
Abstract. A t(11;22)(q24;q12) translocation is present in
90% of Ewing's sarcoma, and results in the formation of the
EWS-FLI1 fusion gene encoding an oncogenic transcription
factor. To clarify the function of chimeric EWS-FLI1 proteins,
an identification of a nuclear localization signal (NLS) in the
EWS, FLI1 and EWS-FLI1 proteins is important because the
chimeric oncoprotein may lose or gain NLS function different
from native proteins resulting in different subcellular locali-
zation, and in deregulated gene expression. Furthermore, some
studies reported that patients with one type of fusion gene
(‘type 1’) had better overall survival than those with other
types, suggesting that functional differences may be present
among various fusion proteins. There has been only one study
reporting a NLS in EWS, but none reporting those in FLI1
and EWS-FLI1. To clarify the molecular mechanisms of Ewing
tumor development, we first identified the NLSs of EWS and
FLI1. We allocated the NLS to amino acid residues 632-656
near the C-terminal region of EWS that is different from the
previous study, and identified two NLSs of FLI1, NLS1
(63-90) in the N-terminal domain and NLS2 (319-360) in the
3'-ETS domain. In addition, the present study showed that all
of the EWS-FLI1 fusion proteins completely reside in the
nucleus without affecting the frequency of nuclear localization
among variants, suggesting that NLS2 of FLI1 was used for
nuclear translocation of various EWS-FLI1 fusion proteins.

Introduction

Ewing tumor is a primitive neuroectodermal tumor arising
in bone or soft tissue of children and young adults. A
t(11;22)(q24;q12) translocation is present in ≤90% of patients

with Ewing's sarcoma and results in the formation of the
EWS-FLI1 fusion gene which encodes an oncogenic chimeric
transcription factor (1-3). EWS belongs to the TET (TLS/FUS,
EWS and TAFII68) family of proteins, which may act as
adaptors between transcription and mRNA processing by inter-
acting with components of the transcription apparatus and
splicing factors (1-3). In contrast, FLI1 encodes a member of
the ETS family of transcription factors having highly restricted
tissue expression profiles, and appears to be involved in early
hematopoietic, vascular, and neuroectodermal development
(4,5). The expression level of the chimeric EWS-FLI1 protein
through gene rearrangement was directed by the EWS
promoter, and a potent transactivation activity and different
target genes of the EWS-FLI1 compared with that of native
FLI1 were reported (6-9). Thus, the oncogenicity of the EWS-
FLI1 fusion transcription factor may depend on the
deregulated activation of both FLI1 target genes in addition
to some genes whose expression is not normally regulated by
the FLI1 (6-9).

Since the t(11;22) chromosome translocation breakpoints
are distributed in introns 7-10 of the EWS gene and in introns
3-9 of the FLI1 gene, various chimeric genes are formed in
Ewing tumors; i.e. type 1 (exon 7 of EWS/exon 6 of FLI1),
type 2 (exon 7 of EWS/exon 5 of FLI1) (10). Some studies
reported that patients with the ‘type 1’ fusion in the tumor
had better overall survival than those with other fusion types
(11,12), although one study did not find such an association
(13).

It is essential to study the nucleo-cytoplasmic trafficking of
the chimeric transcription factor through gene rearrangements
for elucidation of developing tumors, since the chimeric onco-
protein may lose or gain a nuclear localization signal (NLS)
function different from a native transcription factor resulting
in deregulated gene expression. Subcellular localization
studies suggested that EWS protein is primarily nuclear but
also cytoplasmic and on cell surface, and can shuttle between
the nucleus and cytoplasm or cell surface under different
physiologic conditions (14,15). In contrast, FLI1 and EWS-
FLI1 proteins were localized in the nucleus (16). There has
been only one study reporting a NLS in EWS (17), and none
reporting NLSs in FLI1 and EWS-FLI1. To clarify the
mechanism of nuclear-cytoplasmic transportation of EWS,
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FLI1 and EWS-FLI1 proteins, and the localization of the
different chimeric proteins in the cells, we conducted
experiments to determine the locations of NLSs of EWS,
FLI1 and various EWS-FLI1 proteins. In contrast to a
previous study (17), we identified a NLS of EWS in the C
terminal region of the protein. Furthermore, we showed that
FLI1 possesses two NLSs, one of which is located in the 3'-
ETS domain (4) and used for the cytoplasmic-nuclear
transport of various EWS-FLI1 proteins, and all of the EWS-
FLI1 fusion proteins completely reside in the nucleus using
NLS2 of FLI1.

Materials and methods

Cell culture. HeLa cells were maintained in Dulbecco's
modified Eagle's medium supplemented with 10% fetal calf
serum at 37˚C with 5% CO2 atmosphere. 

Plasmid construction. Human EWS (1-656) or FLI1 (1-452)
cDNA was prepared by polymerase chain reaction of human
liver or universal Quick-Clone™ cDNA (Clontech Co., Palo
Alto, CA) using specific primers and LA-Taq polymerase
(Takara, Tokyo, Japan). Full-length cDNAs and various cDNA
segments produced by polymerase chain reaction (PCR) were
subcloned into adequate vectors such as pCMX. A BglII site
in the coding sequence of EWS was deleted using the Quick
Change™ site-directed mutagenesis kit (Stratagene, La Jolla,
CA) without changing the amino acid residue according to
the manufacturer's instructions. A modified pSV-ß-
galactosidase (ß-Gal) (18) vector and SRHis expression
vector (19) were used to yield the in-frame fusion genes. All
the constructs produced were confirmed by sequencing.

Construction of chimeric EWS-FLI1 fusion genes linked to
His-Tag. EWS (1-264) was amplified by means of PCR
using the His/EWS (1-656) vector as a template and specific
primers to generate artificial BamHI and BglII sites at the 5' and
3' ends, respectively. After double digestion with BamHI and
BglII, the fragment was ligated to the BglII site of SRHis
plasmid to generate His/EWS (1-264) vector. Various portions
of FLI1 were amplified by PCR using His/FLI1 (1-452)
vector as a template and specific primers to generate artificial
BglII sites at both ends. After cleavage of amplified
fragments of FLI1 with BglII, they were ligated into the BglII
site of His/EWS (1-264) vector to generate His-tagged
chimeric EWS (1-264)-FLI1 fusions.

DNA transfection, Western blotting, and immunofluorescence.
Transfection by electroporation and in situ staining of
expressed of ß-Gal fusion proteins were performed as described
previously (18). HeLa cells were also transfected with His/
EWS, His/FLI1, or His/EWS-FLI1 fusion expression plasmid
by the lipofection method (19). The cells transfected were
lysed in electrophoresis sample buffer 48 h after transfection
and run on 10% sodium dodecyl sulfate-polyacrylamide gel
electro-phoresis (SDS-PAGE). The proteins separated in the
PAGE were transferred to a nitrocellulose membrane and
probed with anti-6 x [His] rabbit IgG (Santa Cruz, CA) and
developed using anti-rabbit IgG coupled to alkaline phos-
phatase. Immunocytochemical analysis was performed as

previously described (19), and cells were incubated with anti-
6 x [His] rabbit IgG followed by anti-rabbit IgG coupled with
fluorescein isothio-cyanate (FITC). Immunohistochemical
analysis of native EWS (pCMX/EWS) or FLI1 (pCMX/FLI1)
expressed in HeLa cells was also carried out in the same
manner using anti-EWS or anti-FLI1 antibodies (Santa Cruz).

Preparation and microinjection of GST-NLS-GFP fusion
proteins. The candidates of NLS for EWS or FLI1 were
amplified by means of PCR using the His/EWS (1-656) or
His/FLI1 (1-452) vector as a template and specific primers to
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Figure 1. Transient expression of full-length EWS or FLI1 in HeLa cells. A,
PCR amplification of human EWS (lane 2) or FLI1 (lane 3) using LA-Taq
polymerase as described in Materials and methods. Lane 1 is a size marker
of the 1-kb DNA ladder. B, Western blot analysis of expressed EWS or FLI1
fused with His-tag in HeLa cells. Immunoblotting was carried out using
anti-6 x [His] rabbit IgG. His/EWS and His/FLI1 are shown in lanes 3 and 4,
respectively. Size marker and negative control are shown in lanes 1 and 2,
respectively. C, subcellular localization of expressed EWS in HeLa cells.
HeLa cells were transfected with pCMX/EWS (a and b) or with SRHis/EWS
(c) expression vector as described in Materials and methods. After fixation
with 4% formaldehyde, cells on the coverslips were incubated with anti-
EWS goat antibody (a), anti-goat IgG antibody (b), or with anti-6 x [His]
rabbit antibody (c) as the primary antibodies and fluorescein isothiocyanate
(FITC)-conjugated anti-goat IgG (a and b) or anti-rabbit IgG (c) as the
secondary antibodies. D, subcellular localization of expressed FLI1 in HeLa
cells. HeLa cells were transfected with pCMX/FLI1 (a and b) or with
SRHis/FLI1 (c) expression vector, and incubated with anti-FLI1 rabbit
antibody (a), anti-rabbit IgG antibody (b), or with anti-6 x [His] rabbit
antibody (c) as the primary antibodies and FITC-conjugated anti-rabbit IgG
(a-c) as the secondary antibodies.
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generate artificial BglII sites at both ends. After digestion
with BglII, the fragment was ligated to the BamHI site of the
glutathione S-transferase (GST)-green fluorescent protein
(GFP) 2 vector (18) to produce an in-frame fusion gene. The
GST-NLS-GFP vector was introduced into the Escherichia coli
strain BL21, and purification of the expressed fusion protein
was carried out as described previously (18). The purified
preparations of fusion proteins were microinjected into the
cytoplasm of HeLa cells, and the cells were incubated at 37˚C
for 30 min before fixation with 3.7% formaldehyde. The
localization of injected GST-NLS-GFP fusion proteins was

visualized under a Leica DMR microscope (Leica, Wetzlar,
Germany).

Results and Discussion

Expression of EWS and FLI1 proteins in HeLa cells. The full-
length of human EWS (lane 2) or FLI1 (lane 3) cDNA was
amplified by LA-PCR as shown in Fig. 1A, and subcloned into
pCMX or SRHis A plasmid to yield their native or in-frame
fusion genes. After sequencing followed by transfection, an
adequate molecular size of the expressed fusion proteins of
EWS (lane 3) or FLI1 (lane 4) was observed by Western
blotting with anti-6 x [His] antibody, as shown in Fig. 1B.
Transiently expressed native EWS (Fig. 1C) was observed in
the nucleus by immunohistochemical staining with antibody
to EWS (a), and nuclear localization was also confirmed
when a fusion protein containing EWS linked to His-Tag at
its N-terminus was expressed and stained with anti-6 x [His]
antibody (c). Nuclear localization of the native (a) or His-
tagged (c) FLI1 was also observed as shown in Fig. 1D.
These results clearly showed that overexpressed EWS or
FLI1 was localized in the nucleus. The lack of EWS in the
cytoplasm in the present study may be caused by the
different condition used in the present study and a small
amount of EWS in the cytoplasm as suggested by a previous
study (16).

Identification of NLS of EWS by transient expression assay.
In a transfection assay of EWS and EWS-WT1, which is a
chimeric oncoprotein associated with desmoplastic small
round cell tumor (20) caused by the t(11;22)(p13;q12) trans-
location, Kim et al (17) showed the existence of a functional
NLS in the N-terminal domain (NTD) of EWS (1-285),
although there are only three basic amino acid residues in the
NTD. If this is correct, the NLS of EWS is a novel one,
different from the classical NLS composed of a basic amino
acid cluster (21,22), and comprised of non-basic amino acid
segments.

To identify the NLS of EWS, we used two fusion proteins
with the N-terminus of EWS linked to His-Tag or ß-galacto-
sidase (ß-Gal). As shown in Fig. 2A, we divided EWS into
two portions, NTD (1-285) and the C-terminal domain (CTD,
286-656), and investigated their potential for nuclear locali-
zation. In contrast to the previous findings of Kim et al (17), a
fusion of NTD of EWS linked to His-Tag did not show any
nuclear import activity at all, and a fusion of CTD of EWS
did show clear nuclear import activity. Using a series of
experiments linked to ß-Gal, we finally located the NLS of
EWS at the C-terminal region between the 632nd and 656th
amino acid residues. This result was supported by an expression
study of a deletion mutant of EWS (1-631) fused with His-Tag,
which had no nuclear import activity.

To confirm the ability of EWS (632-656) to translocate to
the nucleus, we next examined the fate of purified recombinant
protein fused with GST-GFP microinjected into the cyto-
plasm of HeLa cells (Fig. 2B). When microinjected into the
cytoplasm of HeLa cells, the GST-GFP protein was localized to
the cytoplasm even after incubation for 2 h (Fig. 2B-a). Micro-
injection of a fusion protein containing the SV40 NLSc (18)
into the junction of the GST-GFP (GST-NLSc-GFP) revealed
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Figure 2. Identification of the region responsible for the nuclear localization
of EWS. A, various EWS segments were synthesized using PCR, and the
resulting fragments were fused to the modified ß-Gal control vector or
SRHis plasmid as described in Materials and methods. B, microinjection of
recombinant GST-EWS (632-656)-GFP protein into the cytoplasm of HeLa
cells. After injection, the cells were fixed and the localization of the micro-
injected protein was examined by fluorescent microscopy. a, GST-GFP; b,
GST-NLSc-GFP having an NLS of SV40 large T antigen. Amino acid
sequence of NLSc used was PKKKRKV (18), and c, GST-EWS (632-656)-
GFP.
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the efficient nuclear import within 30 min of incubation at
37˚C (Fig. 2B-b). As was seen for the transient expression of
ß-Gal fusions (Fig. 2A), the GST-GFP fusion protein which
contained EWS (632-656) showed efficient nuclear import
activity, confirming that this region served as NLS (Fig. 2B-c).
Thus, the present results strongly suggest that NLS of EWS
exists near the C-terminal region of the EWS, constituting with
basic amino acid clusters of the bipartite type, but not in the
NTD as previously reported (17).

Two nuclear localization signals in FLI1 protein. There has
been no study reporting the localization of NLSs in FLI1. As
shown in Fig. 3A, nuclear accumulation activity of full-
length FLI1 linked to ß-Gal was clearly observed. To identify
the region of FLI1 required for nuclear localization, various
portions of cDNA for FLI1 were synthesized by PCR and
ligated into the modified ß-Gal vector to produce fusion
proteins. We first divided FLI1 into two portions, NTD (1-219)
and CTD (220-452), and found that both of them showed
nuclear import activity. Using a series of experiments, we
finally located the two NLSs of FLI1 in the region between
the 63rd and 90th (NLS1) and between the 319th and 360th
(NLS2). In addition, microinjected purified fusion proteins of
NLS1 or NLS2 linked to GST-GFP showed clear nuclear trans-
location activity within 30 min of incubation at 37˚C (Fig. 3B),
suggesting that the two regions serve as functional NLSs. In
addition, the mapped NLS2 was overlapped completely with
3'-ETS DNA-binding domain of FLI1 that is conserved among
various ETS families of transcription factors (4,5,23). In
contrast, NLS1 was not overlapped with 5'-ETS domain of
FLI1 (121-194) (4).

Nuclear translocation of chimeric EWS-FLI1 proteins using
NLS2 of FLI1. Fusion types of EWS-FLI1 protein were known
to have prognostic significance in Ewing tumors (11,12).
Several investigators performed experiments to explain the
cause of different outcomes of patients with type 1 fusion
and those with non-type 1 fusions. Lin et al (24) found that
transactivation of the type 1 protein was less effective than
that of the non-type 1 proteins in Ewing and non-Ewing tumor
cell lines. de Alava et al (25) examined Ewing tumors with
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Figure 3. Identification of the region responsible for the nuclear localization
of FLI1. A, various FLI1 segments were synthesized using PCR, and the
resulting fragments were fused to the modified ß-Gal control vector. B,
microinjection of recombinant GST-FLI1 (63-90)-GFP (a) or GST-FLI1
(319-360)-GFP (b) protein into the cytoplasm of HeLa cells. After injection
followed by 30 min incubation, the cells were fixed and the localization of
the microinjected protein was examined by fluorescent microscopy.

Figure 4. NLS2 of FLI1-dependent nuclear import of EWS-FLI1 chimeric
oncoproteins. Variants of chimeric EWS-FLI1 proteins fused with His-Tag
were generated and expressed in HeLa cells as described in Materials and
methods. Subcellular localization was analyzed as described in Fig. 1.
EWS-FLI1 fusions of the first exon 7 of EWS joined to exon 5 (a), exon 6 (b,
type 1), exon 7 (c), exon 8 (d), and exon 9 (e) of FLI1.
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type 1 or non-type 1 fusions by immunohistochemistry using
Ki-67 and IGF-1R antibodies, and found higher Ki-67
proliferative index in non-type 1 tumors. A microarray study
found few qualitative differences on gene expression
between Ewing tumor cell lines with the type 1 fusion and
those with the non-type 1 fusions (26). To verify whether
various EWS-FLI1 chimeric proteins are uniformly trans-
located to nuclei, several chimeric fusion proteins of EWS-
FLI1 linked to His-Tag were produced, and subcellular
localization of these expressed proteins was examined in
HeLa cells. As shown in Fig. 4, all of the chimeric fusion
proteins, including type 1 (b) and non-type 1(a, c-e) of EWS-
FLI1 fusion proteins, were completely localized in the
nucleus in the same manner. Thus, it is likely that all types of
EWS-FLI1 fusion proteins should be translocated into the
nucleus using NLS2 in the 3'-ETS domain of FLI1, and that
the subcellular localization of various chimeric proteins may
not be related to the outcome.

In summary, we have identified the NLS of EWS to 25
amino acid residues spanning amino acids 632-656 at the
C-terminus, and two NLSs of FLI1, NLS1 (63-90) in the N
terminal domain and NLS2 (319-360) in the 3' ETS domain.
All of the EWS-FLI1 fusion proteins completely reside in the
nucleus using NLS2 of FLI1, suggesting that the manner of
nuclear localization among variants of EWS-FLI1 is the same,
and may not cause the different biological characteristics.
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