using the ABI 7700 sequence detection system and SYBR Green
master mix protocol (Applied Biosystems). Primers used in this study are listed in S1 Table. The reported data represent real-time
PCR values normalized to input DNA and expressed as percentage (%) of bound/input signal.

Co-immunoprecipitation (co-IP)

Whole protein extracts (250 ゼg) in NP40 buffer (150 mM NaCl, 20 mM Tris pH 8.0, 1 mM DTT, 0.5% NP40) were incubated with 15
ゼl of protein A dynabeads (Invitrogen) coupled to 2 ゼg of LSD1 antibody (Cell Signaling) for 3 h at 4°C. After magnetic
immunoprecipitation and washes, immunoprecipitates were resolved in a 10% polyacrylamide SDS-PAGE gel, transferred and
analyzed by Western blot as described above.
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Gene‐chip hybridization and transcriptome analysis

Microarrays analyses were conducted using GeneChip  Human Transcriptome 2.0 Array (Thermo Fisher Scientific, Inc.) with the
GeneChip  technology microarrays, including a Fluidics Station 450 and a Scanner 3000 (Thermo Fisher Scientific, Inc.). Following
the procedures described in the user manual, the amplification and reverse transcription of 100 ng of total RNA was performed for
three biological replicates of HeLa cells. Amplified cDNA (5.5 ゼg) was then fragmented and labeled for hybridization to the
cartridge arrays and subsequent scanning. Gene‐level differential expression analysis was performed using CEL files that contain
the original values produced by the scanner. CEL files were analyzed by Transcriptome Analysis Console (TAC) 4.0 software
(Thermo Fisher Scientific, Inc.) for statistical analysis, providing a list of differentially expressed genes. Previously published data,
including Riggi et al. [16] (hMSC_EWSR1-FLI1) and GSE14543 (ES cell lines shEWSR1-FLI1), were compared to our results in the
HeLa model.

GSEA preranked calculation

Gene Set Enrichment Analysis (GSEA) from the Broad institute [20] was used to interpret the resulting expression profile from this
work and to find the most similar signature in the Molecular Signatures Database (MSIgDB) [21]. This database is a collection of
annotated gene sets to be used with GSEA to help represent a wider range of biological processes and diseases from
transcriptomic analyses.

In this study, all differentially expressed genes (p-value < 0.05 and logfc>|1.3|) were considered and sorted based on their fold-
change to perform a GSEA preranked analysis. This algorithm highlights genes that have a greater impact as compared to all
genes with altered expression, and identifies other gene sets from MSigDB comprising a set of genes, similar to those highlighted
by GSEA. The greater the similarity, the greater the enrichment value (defined as normalized enrichment score [NES]) between
both types of data. The set of differentially expressed genes obtained in this study faced the curated dataset of MSigDB, called c2,
which is represented by databases such as KEGG, REACTOME, Gene Ontology (GO) and data published by other authors with
experimental evidence; the c2 dataset comprises 5501 gene sets.

Statistical analyses

Graphpad Prism software, version 6.01, was used for statistical analyses. The statistical tests used are detailed in the
corresponding Result sections. 2way ANOVA using the Sidak´s multiple comparison was used to compare proliferation rates in the
present or absence of doxycycline. To compare the two groups, multiple t-test was used. Data are presented as mean ± SEM. For
all analyses, p-values of ≤0.05 were considered statistically significant. All experiments were carried out in triplicate.

Results
The HeLa3G cell line is permissive to EWSR1-FLI1 ectopic expression

Despite the underlying association between ES and the EWSR1-FLI1 oncogene, ‘de novo’ molecular mechanisms induced by the
fusion protein are not fully understood. To develop a model that could help to elucidate these, a retroviral vector (EWSR1-FLI1
3×FLAG C-terminal) was designed to generate HeLa cells that express EWSR1-FLI1 under the control of a doxycycline-inducible
promoter (Fig 1A). Stably transfected HeLa Tet-On cells encoding the EWSR1-FLI1 (HeLa Tet-On EF) were made from the parental
HeLa3G cells (control) and a vector that constitutively expresses the tetracycline-controlled transactivator. Single clones with only
one plasmid copy and with no leakage of the system were previously preselected.

Fig 1. EWSR1-FLI1 expression in a HeLa Tet-On model.
A. Schematic diagram of the retroviral vector used in the study. B, C. Western blot analysis showing the inducible expression
of EWSR1-FLI1 in two HeLa Tet-On EF clones (#3.10 and #3.15) using the FLI1 and FLAG antibodies in the presence of
different concentrations of doxycycline at different time points. The RDES and A673 ES cell lines were used as controls for
FLI expression. D. Proliferation of parental HeLa3G cells (control) and HeLa Tet-On EF #3.10 and #3.15 clones in the
presence or absence of doxycycline. Values are mean ± s.d. of three biological independent replicates. Statistical tests: 2-way
ANOVA multiple comparisons. E. Doxycycline does not affect the morphology of parental cells or the HeLa Tet-On EWSR1-
FLI1 models (#3.10 and #3.15). The cell lines were grown in medium with or (for controls) without doxycycline (1 μg/ml) for 18
days. Phase contrast shows 20× and 40× magnifications.
https://doi.org/10.1371/journal.pone.0234243.g001
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To characterize its induction levels, EWSR1-FLI1 was induced at different time points in HeLa Tet-On EF #3.10 and #3.15 clones,
and at different concentrations of doxycycline. The results showed a dose- and time-dependent increase of EWSR1-FLI1 induction.
The RDES and A673 ES cell lines were used as a positive control, and clones without doxycycline were used as a negative control
for the induction system (Fig 1B and 1C). We observed an analogous EWSR1-FLI1 protein level in both clones with respect to the
ES cell lines.

We next evaluated the possible effects of the ectopic fusion protein expression and the doxycycline on cell growth in HeLa cells in a
proliferation assay. No changes in proliferation rates were observed in parental HeLa3G cells at different time points, hence the
doxycycline effect was disregarded (Fig 1D). Moreover, no significant alterations in cell growth were observed in the first 72 h in
either of the HeLa Tet-On EF clones (Fig 1D) (although the #3.15 clone showed a slight, not significant proliferation reduction when
the EWSR1-FLI1 was induced; Fig 1D). Long-time doxycycline induction (18 days) did not trigger morphologic changes in the
parental or transformed HeLa clones (Fig 1E).

Altogether, we obtained an ectopic and inducible EWSR1-FLI1 3×FLAG C-terminal system in a permissive HeLa cell line. The
selected clones can express ‘de novo’ the EWSR1-FLI1 fusion protein without inducing modifications in their proliferation over a
short or long term, and without compromising cell viability.

Gene expression patterns of ectopic EWSR1-FLI1 in HeLa and endogenous EWSR1-FLI1 are similar

EWSR1-FLI1 is widely described to act as an aberrant transcription factor that regulates the expression of multiple target genes [5,
7, 22]. To test the HeLa system expressing the chimeric protein, we first analyzed the expression of EWSR1-FLI1 by RT-qPCR in
the parental control (HeLa3G) and the two different clones in the presence or absence of doxycycline at different time points.
Notably, aberrant transcription factor expression was detected in both clones after doxycycline administration, and there was no
EWSR1-FLI1 expression in parental HeLa3G in the presence of doxycycline (Fig 2A). Second, we evaluated some well-known
specific targets genes that are regulated by EWSR1-FLI1. For this, the doxycycline impact was corrected by comparing the parental
control (HeLa3G) in presence or absence of doxycycline in the gene expression quantifications; these effects were corrected in the
HeLa Tet-On EF #3.10 and #3.15 clones. Indeed, we observed increased (CAV1 and CCDN1) or decreased (DKK1, IGFBP3 and
IGFBP5) expression of genes up- or downregulated by EWSR1-FLI1, respectively (Fig 2B, 2C and 2D). These results were
consistent at different time points, and the fold-change values of expression of these genes increased after 18 days of induction
(Fig 2D).

Fig 2. The HeLa model expresses the aberrant transcription factor EWSR1-FLI1.
A. EWSR1-FLI1 gene fusion expression analysis in parental HeLa3G cells (control) and two different clones (HeLa Tet-On EF
#3.10 and #3.15) in the presence or absence of doxycycline at different time points. B–D. EWSR1-FLI1 up- and
downregulated target genes are shown after 24 h and 18 days of doxycycline induction. Values are given as mean ± s.d. of
three biological independent replicates. Statistical tests: significant analysis of multiple t-test; ***, <0.001; **, 0.01;*, 0.05; NS,
not significant.
https://doi.org/10.1371/journal.pone.0234243.g002

Hence, we have shown that ‘de novo’ EWSR1-FLI1 expression in our model acts as an aberrant transcription factor and modulates
the expression of common targets genes, analogously to the endogenous EWSR1-FLI1 in ES cell lines. This regulatory effect of
EWSR1-FLI1 is sustained over a long period of time.

Ectopic EWSR1-FLI1 also interacts with specific DNA-binding sites and specific protein complexes

The ability to bind to the promoter regions of its target genes is essential for EWSR1-FLI1’s modulation of gene expression as well
as for facilitating protein-protein complexes. To test whether the ectopically expressed EWSR1-FLI1 also has this ability,
immunoprecipitation is required. Several studies were able to immunoprecipitate EWSR1-FLI1 using a FLAG-tag strategy approach
[7, 9, 18] but not using a FLI1 antibody because of its background noise and low sensitivity. We were likewise unable to
immunoprecipitate EWSR1-FLI1 using an HA-Tag at its C-terminus. Therefore, we tested a 3×FLAG at the C-terminus in this HeLa
system (Fig 1A). To immunoprecipitate the specific 3×FLAG-tagged EWSR1-FLI1, we tested individual and different HeLa Tet-On
EF clones. Immunoblot results showed that EWSR1-FLI1 was immunoprecipitated with an anti-FLAG antibody; as a control, no
immunoprecipitation was observed in the absence of doxycycline (Fig 3A). Therefore, we concluded that adding the 3×FLAG to the
C-terminus allows the EWSR1-FLI1 in HeLa model to be immunoprecipitated.

Fig 3. Ectopic EWSR1-FLI1 interacts with specific DNA and protein-binding sites.
A. EWSR1-FLI1 immunoprecipitation using anti-FLAG antibody in parental HeLa3G cells (control) and two different clones
(HeLa Tet-On EF #3.10 and #3.15) in the presence or absence of doxycycline. B. Binding of EWSR1-FLI1 to the CAV1
enhancer and the promoters of the CAV1, EZH2 and AURKB genes. qPCR analysis of EWSR1-FLI1 ChIP signals for HeLa

https://doi.org/10.1371/journal.pone.0234243.g002
https://journals.plos.org/plosone/article/figure/image?size=medium&id=info:doi/10.1371/journal.pone.0234243.g002
https://journals.plos.org/plosone/article/figure/image?size=medium&id=info:doi/10.1371/journal.pone.0234243.g003
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Tet-On EF #3.15 clone. C. Co-immunoprecipitation of EWSR1-FLI1 3×FLAG C-terminal and LSD1 protein in HeLa Tet-On EF
#3.15 clone.
https://doi.org/10.1371/journal.pone.0234243.g003

We then aimed to validate the ability of the fusion protein to bind to specific DNA promoter and enhancer sequences. We evaluated
the binding of EWSR1-FLI1 protein to CAV1, EZH2 and Aurora kinase B (AURKB) promoters as well as to the CAV1 enhancer in
HeLa Tet-On EF #3.15 clone. After doxycycline induction, we observed that ectopically expressed EWSR1-FLI1 was bound
specifically to the CAV1, EZH2 and AURKB promoters and to the CAV1 enhancer (Fig 3B). Notably, no EWSR1-FLI binding was
observed at the DICER promoter (Fig 3B), ruling out that the binding we observed was due to non-specific binding.

Finally, to study the ability of the ectopically expressed EWSR1-FLI1 to bind specifically and directly to protein complexes, we
tested for its interaction with the LSD1 histone demethylase (a NuRD complex subunit), which has been previously reported [23].
Indeed, we observed that LSD1 co-immunoprecipitated with the ectopic EWSR1-FLI1 in HeLa Tet-On EF #3.15 clone only in
presence of doxycycline (Fig 3C). In addition, we observed a fusion protein band in the output, which could be either free ectopic
EWSR1-FLI1 or that bound to other complexes (Fig 3C).

Taken together, these data provide evidence that the ectopic EWSR1-FLI1 is functionally active and similar to the endogenous in its
site-specific DNA-binding and protein interaction complexes. In addition, it also suggests the usefulness of the 3×FLAG-tagged
model.

The HeLa Tet-On EWSR1-FLI1 model is a representative model of ES gene expression patterns induced by the chimeric protein fusion

Next, we addressed the ability of the HeLa Tet-On EF cells to modify transcriptome profiling. A transcription gene expression array
after 24 h of doxycycline induction revealed a significant modification of 1209 genes in both clones (S2 Table). To determine how
representative our HeLa model is with respect to the EWSR1-FLI1 activity in ES, the gene expression array results were compared
with previously published data from hMSCs (the putative cell of origin for ES) [16] as well as from five ES cell lines in which the
protein fusion was ectopically expressed or depleted by shRNA system [24]. A Venn diagram showed 144 overlapping genes
between our HeLa model and the five ES cell lines in which the EWSR1-FLI1 was depletion (the ES cell lines shEWSR1-FLI1), and
only 76 common genes between hMSCs that ectopically expressed the fusion protein (hMSC_EWSR1-FLI1) and shEWSR1-FLI1
cell lines (Fig 4A). In addition, analyzing the 144 genes shared by the HeLa model and ES cell lines shEWSR1-FLI1, we confirmed
that most upregulated genes in the HeLa model matched with the downregulated genes when EWSR1-FLI1 is depleted in ES cell
lines (87.6%) (Fig 4B). Inversely, most genes downregulated in the HeLa model matched with the upregulated genes due to the
depletion of EWSR1-FLI1 in ES cell lines (78.26%) (Fig 4B). Nevertheless, the hMSC_EWSR1-FLI1 model shows a lower
percentage of anti-correlated genes (71.05%) than shEWSR1-FLI1 ES cell lines (Fig 4C). Accordingly, we consider that our
inducible and ectopic system of EWSR1-FLI1 in HeLa cells is a representative model of its action in ES.

Fig 4. HeLa Tet-On EWSR1-FLI1 gene expression patterns correlated with different published models.
A. Venn diagram analysis of differentially expressed genes between HeLa Tet-On EWSR1-FLI1, hMSC_EWSR1-FLI1 and the
ES cell line shEWSR1-FLI1. B. Venn diagrams showing the overlap between upregulated genes in the HeLa model and
downregulated genes in ES cell lines shEWSR1-FLI1 (and vice versa). C. Overlapping genes between hMSC_EWSR1-FLI1
and shEWSR1-FLI1 ES cell line models are shown in analogous Venn diagrams. D. MSigDB analysis of genes that were
significantly and at least 1.3-fold repressed or induced by EWSR1-FLI1 ectopic expression in HeLa cells shows marked
overlap with EWSR1-FLI1 target genes (top). The enrichment plots with the best enrichment score are shown as |NES|
(bottom). NES, the normalized enrichment score.
https://doi.org/10.1371/journal.pone.0234243.g004

To determine whether the overlapping genes were reflective of a similar biological EWSR1-FLI1 transcriptional activity, we
expanded our analysis to include all genes that were significantly modulated by ectopic chimeric transcription factor in HeLa cells.
After conducting a preranked study with GSEA software, we compared our list of differentially expressed genes (with p<0.05 and fc
> |1.3|) against the MS2DB C2 signature database. We observed a statistically significant enrichment in ES signatures (Riggi,
Miyagawa, Zhang, Kinsey), with positive normalized enrichment scores (NES) for mostly upregulated genes (UP gene sets), and
negative NES for downregulated genes (DN gene sets) in our HeLa model (Fig 4D and S3 Table). GSEA of rank-ordered genes
confirmed that the gene signature induced in our model recapitulates the molecular features, and subsequently the biology, of the
specific chimeric fusion protein in ES.

Discussion

https://doi.org/10.1371/journal.pone.0234243.g003
https://doi.org/10.1371/journal.pone.0234243.g004
https://journals.plos.org/plosone/article/figure/image?size=medium&id=info:doi/10.1371/journal.pone.0234243.g004
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In-depth understanding of the molecular mechanisms induced by EWSR1-FLI1 emergence is one of the challenges in the field of
ES. So far, many ectopic expression models for the study of fusion protein function have been designed. Unfortunately, depending
on the specific cellular model in which EWSR1-FLI1 is expressed, abnormal physiological effects, such as apoptosis, growth arrest
[13, 14] or differentiation [25, 26] have hindered the study. To tackle the problem, it is necessary to develop a fusion protein–
permissive model, and to avoid that expressed oncogenic fusion proteins trigger functional misbalance.

We have now designed an inducible ectopic EWSR1-FLI1 model to address this challenge. As the cell of origin in ES is unknown, a
permissive cell line was used to develop the model [27]. The HeLa cell line showed a strong tolerance to EWSR1-FLI1 after more
than 18 days of induction, with no morphological or proliferative alterations. Moreover, the HeLa model was able to express ‘de
novo’ EWSR1-FLI1 to a similar expression level as that in ES cell lines. It is important to note that there is compelling evidence that
preservation of the transcription factor activity of the fusion protein is essential for ES tumorigenesis [4, 5]. Thus, functional studies
to confirm this were essential to validate our model. Ectopic EWSR1-FLI1 expression was indeed able to up- and downregulate
expression of its specific target genes, analogous to those modified by endogenous EWSR1-FLI1 in ES cells lines [22]. Further,
EWSR1-FLI1 had the ability to bind specific promoters, such as in CAV1 and EZH2 [28], and to interact with other proteins to allow
protein-protein complexes to form, as previously described [23]. Therefore, we conclude that ectopic EWSR1-FLI1 expression in
this model reproduces the activity induced by EWSR1-FLI1 endogenous expression.

To study the regulation of gene expression more in detail, we determined the common genes expressed in EWSR1-FLI1–depleted
ES cells with respect to our HeLa model and to hMSC cells [16] that ectopically express EWSR1-FLI1. Shared genes were two-fold
higher between the EWSR1-FLI1–depleted ES cells and the HeLa model than between EWSR1-FLI1–depleted ES cells and
hMSCs. Moreover, genes with increased expression in EWSR1-FLI1–depleted ES cells had a reduced expression in the HeLa
model with the EWSR1-FLI1 ectopic expression. Additionally, in an unsupervised manner, we compared the expression signature
induced by the EWSR1-FLI1 expression in our HeLa model with the GSEA gene sets (C2_MSigDB). Indeed, our signature
correlated significantly with several previously published EWSR1-FLI1 target gene signatures. These data further support the idea
that our model recapitulates the molecular features, and therefore the biology, of EWSR1-FLI1 in ES. We conclude from these
experiments that the HeLa model provides a representative model of the gene expression patterns induced by the chimeric protein
fusion.

In addition to permissiveness and functionality, this model exhibits other important features. For instance, unlike other models with
an ectopic, constitutive expression of fusion protein, our inducible model would allow us to assess the initial changes that appear
after ‘de novo’ EWSR1-FLI1 expression. In addition, our model allows gene expression data to be obtained over short, medium and
long terms (whereby “long term” in this study was 18 days post-induction), without compromising cell viability. Overall, the inducible
features of the model will allow the identification of specific gene sets that could be altered over different time periods, and well as a
comparison between the short- and long-term molecular and physiological events after induction. Likewise, it would useful for
studying fluctuations of EWSR1-FLI1 expression levels, and for determining the mechanisms of how these fluctuations are involved
in the metastatic process and proliferation [29].

Adding a 3×FLAG-tag to the C-terminal end in this inducible system also represents a technical advantage. Although using a FLI1
antibody is currently the main way used to detect EWSR1-FLI1 in ES, using FLAG-tag strategy in other systems [7, 9, 18] shows
that it helps to avoid the background noise and increase detection sensitivity. Indeed, we observed that, in the different HeLa Tet-
On EF clones, chimeric protein immunoprecipitation was more effective with the 3×FLAG-tag addition. Thus, we present a solution
to difficulties that arise using a FLI1 antibody. For instance, the tag would allow genomics (e.g. ChIP-seq) and proteomics (e.g.
mass spectrometry) studies to more precisely detect the EWSR1-FLI1 fusion by increasing the immunoprecipitation sensitivity and
background reduction.

Finally, it should be noted that in vivo studies are a necessary step in biomedical research. Attempts made to transform non-tumor
cells (such as hMSCs, primary pediatric human mesenchymal progenitor cells and human embryonic stem cells with p53 mutated),
as these are considered to be potential cells of ES origin, but have been unsuccessful [15, 16, 30]. Although these cells were
permissive to EWSR1-FLI1 for at least short times, the ectopic EWSR1-FLI1 expression resulted in neither cell transformation nor
tumor formation in mice. However, in our model, ectopic EWSR1-FLI1 expression can be sustained over time, and it can
recapitulate the biological features of ES. Results from these experiments could be studied in vivo, providing a very useful tool for
performing preclinical studies focused on the EWSR1-FLI1 role that cannot be addressed with the previously reported models.

Conclusions
We have constructed and evaluated an inducible model (Tet-On EWSR1-FLI1 3×FLAG C-terminal) in HeLa cell lines, which
ectopically expresses EWSR1-FLI1 and is able to reproduce the endogenous EWSR1-FLI1 function in ES cell lines. This
heterologous system (which is non-ES related) addresses an unmet need by providing a suitable and useful tool to study the role of
the chimeric fusion protein at the onset of the disease, as well as the alterations induced by the sustained EWSR1-FLI1 expression,
which are essential for tumor maintenance.

Supporting information
S1 Table. qRT-PCR Taqman probes and primer used for expression gene validation and ChIP assay respectively.
https://doi.org/10.1371/journal.pone.0234243.s001
(DOC)

S2 Table. Comparative analysis of differentially expressed genes between HeLa Tet-On EWSR1-FLI1 models no activated (no dox) and activated after
24h of doxycycline induction.
This table shows only the differentially significant expressed genes (p-value <0.05).
https://doi.org/10.1371/journal.pone.0234243.s002
(XLSX)

S3 Table. GSEA of rank-ordered genes sets (C2_MSigDB): +dox 24 h HeLa Tet-On EWSR1-FLI1 3×FLAG C-terminal signature.
Ranked gene set: NOM p<0.05 and FDR q <0.05.
https://doi.org/10.1371/journal.pone.0234243.s003
(PDF)

Acknowledgments
We thank the AECC Consortium members for project monitoring and helpful discussions.

https://journals.plos.org/plosone/article/file?type=supplementary&id=info:doi/10.1371/journal.pone.0234243.s001
https://doi.org/10.1371/journal.pone.0234243.s001
https://journals.plos.org/plosone/article/file?type=supplementary&id=info:doi/10.1371/journal.pone.0234243.s002
https://doi.org/10.1371/journal.pone.0234243.s002
https://journals.plos.org/plosone/article/file?type=supplementary&id=info:doi/10.1371/journal.pone.0234243.s003
https://doi.org/10.1371/journal.pone.0234243.s003


30/10/2020 An inducible ectopic expression system of EWSR1-FLI1 as a tool for understanding Ewing sarcoma oncogenesis

https://journals.plos.org/plosone/article?id=10.1371/journal.pone.0234243#ack 7/8

1.

View Article PubMed/NCBI Google Scholar

2.

View Article PubMed/NCBI Google Scholar

3.

View Article PubMed/NCBI Google Scholar

4.

View Article PubMed/NCBI Google Scholar

5.

View Article PubMed/NCBI Google Scholar

6.
View Article PubMed/NCBI Google Scholar

7.

View Article PubMed/NCBI Google Scholar

8.

View Article PubMed/NCBI Google Scholar

9.

View Article PubMed/NCBI Google Scholar

10.

View Article PubMed/NCBI Google Scholar

11.

View Article PubMed/NCBI Google Scholar

12.

View Article PubMed/NCBI Google Scholar

13.

View Article PubMed/NCBI Google Scholar

14.

View Article PubMed/NCBI Google Scholar

15.

View Article PubMed/NCBI Google Scholar

16.

View Article PubMed/NCBI Google Scholar

17.

References
Kovar H, Amatruda J, Brunet E, Burdach S, Cidre-Aranaz F, de Alava E, et al. The second European interdisciplinary Ewing sarcoma research summit—A
joint effort to deconstructing the multiple layers of a complex disease. Oncotarget. 2016. Epub 2016/01/24. 6937 [pii] pmid:26802024.

Sankar S, Lessnick SL. Promiscuous partnerships in Ewing's sarcoma. Cancer Genet. 2011;204(7):351–65. Epub 2011/08/30. S2210-7762(11)00193-1
[pii] pmid:21872822; PubMed Central PMCID: PMC3164520.

Anderson ND, de Borja R, Young MD, Fuligni F, Rosic A, Roberts ND, et al. Rearrangement bursts generate canonical gene fusions in bone and soft
tissue tumors. Science. 2018;361(6405). pmid:30166462; PubMed Central PMCID: PMC6176908.

Arvand A, Welford SM, Teitell MA, Denny CT. The COOH-terminal domain of FLI-1 is necessary for full tumorigenesis and transcriptional modulation by
EWS/FLI-1. Cancer Res. 2001;61(13):5311–7. pmid:11431376.

May WA, Lessnick SL, Braun BS, Klemsz M, Lewis BC, Lunsford LB, et al. The Ewing's sarcoma EWS/FLI-1 fusion gene encodes a more potent
transcriptional activator and is a more powerful transforming gene than FLI-1. Mol Cell Biol. 1993;13(12):7393–8. pmid:8246959; PubMed Central PMCID:
PMC364810.

Arvand A, Denny CT. Biology of EWS/ETS fusions in Ewing's family tumors. Oncogene. 2001;20(40):5747–54. pmid:11607824.

Gierisch ME, Pedot G, Walser F, Lopez-Garcia LA, Jaaks P, Niggli FK, et al. USP19 deubiquitinates EWS-FLI1 to regulate Ewing sarcoma growth. Sci
Rep. 2019;9(1):951. pmid:30700749; PubMed Central PMCID: PMC6353870.

Riggi N, Knoechel B, Gillespie SM, Rheinbay E, Boulay G, Suva ML, et al. EWS-FLI1 utilizes divergent chromatin remodeling mechanisms to directly
activate or repress enhancer elements in Ewing sarcoma. Cancer Cell. 2014;26(5):668–81. Epub 2014/12/03. S1535-6108(14)00408-5 [pii]
10.1016/j.ccell.2014.10.004. pmid:25453903; PubMed Central PMCID: PMC4492343.

Selvanathan SP, Graham GT, Erkizan HV, Dirksen U, Natarajan TG, Dakic A, et al. Oncogenic fusion protein EWS-FLI1 is a network hub that regulates
alternative splicing. Proc Natl Acad Sci U S A. 2015;112(11):E1307–16. Epub 2015/03/05. 1500536112 [pii] pmid:25737553; PubMed Central PMCID:
PMC4371969.

Sheffield NC, Pierron G, Klughammer J, Datlinger P, Schonegger A, Schuster M, et al. DNA methylation heterogeneity defines a disease spectrum in
Ewing sarcoma. Nat Med. 2017;23(3):386–95. Epub 2017/01/31. nm.4273 [pii] pmid:28134926.

Tomazou EM, Sheffield NC, Schmidl C, Schuster M, Schonegger A, Datlinger P, et al. Epigenome mapping reveals distinct modes of gene regulation and
widespread enhancer reprogramming by the oncogenic fusion protein EWS-FLI1. Cell Rep. 2015;10(7):1082–95. Epub 2015/02/24. S2211-
1247(15)00067-4 [pii] pmid:25704812; PubMed Central PMCID: PMC4542316.

Herrero-Martin D, Osuna D, Ordonez JL, Sevillano V, Martins AS, Mackintosh C, et al. Stable interference of EWS-FLI1 in an Ewing sarcoma cell line
impairs IGF-1/IGF-1R signalling and reveals TOPK as a new target. Br J Cancer. 2009;101(1):80–90. Epub 2009/06/06. 6605104 [pii] pmid:19491900;
PubMed Central PMCID: PMC2694277.

Deneen B, Denny CT. Loss of p16 pathways stabilizes EWS/FLI1 expression and complements EWS/FLI1 mediated transformation. Oncogene.
2001;20(46):6731–41. Epub 2001/12/26. pmid:11709708.

Lessnick SL, Dacwag CS, Golub TR. The Ewing's sarcoma oncoprotein EWS/FLI induces a p53-dependent growth arrest in primary human fibroblasts.
Cancer Cell. 2002;1(4):393–401. Epub 2002/06/28. S1535610802000569 [pii]. pmid:12086853.

Marques Howarth M, Simpson D, Ngok SP, Nieves B, Chen R, Siprashvili Z, et al. Long noncoding RNA EWSAT1-mediated gene repression facilitates
Ewing sarcoma oncogenesis. J Clin Invest. 2014;124(12):5275–90. pmid:25401475; PubMed Central PMCID: PMC4348951.

Riggi N, Suva ML, Suva D, Cironi L, Provero P, Tercier S, et al. EWS-FLI-1 expression triggers a Ewing's sarcoma initiation program in primary human
mesenchymal stem cells. Cancer Res. 2008;68(7):2176–85. pmid:18381423.

Giraud G, Stadhouders R, Conidi A, Dekkers DH, Huylebroeck D, Demmers JA, et al. NLS-tagging: an alternative strategy to tag nuclear proteins. Nucleic
Acids Res. 2014;42(21). pmid:25260593; PubMed Central PMCID: PMC4245968.

https://doi.org/10.18632/oncotarget.6937
http://www.ncbi.nlm.nih.gov/pubmed/26802024
http://scholar.google.com/scholar?q=The+second+European+interdisciplinary+Ewing+sarcoma+research+summit%E2%80%94A+joint+effort+to+deconstructing+the+multiple+layers+of+a+complex+disease+Kovar+2016
https://doi.org/10.1016/j.cancergen.2011.07.008
http://www.ncbi.nlm.nih.gov/pubmed/21872822
http://scholar.google.com/scholar?q=Promiscuous+partnerships+in+Ewing%26apos%3Bs+sarcoma+Sankar+2011
https://doi.org/10.1126/science.aam8419
http://www.ncbi.nlm.nih.gov/pubmed/30166462
http://scholar.google.com/scholar?q=Rearrangement+bursts+generate+canonical+gene+fusions+in+bone+and+soft+tissue+tumors+Anderson+2018
http://www.ncbi.nlm.nih.gov/pubmed/11431376
http://scholar.google.com/scholar?q=The+COOH-terminal+domain+of+FLI-1+is+necessary+for+full+tumorigenesis+and+transcriptional+modulation+by+EWS%2FFLI-1+Arvand+2001
https://doi.org/10.1128/mcb.13.12.7393
http://www.ncbi.nlm.nih.gov/pubmed/8246959
http://scholar.google.com/scholar?q=The+Ewing%26apos%3Bs+sarcoma+EWS%2FFLI-1+fusion+gene+encodes+a+more+potent+transcriptional+activator+and+is+a+more+powerful+transforming+gene+than+FLI-1+May+1993
https://doi.org/10.1038/sj.onc.1204598
http://www.ncbi.nlm.nih.gov/pubmed/11607824
http://scholar.google.com/scholar?q=Biology+of+EWS%2FETS+fusions+in+Ewing%26apos%3Bs+family+tumors+Arvand+2001
https://doi.org/10.1038/s41598-018-37264-5
http://www.ncbi.nlm.nih.gov/pubmed/30700749
http://scholar.google.com/scholar?q=USP19+deubiquitinates+EWS-FLI1+to+regulate+Ewing+sarcoma+growth+Gierisch+2019
https://doi.org/10.1016/j.ccell.2014.10.004
http://www.ncbi.nlm.nih.gov/pubmed/25453903
http://scholar.google.com/scholar?q=EWS-FLI1+utilizes+divergent+chromatin+remodeling+mechanisms+to+directly+activate+or+repress+enhancer+elements+in+Ewing+sarcoma+Riggi+2014
https://doi.org/10.1073/pnas.1500536112
http://www.ncbi.nlm.nih.gov/pubmed/25737553
http://scholar.google.com/scholar?q=Oncogenic+fusion+protein+EWS-FLI1+is+a+network+hub+that+regulates+alternative+splicing+Selvanathan+2015
https://doi.org/10.1038/nm.4273
http://www.ncbi.nlm.nih.gov/pubmed/28134926
http://scholar.google.com/scholar?q=DNA+methylation+heterogeneity+defines+a+disease+spectrum+in+Ewing+sarcoma+Sheffield+2017
https://doi.org/10.1016/j.celrep.2015.01.042
http://www.ncbi.nlm.nih.gov/pubmed/25704812
http://scholar.google.com/scholar?q=Epigenome+mapping+reveals+distinct+modes+of+gene+regulation+and+widespread+enhancer+reprogramming+by+the+oncogenic+fusion+protein+EWS-FLI1+Tomazou+2015
https://doi.org/10.1038/sj.bjc.6605104
http://www.ncbi.nlm.nih.gov/pubmed/19491900
http://scholar.google.com/scholar?q=Stable+interference+of+EWS-FLI1+in+an+Ewing+sarcoma+cell+line+impairs+IGF-1%2FIGF-1R+signalling+and+reveals+TOPK+as+a+new+target+Herrero-Martin+2009
https://doi.org/10.1038/sj.onc.1204875
http://www.ncbi.nlm.nih.gov/pubmed/11709708
http://scholar.google.com/scholar?q=Loss+of+p16+pathways+stabilizes+EWS%2FFLI1+expression+and+complements+EWS%2FFLI1+mediated+transformation+Deneen+2001
https://doi.org/10.1016/s1535-6108(02)00056-9
http://www.ncbi.nlm.nih.gov/pubmed/12086853
http://scholar.google.com/scholar?q=The+Ewing%26apos%3Bs+sarcoma+oncoprotein+EWS%2FFLI+induces+a+p53-dependent+growth+arrest+in+primary+human+fibroblasts+Lessnick+2002
https://doi.org/10.1172/JCI72124
http://www.ncbi.nlm.nih.gov/pubmed/25401475
http://scholar.google.com/scholar?q=Long+noncoding+RNA+EWSAT1-mediated+gene+repression+facilitates+Ewing+sarcoma+oncogenesis+Marques+Howarth+2014
https://doi.org/10.1158/0008-5472.CAN-07-1761
http://www.ncbi.nlm.nih.gov/pubmed/18381423
http://scholar.google.com/scholar?q=EWS-FLI-1+expression+triggers+a+Ewing%26apos%3Bs+sarcoma+initiation+program+in+primary+human+mesenchymal+stem+cells+Riggi+2008


30/10/2020 An inducible ectopic expression system of EWSR1-FLI1 as a tool for understanding Ewing sarcoma oncogenesis

https://journals.plos.org/plosone/article?id=10.1371/journal.pone.0234243#ack 8/8

View Article PubMed/NCBI Google Scholar

18.

View Article PubMed/NCBI Google Scholar

19.

View Article PubMed/NCBI Google Scholar

20.

View Article PubMed/NCBI Google Scholar

21.

View Article PubMed/NCBI Google Scholar

22.

View Article PubMed/NCBI Google Scholar

23.

View Article PubMed/NCBI Google Scholar

24.

View Article PubMed/NCBI Google Scholar

25.

View Article PubMed/NCBI Google Scholar

26.

View Article PubMed/NCBI Google Scholar

27.

View Article PubMed/NCBI Google Scholar

28.

View Article PubMed/NCBI Google Scholar

29.

View Article PubMed/NCBI Google Scholar

30.

View Article PubMed/NCBI Google Scholar

Jully B, Vijayalakshmi R, Gopal G, Sabitha K, Rajkumar T. Junction region of EWS-FLI1 fusion protein has a dominant negative effect in Ewing's sarcoma
in vitro. BMC Cancer. 2012;12:513. pmid:23145994; PubMed Central PMCID: PMC3519708.

Garcia-Dominguez DJ, Hontecillas-Prieto L, Rodriguez-Nunez P, Pascual-Pasto G, Vila-Ubach M, Garcia-Mejias R, et al. The combination of epigenetic
drugs SAHA and HCI-2509 synergistically inhibits EWS-FLI1 and tumor growth in Ewing sarcoma. Oncotarget. 2018;9(59):31397–410. pmid:30140378;
PubMed Central PMCID: PMC6101143.

Subramanian A, Tamayo P, Mootha VK, Mukherjee S, Ebert BL, Gillette MA, et al. Gene set enrichment analysis: a knowledge-based approach for
interpreting genome-wide expression profiles. Proc Natl Acad Sci U S A. 2005;102(43):15545–50. pmid:16199517; PubMed Central PMCID:
PMC1239896.

Liberzon A, Birger C, Thorvaldsdottir H, Ghandi M, Mesirov JP, Tamayo P. The Molecular Signatures Database (MSigDB) hallmark gene set collection.
Cell systems. 2015;1(6):417–25. pmid:26771021; PubMed Central PMCID: PMC4707969.

Surdez D, Benetkiewicz M, Perrin V, Han ZY, Pierron G, Ballet S, et al. Targeting the EWSR1-FLI1 oncogene-induced protein kinase PKC-beta abolishes
ewing sarcoma growth. Cancer Res. 2012;72(17):4494–503. pmid:22930730.

Sankar S, Bell R, Stephens B, Zhuo R, Sharma S, Bearss DJ, et al. Mechanism and relevance of EWS/FLI-mediated transcriptional repression in Ewing
sarcoma. Oncogene. 2013;32(42):5089–100. Epub 2012/11/28. onc2012525 [pii] pmid:23178492; PubMed Central PMCID: PMC3899696.

Kauer M, Ban J, Kofler R, Walker B, Davis S, Meltzer P, et al. A molecular function map of Ewing's sarcoma. PLoS One. 2009;4(4):e5415.
pmid:19404404; PubMed Central PMCID: PMC2671847.

Rorie CJ, Thomas VD, Chen P, Pierce HH, O'Bryan JP, Weissman BE. The Ews/Fli-1 fusion gene switches the differentiation program of neuroblastomas
to Ewing sarcoma/peripheral primitive neuroectodermal tumors. Cancer Res. 2004;64(4):1266–77. pmid:14973077.

Torchia EC, Jaishankar S, Baker SJ. Ewing tumor fusion proteins block the differentiation of pluripotent marrow stromal cells. Cancer Res.
2003;63(13):3464–8. pmid:12839926.

Mendiola M, Carrillo J, Garcia E, Lalli E, Hernandez T, de Alava E, et al. The orphan nuclear receptor DAX1 is up-regulated by the EWS/FLI1 oncoprotein
and is highly expressed in Ewing tumors. Int J Cancer. 2006;118(6):1381–9. pmid:16206264.

Richter GH, Plehm S, Fasan A, Rossler S, Unland R, Bennani-Baiti IM, et al. EZH2 is a mediator of EWS/FLI1 driven tumor growth and metastasis
blocking endothelial and neuro-ectodermal differentiation. Proc Natl Acad Sci U S A. 2009;106(13):5324–9. pmid:19289832; PubMed Central PMCID:
PMC2656557.

Franzetti GA, Laud-Duval K, van der Ent W, Brisac A, Irondelle M, Aubert S, et al. Cell-to-cell heterogeneity of EWSR1-FLI1 activity determines
proliferation/migration choices in Ewing sarcoma cells. Oncogene. 2017;36(25):3505–14. pmid:28135250; PubMed Central PMCID: PMC5541267.

Gordon DJ, Motwani M, Pellman D. Modeling the initiation of Ewing sarcoma tumorigenesis in differentiating human embryonic stem cells. Oncogene.
2016;35(24):3092–102. pmid:26455317; PubMed Central PMCID: PMC4829493.

https://doi.org/10.1093/nar/gku869
http://www.ncbi.nlm.nih.gov/pubmed/25260593
http://scholar.google.com/scholar?q=NLS-tagging%3A+an+alternative+strategy+to+tag+nuclear+proteins+Giraud+2014
https://doi.org/10.1186/1471-2407-12-513
http://www.ncbi.nlm.nih.gov/pubmed/23145994
http://scholar.google.com/scholar?q=Junction+region+of+EWS-FLI1+fusion+protein+has+a+dominant+negative+effect+in+Ewing%26apos%3Bs+sarcoma+in+vitro+Jully+2012
https://doi.org/10.18632/oncotarget.25829
http://www.ncbi.nlm.nih.gov/pubmed/30140378
http://scholar.google.com/scholar?q=The+combination+of+epigenetic+drugs+SAHA+and+HCI-2509+synergistically+inhibits+EWS-FLI1+and+tumor+growth+in+Ewing+sarcoma+Garcia-Dominguez+2018
https://doi.org/10.1073/pnas.0506580102
http://www.ncbi.nlm.nih.gov/pubmed/16199517
http://scholar.google.com/scholar?q=Gene+set+enrichment+analysis%3A+a+knowledge-based+approach+for+interpreting+genome-wide+expression+profiles+Subramanian+2005
https://doi.org/10.1016/j.cels.2015.12.004
http://www.ncbi.nlm.nih.gov/pubmed/26771021
http://scholar.google.com/scholar?q=The+Molecular+Signatures+Database+%28MSigDB%29+hallmark+gene+set+collection+Liberzon+2015
https://doi.org/10.1158/0008-5472.CAN-12-0371
http://www.ncbi.nlm.nih.gov/pubmed/22930730
http://scholar.google.com/scholar?q=Targeting+the+EWSR1-FLI1+oncogene-induced+protein+kinase+PKC-beta+abolishes+ewing+sarcoma+growth+Surdez+2012
https://doi.org/10.1038/onc.2012.525
http://www.ncbi.nlm.nih.gov/pubmed/23178492
http://scholar.google.com/scholar?q=Mechanism+and+relevance+of+EWS%2FFLI-mediated+transcriptional+repression+in+Ewing+sarcoma+Sankar+2013
https://doi.org/10.1371/journal.pone.0005415
http://www.ncbi.nlm.nih.gov/pubmed/19404404
http://scholar.google.com/scholar?q=A+molecular+function+map+of+Ewing%26apos%3Bs+sarcoma+Kauer+2009
https://doi.org/10.1158/0008-5472.can-03-3274
http://www.ncbi.nlm.nih.gov/pubmed/14973077
http://scholar.google.com/scholar?q=The+Ews%2FFli-1+fusion+gene+switches+the+differentiation+program+of+neuroblastomas+to+Ewing+sarcoma%2Fperipheral+primitive+neuroectodermal+tumors+Rorie+2004
http://www.ncbi.nlm.nih.gov/pubmed/12839926
http://scholar.google.com/scholar?q=Ewing+tumor+fusion+proteins+block+the+differentiation+of+pluripotent+marrow+stromal+cells+Torchia+2003
https://doi.org/10.1002/ijc.21578
http://www.ncbi.nlm.nih.gov/pubmed/16206264
http://scholar.google.com/scholar?q=The+orphan+nuclear+receptor+DAX1+is+up-regulated+by+the+EWS%2FFLI1+oncoprotein+and+is+highly+expressed+in+Ewing+tumors+Mendiola+2006
https://doi.org/10.1073/pnas.0810759106
http://www.ncbi.nlm.nih.gov/pubmed/19289832
http://scholar.google.com/scholar?q=EZH2+is+a+mediator+of+EWS%2FFLI1+driven+tumor+growth+and+metastasis+blocking+endothelial+and+neuro-ectodermal+differentiation+Richter+2009
https://doi.org/10.1038/onc.2016.498
http://www.ncbi.nlm.nih.gov/pubmed/28135250
http://scholar.google.com/scholar?q=Cell-to-cell+heterogeneity+of+EWSR1-FLI1+activity+determines+proliferation%2Fmigration+choices+in+Ewing+sarcoma+cells+Franzetti+2017
https://doi.org/10.1038/onc.2015.368
http://www.ncbi.nlm.nih.gov/pubmed/26455317
http://scholar.google.com/scholar?q=Modeling+the+initiation+of+Ewing+sarcoma+tumorigenesis+in+differentiating+human+embryonic+stem+cells+Gordon+2016

