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Certain bone and soft tissue (BST) tumours harbour a chromosomal
translocation [t(6;22)(p21;q12)], which fuses the Ewing’s sarcoma (EWS)
gene at 22q12 with the octamer-binding transcription factor 4 (Oct-4) gene
at 6p21, resulting in the chimeric EWS-Oct-4 protein that possesses high
transactivation ability. Although abnormal activation of signalling pathways can lead to human cancer development, the pathways underlying
these processes in human BST tumours remain poorly explored. Here, we
investigated the functional significance of fibroblast growth factor (FGF)
signalling in human BST tumours. To identify the gene(s) involved in the
FGF signalling pathway and potentially regulated by EWS-Oct-4 (also
called EWS-POU5F1), we performed RNA-Seq analysis, electrophoretic
mobility shift assays, chromatin immunoprecipitation assays, and xenograft
assays. Treating GBS6 or ZHBTc4 cells-expressing EWS-Oct-4 with the
small molecule FGF receptor (FGFR) inhibitors PD173074, NVPBGJ398,
ponatinib, and dovitinib suppressed cellular proliferation. Gene expression
analysis revealed that, among 22 Fgf and four Fgfr family members, Fgf-4
showed the highest upregulation (by 145-fold) in ZHBTc4 cells-expressing
EWS-Oct-4. Computer-assisted analysis identified a putative EWS-Oct-4binding site at +3017/+3024, suggesting that EWS-Oct-4 regulates Fgf-4
expression in human BST tumours. Fgf-4 enhancer constructs showed that
EWS-Oct-4 transactivated the Fgf-4 gene reporter in vitro, and that overexpression of EWS-Oct-4 stimulated endogenous Fgf-4 gene expression
in vivo. Finally, PD173074 significantly decreased tumour volume in mice.
Taken together, these data suggest that FGF-4 signalling is involved in
EWS-Oct-4-mediated tumorigenesis, and that its inhibition impairs tumour
growth in vivo significantly.

Introduction
Recurrent genetic alterations are associated with the
pathogenesis of human cancer [1,2]. Chromosomal
translocations trigger cancer development by activating

existing genes or creating new fusion proteins [3].
Many gene fusions act as driver mutations in neoplasia
and provide insight into the mechanisms underlying
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tumorigenesis [4]. Such fusions can initiate transformation or be acquired secondarily as a result of genomic
instability [5]. The octamer-binding transcription factor
4 [Oct-4; also known as Oct-3 or POU5F1 (POU
domain, class 5, transcription factor 1)] embryonic
gene at 6p21 is involved in reciprocal translocations
with the Ewing sarcoma (EWS) gene at 22q12 in certain bone and soft tissue (BST) tumours [6], resulting
in expression of an EWS-Oct-4 (also called EWSPOU5F1) fusion protein possessing strong transactivation
activity [7]. These findings suggest that chromosomal
translocation t(6;22)(p21;q12) alters the regulation and
structure of the Oct-4 gene, leading to malignancy.
EWS, a 656 amino acid putative RNA-binding protein of unclear function, contains an 85 amino acid Cterminal RNA recognition motif and three arginineand glycine-rich tracts. Amino acids 1–285 of EWS,
which encode the N-terminal domain (NTD), are
weakly homologous to the C-terminal region of
eukaryotic RNA polymerase II. Proline, threonine, serine, alanine, glycine and tyrosine account for ~90% of
these amino acids. These residues form a degenerate
and repeated polypeptide motif, which has a consensus
sequence of NSYGQQS [8,9]. Characteristic rearrangements of the EWS gene are observed in extraskeletal
myxoid chondrosarcoma with the t(9;22)(q22;q12)
translocation, desmoplastic round cell tumours with
the t(11;22)(p13;q12) translocation, melanoma with the
t(12;22)(q13;q12) translocation and Ewing’s sarcoma
with the t(11;22)(q24;q12), t(21;22)(q22;q12) or t(7;22)
(p22;q12) translocation. These rearrangements induce
fusion with putative transcription factor genes [10,11],
leading to the generation of chimeric proteins in which
the DNA-binding domain of a partner protein is fused
to the NTD of EWS. The DNA-binding domain of
these partner proteins, which are transcription factors,
determines the tumour phenotype [12]. In contrast
with native EWS, which is ubiquitously expressed,
these chimeras are only expressed in specific tissues.
Owing to the genomic structure, expression of the
fusion proteins in human cancers is directly driven by
the promoter of the EWS gene [13].
Octamer-binding transcription factor 4 may inhibit
differentiation-related gene expression and regulates
pluripotency gene transcription [14]. Importantly, Oct4
regulates expression of genes in pluripotent cells and
in those with pluripotency potential. Consequently,
Oct4 is a master switch in differentiation [15,16]. Oct-4
knockout perturbs formation of the inner cell mass in
mice and thus leads to early lethality. This finding
indicates that Oct-4 is required for pluripotent epiblast
cell proliferation [17]. Oct-4 regulates gene expression
in the blastocyst stage during human development and
4444

is expressed at least until this stage [18]. In addition,
Oct-4 facilitates reprogramming of pluripotent cells
from several types of somatic cells [19–31]. Patientderived somatic cells can be reprogrammed into
induced pluripotent stem (iPS) cells. These cells may
be a powerful tool for the treatment of various disorders [32].
Oct-4 is reactivated in various types of human cancers and this is important for tumorigenesis [33].
Moreover, Oct-4 helps to maintain the cancer stemlike properties of human lung cancer cells [34]. Oct-4
is important for formation of human testicular germ
cell tumours (TGCTs) [35,36]. Oct-4 is expressed in
particular types of human TGCTs, termed seminomas
and embryonal carcinomas, in adolescents and young
adults [37]. Consistently, Oct-4 is expressed in precursor lesions, called carcinoma in situ (CIS), of human
TGCTs [37]. Oct-4 has also been detected in human
primary breast carcinomas, human breast cancer cell
lines and other carcinoma cell lines, suggesting that
upregulation of its downstream target genes underlies
the role of Oct-4 in tumorigenesis [33,35,38,39]. Similarly, expression of Oct-4 leads to transformation of
nontumorigenic cells in a heterologous cell system and
tumorigenesis in nude mice. Dysplastic growth of
epithelial tissues, which is dependent on continuous
Oct-4 expression, is observed in adult mice upon Oct-4
activation using a doxycycline-dependent expression
system [40].
Fibroblast growth factors (FGFs) regulate cell proliferation, survival, migration, differentiation and the cell
cycle [41]. The FGF family contains at least 23 structurally related growth regulatory proteins [42,43]. Signalling heparin sulphate proteoglycan/FGF/FGFR
ternary complexes form upon binding of these proteins
to FGF receptors (FGFR1–4) [44]. Expression of FGFs
is high in certain types of human tumours. Moreover,
these proteins have paracrine and autocrine functions in
epithelial and stromal cancer cells [45]. Activation of
FGF signalling, which can occur due to overexpression,
oncogenic mutations, chromosomal translocations,
altered splicing, germline single-nucleotide polymorphisms or gene amplifications, is thought to be crucial
for tumour growth and progression [44,46,47]. Various
human cancers and developmental defects are linked
with altered enzymatic activities of FGFRs [44,48–51].
The FGF signalling pathway is a potential target for
anticancer therapy due to its crucial role in the pathogenesis of human cancer [46,47].
In this study, treatment with the FGF signalling inhibitors PD173074, NVP-BGJ398, ponatinib, and dovitinib decreased proliferation of GBS6 or ZHBTc4 cellsexpressing EWS-Oct-4, indicating the functional
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significance of FGF signalling in human BST tumours.
RNA sequencing (RNA-Seq) analysis was performed to
identify gene(s) involved in the FGF signalling pathway
and potentially regulated by EWS-Oct-4. Among 22 Fgf
and four Fgfr family members, Fgf-4 was the most differentially upregulated (by 145-fold) in response to
EWS-Oct-4 overexpression in ZHBTc4 cells. The presence of a putative EWS-Oct-4-binding site in the Fgf-4
enhancer region suggested that EWS-Oct-4 regulates
Fgf-4 expression in human BST tumours. Experiments
using Fgf-4 enhancer constructs showed that EWSOct-4 transactivated the Fgf-4 gene reporter in vitro
and that EWS-Oct-4 overexpression stimulated
endogenous Fgf-4 gene expression in vivo. The data
presented herein suggest that EWS-Oct-4 activates
Fgf-4 expression and modulates a regulatory gene
hierarchy implicated in cancer cell proliferation.
Assessment of the antitumour activity of PD173074
in vivo showed that the FGF inhibitor significantly
decreased tumour volume in mice, indicating that
FGF-4 signalling is important for EWS-Oct-4-mediated tumorigenesis and that suppression of FGF-4
signalling significantly impaired tumour growth
in vivo. These findings may promote development of
therapeutic strategies for human BST tumours that
act by modulating cancer cell signalling.

Results
Fgf-4 is a potential target gene of EWS-Oct-4
Fibroblast growth factor (or FGF receptor) signalling
activates multiple cellular cascades and responses
involved in carcinogenesis and embryonic development, including cell growth, differentiation and survival [[51–54]]. To gain insight into the involvement of
Fgf and Fgfr family members in human BST tumours,
we analysed their expression in ZHBTc4 cells-expressing EGFP or EWS-Oct-4-EGFP using quantitative
RNA-Seq analysis. Total RNA was purified from target cells-expressing EGFP or EWS-Oct-4-EGFP, converted to cDNA, and processed to RNA-Seq libraries.
High-throughput sequencing was then performed (single-end 75 bp sequencing) using an Illumina NextSeq
500 sequencing system. Relative expression of Fgf and
Fgfr family members obtained by RNA-Seq analysis
was plotted as fold changes (Fig. 1A). Because Fgf-4,
which is involved in development of human cancers
[55,56], was the most differentially upregulated gene
[145-fold
increase
induced
by
EWS-Oct-4
(144.9  19.3, P = 0.00273)], we asked whether Fgf-4
was a target gene for EWS-Oct-4. Genes showing
higher or lower expression profiles in EWS-Oct-4–
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expressing cells are summarised in Tables S1 and S2,
respectively.
In previous studies, we demonstrated that EWS-Oct-4
can bind to the octamer motif (50 -ATCGAAAT-30 ) of
DNA [7,57]. Based on these results, in silico analysis of
the regulatory sequences (promoter and enhancers) of
the Fgf-4 gene was performed using the TRANSFACT
database (http://www.gene-regulation.com). The analysis identified an octamer motif with atypical nucleotide
sequence at position +3017 to +3024 (sense orientation,
50 -ATGCTAAT-30 ; atypical nucleotide sequence is
underlined) relative to the predicted transcription start
site of Fgf-4 [58]. This motif is located in exon 3 of the
Fgf-4 gene and was named ‘EWS-Oct-4’ (Fig. 1B).
Electrophoretic mobility shift assays (EMSAs) were
used to determine whether EWS-Oct-4 can bind to the
putative EWS-Oct-4-binding element in the Fgf-4
enhancer. For EMSAs, recombinant St-EWS-Oct-4
(Strep-tag EWS-Oct-4) protein was purified from
transfected 293T cells. To confirm the quality of the
purified protein, an aliquot of recombinant St-EWSOct-4 was fractionated by 10% SDS/PAGE and visualised by Coomassie Blue staining (Fig. 1C). EMSAs
were then performed with a constant concentration of
the Fgf-4 probe (50 -TTTGTTTGGATGCTAATGGG
ATACTT-30 ; a putative EWS-Oct-4-binding site is
underlined) and variable amounts of the input StEWS-Oct-4 protein. Single but increasing amounts of
the EWS-Oct-4-DNA complex were obtained in reactions containing oligonucleotides harbouring the putative EWS-Oct-4-binding site sequence (Fig. 1D).
To determine whether EWS-Oct-4 can bind to the
atypical octamer motif in the Fgf-4 enhancer in vivo,
ChIP assays were performed using nuclear extracts of
ZHBTc4 cells-expressing EWS-Oct-4-EGFP or EGFP
alone. Both endogenous alleles of Oct-4 in ZHBTc4 cells
have been inactivated by gene targeting; these cells
instead harbour a tetracycline-regulated Oct-4 gene [59].
In the absence of tetracycline, the Oct-4 transgene is
active; however, it is repressed in the presence of tetracycline [60]. Thus, the tetracycline analogue doxycycline
(Dox) can be used to prevent expression of Oct-4. Previously, we stably transfected Oct-4-null ZHBTc4 cells
with the pCAG-IP/EGFP and pCAG-IP/EWS-Oct-4EGFP constructs to investigate EWS-Oct-4 function [7].
The immunoprecipitated DNA samples were amplified
by PCR using a set of primers (50 -ChIP primer and 30 ChIP primer) flanking the atypical octamer motif in the
Fgf-4 enhancer (Fig. 1B). As shown in Fig. 1E, the
enhancer region of the Fgf-4 gene was precipitated with
EWS-Oct-4-EGFP in vivo; however, the amplified product was weakly detected in extracts of ZHBTc4 cellsexpressing EGFP alone.
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Fig. 1. Investigation of potential FGF signalling targets of EWS-Oct-4. (A) RNA-Seq analysis shows that Fgf-4 is the gene most differentially
upregulated by EWS-Oct-4. Expression patterns of FGF signalling pathway-related genes in EWS-Oct-4-EGFP-expressing and EGFPexpressing ZHBTc4 cells were compared using quantitative RNA-Seq analysis. Fgf-4 was identified as the most highly upregulated gene by
EWS-Oct-4. Data were obtained from three independent RNA-Seq experiments and GAPDH was used as a control to normalise the RNASeq results. Values are expressed as the mean  SD (standard deviation) relative to expression in ZHBTc4 cells-expressing EGFP. (B)
Potential EWS-Oct-4-binding site analysis of the exon 3 region of the Fgf-4 gene. The exon 3 region of the Fgf-4 gene (nucleotides +2553 to
+3262, relative to the start of transcription) was analysed using the TRANSFAC program and sequence selective naked-eye detection. The
putative EWS-Oct-4 recognition element in the exon 3 region of the Fgf-4 gene is shown in a dotted box and labelled ‘EWS-Oct-40 . The
positions of the forward and reverse primer sets used in promoter cloning (50 -Enhancer primer and 30 -Enhancer primer) and ChIP
experiments (50 -ChIP primer and 30 -ChIP primer) are indicated by straight and dashed lines, respectively. The probe sequence for EMSA is
indicated by parentheses. (C) Coomassie Blue staining of the St-EWS-Oct-4 (Strep-tag EWS-Oct-4) protein used in the EMSA shown in (D).
One microgram of St-EWS-Oct-4 protein purified from transfected 293T cells was fractionated on 10% SDS/PAGE and visualised by
Coomassie Blue staining. Lane 1, standard marker proteins; lane 2, purified St-EWS-Oct-4. (D) Binding of EWS-Oct-4 to the mouse Fgf-4
enhancer. EMSA was performed with the radiolabelled probes shown in (B) and the recombinant St-EWS-Oct-4 protein shown in (C). A
control reaction (C) contained probe but no protein. Lane 1: no protein; lanes 2–4: 10, 20 and 30 ng St-EWS-Oct-4 proteins. The positions of
the free probe and protein-DNA complex are indicated. (E) ChIP analysis of the binding of EGFP-tagged EWS-Oct-4 to the Fgf-4 enhancer
in vivo. ChIP assays were performed using normal IgG and an anti-EGFP antibody. The precipitates were examined by PCR using primers
flanking the region of the Fgf-4 enhancer containing the EWS-Oct-4-binding site (see Fig. 3B). The result is representative of four
independent experiments. (F) Alignment of the region surrounding the Oct-4-binding site from the murine (Mouse) and human Fgf-4
enhancer (Human). The EWS-Oct-4-binding site is indicated below the sequence (highlighted and underlined in red). Nucleotides that are
identical in the mouse and human Fgf-4 enhancer regions are shown with a black background. Dashes indicate gaps introduced to maximise
the alignment. (G) ChIP analysis of the binding of EWS-Oct-4 to the human Fgf-4 enhancer in vivo. ChIP assays of GBS6 cells were
performed using normal IgG and an anti-EWS antibody (for EWS-Oct-4). The precipitates were examined by PCR using primers flanking the
region of the human Fgf-4 enhancer containing the EWS-Oct-4-binding site. The result is representative of three independent experiments.

Finally, we tried to identify whether an EWS-Oct-4binding site is present in the enhancer region of human
Fgf-4. As shown in Fig. 1F, the EWS-Oct-4-binding
site was located in an enhancer region of human Fgf4. To test whether this site is functional, we performed
ChIP assays using nuclear extracts from GBS6 cells.
DNA immunoprecipitated from GBS6 cells was amplified by PCR using a set of human-specific primers (a
50 -hChIP primer and a 30 -hChIP primer) flanking the
EWS-Oct-4-binding motif in the human Fgf-4 enhancer. As shown in Fig. 1G, a PCR band was detected
by an anti-EWS antibody (the epitope for this antibody is located in the EWS region of EWS-Oct-4);
however, the amplified product was not (or only
weakly) detected in the immunoprecipitated DNA
sample using the IgG control. Taken together, these
results suggest that EWS-Oct-4 binds to the enhancer
region of the Fgf-4 gene both in vivo and in vitro.
EWS-Oct-4 binds specifically to the Fgf-4
enhancer
To confirm the specificity of binding of EWS-Oct-4 to
the Fgf-4 enhancer, EMSAs were performed with
recombinant St-EWS-Oct-4 and radiolabelled synthetic
oligonucleotides containing the EWS-Oct-4-binding
motif (Fig. 2A). A single protein–DNA complex was
obtained in reactions containing oligonucleotides harbouring the putative EWS-Oct-4-binding site in the Fgf-

4 enhancer (Fig. 2B, lanes 2–4). The production of this
complex was abrogated when the putative EWS-Oct-4binding site (50 -ATGCTAAT-30 ) in the Fgf-4 enhancer
was mutated to 50 -GGTAACCC-30 (Fig. 2B, lanes 5–7).
Next, competition EMSAs were performed using StEWS-Oct-4, radiolabelled oligonucleotide containing
the EWS-Oct-4-binding motif in the Fgf-4 enhancer
and unlabelled oligonucleotides containing an 8 bp
consensus typical octamer motif (50 -TTAAAATCAC
ATTTGAAATGCAAATGGAAAAGC-30 ; the typical
octamer motif sequence is underlined) or a mutant version of the motif in which one of the adenine residues
and one of thymine residues were converted to guanine
(50 -TTAAAATCACATTTGAAgTGCAAAgGGAAA
AGC-30 ; the substitutions are in small letters). Incubation with a 10-fold excess of the wild-type unlabelled
competitor probe inhibited the binding of St-EWS-Oct4 to the EWS-Oct-4-binding motif in the Fgf-4 enhancer
(Fig. 2B, lane 8), whereas incubation with the unlabelled mutant probe had no effect (Fig. 2B, lane 9).
Overall, these results suggest a specific interaction of
EWS-Oct-4 with the atypical octamer motif in the Fgf-4
enhancer.
EWS-Oct-4 induces transcriptional activation of
the Fgf-4 enhancer in vitro and in vivo
To determine whether the atypical octamer motif in
the Fgf-4 enhancer mediates a transcriptional response
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Fig. 2. The specificity of binding of EWS-Oct-4 to the Fgf-4
enhancer. (A) The nucleotide sequences of the oligonucleotides
used for EMSAs. A putative EWS-Oct-4-binding site corresponding
to 50 -ATGCTAAT-30 in the Fgf-4 enhancer is shown in bold and
underlined characters. The positions of the mutations in the mutant
probes are indicated by underlined boldface lowercase letters. (B)
Specific binding of EWS-Oct-4 to the Fgf-4 enhancer region.
EMSAs were performed with the full length St-EWS-Oct-4 and the
radiolabelled oligonucleotides shown in (A). Competition experiments
were performed with a 10-fold excess of unlabelled wild-type (WT)
oligonucleotide [Competitor (wt); lane 8] or mutant oligonucleotide
[Competitor (mt); lane 9]. The positions of the free probe and
protein-DNA complex are indicated as Free probe and Complex,
respectively. The results are representative of four independent
experiments.

to EWS-Oct-4, ZHBTc4 cells stably expressing EWSOct-4-EGFP or EGFP were co-transfected with a
reporter plasmid (pFgf4 Enhancer Luciferase) containing the Fgf-4 enhancer region (+2553 to +3249, relative
to the start of transcription) downstream of the luciferase gene (Fig. 3A). Transfection of cells-expressing
EGFP with pFgf4 Enhancer Luciferase resulted in a
low-level production of luciferase, whereas transfection
of cells-expressing EWS-Oct-4 increased the luciferase
activity by up to 63-fold (Fig. 3B). Western blot
4448

analyses confirmed that EWS-Oct-4 was expressed in
ZHBTc4 cells stably expressing EWS-Oct-4-EGFP but
not in ZHBTc4 cells stably expressing EGFP alone
(Fig. 3C, upper panel). The expression level of b-Actin
was used as a loading control (Fig. 3C, bottom panel).
To determine whether EWS-Oct-4 modulates the
expression of the endogenous Fgf-4 gene, total RNAs
were isolated from ZHBTc4 cells-expressing EWS-Oct4-EGFP or EGFP. RT-PCR analysis revealed that
Fgf-4 mRNA expression was significantly higher in
ZHBTc4 cells-expressing EWS-Oct-4-EGFP than in
those expressing EGFP (Fig. 4A). However, b-actin
was used as an internal control to monitor RNA loading. These results were confirmed by quantitative realtime PCR analyses, which showed that Fgf-4 mRNA
levels were approximately 40-fold higher in ZHBTc4
cells-expressing EWS-Oct-4-EGFP than in those
expressing EGFP (Fig. 4B). Together with the results
of RNA-Seq analysis (Fig. 1A), EMSA (Fig. 2), ChIP
(Fig. 1E) and luciferase assays (Fig. 3), these results
demonstrated that EWS-Oct-4 activates the Fgf-4
enhancer and drives the expression of the gene in vivo.
To confirm that the observed transactivation of the
Fgf-4 enhancer by EWS-Oct-4 was mediated by the
putative EWS-Oct-4-binding motif, a pFgf4 Enhancer
(mt) Luciferase construct containing a mutation in the
EWS-Oct-4 recognition site was generated (Fig. 5A).
ZHBTc4 cells-expressing EGFP or EWS-Oct-4-EGFP
were co-transfected with reporter constructs, such as
pFgf4 ProxProm Luciferase, pFgf4 Enhancer Luciferase and pFgf4 Enhancer(mt) Luciferase and a plasmidexpressing Renilla luciferase, and dual-luciferase assays
were performed (Fig. 5B). The empty luciferase plasmid (Control Luciferase) was used as a control. The
results are presented as relative transactivation values
adjusted for the value obtained by the transfection of
the pFgf4 Enhancer Luciferase in ZHBTc4 cells-expressing EWS-Oct-4-EGFP. Mutation of the EWSOct-4-binding site in the Fgf-4 enhancer decreased the
EWS-Oct-4-induced production of luciferase by
approximately 98% (Fig. 5B, lane 8). These results
indicated that the EWS-Oct-4-binding site in the Fgf-4
enhancer is important for EWS-Oct-4-mediated Fgf-4
activation.
The overall integrity of the EWS-Oct-4 functional
domains is necessary to achieve its full potential
for Fgf-4 induction
EWS-Oct-4 contains the EWS part, extra amino acids
(Extra), an NTD, a C-terminal domain (CTD) and a
POU DNA-binding domain (POU) [7]. To define the
critical region(s) within EWS-Oct-4 that are required for
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Fig. 3. Transactivation of the Fgf-4 enhancer by the EWS-Oct-4
oncoprotein. (A) Schematic illustrations of the expression and
reporter plasmids used in this study. The expression vectors
harbouring EGFP-tagged EWS-Oct-4 and EGFP control are shown.
The pFgf4 Enhancer Luciferase reporter plasmid contained the
luciferase gene downstream of the Fgf-4 proximal promoter
(nucleotides -432 to + 117, relative to the start of transcription) and
upstream of Fgf-4 enhancer (nucleotides +2553 to +3249, relative to
the start of transcription). (B) Transcriptional activation of the Fgf-4
enhancer by EWS-Oct-4. ZHBTc4 cells stably expressing EWS-Oct4-EGFP or EGFP were co-transfected with 4 lg pFgf4 Enhancer
Luciferase and 2 lg Renilla Luciferase plasmids. Data are presented
as the mean  SD of representative duplicate experiments.
Statistical significance was determined using unpaired Student’s ttests. **P < 0.01 versus vector only. Similar results were obtained
in four independent experiments. (C) Western blot analyses of
extracts of the stable cells used for luciferase assays. The panels
show western blot analyses of extracts of the cells used for
luciferase assays [12% gels were used for the detection of EWSOct-4-EGFP (top panel) and b-Actin (bottom panel)]. Similar results
were obtained in four independent experiments.

A

B

C

the induction of the Fgf-4 gene, the pCAG-IP/FlagEGFP, pCAG-IP/Flag-EWS-Oct-4-EGFP, pCAG-IP/
Flag-EWS-Oct-4-EGFP
(ΔEWS),
pCAG-IP/FlagEWS-Oct-4-EGFP (ΔExtra), pCAG-IP/Flag-EWSOct-4-EGFP (ΔNTD), pCAG-IP/Flag-EWS-Oct-4EGFP (ΔPOU) and pCAG-IP/Flag-EWS-Oct-4-EGFP
(ΔCTD) constructs were generated by PCR (Fig. 6A).

Fig. 4. Activation of endogenous Fgf-4 gene expression by EWSOct-4. (A) RT-PCR analysis of Fgf-4 mRNA expression. ZHBTc4
cells-expressing EGFP or EWS-Oct-4-EGFP were harvested to
prepare total RNA, and then RT-PCR analysis of Fgf-4 mRNA
expression was performed in ZHBTc4 cells-expressing EGFP or
EWS-Oct-4-EGFP. However, b-actin was used for normalisation.
Following amplification, an aliquot of each product was analysed by
staining the gel with ethidium bromide. Similar results were
obtained in three independent experiments. (B) Quantitative realtime PCR analyses of the expression of the Fgf-4 gene. ZHBTc4
cells-expressing EGFP or EWS-Oct-4-EGFP were analysed for the
expression of Fgf-4 mRNA as described in the Materials and
Methods section. b-actin was used as a control to normalise the
quantitative real-time PCR results. Each experiment was performed
at least three times. The results represent the average  SD and
were calculated relative to the expression of Fgf-4 in ZHBTc4 cellsexpressing EGFP or EWS-Oct-4-EGFP. Statistical significance was
determined using unpaired Student’s t-tests. **P < 0.01 versus
vector only.
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Fig. 5. Mutational analysis of the Fgf-4 enhancer. (A) Schematic illustrations of the wild-type and mutant reporter plasmids used in this
study. Reporter plasmids pFgf4 ProxProm Luciferase, pFgf4 Enhancer Luciferase and pFgf4 Enhancer(mt) Luciferase are shown. The empty
luciferase plasmid (Control Luciferase) was used as a control. Site-directed mutagenesis was used to convert the EWS-Oct-4-binding site
(50 -ATGCTAAT-30 ) to the mutant EWS-Oct-4-binding site (50 -ggtaaccc-30 ). (B) The effects of mutation of the EWS-Oct-4-binding site in the
Fgf-4 enhancer on its transactivation by EWS-Oct-4. The right side of the panel (lanes 5–8) shows the results of luciferase assays of
ZHBcT4 cells-expressing EGFP-fused EWS-Oct-4 that were co-transfected with 4 lg of the indicated WT (pFgf4 Enhancer Luciferase) or
mutant pFgf4-Luc reporter plasmids [pFgf4 ProxProm Luciferase and pFgf4 Enhancer(mt) Luciferase] and 2 lg of a plasmid-expressing
Renilla luciferase. The left side of the panel (lanes 1–4) shows the results of luciferase assays of ZHBcT4 cells-expressing EGFP alone that
were co-transfected with 4 lg of the indicated WT or mutant pFgf4-Luc reporter plasmids and 2 lg of a plasmid-expressing Renilla
luciferase. Relative transcriptional activation values are shown as the mean  SD relative to a value of 100% for the transfection of the
pFgf4 Enhancer Luciferase in ZHBTc4 cells-expressing EWS-Oct-4-EGFP. Statistical significance was determined using unpaired Student’s ttests. **P < 0.01 versus the activity of pFgf4 Enhancer Luciferase in ZHBTc4 cells-expressing EWS-Oct-4-EGFP. Similar results were
obtained in four independent experiments.

Plasmids-expressing EGFP fusions of the EWS-Oct-4
truncation mutants were generated to monitor the
expression of EWS-Oct-4 proteins.
After selection of pCAG-IP/Flag-EGFP, pCAG-IP/
Flag-EWS-Oct-4-EGFP, pCAG-IP/Flag-EWS-Oct-4EGFP (ΔEWS), pCAG-IP/Flag-EWS-Oct-4-EGFP
(ΔExtra), pCAG-IP/Flag-EWS-Oct-4-EGFP (ΔNTD),
pCAG-IP/Flag-EWS-Oct-4-EGFP (ΔPOU) and pCAGIP/Flag-EWS-Oct-4-EGFP (ΔCTD)-transfected ZHBTc4
cells, the amounts of Flag-tagged EWS-Oct-4-EGFP or
Flag-tagged EWS-Oct-4-EGFP deletion mutant proteins in the different clones were determined by western blotting (Fig. 6B). The EWS-Oct-4 or EWS-Oct-4
truncation mutant proteins were expressed at similar
levels in all clonally derived ZHBTc4 cell lines used
in the study (Fig. 6B, lanes 2–5 and 7), although
higher levels of EWS-Oct-4 (ΔPOU) protein were
detected in ZHBTc4 cells stably transfected with
pCAG-IP/Flag-EWS-Oct-4-EGFP (ΔPOU) (Fig. 6B,
4450

lane 6). Independent ZHBTc4 cell lines-expressing
Flag-EWS-Oct-4-EGFP (ΔPOU) were established,
and similar results were obtained in three independent
experiments. The EWS-Oct-4 protein was not detected
in ZHBTc4 cells stably transfected with pCAG-IP/
EGFP as a control (Fig. 6B, lane 1).
Next, to define the functional regions of EWS-Oct-4
required for transcriptional activation of the Fgf-4
gene, the expression level of Fgf-4 was examined in
ZHBTc4 cells stably transfected with EWS-Oct-4 truncation mutant genes by RT-PCR. As shown in
Fig. 6C, Fgf-4 expression was detected in ZHBTc4
cells stably transfected with Flag-EWS-Oct-4-EGFP
(lane 2), Flag-EWS-Oct-4-EGFP (DExtra) (lane 4),
Flag-EWS-Oct-4-EGFP (DNTD) (lane 5) and FlagEWS-Oct-4-EGFP (DCTD) (lane 7), although Fgf-4
expression was relatively reduced in ZHBTc4 cellsexpressing Flag-EWS-Oct-4-EGFP (DCTD) (lane 7).
Fgf-4 gene expression was not detected in ZHBTc4
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Fig. 6. Identification of the regions of EWS-Oct-4 required for transcriptional activation of the Fgf-4 enhancer. (A) Schematic representation
of the Flag-tagged EWS-Oct-4-EGFP fusion construct and its derivatives with deleted domains. The functional domains located within EWSOct-4 are indicated as EWS (EWS part), Extra aa (extra amino acids), N (N-terminal domain), POU (POU DNA-binding domain) and C (Cterminal domain). (B) Immunoblot analysis of the expression of Flag-tagged EWS-Oct-4 deletion mutants in stably transfected ZHBTc4 cells.
ZHBTc4 ES cells were stably transfected with pCAG-IP/Flag-EGFP (labelled as A), pCAG-IP/Flag-EWS-Oct-4-EGFP (labelled as B), pCAG-IP/
Flag-EWS-Oct-4-EGFP (ΔEWS) (labelled as C), pCAG-IP/Flag-EWS-Oct-4-EGFP (ΔExtra) (labelled as D), pCAG-IP/Flag-EWS-Oct-4-EGFP
(ΔNTD) (labelled as E), pCAG-IP/Flag-EWS-Oct-4-EGFP (ΔPOU) (labelled as F), or pCAG-IP/Flag-EWS-Oct-4-EGFP (ΔCTD) (labelled as G), and
total cell lysates were fractionated by 12% SDS/PAGE and visualised by western blotting with anti-Flag or anti-actin antibodies. The position
of the prestained molecular mass marker (New England Biolabs, Beverly, MA, USA) is indicated to the left (kDa). Lane 1, Flag-EGFP empty
vector; lane 2, Flag-EWS-Oct-4-EGFP; lane 3, Flag-EWS-Oct-4-EGFP (ΔEWS); lane 4, Flag-EWS-Oct-4-EGFP (ΔExtra); lane 5, Flag-EWS-Oct-4EGFP (ΔNTD); lane 6, Flag-EWS-Oct-4-EGFP (ΔPOU); lane 7, Flag-EWS-Oct-4-EGFP (ΔCTD). Similar results were obtained in three
independent experiments. (C) Expression of the Fgf-4 gene in ZHBTc4 cells stably expressing Flag-tagged EWS-Oct-4 and its deletion
mutants. RT-PCR analyses of Fgf-4 and b-actin mRNAs were performed in ZHBTc4 cells-expressing EWS-Oct-4 deletion mutants. b-actin
was used as a control to qualify the RT-PCR results. Following amplification, an aliquot of each product was analysed by staining the gel
with ethidium bromide. The ZHBTc4 cell lines from which the input RNAs used in the RTs were derived are shown above the panel. Lane
1, Flag-EGFP empty vector; lane 2, Flag-EWS-Oct-4-EGFP; lane 3, Flag-EWS-Oct-4-EGFP (ΔEWS); lane 4, Flag-EWS-Oct-4-EGFP (ΔExtra);
lane 5, Flag-EWS-Oct-4-EGFP (ΔNTD); lane 6, Flag-EWS-Oct-4-EGFP (ΔPOU); lane 7, Flag-EWS-Oct-4-EGFP (ΔCTD). Similar results were
obtained in three independent experiments. (D) Quantitative real-time PCR analyses of Fgf-4 mRNA levels in ZHBTc4 cells-expressing EWSOct-4-EGFP or its deletion mutants. ZHBTc4 cells-expressing EWS-Oct-4 or its deletion mutants were analysed for levels of expression of
Fgf-4 mRNA as described under ‘Materials and Methods’. b-actin was used as a control to normalise the quantitative real-time PCR results.
Values are expressed as the mean  SD relative to the expression of Fgf-4 in ZHBTc4 cells-expressing EWS-Oct-4, which was set at 100.
A, Flag-EGFP empty vector; B, Flag-EWS-Oct-4-EGFP; C, Flag-EWS-Oct-4-EGFP (ΔEWS); D, Flag-EWS-Oct-4-EGFP (ΔExtra); E, Flag-EWSOct-4-EGFP (ΔNTD); F, Flag-EWS-Oct-4-EGFP (ΔPOU); G, Flag-EWS-Oct-4-EGFP (ΔCTD). Statistical significance was determined using
unpaired Student’s t-tests. #P < 0.001 versus the relative expression level of Fgf-4 mRNA in ZHBTc4 cells-expressing EGFP, and **P < 0.01
and ***P < 0.001 versus the relative expression level of Fgf-4 mRNA in ZHBTc4 cells-expressing EWS-Oct-4-EGFP. Similar results were
obtained in three independent experiments.

cells-expressing Flag-EWS-Oct-4 (DEWS) (lane 3) and
Flag-EWS-Oct-4 (DPOU) (lane 6), suggesting that
both the EWS and POU domains of EWS-Oct-4 are
important for the ability of the protein to transactivate
the Fgf-4 gene in vivo.

Quantitative real-time PCR was used to quantify the
mRNA levels of the Fgf-4 gene. Deletions of extra
amino acids (Extra) or the Oct-4 (NTD) part of EWSOct-4 produced a polypeptide with 25% or 40%
reduction of transactivation abilities relative to full
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length EWS-Oct-4, respectively (Fig. 6D, lanes D and
E). Removal of Oct-4 (CTD) of EWS-Oct-4 further
reduced the transactivation properties (approximately
65% reduction; lane G). Deletion of the EWS part of
EWS-Oct-4 produced a polypeptide possessing 4% of
the transactivation potential of the polypeptide produced by full length EWS-Oct-4 (lane C). Deletion of
the POU DNA-binding domain of EWS-Oct-4 failed
to activate Fgf-4 gene expression (lane F). These
results indicated that the EWS and POU domains are
critically important for EWS-Oct-4 function, whereas
the overall integrity of EWS-Oct-4 is necessary for its
full transactivation potential for Fgf-4 gene expression.
The FGF signalling inhibitor PD173074 blocks
GBS6 cell growth in vitro
To analyse the functional significance of FGF signalling in human BST tumours, we examined the effect
of PD174074 on EWS-Oct-4-mediated cell proliferation of GBS6 cells. GBS6 cells, sarcoma-derived cancer
cells in which the EWS gene is fused to Oct-4, were
established from a pelvic bone undifferentiated sarcoma harbouring t(6;22)(p21;q12) [61]. GBS6 cells are
the only EWS-Oct-4-positive human BST tumour cell
line; no other equivalent line is available at present.
PD173074 is a small molecule inhibitor of FGF signalling [62].
To assess the potential antiproliferative effect of
PD173074, GBS6 cells were incubated with increasing
concentrations of PD173074. As shown in Fig. 7A,
PD173074 decreased the number of GBS6 cells and
inhibited cell growth in a dose-dependent manner. Colony formation assays showed that GBS6 cells treated
with different concentrations of PD173074 were less
able to form colonies than in control (DMSO-treated)
GBS6 cells (Fig. 7B). The sensitivity of GBS6 cells to
PD173074 was determined by calculating 50% inhibitory concentration (IC50); the IC50 of PD173074 for
GBS6 cells was 482 nM (Fig. 7C).

To confirm these results, we assessed the potential
antiproliferative effects of other FGFR inhibitors: NVPBGJ398 [63], ponatinib [64] and dovitinib [65]. GBS6
cells were incubated with increasing concentrations of
NVP-BGJ398, ponatinib, or dovitinib. As shown in
Figs 8A, 9A and 10A, NVP-BGJ398, ponatinib and
dovitinib reduced the number of GBS6 cells and inhibited
cell growth in a dose-dependent manner. Colony formation assays revealed that GBS6 cells treated with different
concentrations of NVP-BGJ398 (Fig. 8B), ponatinib
(Fig. 9B), or dovitinib (Fig. 10B) were less able to form
colonies than control (DMSO-treated) GBS6 cells. The
sensitivity of GBS6 cells to NVP-BGJ398, ponatinib and
dovitinib was also determined by calculating the IC50 values, which was 317 (Fig. 8C), 107 (Fig. 9C) and 170 nM
(Fig. 10C), respectively.
Inhibition of FGF signalling abrogates EWS-Oct4-mediated cell proliferation
EWS-Oct-4 is a dominant oncogene that plays a critical
role in formation of human BST tumours by activating
transcription of its target genes [7,61]. To explore the
role of the FGF signalling pathway in EWS-Oct-4-mediated tumorigenesis, we treated ZHBTc4 cells harbouring EWS-Oct-4 [7] with different concentrations of
PD173074 for 5 days and then calculated the IC50.
Consistent with the results shown in Fig. 7, PD173074
reduced the number of ZHBTc4 cells-expressing EWSOct-4 and caused a dose-dependent reduction in cell
growth (Fig. 11A). In addition, different concentrations
of PD173074 led to a significant decrease in colony formation by ZHBTc4 cells-expressing EWS-Oct-4 compared with that of the control (DMSO-treated cells)
(Fig. 11B). To determine the IC50 value, cell viability was
measured after exposure to increasing doses of
PD173074. The IC50 of PD173074 for ZHBTc4 cells-expressing EWS-Oct-4 was 52 nM (Fig. 11C). These results
confirmed that GBS6 and EWS-Oct-4-harbouring
ZHBTc4 cells are sensitive to PD173074.

Fig. 7. Dose-dependent inhibition of GBS6 cell proliferation by the selective FGF signalling inhibitor PD173074. (A) Morphology of GBS6
cells exposed to PD173074. GBS6 cells (1 9 104) were incubated with different doses of PD173074 and monitored for 5 days under an
inverted phase-contrast microscope (IX71; Olympus, Tokyo, Japan). Scale bars indicate 100 lm. Three independent experiments yielded
similar results. (B) Effects of PD173074 on GBS6 colony formation. GBS6 cells were seeded at a density of 1 9 104 per well and colony
formation assays were performed 5 days after treatment. GBS6 colonies were visualised by staining with 0.05% Crystal Violet.
Representative images are shown. Three independent experiments yielded similar results. (C) Inhibition of GBS6 cell proliferation by
PD173074. GBS6 cells were exposed to increasing concentrations of PD173074 and growth inhibition was measured by cell counting.
Relative cell number was expressed as a percentage of the control (DMSO) value at a given concentration of PD173074. Data are
expressed as the mean  SD of three independent experiments. The IC50 value for PD173074 was calculated from sigmoidal dose–
response curves using SOFTMAX PRO software (Molecular Devices, San Jose, CA, USA). Three independent experiments yielded similar
results.
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Fig. 8. Dose-dependent inhibition of GBS6 cell proliferation by the selective FGF signalling inhibitor NVP-BGJ398. (A) Morphology of GBS6
cells exposed to NVP-BGJ398. GBS6 cells (1 9 104) were incubated with different doses of NVP-BGJ398 and monitored for 5 days under
an inverted phase-contrast microscope (IX71; Olympus). Scale bars indicate 100 lm. Three independent experiments yielded similar results.
(B) Effects of NVP-BGJ398 on GBS6 colony formation. GBS6 cells were seeded at a density of 1 9 104 per well and colony formation
assays were performed 5 days after treatment. GBS6 colonies were visualised by staining with 0.05% Crystal Violet. Representative
images are shown. Three independent experiments yielded similar results. (C) Inhibition of GBS6 cell proliferation by NVP-BGJ398. GBS6
cells were exposed to increasing concentrations of NVP-BGJ398 and growth inhibition was measured by cell counting. Cell number was
expressed as a percentage of the control (DMSO) value at a given concentration of NVP-BGJ398. Data are expressed as the mean  SD of
three independent experiments. The IC50 value for NVP-BGJ398 was calculated from sigmoidal dose–response curves using SOFTMAX PRO
software. Three independent experiments yielded similar results.

We also assessed the roles of the NVP-BGJ398, ponatinib and dovitinib in EWS-Oct-4-mediated tumorigenesis. ZHBTc4 cells harbouring EWS-Oct-4 were treated
with different concentrations of NVP-BGJ398, ponatinib, or dovitinib for 5 days and the IC50 values were
determined. Consistent with the results shown in
Figs 8–10,
NVP-BGJ398
(Fig. 12A),
ponatinib
(Fig. 13A) and dovitinib (Fig. 14A) reduced the number
of ZHBTc4 cells-expressing EWS-Oct-4 and caused a
dose-dependent reduction in cell growth. NVP-BGJ398
(Fig. 12B), ponatinib (Fig. 13B) and dovitinib
(Fig. 14B) also inhibited the colony formation ability of
ZHBTc4 cells-expressing EWS-Oct-4. The IC50 values
of NVP-BGJ398, ponatinib and dovitinib for ZHBTc4
cells-expressing EWS-Oct-4 were 4.91 (Fig. 12C), 31.8
(Fig. 13C), or 116 nM (Fig. 14C) respectively. These
results confirm that GBS6 and EWS-Oct-4-harbouring
ZHBTc4 cells are sensitive to FGF signalling inhibitors.
The FGF signal pathway inhibitor PD173074
reduces EWS-Oct-4-mediated tumour formation
in NOG mice
The effects of FGF-4 signalling on EWS-Oct-4-mediated tumorigenesis were examined in vivo. The in vivo
anti-tumorigenic effect of PD173074 was investigated
by establishing a xenograft mouse model. Approximately 1 9 107 ZHBTc4 cells-expressing EWS-Oct-4
were suspended in 100 lL PBS and injected into 8week-old NOG mice. The overall experimental design
and reference time frame are summarised in Fig. 15A.
Eight days after injection, the tumour-bearing NOG
mice were treated with PD173074 (20 mgkg1) or
vehicle (0.05 M lactic acid) by intraperitoneal injection
once a day for 10 days. The first experiment was performed to evaluate the adverse effect of PD173074 in
mice. To evaluate the health status of mice treated
with PD173074, the average body weight of mice was
monitored daily throughout the experimental period.
The body weight of mice treated with PD173074 was
similar to that of vehicle-treated mice and there was

no significant loss of body weight in the PD173074treated group, suggesting that PD173074 had no significant toxic effects (Fig. 15B).
Next, we investigated the antitumour effect of
PD173074 treatment. Consistent with cell-based experiments (Figs 7 and 11), PD173074 treatment significantly
decreased tumour volume in mice compared with that in
the control group (Fig. 15C). These results indicated that
FGF-4 signalling is important for EWS-Oct-4-mediated
tumorigenesis, and suppression of FGF-4 signalling significantly impaired tumour growth in vivo. Compared
with the vehicle group (1306.6  523.3 mm3) at the end
of treatment, PD173074 treatment (198.8  89.1 mm3)
reduced tumour volume by 84.8% (n = 6, P < 0.01).
The tumour weight of mice treated with PD173074
was significantly lower than that of the vehicle-treated
group (Fig. 15D). At 18 days after cell inoculation, the
average tumour weight was 0.29  0.10 g in the
PD173074-treated group and 1.63  0.68 g in the control group (Fig. 15E). Compared with the vehicle group
at the end of treatment, PD173074 treatment decreased
tumour weight by 82.2% (P < 0.01). Taken together,
these data suggest that FGF-4 signalling is essential for
EWS-Oct-4-mediated tumorigenesis in vivo, and
PD173074 effectively inhibited EWS-Oct-4-mediated
tumour growth without apparent toxic side effects.

Discussion
Human cancers typically exhibit recurrent chromosome translocations, which are associated with tumorigenesis. The transactivation potential of EWS-Oct-4 is
high [7]. Consequently, this chimeric protein is speculated to regulate oncogenesis-related gene transcription
and thereby facilitate the generation of human BST
tumours. However, neither the identities of the oncogenic targets of EWS-Oct-4 nor their roles in BST
tumour development are clear. This study reports that
the tumorigenic FGF signalling pathway and EWSOct-4 are directly connected (Fig. 15F). Our data indicate that EWS-Oct-4 binds to the Fgf-4 enhancer
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Fig. 9. Dose-dependent inhibition of GBS6 cell proliferation by the tyrosine kinase inhibitor ponatinib. (A) Morphology of GBS6 cells exposed
to ponatinib. GBS6 cells (1 9 104) were incubated with different doses of ponatinib and monitored for 5 days under an inverted phasecontrast microscope (IX71; Olympus). Scale bars indicate 100 lm. Three independent experiments yielded similar results. (B) Effects of
ponatinib on GBS6 colony formation. GBS6 cells were seeded at a density of 1 9 104 per well and colony formation assays were
performed 5 days after treatment. GBS6 colonies were visualised by staining with 0.05% Crystal Violet. Representative images are shown.
Three independent experiments yielded similar results. (C) Inhibition of GBS6 cell proliferation by ponatinib. GBS6 cells were exposed to
increasing concentrations of ponatinib and growth inhibition was measured by cell counting. Cell number was expressed as a percentage of
the control (DMSO) value at a given concentration of ponatinib. Data are expressed as the mean  SD of three independent experiments.
The IC50 value for ponatinib was calculated from sigmoidal dose–response curves using SOFTMAX PRO software. Three independent
experiments yielded similar results.

region in vitro and in vivo (Fig. 1), and that this interaction is specific and direct based on competition
assays incorporating mutant and wild-type probes
(Fig. 2). Moreover, our results suggest that EWS-Oct4 upregulates mRNA expression of Fgf-4 and activates
its enhancer in vivo and in vitro (Figs 3 and 4). Importantly, this study shows that FGF signalling plays an
important role in tumorigenesis mediated by EWSOct-4 (Figs 7–15). Overall, our data indicate that
EWS-Oct-4 regulates an oncogenic signalling-related
gene(s), which facilitates the transformation of human
BST tumours (Fig. 15F).
Fibroblast growth factors are multifunctional
growth factors that regulate cellular proliferation, survival, migration and differentiation. In humans and
mice, 22 FGF isoforms and four FGFRs (FGFR1–4)
have been identified [41,66]. RNA-Seq analysis using
ZHBTc4 cells-expressing EWS-Oct-4 identified Fgf-4
as the most differentially upregulated gene (Fig. 1A).
There is compelling evidence that deregulation of FGF
signalling is directly involved in the pathogenesis of
many cancers [41]. Introduction of Fgf-4 into the
breast cancer cell line MCF-7 or the nonmalignant
HBL 100 cell line increases their metastatic potential
and oncogenicity [55,56]. Recent evidence suggests that
aberrant FGF signalling promotes tumour development by directly driving cancer cell proliferation and
survival and inducing tumour angiogenesis [41]. Therefore, human BSTs may possess altered signalling profiles to meet the high energy demands of uncontrolled
cell growth. Although the results presented here
demonstrate that inhibition of FGF signalling blocks
EWS-Oct-4-mediated cell proliferation (Figs 7–14) and
tumour growth (Fig. 15), whether this signalling pathway is directly linked to the induction of key programs
involved in EWS-Oct-4-mediated BST tumour development remains to be established.
A chimera whose DNA-binding properties are similar to those of Oct-4 forms upon fusion of the NTD
of EWS with the POU DNA-binding domain of Oct-4
[7]. Our data show that EWS-Oct-4 binds to the Fgf-4

enhancer in vitro and in vivo (Fig. 1). Moreover, the
EWS-Oct-4-binding site in the Fgf-4 enhancer is
important for upregulation of Fgf-4 by this chimeric
protein (Fig. 5). Two subdomains, called the POU
homeodomain (POUH) and the POU-specific domain
(POUS), are present in the EWS-Oct-4 POU DNAbinding domain. Both domains, which are connected
by a linker, are DNA-recognition motifs belonging to
the helix-turn-helix class [67]. The transactivation
activity of EWS-Oct-4 is higher than that of Oct-4 [7].
This study reports that the function of EWS-Oct-4 is
dependent on the POU and EWS domains; however,
full transactivation of Fgf-4 expression is reliant on
overall integrity of the chimeric protein (Fig. 6). The
roles of Oct-4 in reprogramming and embryonic development have been thoroughly elucidated. However, it
is unclear how EWS-Oct-4 acquires new functions. It
would be interesting to investigate the functional consequences of fusion between EWS and Oct-4 because
the structures of their NTDs differ [6]. Multiple proteins bind to the EWS domain [68–71]. Further studies
are required to investigate the influence of this binding
on activation of Fgf-4 and oncogenesis mediated by
EWS-Oct-4. A cell line that endogenously expresses
EWS-Oct-4 must also be used to establish an improved
model. Gene function can be investigated in a wide
range of organisms using CRISPR/Cas9-induced genome editing [72–74]. EWS-Oct-4 target genes with therapeutic potential in human BST tumours could be
identified by creating conditional EWS-Oct-4-knockout
GBS6 cell lines using this technology.
The present results showing that the oncogenic effect
of the t(6;22) translocation is due to the EWS-Oct-4
chimeric protein (Fig. 15) suggest that fusion of EWS
(NTD) to the Oct-4 protein produces a gain-of-function chimeric product. Recent studies indicate that
Oct-4 is directly linked to human cancer development
[33,75–77]. Although Oct-4 expression is not detectable
in somatic cells, it is re-expressed in human cancer.
The Oct-4 gene is critical for early embryogenesis and
embryonic stem cell pluripotency. However, it can also
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Fig. 10. Dose-dependent inhibition of GBS6 cell proliferation by the tyrosine kinase inhibitor dovitinib. (A) Morphology of GBS6 cells
exposed to dovitinib. GBS6 cells (1 9 104) were incubated with different doses of dovitinib and monitored for 5 days under an inverted
phase-contrast microscope (IX71; Olympus). Scale bars indicate 100 lm. Three independent experiments yielded similar results. (B) Effects
of dovitinib on GBS6 colony formation. GBS6 cells were seeded at a density of 1 9 104 per well and colony formation assays were
performed 5 days after treatment. GBS6 cell colonies were visualised by staining with 0.05% Crystal Violet. Representative images are
shown. Three independent experiments yielded similar results. (C) Inhibition of GBS6 cell proliferation by dovitinib. GBS6 cells were
exposed to increasing concentrations of dovitinib and growth inhibition was measured by cell counting. Cell number was expressed as a
percentage of the control (DMSO) value at a given concentration of dovitinib. Data are expressed as the mean  SD of three independent
experiments. The IC50 value for dovitinib was calculated from sigmoidal dose–response curves using SOFTMAX PRO software. Three
independent experiments yielded similar results.

promote tumorigenesis when expressed inappropriately
in cells. For example, introduction of Oct-4 into primary breast cells or Swiss 3T3 cells leads to their
tumorigenic transformation and causes tumour development in mice [33,35,36,39,78]. In addition, it is
expressed in several human cancers, including TGCTs
and breast carcinoma, and plays a role in human cancer development [35,79], suggesting that EWS-Oct-4
would behave similarly in human BST tumours. Previously, we postulated that the transcriptional activation
potential of EWS-Oct-4 is greatly increased compared
with that of Oct-4 [7]. The present results suggest that
this type of DNA rearrangement leads to a similar or
enhanced effect on oncogenesis, resulting in the reactivation of the Oct-4 gene. To determine the functional
similarities between EWS-Oct-4 and Oct-4, additional
data on the function of EWS-Oct-4 in human BST
tumours are necessary.
Most human cancers contain a subpopulation of
highly tumorigenic cells called cancer stem cells or
tumour initiating cells [80]. Recent studies show that
Oct-4 expression is upregulated in some cancer stem
cells or tumour initiating cells [78,79,81]. Knockdown of
Oct-4 blocks the tumorigenic potential of cancer stem
cells or tumour initiating cells [34,82]. Although additional studies are needed to investigate potential common signatures between human BST tumours and
cancer stem cells, it would be interesting to explore the
effect of EWS-Oct-4 expression on the tumour initiating
ability of cells or the maintenance of cancer stem celllike properties in the human BST tumour population. In
addition, we demonstrated the functional interaction
between EWS-Oct-4 and FGF signalling in this study.
Whether inhibition of the FGF signalling pathway
could suppress the tumorigenesis of cancer stem cells or
tumour initiating cells remains to be determined.
In conclusion, this study provides evidence that Fgf4 is a downstream target gene of EWS-Oct-4 in vivo.
The regulation of the FGF signalling pathway by
EWS-Oct-4 remains less understood. Thus, it would be
of value in the future to investigate whether other signal transduction pathway(s) is/are involved in

tumorigenesis in human BST tumours. Because FGF
signalling in human BST tumours is important for
EWS-Oct-4-mediated tumorigenesis, and suppression
of FGF signalling significantly impaired tumour
growth in vivo, targeting FGF signalling may lead to
the development of novel therapeutic strategies for this
aggressive disease. Collectively, these facts suggest that
EWS-Oct-4 and FGF signalling are attractive targets
for the treatment of human BST tumours.

Experimental procedures
Materials and general methods
Restriction endonucleases, calf intestinal alkaline phosphatase, the Klenow fragment of DNA polymerase I and
T4 DNA ligase were purchased from New England Biolabs. The preparation of plasmid DNA, restriction enzyme
digestions, agarose gel electrophoresis, DNA ligations, bacterial transformations and SDS/PAGE were performed
using standard methods [83]. Subclones generated from the
PCR products were sequenced using the chain termination
method and double-stranded DNA templates to ensure the
absence of mutations.

Molecular cloning
To generate the pCAG-IP/St-EWS-Oct-4 plasmid, EWS-Oct4 was amplified from pcDNA3-EWS-Oct-4 [7] by PCR using
primers St-EWS-Oct-4(F), 50 -GATCGAATTCGGCGTCC
ACGGATTACAGT-30 (EcoRI site underlined) and St-EWSOct-4(R), 50 -GATCGCGGCCGCTCAGTTTGAATGCAT
GGG-30 (NotI site underlined). The amplified PCR product
was digested with EcoRI and NotI, and cloned into the same
sites of the pEXPR-IBA5 vector (IBA GmbH, G€
ottingen,
Germany) to generate pEXPR-IBA5-EWS-Oct-4. Then, StEWS-Oct-4 (Strep-tag-tagged EWS-Oct-4) was amplified from
pEXPR-IBA5-EWS-Oct-4 by PCR using the following primers: St-EWS-Oct-4(XhoI), 50 -GATCCTCGAGATGGCTA
GCTGCAGCCAC-30 (XhoI site underlined), and St-EWSOct-4(R). The amplified PCR product was digested with XhoI
and NotI, and cloned into the same sites of the pCAG-IP vector to generate pCAG-IP/St-EWS-Oct-4.

The FEBS Journal 286 (2019) 4443–4472 ª 2019 Federation of European Biochemical Societies

4459

FGF signalling in EWS-Oct-4-mediated tumorigenesis

J. Kim et al.

A

B

C

4460

The FEBS Journal 286 (2019) 4443–4472 ª 2019 Federation of European Biochemical Societies

J. Kim et al.

FGF signalling in EWS-Oct-4-mediated tumorigenesis

Fig. 11. Inhibition of EWS-Oct-4-mediated cell proliferation by PD173074. (A) Phase-contrast observation showing the morphology of
PD173074-treated ZHBTc4 cells-expressing EWS-Oct-4. ZHBTc4 cells-expressing EWS-Oct-4 (1 9 104) were incubated with different doses
of PD173074 and monitored for 5 days under an inverted phase-contrast microscope. Scale bars indicate 100 lm. Three independent
experiments yielded similar results. (B) Effects of PD173074 on colony formation of ZHBTc4 cells-expressing EWS-Oct-4. ZHBTc4 cellsexpressing EWS-Oct-4 were seeded at a density of 1 9 104 per well and colony formation assays were performed 5 days after treatment.
Cell colonies were visualised by staining with 0.05% Crystal Violet. Representative images are shown. Three independent experiments
yielded similar results. (C) Inhibition of the proliferation of ZHBTc4 cells-expressing EWS-Oct-4 by PD173074. ZHBTc4 cells-expressing EWSOct-4 were exposed to increasing concentrations of PD173074 and growth inhibition was measured by cell counting. Cell number was
expressed as a percentage of the control (DMSO) value at a given concentration of PD173074. Data are expressed as the mean  SD of
three independent experiments. The IC50 value for PD173074 was calculated from sigmoidal dose–response curves using SOFTMAX PRO
software. Three independent experiments yielded similar results.

The constructs for reporter assays were generated using
the following steps. (a) To generate the pFgf4 ProxProm
Luciferase, the Fgf-4 proximal promoter region (from 432
to +117, relative to the transcription start site) was
amplified from a BAC library (clone number RP23294B14, Children’s Hospital Oakland-BACPAC Resources,
Oakland, CA, USA) by PCR using the primers 50 -fgf4promoter
(50 -GATCCTCGAGGCCTCTGGGGCCAGAC
CAAG-30 , XhoI site underlined) and 30 -fgf4promoter (50 GATCAAGCTTCCCGGCCCGCGGGCC-30 , HindIII site
underlined), digested with XhoI and HindIII, and cloned
into the same sites of the pGL3-Basic vector (Promega).
(b) To generate the pFgf4 Enhancer Luciferase, the Fgf-4
enhancer region (from +2553 to +3249, relative to the
transcription start site) was amplified from a BAC library
(clone number RP23-294B14) by PCR using the primers
(50 -GATCGGATCCCTCTTCCACATG50 -fgf4enhancer
0
TAGTATC-3 , BamHI site underlined) and 30 -fgf4enhancer
(50 -GATCGTCGACTGGGCTATGAGACCGTC-30 , SalI
site underlined), digested with BamHI and SalI, and
cloned into the same sites of pFgf4 ProxProm Luciferase.
(c) To generate the pFgf4 Enhancer(mt) Luciferase construct, the Fgf-4 enhancer region (from +2553 to +3249,
relative to the transcription start site) was amplified as
described above and cloned into the T-Blunt vector using
the T-BluntTM PCR Cloning Kit ( SolGent Co., Ltd., Seoul,
Korea) to yield T-Blunt/Fgf4 Enhancer (+2553/+3249). Sitedirected mutagenesis was performed using the method
reported by Lim et al. [84], with some modifications, and the
following mutagenic primers: 50 -fgf4enhancer(mt), 50 CTCTTTGTTTGGGGTAACCCGGGATACTTAA-30 (a
mutation site underlined), and 30 - fgf4enhancer(mt), 50 TTAAGTATCCCGGGTTACCCCAAACAA AGAG -30 (a
mutation site underlined). The mutated T-Blunt/Fgf4
Enhancer (+2553/+3249) plasmid was digested with BamHI
and SalI, and the mutated Fgf-4 enhancer fragment was
cloned into the same sites of the pFgf4 ProxProm Luciferase
to generate the pFgf4 Enhancer(mt) Luciferase construct.
The constructs for EWS-Oct-4-EGFP (enhanced green
fluorescent protein) derivatives were generated using the
following steps: (a) The construct pCAG-IP/Flag-EGFP
was described previously [7]; (b) To generate pCAG-IP/

Flag-EWS-Oct-4-EGFP, EWS-Oct-4 was amplified from
pcDNA3/Flag-EWS-Oct-4 [7] by PCR using the primers
50 -BamHIFlag
(50 -GATCGGATCCATGGATTACAAG
0
GATGAC-3 , BamHI site underlined) and 30 -hOct4CTD
(50 - GATCGGATCCGCTCCGTTTGAATGCATGGG-30 ,
BamHI site underlined), digested with BamHI and cloned
into the same site of the pEGFP-N1 vector (CLONTECH
Laboratories, Inc.) to generate pEGFP-N1/Flag-EWS-Oct4. Then, the SalI and NotI fragment of pEGFP-N1/FlagEWS-Oct-4 was subcloned into the XhoI and NotI sites of
the pCAG-IP vector to construct pCAG-IP/Flag-EWS-Oct4-EGFP. (c) To generate pCAG-IP/Flag-EWS-Oct-4
(DEWS)-EGFP, EWS-Oct-4 (DEWS) was amplified from
pcDNA3/Flag-EWS-Oct-4 (DEWS) [7] by PCR using the
primers 50 -BamHIFlag and 30 -hOct4CTD, digested with
BamHI and cloned into the same site of the pEGFP-N1
vector to generate pEFGP-N1/Flag-EWS-Oct-4 (DEWS).
Then, the SalI and NotI fragment of pEGFP-N1/FlagEWS-Oct-4 (DEWS) was subcloned into the XhoI and NotI
sites of the pCAG-IP vector to construct pCAG-IP/FlagEWS-Oct-4 (DEWS)-EGFP. (d) To generate pCAG-IP/
Flag-EWS-Oct-4 (DExtra)-EGFP, EWS-Oct-4 (DExtra) was
amplified from pcDNA3/Flag-EWS-Oct-4 (DExtra) [7] by
PCR using the primers 50 -BamHIFlag and 30 -hOct4CTD,
digested with BamHI and cloned into the same site of the
pEGFP-N1 vector to generate pEFGP-N1/Flag-EWS-Oct-4
(DExtra). Then, the SalI and NotI fragment of pEGFP-N1/
Flag-EWS-Oct-4 (DExtra) was subcloned into the XhoI
and NotI sites of the pCAG-IP vector to construct pCAGIP/Flag-EWS-Oct-4 (DExtra)-EGFP. (e) To generate
pCAG-IP/Flag-EWS-Oct-4 (DNTD)-EGFP, EWS-Oct-4
(DNTD) was amplified from pcDNA3/Flag-EWS-Oct-4
(DNTD) [7] by PCR using the primers 50 -BamHIFlag and
30 -hOct4CTD, digested with BamHI and cloned into the
same site of the pEGFP-N1 vector to generate pEFGP-N1/
Flag-EWS-Oct-4 (DNTD). Then, the SalI and NotI fragment of pEGFP-N1/Flag-EWS-Oct-4 (DNTD) was subcloned into the XhoI and NotI sites of the pCAG-IP vector
to construct pCAG-IP/Flag-EWS-Oct-4 (DNTD)-EGFP. (f)
To generate pCAG-IP/Flag-EWS-Oct-4 (DPOU)-EGFP,
EWS-Oct-4 (DPOU) was amplified from pcDNA3/FlagEWS-Oct-4 (DPOU) [7] by PCR using the primers
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Fig.
12. Inhibition of EWS-Oct-4-mediated cell proliferation by NVP-BGJ398. (A) Phase-contrast observation showing the morphology of NVPBGJ398-treated ZHBTc4 cells-expressing EWS-Oct-4. ZHBTc4 cells-expressing EWS-Oct-4 (1 9 104) were incubated with different doses of
NVP-BGJ398 and monitored for 5 days under an inverted phase-contrast microscope. Scale bars indicate 100 lm. Three independent
experiments yielded similar results. (B) Effects of NVP-BGJ398 on colony formation of ZHBTc4 cells-expressing EWS-Oct-4. ZHBTc4 cellsexpressing EWS-Oct-4 were seeded at a density of 1 9 104 per well and colony formation assays were performed 5 days after treatment.
Cell colonies were visualised by staining with 0.05% Crystal Violet. Representative images are shown. Three independent experiments
yielded similar results. (C) Inhibition of the proliferation of ZHBTc4 cells-expressing EWS-Oct-4 by NVP-BGJ398. ZHBTc4 cells-expressing
EWS-Oct-4 were exposed to increasing concentrations of NVP-BGJ398 and growth inhibition was measured by cell counting. Cell number
was expressed as a percentage of the control (DMSO) value at a given concentration of NVP-BGJ398. Data are expressed as the mean 
SD of three independent experiments. The IC50 value for NVP-BGJ398 was calculated from sigmoidal dose–response curves using SOFTMAX
PRO software. Three independent experiments yielded similar results.

50 -BamHIFlag and 30 -hOct4CTD, digested with BamHI
and cloned into the same site of the pEGFP-N1 vector to
generate pEFGP-N1/Flag-EWS-Oct-4 (DPOU). Then, the
SalI and NotI fragment of pEGFP-N1/Flag-EWS-Oct-4
(DPOU) was subcloned into the XhoI and NotI sites of the
pCAG-IP vector to construct pCAG-IP/Flag-EWS-Oct-4
(DPOU)-EGFP. (g) To generate pCAG-IP/Flag-EWS-Oct-4
(DCTD)-EGFP, EWS-Oct-4 (DCTD) was amplified from
pcDNA3/Flag-EWS-Oct-4 (DCTD) [7] by PCR using the
primers 50 -BamHIFlag and 30 -hOct4DCTD (50 -GATCG
GATCCGCGCTTGATCGCTTGCCCTT-30 ; BamHI site
underlined), digested with BamHI and cloned into the same
site of the pEGFP-N1 vector to generate pEFGP-N1/FlagEWS-Oct-4 (DCTD). Then, the SalI and NotI fragment of
pEGFP-N1/Flag-EWS-Oct-4 (DCTD) was subcloned into
the XhoI and NotI sites of the pCAG-IP vector to construct pCAG-IP/Flag-EWS-Oct-4 (DCTD)-EGFP.

Cell viability assay to determine IC50 values
GBS6 or ZHBTc4 cells (1 9 104)-expressing EWS-Oct-4EGFP were plated in each well of 12-well plates and
PD173074, NVP-BGJ398, ponatinib, or dovitinib was added
to the cell culture medium in increasing concentrations (final
concentration: 0, 1 nM, 10 nM, 100 nM, 1 lM and 10 lM).
Viable cell number was assessed after 5 days using the ADAM
MC Auto Cell Counter (Bulldog Bio, Portsmouth, NH,
USA), according to the manufacturer’s instructions. Cell numbers were averaged and plotted versus PD173074, NVPBGJ398, ponatinib, or dovitinib concentration as a best fit sigmoidal curve using a nonlinear curve-fitting algorithm
(SOFTMAX PRO software, Molecular Devices). The concentration of PD173074, NVP-BGJ398, ponatinib, or dovitinib
resulting in 50% maximal inhibition is reported as IC50.

RNA sequencing and analysis
Cell cultures
GBS6 cells were maintained in RPMI supplemented with
10% heat-inactivated fetal bovine serum (Invitrogen, Madison, WI, USA), penicillin (Gibco, Gaithersburg, MD, USA)
and streptomycin (Gibco) as described previously [7,61,85].
The establishment of ZHBTc4 cell lines-expressing EGFP or
EWS-Oct-4-EGFP was described previously [7,85]. The
ZHBTc4 cell lines stably expressing EGFP or EWS-Oct-4EGFP were cultured as previously described [85].

Crystal violet staining
For Crystal Violet staining, 1 9 104 cells were plated in 12well plates and cultured in the presence of different concentrations of PD173074 (MedChem Express, Monmouth
Junction, NJ, USA), NVP-BGJ398 (ApexBio Tech LLC,
Houston, TX, USA), ponatinib (Selleckchem.com), or dovitinib (ApexBio Tech LLC). After 5 days, the culture medium was removed and the cells were fixed with fix/staining
solution [0.05% (w/v) Crystal Violet (Sigma-Aldrich, St
Louis, MO, USA), 1% Formaldehyde (Sigma), 1% methanol (Sigma) and 1 9 PBS] for 20 min. The cells were then
washed with tap water, after which the water was removed
and the plates were photographed.

Total RNA was isolated from ZHBTc4 cells-expressing
EWS-Oct-4-EGFP or EGFP using TRIzol reagent (Invitrogen). RNA quality was assessed by an Agilent 2100 Bioanalyzer using the RNA 6000 Nano Chip (Agilent
Technologies, Santa Clara, CA, USA). RNA quantification was performed using a ND-2000 Spectrophotometer
(ThermoFisher Scientific, Waltham, MA, USA). Libraries
were prepared using the QuantSeq 30 mRNA-Seq Library
Prep Kit (Lexogen, Greenland, NH, USA), according to
the manufacturer’s instructions, and high-throughput single-end 75 bp sequencing was performed using NextSeq
500 (Illumina). QuantSeq 30 mRNA-Seq reads were
aligned using Bowtie2 [86]. To align the genome and transcriptome, Bowtie2 indices were generated from either genome assembly sequences or representative transcript
sequences. Differentially expressed genes were determined
according to the counts from unique and multiple alignments using coverage in Bedtools [87]. Gene classification
was based on searches of the DAVID (http://david.abcc.
ncifcrf.gov/) and Medline (http://www.ncbi.nlm.nih.gov/)
databases. Raw and processed RNA-Seq datasets were
deposited in the National Center for Biotechnology Information (NCBI) Gene Expression Omnibus under GEO:
GSE126509.
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Fig. 13. Inhibition of EWS-Oct-4-mediated cell proliferation by ponatinib. (A) Phase-contrast observation showing the morphology of
ponatinib-treated ZHBTc4 cells-expressing EWS-Oct-4. ZHBTc4 cells-expressing EWS-Oct-4 (1 9 104) were incubated with different doses
of ponatinib and monitored for 5 days under an inverted phase-contrast microscope. Scale bars indicate 100 lm. Three independent
experiments yielded similar results. (B) Effects of ponatinib on colony formation of ZHBTc4 cells-expressing EWS-Oct-4. ZHBTc4 cellsexpressing EWS-Oct-4 were seeded at a density of 1 9 104 per well and colony formation assays were performed 5 days after treatment.
Cell colonies were visualised by staining with 0.05% Crystal Violet. Representative images are shown. Three independent experiments
yielded similar results. (C) Inhibition of the proliferation of ZHBTc4 cells-expressing EWS-Oct-4 by ponatinib. ZHBTc4 cells-expressing EWSOct-4 were exposed to increasing concentrations of ponatinib and growth inhibition was measured by cell counting. Cell number was
expressed as a percentage of the control (DMSO) value at a given concentration of ponatinib. Data are expressed as the mean  SD of
three independent experiments. The IC50 value for ponatinib was calculated from sigmoidal dose–response curves using SOFTMAX PRO
software. Three independent experiments yielded similar results.

Strep-tag-tagged EWS-Oct-4 (St-EWS-Oct-4)
protein purification
293T cells were transiently transfected with the pCAG-IP/
St-EWS-Oct-4 plasmid using the VivaMagic Reagent (Vivagen, Seoul, Korea) and the St-EWS-Oct-4 protein was purified according to the manufacturer’s instructions (IBA
GmbH). Protein concentration was determined using the
BCA Protein Assay Reagent Kit (Pierce, Rockford, IL,
USA). The purity and size of the eluted protein were evaluated by Coomassie Blue staining of SDS/PAGE.

end-labelling with [c-32P] ATP using T4 polynucleotide
kinase. DNA-binding reactions containing radiolabelled
probe and full length SA-EWS-Oct-4 protein were performed
at 4 °C for 30 min in binding buffer containing 10 mM
Tris∙HCl (pH 8.0), 40 mM KCl, 6% glycerol, 1 mM DTT,
0.05% NP-40 and 10 nglL1 poly (dI∙dC)∙(dI∙dC). The mixtures were separated on 4% polyacrylamide gels (acrylamide/
bisacrylamide ratio, 37 : 1) in 0.5 9 TBE (44.5 mM TrisHCl, 44.5 mM boric acid and 1 mM EDTA) for 2–3 h at
4 °C and 150 V. The gels were dried and exposed to Kodak
X-Omat film at -70 °C with an intensifying screen.

Electrophoretic mobility shift assays

Chromatin immunoprecipitation assays

Probes for EMSAs were prepared from synthetically generated oligonucleotides. The sequences of the probes were as
follows: Fgf4 (wt), 50 -TTTGTTTGGATGCTAATGGGAT
ACTT-30 (the putative EWS-Oct-4-binding site is underlined in boldface letters); Fgf4 (mt), 50 - TTTGTTT
GGggtaacccGGGATACTT-30 (the mutations introduced
into the putative EWS-Oct-4-binding site are in underlined
boldface lowercase letters); Competitor (wt), 50 -TTAA
[the
AATCACATTTGAAATGCAAATGGAAAAGC-30
EWS-Oct-4-binding site was reported previously [7] and is
underlined in boldface letters]; Competitor (mt), 50 -TTA
AAATCACATTTGAAgTGCAAAgGGAAAAGC-30 (the
reported EWS-Oct-4-binding site is underlined in boldface
letters and the mutations introduced into this site are
underlined in boldface lowercase letters). The synthetic
oligonucleotide probes (0.5 ng each) were prepared by

Chromatin immunoprecipitation (ChIP) assays were performed according to the manufacturer’s protocol (Upstate
Biotechnology, Lake Placid, NY, USA). Briefly, ZHBTc4
cells or GBS6 cells were fixed with 1% formaldehyde and
genomic DNA was sheared. Rabbit polyclonal anti-EGFP
antibodies (Life Technologies, Carlsbad, CA, USA) or normal rabbit IgG (Santa Cruz Biotechnology Inc., Santa
Cruz, CA, USA ) were added to the sheared chromatin
from ZHBTc4 cells. A mouse monoclonal anti-EWS antibody (Santa Cruz Biotechnology Inc.) and normal mouse
IgG (Santa Cruz Biotechnology Inc.) were added to
sheared chromatin from GBS6 cells. To detect precipitated
genomic DNA from ZHBTc4 cells, PCR analysis was performed using specific primers (50 -ChIP primer, 50 AGACTTCTGAGCAACCTCCCGAA-30 ; and 30 -ChIP primer, 50 -CAACTGTCTTCTCCCCAACACTCT-30 ). The

Fig. 14. Inhibition of EWS-Oct-4-mediated cell proliferation by dovitinib. (A) Phase-contrast observation showing the morphology of dovitinibtreated ZHBTc4 cells-expressing EWS-Oct-4. ZHBTc4 cells-expressing EWS-Oct-4 (1 9 104) were incubated with different doses of dovitinib
and monitored for 5 days under an inverted phase-contrast microscope. Scale bars indicate 100 lm. Three independent experiments yielded
similar results. (B) Effects of dovitinib on colony formation of ZHBTc4 cells-expressing EWS-Oct-4. ZHBTc4 cells-expressing EWS-Oct-4
were seeded at a density of 1 9 104 per well and colony formation assays were performed at 5 days after treatment. Cell colonies were
visualised by staining with 0.05% Crystal Violet. Representative images are shown. Three independent experiments yielded similar results.
(C) Inhibition of the proliferation of ZHBTc4 cells-expressing EWS-Oct-4 by dovitinib. ZHBTc4 cells-expressing EWS-Oct-4 were exposed to
increasing concentrations of dovitinib and growth inhibition was measured by cell counting. Cell number was expressed as a percentage of
the control (DMSO) value at a given concentration of dovitinib. Data are expressed as the mean  SD of three independent experiments.
The IC50 value for dovitinib was calculated from sigmoidal dose–response curves using SOFTMAX PRO software. Three independent
experiments yielded similar results.
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Fig. 15. Suppression of EWS-Oct-4mediated tumour formation by FGF
signalling inhibition. (A) Schematic
representation of PD173074 treatment in
NOG mice. Eight days after injection, mice
were treated with PD173074 daily by
intraperitoneal injection for 10 days.
Inhibition of tumour development was
observed and photographs were taken
10 days after PD173074 treatment. (B)
Mean body weight of NOG mice following
PD173074 treatment. The body weight of
mice was monitored to evaluate potential
toxicity of PD173074 throughout the
experiment. No significant weight loss was
observed. (C) Reduction of tumour volume
after PD174074 injection. Tumour-bearing
mice were treated with vehicle or
PD173074 (20 mgkg1) once daily by
intraperitoneal injection for 10 days. The
tumour sizes were measured throughout
the experiment to evaluate the effect of
PD173074. Statistical significance was
determined using unpaired Student’s ttests. **P < 0.01 versus control group. (D)
Photograph and comparison of excised
tumour size. Tumours were removed from
mice treated with vehicle control or
PD173074 and photographs were taken
10 days after PD173074 treatment. (E)
Quantification of tumour size for PD173074
treatment or control group. Tumour weight
derived from control or PD173074
treatment was measured and is plotted as
mean increases  SD. Statistical
significance was determined using unpaired
Student’s t-tests. **P < 0.01 versus control
group. (F) Proposed model to explain how
inhibition of FGF-4 signalling blocks EWSOct-4-mediated tumorigenesis. The
oncogenic effect of the t(6:22) translocation
is due to the EWS-Oct-4 chimeric protein
through the activation of the transcription of
its mitogenic target genes. At the early
stage of tumorigenesis, EWS-Oct-4 induces
the expression of Fgf-4 and it may facilitate
the initiation of human BST tumour
development. However, treatment with
PD173074 renders tumour cells unable to
promote tumorigenesis by blocking FGF
signalling in human BST tumours.
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resulting PCR products were subjected to agarose gel electrophoresis. For GBS6 cells, PCR was performed using
specific human primers (50 -hChIP primer, 50 -CTCCCGAAT
TAACTTT ATGGGAG-30 ; and 30 -hChIP primer, 50 -CCT
GAACACTCCTGGAGCCTAGGG-30 ) and the PCR products were subjected to agarose gel electrophoresis.

Dual-luciferase reporter gene assays
ZHBTc4 cells-expressing EGFP or EWS-Oct-4 were transiently transfected with reporter plasmids by electroporation using a MicroPorator (Digital Bio Technology, Seoul,
Korea)) according to the manufacturer’s instructions. Luciferase assays were performed using the Dual-luciferase
Assay System (Promega, Madison, WI, USA) following the
manufacturer’s protocol. Renilla luciferase activities were
used to normalise the transfection efficiency.

Reverse transcription and quantitative real-time
PCR
RNA was extracted from ZHBTc4 cells-expressing EWS-Oct4-EGFP or its derivatives using the TRIzol reagent (Life
Technologies) according to the manufacturer’s protocol.
RNA was reverse-transcribed with an oligo (dT) primer using
the SuperScript First-strand Synthesis System (Life Technologies). RT-PCR was performed using Recombinant Taq DNA
polymerase, according to the manufacturer’s instructions
(Takara Bio Inc., Mountain View, CA, USA). The b-actin
mRNA level was used as a control. The following primers
were used: Fgf-4: 50 -CGAGGGACAGTCTTCTGGAG-30
and 50 -ACCTTCATGGTAGGCGACAC-30 ; and b-actin: 50 GCTCGTCGTCGACAACGGCTC-30 and 50 -CAAACAT
GATCTGGGTCATCTTCTC-30 .
Quantitative real-time PCR was performed using the
LightCycler 96 Real-Time PCR System (Roche, Basel,
Switzerland) and SYBR Green Master Mix (Enzynomics,
Daejeon, Korea), according to the manufacturer’s instructions. As an internal control, the mRNA level of b-actin
was determined by real-time PCR and used to correct for
experimental variation. The relative expression levels of the
downstream target genes were quantified by normalising to
that of endogenous b-actin using the ΔCT method [88].

Western blotting
Cell extracts were resolved by SDS/PAGE, transferred to a
PVDF membrane and immunoblotted with anti-Oct-4 (C20, Santa Cruz Biotechnology, Inc.), anti-Flag (M2, SigmaAldrich), or anti-b-Actin (AbC-2002, AbClon, Seoul,
Korea) antibodies. Reactive bands were detected by chemiluminescence using Western Lightning reagent (PerkinElmer Life Sciences, Santa Clara, CA, USA).

4468

Generation of stable cell lines-expressing FlagEWS-Oct-4-EGFP derivatives
To generate stably expressing cell lines, pCAG-IP/FlagEGFP, pCAG-IP/Flag-EWS-Oct-4-EGFP and pCAG-IP/
Flag-EWS-Oct-4-EGFP deletion mutants were linearised
with PvuI and 20 lg of each was transfected into ZHBTc4
cells (1 9 107) using the MicroPorator. At 48 h postelectroporation, puromycin (Sigma) was added to a final concentration of 1 lgmL1 to select clones carrying stably
integrated plasmid DNA. After selection of transfected
ZHBTc4 cells, monoclonal cell lines were isolated by picking individual puromycin-resistant colonies.

Xenografts
ZHBTc4 cells (1 9 107)-expressing EWS-Oct-4-EGFP
(1 : 1 cell suspension; Matrigel) were implanted into the
flanks of 8-week-old NOG mice (The Jackson Laboratory,
Bar Harbor, ME, USA). When tumours became measurable, 20 mgkg1 PD173074/mice or an equivalent volume
of buffer alone was administered daily for 10 days. To
determine the tumour volume using an external calliper,
the greatest longitudinal diameter (length) and the greatest
transverse diameter (width) were determined. To determine
the tumour volume by external calliper, the greatest longitudinal diameter (length) and the greatest transverse diameter (width) were determined. Tumour volumes based on
calliper measurements were calculated using the modified
ellipsoidal formula [tumour volume = 1/2 (length 9
width2)] as previously reported [7,89–91]. Mice that developed tumours were sacrificed 10 days after treatment with
PD173074. All procedures were performed in accordance
with the animal experimentation guidelines of Sogang
University, Seoul, Korea.
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Table S2. Genes showing more than 2-fold lower
expression in ZHBTc4 cells-expressing EWS-Oct-4EGFP than in ZHBTc4 cells-expressing EGFP.
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