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wing sarcoma breakpoint region 1 (EWSRI) belongs to a

small family of RNA binding proteins, including FUS,
EWSRI1 and TAFII68. They are involved in multiple cellular
processes, including gene expression, cell signaling and RNA
processing and transport.""* The encoding genes are known to
fuse with several partner genes encoding transcription factors
which are associated with sarcoma and leukemia. The pheno-
type of the tumor is defined by the fusion partner. For exam-
ple, the Ewing sarcoma family of tumors (EFT) -carries
EWSRI fused to a member of the E26 transformation-specific
(ETS) transcriPtion factor family, such as FLII, ERG, ETVI,
ETV4 or FEV.®™ In other types of tumors, EWSRI fuses with
WTI in desmoplastic small round cell sarcoma, with CHN in
myxoid chondrosarcoma, with ATFI in clear cell sarcoma, and
with CHOP in myxoid liposarcoma.® " Although EWSRI is
mainly associated with sarcoma, one report showed the fusion
of EWSRI with ZNF384 (CIZ/NMP4) in patients diagnosed
with acute undifferentiated leukemia and acute lymphoblastic
leukemia (ALL)."?

The molecular mechanism of oncogenic transformation
induced by a chimeric gene is relatively well characterized for
EWSRI/FLI1. In vitro studies suggest that a disruption of
senescence or DNA damage responses, both associated with
the tumor barrier, may Ipla a critical role in the tumorigenic
effects of EWSRI/ETS."*'V In addition, the tumor phenotype
is determined by the cell type expressing EWSRI/ETS. Expres-
sion of EWSRI/FLI1 in NIH3T3 cells and primary murine
bone marrow derived mesenchymal stem cells (MSC) induced
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The Ewing sarcoma breakpoint region 1 (EWSR1) gene is known to fuse with var-
ious partner genes to promote the development of the Ewing sarcoma family of
tumors and other sarcomas. In contrast, the association of EWSR1 chimeric fusion
genes with leukemia has rarely been reported. We identified a novel EWSR1-
associated chimeric fusion gene in a patient with acute myeloid leukemia harbor-
ing 46, XY, t (11; 22) (p13; q12) karyotype abnormality. The patient was refractory
to intensified chemotherapy including hematopoietic stem cell transplantation.
Total RNA paired-end sequencing identified a novel chimeric fusion gene as
EWSR1/ELF5, a member of the E26 transformation-specific transcription factor
family. Transduction of EWSR1/ELF5 to NIH3T3 cells induced transformation by
attenuating with the p53/p21-dependent pathway. The injection of EWSR1/ELF5-
transduced NIH3T3 cells into NSG-SCID mice systematically induced the develop-
ment of tumors in vivo. These results revealed the oncogenic potency of EWSR1/

oncogenesis, but not in Rat-1 cells, primary mouse embryonic
fibroblasts (MEF) and hTERT-immortalized human primary
fibroblasts. Intriguingly, EWSRI/FLII can direct partial neu-
roectodermal differentiation of primary mesenchymal stem
cells.™» However, EWSRI/ETS is rarely associated with leuke-
mia,"®'” thus preventing hematopoietic lineage analysis in
clinical specimens. However, conditional EWSRI/ETS trans-
genic mice exhibit a leukemia phenotype, suggesting that the
expression of EWSRI/ETS in the hematopoietic lineage has
leukemogenic potential.'®'?

We identified a 2-year-old boy who developed acute myeloid
leukemia (AML) and carried a novel EWSRI/ETS chimeric
fusion gene, EWSRI/ELF5. Chromosomal and functional
assays demonstrate that this fusion gene promotes oncogenesis
by interfering with the p53/p21-dependent pathway.

Materials and Methods

Cytogenetic analysis. FISH analysis was performed following
the standard method. The probe used for EWSRI was the LSI
EWSRI dual-color break-apart probe (Abbott Molecular/Vysis,
Des Plaines, 1L, USA).

Establishment of an Epstein-Barr virus-transformed lym-
phoblastoid cell line. An Epstein—Barr virus-transformed lym-
phoblastoid cell line (EB-LCL) was established using
peripheral lymphocytes from a patient when they had first
achieved remission. The Epstein—Barr virus from the B95-8
strain was used to infect the lymphocytes, and the cells were
cultured with RPMI 1640 (Thermo Fisher Scientific, Waltham,

Cancer Sci | December 2016 | vol. 107 | no. 12 | 1745-1754


http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/

Original Article
EWSR1/ELF5 induces acute myeloid leukemia

MA, USA) supplemented with 20% FBS and cyclosporin
200 ng/mL, as described previously.?” EB-LCL were main-
tained in RPMI 1640 with 15% FBS at approximately 3—
5 x 10> cells/mL at 37°C in 5% CO,.

Total RNA paired-end sequencing. The RNA paired-end
sequencing (RNA-seq) experiments were performed as previ-
ously described.®" All samples collected from the patient were
obtained after obtaining written informed consent from the par-
ents. The research protocol was approved by the Institutional
Review Board of the Tokyo Medical and Dental University (No.
103). Total RNA was extracted from the cells of AML patients,
and the patient’s Epstein—Barr virus-transformed lymphoblas-
toid cell line (EB-LCL) using Sepagene (Eidia, Tokyo, Japan).
The cDNA was generated using the SmartPCR cDNA kit (Clon-
tech Laboratories, Mountain View, CA, USA) and fragmented
using the Covaris instrument (Covaris, Woburn, MA, USA).
The cDNA fragments were used to prepare an Illumina library
with the NEBNext reagents (New England Biolabs, Ipswich,
MA, USA). The libraries were then submitted for Illumina
HiSeq2000 sequencing, according to the standard protocols.
Paired-end 100 nucleotide reads were generated and verified for
data quality using the FASTQC software (Babraham Institute,
Cambridge, UK) and mapped using the reference human gen-
ome (Homo sapiens hg19 sequence). Fusion transcript discovery
was performed using the CLC genomics Workbench software
6.0.2 (CLC-bio, Aarhus, Denmark), which identifies the fusion
transcripts by clustering discordantly the aligning paired-end
reads spanning a fusion breakpoint.

RT-PCR and direct sequencing. The RT-PCR experiments
were performed using standard protocols. The mRNA from the
patient’s AML cells were reverse-transcribed into cDNA using
SuperScript III (Thermo Fisher Scientific). The EWSRI/ELFS5
fusion transcript was confirmed by RT-PCR using patient
cDNA and specific primers for EWSRI (5-CAGCCACTG
CACCTACAAGA) and ELF5 (5'-AATGAGCTTGATGCCTG
GAG). The cDNA PCR-amplicon was detected after elec-
trophoresis on a 1% agarose gel and was then purified and
sequenced using a BigDye Terminator kit (version 3.1,
Applied Biosystems, Foster City, CA, USA).

Plasmid constructs. FLAG-tagged EWSRI/ELF5 was gener-
ated by PCR amplification of the cDNA of the patient’s AML
cells using Phusion high-fidelity DNA polymerase (New Eng-
land Biolabs, Ipswich, MA, USA) and specific primers for
EcoRI-FFLAG-tagged EWSRI  (5-ATGCGAATTCGCCAC
CATGGATTACAAGGATGACGACGATAAGGCGTCCACG-
GATTACA) and Xhol-tagged ELF5 (5'-AGACTCGAGTCAT
AGCTTGTCTTCCTGCCA). The PCR product was cloned
into the pCR2.1-TOPO TA vector (Invitrogen, Carlsbad, CA,
USA) and verified by sequence analysis. Then, the insert was
transferred into the EcoRI-Sall site of the pPBABE-Puro retrovi-
ral vector in the correct orientation downstream to the 5’ long
terminal repeat.‘*®

Cell lines and transduction of DNA. NIH3T3 cells, H1299 and
U20S cells were purchased from ATCC (Manassas, VA,
USA) and grown in DMEM, supplemented with 10% FBS and
penicillin—streptomycin (100 units/mL). The patient’s EB-LCL
was grown in RPMI medium supplemented with 10% FBS and
penicillin—streptomycin (100 units/mL). All cell lines were
maintained at 37°C in an atmosphere of 5% CO,. The
pBABE-Puro vectors containing FLAG-EWSRI/ELF5 or empty
vectors (MOCK) were transfected using a polyethyleneimine
into PlatE cells, an ecotropic packaging cell line.** Super-
natants containing high titers of retrovirus were collected at 48
and 72 h and used to infect the NIH3T3 cell line. NIH3T3
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cells were seeded at a density of 2 x 10° cells/well in a 6-well
plate during 24 h before adding viral supernatant containing 4-
pg/mL protamine. Although infection efficacy was >90%, the
infected cells were selected with 3-pg/mL puromycin during
the 48 h after the infection. The U20S and the H1299 cells
were directly transfected using Lipofectamine 3000 (Thermo
Fisher Scientific), according to the manufacturer’s protocol.

Transformation and tumorigenesis assays in vitro. For the
focus formation assay, FLAG-EWSRI/ELF5-transduced or
MOCK-transduced NIH3T3 cells were seeded at a density of
10° cells/10-cm culture dish over 3 weeks. The culture medium
was replaced twice a week. Soft agar assays were performed as
previously described.*” FLAG-EWSRI/ELF5-transduced or
MOCK-transduced NIH3T3 cells were plated at a density of
1 x 10* cells/3.5-cm dish in 0.3% agar. The number of colo-
nies measuring >150 pm in diameter was scored on day 14.

Apoptosis analysis and senescence associated-p-gal stain-
ing. Apoptotic cells were identified by flow cytometry using
Annexin V-PE (MBL, Nagoya, Japan). Flow cytometry analy-
sis was conducted on a FACSCalibur instrument (Becton Dick-
inson, Franklin Lakes, NJ, USA) using the CellQuest software.
The detection protocol for senescence associated (SA)-fB-gal
activity was as previously described.®>

In vivo mouse model. Six-week-old female NSG-SCID mice
were obtained from the Jackson Laboratory (Bar Harbor, ME,
USA). Experimental and animal care protocols were approved
by the Tokyo Medical and Dental University Animal Care and
Use Committee (protocol numbers 0150358 A and 0150004A).
NIH3T3 cells (1 x 106) transduced with FLAG-EWSRI/ELF5
or MOCK vectors were inoculated subcutaneously into NSG-
SCID mice, and their tumorigenicity was monitored over
6 weeks.

Gene expression profiling and Gene mutation analysis. Gene
expression levels were determined according to the entire cov-
erage of a gene, which was defined as the sum of the coverage
of each non-redundant exonic nucleotide normalized by all
mapped nucleotides. The CLC genomics Workbench software
6.0.2 (Qiagen, Rewood City, CA, USA) was used to calculate
the expression level of the UniProtKB genes annotated in
reads per kilobase of transcript per million mapped reads
(RPKM) and to identify gene mutations.

Western blotting. Cell line lysates were prepared in TGN
buffer (50-mM Tris-HCI pH 7.5, 150-mM NaCl, 1% Tween 20
and 0.5% NP40) containing the protease inhibitor PMSA. The
lysates were electrophoresed on SDS-polyacrylamide gel and
then transferred to a nitrocellulose membrane (EMD Millipore,
Billerica, MA, USA). The membrane was blocked with 5%
nonfat milk and then incubated with primary antibodies against
the following proteins: FLAG M2 (F3165, Sigma-Aldrich, St.
Louis, MO, USA), B-Actin (AC-15, Santa Cruz Biotechnology,
Dallas, TX, USA), p53 (Ab-6, Santa Cruz Biotechnology) and
p21 (c-19, Santa Cruz Biotechnology). The primary antibodies
were detected with HRP-conjugated anti-rabbit or anti-mouse
secondary antibodies and visualized using an enhanced chemi-
luminescence (ECL) kit (GE Healthcare, Little Chalfont, UK).

Luciferase assay. Luciferase assay was performed as
described previously.*® Briefly, p53 null HI1299 cells were
cultured in 24-well plates and transfected with pCMV wild-
type pS3 vector, pG13 p21 promoter-luciferase reporter plas-
mid or TM861-2 BAX, pRL-renilla-luciferase expression vec-
tor, and pBABE-Puro FLAG-EWSRI/ELF5 or pBABE-Puro
MOCK vector. Then, 24 h after transfection, firefly and renilla
luciferase activities were measured using the Dual Luciferase
Assay Kit (Promega, Madison, WI, USA). The firefly
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Fig. 1. Chromosome analysis providing evidence of EWSRT rearrangement. (a) Complete G-banding chromosomal analysis identified a translo-

cation between 11p13 and 22912 (blue arrows). (b) FISH analysis revealed EWSRT1 split signals (green or red) on the acute myeloid leukemia
(AML) cells, whereas intact EWSR1 genes appear as fused yellow signals. The EWSR1 rearrangement-positive cells show one yellow, one red and

one green signal pattern.

Fig. 2. Total RNA paired-end sequencing (RNA-
seq) identified the EWSRT/ELF5 transcript fusion. (a)
Fragments of EWSRIT/ELF5 fusion mRNA observed
by RNA-seq. Alignment of 17 mate-pairs and two
single sequences on either side of the breakpoint
(pairing EWSR1 and ELF5). The histogram shows the
absolute coverage of the sequence reads, and the
mean numbers of reads. (b) RT-PCR with a EWSRT1
sense primer and an ELF5 antisense primer showing
the EWSRT/ELF5 fusion mRNA product. (c) Direct
sequencing of the RT-PCR product confirmed the
identity of the EWSR1/ELF5 fusion. aa, amino acid.
(d) Schematic representation of the EWSR1 wild-
type protein (top panel), the ELF5 wild-type protein
(middle panel) and the EWSR1/ELF5 fusion protein
(bottom panel). Arrows indicate the breakpoint.
SAM, sterile alpha motif; ZF, zinc finger.
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luciferase values of each sample were normalized by renilla
luciferase activity.

Results

Case presentation. A 2-year-old boy was admitted to our
hospital with skin lesions presenting extramedullary infiltra-
tions. He was diagnosed with low blast-count AML immuno-
logically positive for CD7, CD33, CD34, CD45dull, CD61,
CD99 and CD117 (c-kit) but negative for the sarcoma markers
desmin, MyoD1, myogenin, neuron-specific enolase (NSE) and
paired box gene 5 (PAXS). The leukemia karyotype was iden-
tified as 46, XY, t (11; 22) (p13; ql2), and FISH analysis
detected EWSRI split signal (Fig. la,b). The patient was given
conventional induction therapy, including daunorubicin, cyto-
sine arabinoside, mitoxantrone and etoposide but failed to
achieve complete remission. Therefore, he received a
hematopoietic stem cell transplantation (HSCT) from his
mother, who expressed identical human leukocyte antigen
(HLA). The conditioning regimen using melphalan and total
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body irradiation (total dose: 12 Gy) was employed. However,
the AML relapsed 1 year after HSCT. A second HSCT was
performed, but remission was not achieved and the patient
died.

Total RNA paired-end sequencing identifies the new EWSR1/
ELF5 chimeric fusion transcript. Chromosomal G-banding analy-
sis using leukemic cell revealed translocation between 22q12
and 11p13 in leukemia cells (Fig. 1a). FISH analysis provided
evidence of gene translocation involving EWSRI, the gene
located at 22q12 (Fig. 1b). Chromosomal G-banding analysis
suggests that the partner gene is located at 11p (Fig. 1a). The
only gene which has been known to fuse with EWSRI located
at 11p was WTI. However, RT-PCR analysis failed to detect
EWSRI/WTI fusion mRNA (the partner gene(s) fused with
EWSRI. The RNA samples were obtained from primary cells
data not shown). Therefore, total RNA paired-end sequencing
(RNA-seq) was performed to identify the patient’s AML cells,
and EB-LCL cells were derived from the patient for the inter-
nal control. A total of 28.9 million paired-end AML-derived
RNA fragments and 29.0 million paired-end EB-LCL-derived

Fig. 3. Transforming and tumorigenic properties
of the EWSR1/ELF5 fusion protein. (a) Expression of
FLAG-tagged EWSR1/ELF5 in NIH3T3 cells confirmed
by immunoblot analysis. (b) Macroscopic images of
the focus formation assay taken with crystal violet
staining after 3 weeks culture (top panels).
Microscopic images (bottom panels) taken at
indicated magnifications. Scale bars, top panels
20 mm; bottom panels 1000 um. Average colony
number from four independent experiments are
shown as a bar graph. (c) Comparison of the
number of NIH3T3 cells observed in (b). (d) Colony
assay in soft agar showing that EWSR1/ELF5
promotes the anchorage-independent growth of
NIH3T3 cells. The number of colonies was scored on
day 14. The data are presented as the mean + SE
(n =3). The Student t-test was used to compare
differences. (e) In vivo tumorigenicity assay using
NSG-SCID mice (n = 5). The EWSR1/ELF5-transduced
and MOCK-transduced cells were injected on
opposite sides of the same mice (arrows). Scale bar,
10 mm.

MOCK
0/5
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Fig. 5. Gene expression profile of acute myeloid leukemia (AML)
cells. DAVID analysis of the most (a) upregulated and (b) downregu-
lated 200 genes in the patient’s AML cells, compared to the patient’s
Epstein-Barr virus-transformed lymphoblastoid cell line (EB-LCL). (c)
mMRNA expression level of MDM2, TP53 and CDKNTA in the patient’s
AML cells, compared to the patient’s EB-LCL control cells. RPKM, reads
per kilobase of transcript per million mapped reads.

RNA fragments were sequenced. Among them, the fusion of
ELF5 and EWSRI (19 reads) was detected only in the AML
samples (Fig. 2a). The presence of EWSRI/ELF5 fusion
mRNA was confirmed by RT-PCR and Sanger sequencing
(Fig. 2b,c). The exon 7 of EWSRI (NM_013986.3, c.1139)

Cancer Sci | December 2016 | vol. 107 | no. 12 | 1749

at the COOH terminus. In the EWSRI/ELFS5 fusion transcript,
the RNA-binding domain of EWSRI is replaced by the ETS
DNA-binding domain of ELF5, as reported for other EWSR1/
ETS gene fusions.® "

Mutation or altered expressed genes in leukemic cells. By
comparing with EB-LCL, tumor-specific mutations and the
altered expression of genes were investigated using RNA-seq
data. In the leukemic cells, 223 mutations were identified,
although mutation of the well-characterized tumor suppressor
gene TP53 was not detected. Instead, mutation of CASP9, a
central player in common apoptosis pathways, was identified
(Data S1). Analysis using Database for Annotation, Visualiza-
tion and Integrated Discovery (DAVID) revealed several pat-
terns of tumor-specific gene alterations. Among them, gene
ontology classification revealed that genes involved in proteol-
ysis were highly mutated (Data S2). Pathway analysis
extracted two pathways: protein processing in the endoplasmic
reticulum and control of gene expression by the vitamin D
receptor (Data S3). Various non-expressed genes were also
identified. This gene silencing likely occurs due to gene dele-
tion or gene silencing by epigenetic alteration (Data S1 and
S4). Among them, changes in expression of CDKNIA, a cell
cycle inhibitor, and NPMI, known to be mutated in AML,
were both observed (Data S1). Intriguingly, pathway analysis
revealed that several genes associated with DNA replication
were also silenced (Data S5).

The EWSR1/ELF5 chimeric protein possesses transformation
properties and tumorigenic potential in vitro and in vivo. The
oncogenic potential of EWSRI/ELF5 was investigated by trans-
formation assay using NIH3T3 cells, the cell line traditionally
used to test the oncogenicity of other EWSRI/ETS fusion tran-
scripts.m‘zg) FLAG-tagged EWSRI/ELF5 or empty vectors
(MOCK) were retrovirally transduced into NIH3T3 cells
(Fig. 3a). The EWSRI/ELF5 fusion transcript consistently
induced the transformation of NIH3T3 cells, as evidenced by a

© 2016 The Authors. Cancer Science published by John Wiley & Sons Australia, Ltd
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Impact of the EWSR1/ELF5 fusion transcript on the p53/p21 pathway promoting apoptosis. (a) Western blot analysis of U20S cells trans-

duced with EWSRT/ELF5 or the empty vector (MOCK). Cells were irradiated with 5 Gy, then harvested after 1, 3 or 6 h. (b) Left panel, quantita-
tive analysis of the Western blot from three independent experiments. The intensities of p53 and p21 expression were normalized to B-Actin
expression. Right panel, fold increase in p53 and p21 expression. The values obtained from unirradiated samples are set as 1. The data are pre-
sented as the mean + SE. (c) p53 reporter (p21 or BAX) promoter activity was measured using a luciferase reporter system. Luciferase activity
was shown 24 h after the transfection of MOCK (white column) or EWSR1/ELF5 (black column). (d) Fold increase of luciferase activity was shown
24 h after the transfection of MOCK (white column) or EWSR1/ELF5 (black column) with various amounts of p53 expression vectors in H1299
cells. The values obtained from no load of p53 samples are set as 1. The Student t-test was used to compare differences. *p < 0.05; **p < 0.005;

**kp < 0.0005.

loss of contact inhibition with more proliferative activity than
the MOCK-transduced cells (Fig. 3b,c). The tumorigenic
potential of EWSRI/ELF5 was also analyzed by the substrate-
independent growth assay using EWSRI/ELF5 and MOCK
transduced NIH3T3 cells in soft agar. The EWSRI/ELF5-trans-
duced cells formed over six times more colonies than the
MOCK-transduced cells (Fig. 3d).

The in vivo oncogenic effect was tested by injecting
EWSRI/ELF5-transduced or MOCK-transduced NIH3T3 cells
into the left and right sides of five NSG-SCID mice, respec-
tively. After 6 weeks, all the mice presented a large tumor on
the left side only (Fig. 3e). The in vitro leukemogenic poten-
tial of EWSRI/ELF5 was first investigated using the Ba/F3
hematopoietic cell line. In this murine pro-B-cell line, onco-
genic transformation was reported to induce growth factor-
inde})endent cell growth or enhanced resistance to apopto-
sis.” However, EWSRI/ELFS5 transduction did not elicit these
transformations (data not shown). Next, the EWSRI/ELF5
fusion gene was transduced into murine bone marrow cells to
conduct colony assays, as previously described.®” EWSRI/
ELF5 transduction did not stimulate significant colony forma-
tion (Fig. S1). In addition, HSCT of EWSRI/ELF5-transduced
murine bone marrow cells into lethally-irradiated mice did not
induce leukemia over a period of 12 months, based on the nor-
mal blood counts of low-level reporter genes in the peripheral
blood (data not shown). These experiments suggest that despite
the structural differences between the partner genes, EWSR1/
ELF5 has transformation potential as the other EWSRI fusions
in NIH3T3 cells but not in hematopoietic cell lineages.

Aberrant EWSR1/ELF5 expression had toxicity in NIH3T3 cells.
The oncogenic potential of EWSRI/ELF5 was supported by
transductions conducted in NIH3T3 cells but not in the Ba/F3
hematopoietic lineage cell line. We hypothesized that the
expression of EWSRI/ELF5 is toxic in primary cells cultured
in vitro. Therefore, we investigated whether the transduction
of EWSRI/ELFS induces apoptosis or cellular senescence in
NIH3T3 cells. Apoptosis was increased twofold in EWSRI/
ELF5-transduced cells, compared to MOCK-transduced cells
(Fig. 4a,b). In addition, SA-B-gal staining was enhanced in
EWSRI/ELFS5 transduced NIH3T3 cells (Fig. 4c). Together,
these data suggest that EWSRI/ELFS5 induces senescence and
apoptosis, as reported for EWSRI/FLII, yet is associated with
transformation activity."'¥

EWSR1/ELF5 drives an expression signature of transforma-
tion. RNA-seq analysis not only detects fusion mRNA but also
provides genome-wide mapping of quantitative mRNA expres-
sions. A comparison of the expression profiles of the patient’s
AML cells and the patient’s EB-LCL revealed the alignment
of 17 797 annotated genes. DAVID analysis of the most sig-
nificantly upregulated and downregulated 200 genes in the
patient’s AML cells in comparison with the patient’s EB-LCL
identified several informative Kyoto Encyclopedia of Genes
and Genomes (KEGG) pathways, including those expressed by
the hematopoietic cell lineage pathway, the cytokine—cytokine
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receptor interaction pathway, and the p53 signaling pathway
(Fig. 5a,b; gene lists in Tables S1 and S2).(31)

The expression of EWSR1/ELF5 activates p53 but inhibits p21.
Given the senescence and apoptotic phenotypes induced by
EWSRI/ELFS (Fig. 4a—c) and the identification of the p53 sig-
naling pathway involved in apoptosis by DAVID analysis
(Fig. 5b), we focused on major molecules implicated in the
p53 signaling pathway: TP53, which encodes p53; MDM?2 and
p21 (CDKNIA), which operates downstream of p53. In the
patient’s AML cells, TP53 and MDM?2 are upregulated,
whereas p21 (CDKNIA) is downregulated, compared to the
patient’s control EB-LCL cells (Fig. 5c). The EWSRI/FLII
fusion transcript was reported to inhibit p21 activity.®>>* To
determine whether EWSRI/ELF5 also suppresses p2l expres-
sion, EWSRI/ELF5 was transduced into p53-competent U20S
cells. Intriguingly, EWSRI/ELF5 stimulated the baseline
expression of p53 and p2l, compared to MOCK-transduced
U20S cells (Fig. 6a,b). In contrast, p21 induction was inhib-
ited by EWSRI/ELFS after 5-Gy irradiation, suggesting that
the fusion transcript functions as a suppressor of p21 transcrip-
tion after DNA damage. The effect of EWSRI/ELFS to p53
downstream gene promoters (p21 and BAX promoter) were
investigated using a luciferase reporter assay. Wild-type p53
expression vectors were co-transfected with MOCK or
EWSRI/ELFS expressing vector into H1299 cells. Interest-
ingly, basal p21 reporter promoter activity was upregulated by
EWSRI/ELFS expression (Fig. 6¢). p21 reporter promoter
activity induced by p53 transfection was attenuated by
EWSRI/ELFS expression. In contrast, BAX reporter promoter
activity was not suppressed by EWSRI/ELFS5 expression
(Fig. 6d). These data indicate that the novel EWSRI/ELFS
fusion transcript promotes oncogenesis through a dysregulation
of the p53/p21-dependent pathway (Fig. 7), similar to other
EFT.

Discussion

In the present study, we identified EWSRI/ELF5, a new
EWSRI/ETS chimeric fusion gene that is associated with

EWSR1/ELF5

Oncogene activation
DNA damage pS3 p21

t T

Tumor suppression

Radiation MDM2
Chemotherapy
Fig. 7. Proposed schematic model of tumorigenicity by EWSR1/ELF5.
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AML. EWSRI/ELFS5 was identified from the chromosomal
translocation t(11;22)(p13;q12). Cytogenetically, the same
translocation t(11;22)(p13;q12) also creates the EWSRI/WTI
fusion in the desmoplastic small round cell tumor. Interest-
ingly, both genes are closely located, with only 2.1 Mb sepa-
rating them at the genomic level. This region contains various
genes involved in oncogenesis, such as LMO2, WTI and
PAX6. In addition, this region is known to be altered in vari-
ous types of tumors, as well as the inherited cancer-prone
WAGR syndrome. We hypothesized that this region may,
therefore, be susceptible to gene rearrangement.

The EWSRI/ELF5 fusion protein exhibits oncogenic poten-
tial in vitro and in vivo. The molecular mechanism of oncoge-
nesis involves an aberrant regulation of the p53/p21-dependent
pathway by EWSRI/ELF5. However, the expression of
EWSRI1/ELF5 in murine hematopoietic cells does not confer
leukemia, suggesting that some additional mechanisms or yet
identified prerequisite genetic background is needed for full
transformation in the hematopoietic system.

The molecular mechanism of the transformation induced by
the family of EWSRI/ETS gene fusions is not fully understood.
Among them, EWSRI/FLII is relatively well characterized
owing to the strong association between this chimeric gene
fusion and human EFT. The oncogenic potency of EWSRI/
FLIl was demonstrated by its ability to transform NIH3T3
cells, to grow in semisolid medium, and to form tumors in
immunodeficient mice.*>*® Conversely, the ectopic expression
of EWSRI/ETS proteins in primary cells induces growth arrest
or cell death, rather than promoting cellular transformation,
suggesting that the cellular context is critical for the oncogenic
potential of EWSRI/ETS fusions."'*'¥ Despite the rare associa-
tions of EWSRI/ETS fusion genes with human leukemia,(m’m
the development of leukemia was observed in transgenic
mouse models of EWSRI/FLII"® and EWSRI/ERG."”
Torchia er al."® emphasized that a high expression level of
EWS/FLII, driven by the retroviral long terminal repeat
(LTR), was toxic to murine hematopoietic cells. This might
also be the case in our experiments, because retroviral trans-
duction did not induce leukemia even after 12 months in our
model. We speculate that the retroviral LTR-driven EWSR1/
ELF5 expression system may not be suitable for leukemogene-
sis study in murine model, as has been observed in EWSRI/
FLII. Under the light of the finding that EWSRI is essential
for stem cell quiescence and the maintenance of hematopoietic
stem cells,*” endogenous EWSR1 promoter dependent expres-
sion of EWSRI/FLII might be essential for the leukemogenic
transformation.

The ETS transcription factor family is a diverse group of
proteins cooperating with other factors to regulate a wide
range of cellular processes, such as proliferation, differentia-
tion, apoptosis and senescence; members also possess onco-
genic or tumor suppressive activities.”® Chromosomal
translocations involving ETS family members are associated
with several forms of human cancers. Among the various
EWSRI1 fusion partners, only EWSRI/ZNF384 (CIZ/NMP4)
has been identified in acute leukemia.'* ZNF384 is known to
fuse with various partner genes, including EWSRI, TAFI5,
TCF3 (E2A) and EP300, mainly in acute lymphoblastic
leukemia.®***" ZNF384 exerts its function as a transcription
factor and regulates matrix-related proteins and/or represses
PTH-induced bone formation.*>*> However, the role of this
gene in the hematopoietic lineage has not been fully elucidated
yet, although fusion genes have been identified in leukemia.
As for ZNF384, the function of ELF5 in hematopoietic lineage
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is also uncertain. The protein encoded by ELFS5 belongs to an
epithelium-specific subclass of ETS and regulates the later
stages of terminal differentiation in keratinocytes, and partici-
pates in the regulation of cell fate, beginning with the specifi-
cation of the trophectoderm in the blastocyst.*“**> Most ETS
genes appear to be functional and expressed during hematopoi-
esis. However, ELFS5 is not expressed in hematopoietic cells.
In normal human tissues, ELF5 is expressed in the kidney,
prostate, lung, mammary gland, salivary gland, placenta and
stomach. However, in cancer tissue, dysregulated expression of
ELF5 has been reported, including in leukemia/lymphoma.“®
Regarding the fusion gene, only the ZFPM2-ELF5 fusion gene
in multicystic mesothelioma has been reported.“” The only
similarity between ZNF384 and FLF5 is the DNA binding
transcription factor. These results suggest that an EWSRI1
fusion with any DNA binding transcription factor in the
hematopoietic lineage may be sufficient for leukemogenesis.

The fusion of ELF5 with EWSRI in hematopoietic cell lin-
eages makes it difficult to explain the leukemogenic mecha-
nism on its own. Further study is needed to show whether
ELF5 aberrantly expressed by a chimeric protein may induce
tumorigenesis, or this fusion may play a role in malignant
transformation in the hematopoietic system.

In this study we demonstrated that the novel EWSRI/ELF5
fusion gene disrupts the p53/p21-dependent pathway, similar
to the case of sarcoma genesis induced by other members of
the EWSRI/ETS family. In most primary cells, the ectopic
expression of EWSRI/ETS leads to cell cycle arrest or apopto-
sis, whereas an inhibition of p53 activity may rescue the cells
from EWSRI/ETS-induced toxicity and facilitate tumorigene-
sis."*1® This observation suggests that the p53/p21-dependent
pathway plays an important role in the prevention of tumorige-
nesis by EWSRI/ETS. However, 90% of the tumors of EFT
express wild-type p53, suggesting that the function of p53 is
blocked in the downstream of p53 by EFT-specific cancer-
related molecular changes. In the EFT cell line, EWSRI/FLI1
was reported to modulate p21 activity by several mecha-
nisms.®?>>* The expression of p21 is induced by wild-type
pS3 in the presence of DNA damage, leading to cell cycle
arrest at the G1 checkpoint. The activity of the p21 promoter
is negatively regulated by the EWSRI/FLI1 fusion protein
through ETS-binding sites located within the promoter region
of p21.%% In addition, EWSRI/FLI1 interacted with the
cotransactivator of p300 and suppressed its histone acetyltrans-
ferase activity. The epigenetic regulation of the p2/ promotor
by EWSRI/FLI1 also contributed to the dysregulation of p21
transactivation. In the present study, the AML patient did not
show any mutation in 7P53 (data not shown), suggesting that
the same interfering mechanism was exerted by EWSRI/ELF5
(Fig. 7). In fact, p21 was reported to inhibit the proliferation
of leukemic cells, and the suppression of p21 expression fos-
tered the progression of leukemia.“®

Although EWSRI/ETS is rarely detected in hematopoietic
diseases, the homologue FUS/ERG was identified in several
cases of acute m}eloid or lymphoblastic leukemia and in
Ewing tumors.'”*>Y There is considerable amino acid
sequence homology (56%) between FUS and EWSRI.®? Inci-
dentally, EWSRI and FUS are functionally interchangeable in
the context of fusion oncogenes, as shown by the identification
of FUS/ERG gene fusions in Ewing tumors and FUS/CHOP
fusions in myxoid liposarcoma.®'”* Therefore, it is not sur-
prising that rare EWSRI/ETS family members, such as
EWSRI/ELF5, may contribute to leukemic development.
Unfortunately, our young patient died after the second round
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of HSCT. Likewise, a poor outcome was reported for FUS/

ERG-positive leukemia patients.®> As the present study is

based on a single patient, additional patients expressing this
novel EWSRI/ELF5 fusion gene are required to evaluate the
relationship between the presence of the chimeric gene and
patient outcome in leukemia. A novel therapy based on the
understanding of molecular mechanism may be required for
this EWSRI/ETS positive group.

In conclusion, EWSRI/ELFS5, a novel EWSRI/ETS chimeric
gene, was identified in a patient diagnosed with refractory
AML, suggesting a potential role of leukemogenesis in rare
cases of AML. This fusion gene is very likely to exhibit onco-
genic potential by interfering with the p53/p21-dependent path-
way.
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