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Abstract

 

The translocation t(11;22) is a common chromosomal ab-

normality detected both in Ewing’s sarcoma and in primi-

tive neuroectodermal tumor cells. The translocation results

in an 

 

EWS-Fli1

 

 fusion gene, made up of the 5

 

9

 

 half of the

 

EWS

 

 gene on chromosome 22 fused to the 3

 

9

 

 half of the 

 

Fli1

 

gene on chromosome 11. Recent studies have evaluated pos-

sible roles of the fusion gene products. However, the biologi-

cal significance of EWS-Fli1 is still unknown. Using a com-

petitive polymerase chain reaction technique, we show here

that there might be a correlation between the expression lev-

els of the 

 

EWS-Fli1

 

 fusion gene and the proliferative activi-

ties of Ewing’s sarcoma and primitive neuroectodermal tu-

mor cells. When the EWS-Fli1 expression is inhibited by

antisense oligodeoxynucleotides against the fusion RNA,

the growth of the tumor cells is significantly reduced both in

vitro and in vivo. The data further indicate the growth inhi-

bition of the cells by the antisense sequence might be medi-

ated by G

 

0

 

/G

 

1

 

 block in the cell cycle progression. These re-

sults suggest that EWS-Fli1 may play an important role in

the proliferation of the tumor cells, and the 

 

EWS-Fli1

 

 fusion

RNA could be used as a target to inhibit the growth of Ew-

ing’s sarcoma and primitive neuroectodermal tumor with

the specific antisense oligonucleotide. (

 

J. Clin. Invest. 

 

1997.

99:239–247.) Key words: small round cell tumors 

 

• 

 

chromo-

somal translocation 

 

• 

 

competitive polymerase chain reaction 

 

•

 

gene therapy 

 

• 

 

cell cycle

 

Introduction

 

Specific chromosomal translocations are often associated with
particular types of hematopoietic and solid tumors (1, 2). In-
vestigation of solid tumor translocations has concentrated on
sarcomas, where the cytogenetics have been well studied. Four
of these translocations have been identified and found to result
in fusion proteins in Ewing’s sarcoma (ES)

 

1

 

 and primitive neu-

roectodermal tumor (PNET) (3), liposarcoma (4, 5), rhab-
domyosarcoma (6, 7), and synovial sarcoma (8).

The translocation t(11;12)(q24;q12) is a karyotypic abnor-
mality detected in 

 

z

 

 90% of both ES and PNET (9–11). As a
result of this translocation, two genes, the 

 

EWS

 

 gene on chro-
mosome 22 and the 

 

Fli1

 

 gene on chromosome 11, are fused in
ES and PNET cells (3). The 

 

Fli1

 

 gene is a member of the 

 

ETS

 

family of transcription factors and contains a sequence-specific
DNA-binding domain (12). One portion of the 

 

EWS

 

 gene ap-
pears to encode a RNA-binding domain (3), but its function is
not known. The translocation t(11;12)(q24;q12) results in the

 

EWS

 

 promoter-driven expression of a fusion transcript that
produces an EWS-Fli1 chimeric protein containing EWS-
derived sequences at its amino terminus fused to the carboxy-
terminal region of Fli1. Recent studies have suggested possible
roles of the EWS-Fli1 protein in the tumorigenicity of ES and
PNET. The 

 

EWS-Fli1

 

 fusion gene constructs transfected into
murine fibroblasts might act as a transforming gene (13). Some
groups have reported that the EWS-Fli1 chimeric protein may
function as an aberrant transcription factor in ES and PNET
cells (14–17), and some of the target genes modulated by the
EWS-Fli1 protein have been identified (18). Recent studies
have shown that stable expression of antisense EWS-Fli1 in ES
cells by transfecting the antisense EWS-Fli1 expression plas-
mid resulted in growth reduciton of the ES cells, suggesting
possible roles of the fusion products in tumorigenesis (19, 20).
However, the mechanisms of oncogenesis by the chimeric pro-
tein are still not known.

Antisense oligodeoxynucleotides are able to enter all cells
relatively easily and have the potential to target specific genes
(21, 22). Antisense DNA oligomers are short sequences com-
plementary to a site on the RNA transcript of a target gene.
Hybridization of the antisense oligomer and the target RNA
by affinity is in many ways superior to that of antibody–ligand
binding. Antisense DNA can inhibit the expression of the pro-
tein product of the transcript through several mechanisms, in-
cluding blocking ribosomal translation of the RNA transcript
(23), triggering RNase H degradation of the target RNA (24),
and interfering with the processing of pre-mRNA (25). The ef-
ficacy of antisense DNA inhibition has been demonstrated in
cell culture against a variety of genes (21, 22). Towards under-
standing biological consequences of EWS-Fli1, we examined
the effects of antisense DNA complementary to the 

 

EWS-Fli1

 

chimeric RNA on the phenotype of both ES and PNET cells.
Our data demonstrate that there is a correlation between the
expression levels of the 

 

EWS-Fli1

 

 fusion gene and the prolifer-
ative activities of both ES and PNET cells. When EWS-Fli1
expression was inhibited using the antisense sequence, a signif-
icant reduction in cell proliferation was achieved both in vitro
and in vivo. The data further indicated that the growth inhibi-
tion of ES and PNET cells by antisense oligonucleotide was
mediated by G

 

0

 

/G

 

1

 

 block in the cell cycle progression. These
results suggest that EWS-Fli1 may be responsible for continu-
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ous proliferation of ES and PNET cells, and that inhibition of
EWS-Fli1 by the antisense oligonucleotide might be an effec-
tive way of controlling the growth of these tumors.

 

Methods

 

Cell lines. 

 

Human ES cell lines, SK-ES-1 and RD-ES, human PNET
cell line SK-N-MC, human fibrosarcoma cell line HT1080, human
neuroblastoma cell line IMR-32, and human fibroblast cells, MRC-5
and IMR-90, were obtained from the American Type Culture Collec-
tion (Rockville, MD). Human PNET cell line PNKT-1 was estab-
lished and characterized in our laboratory (26). These cells were
maintained in DME supplemented with 10% FBS, 100 

 

m

 

g/ml penicil-
lin, and 100 

 

m

 

g/ml streptomycin and incubated at 37

 

8

 

C in a humidified
atmosphere containing 5% CO

 

2

 

 in air.
For the determination of cell population doubling time, the cells

were seeded 10

 

5

 

 viable cells/dish with 5 ml of medium in triplicate
60-mm culture dishes (Falcon Labware, NJ). The number of viable
cells in each dish was counted every 24 h for 5 d by the trypan blue ex-
clusion test. The numbers of viable cells treated with antisense oligo-
nucleotide were adjusted to equal those of untreated or sense oligo-
nucleotide–treated cells at times of harvest for RNA and Western
analyses.

 

Animals. 

 

6-wk-old female athymic Balb/c nu/nu mice were ob-
tained from Japan SLC Co., Ltd. (Hamamatsu, Japan). Throughout
the experiments, mice were maintained in a laminar flow cabinet un-
der specific pathogen-free conditions receiving standard feed and
water ad libitum. All experiments on animals were conducted in ac-
cordance with the guidelines of the Animal Center of Kyushu Uni-
versity.

 

Oligodeoxynucleotides. 

 

Antisense and sense phosphorothioate
oligodeoxynucleotides purified by high performance liquid chroma-
tography were purchased from Kurabo Biomedicals (Osaka, Japan).
Five antisense oligomers directed against the breakpoint or se-
quences including the ATG initiation codon of the 

 

EWS-Fli1

 

 fusion
gene were synthesized. The sequences of the antisense oligonu-
cleotides were: ESAS1, CTGTAATCCGTGGACGCCATTTTCT
(nucleotides 39–63; reference 3); ESAS2, ATCCGTGGACGC-
CATTTTCTCTCCT (nucleotides 34–58); ESAS3, TGGACG-
CCATTTTCTCTCCTTCCTC (nucleotides 29–53); BPAS1, GACT-
GAGTCATAAGAAGGGTTCTGC (nucleotides 832–856 of type
1); and BPAS2, CATAAGAAGGGTTCTGCTGCCCGTA (nucle-
otides 824–848 of type 1). The corresponding sense sequences were
used as controls. A scrambled oligonucleotide (ESSC2, GTTATC-
TATTCTCCGACCGTCGTCC) corresponding to antisense ESAS2
was also synthesized and used as a control. Oligonucleotide primers
for reverse transcription PCR (RT-PCR) were also synthesized by
Kurabo Biomedicals. The primers used were: CCACTAGTTAC-
CCACCCCAAACTG and GTGATACAGCTGGCGTTGGCG for
EWS-Fli1 cDNA amplification; CCACTAGTTACCCACCCCAA-
ACTG and CCTCCTCTATCTCCTCCACGGC for EWS; and TT-
ACCAAAAGTGGCCCACTA and GAAAGATGGTGAACTAT-
GCC for ribosomal cDNA. Each cDNA carried the following sequences:
from 753 to 1150 base positions for EWS-Fli1 (type 2); from 753 to
1530 base positions for EWS (3); and from 1501 to 1846 base posi-
tions for ribosomal cDNA (27).

 

RT-PCR. 

 

Total cellular RNA was extracted from each cell line
as described (28). The RNA preparations were evaluated for concen-
tration by OD

 

260

 

 absorption and for quality by agarose gel electro-
phoresis followed by ethidium bromide staining. 2 

 

m

 

g of total RNA
were reverse-transcribed with an oligo-d(T)

 

18

 

 primer using a T-primed
first-strand kit (Pharmacia LKB Biotechnology, Piscataway, NJ) ac-
cording to the manufacturer’s instructions. Final first-strand cDNA
reaction was stored at 

 

2

 

80

 

8

 

C until use for PCR. PCR reactions for
each set of primers were performed separately in a total volume of 50

 

m

 

l containing 10 mM Tris-HCl, pH 8.3, 50 mM KCl, 1.5 mM MgCl

 

2

 

,
0.1 mM of each dNTP, 0.4 

 

m

 

M of each primer, 2.5 U of Taq DNA

polymerase, and 2 

 

m

 

l of the reverse transcription reaction. The ampli-
fication profile consisted of denaturation at 94

 

8

 

C for 1 min, primer
annealing at 66

 

8

 

C for 1 min, and extension at 72

 

8

 

C for 1 min, for a to-
tal of 35 cycles on a PCR thermal cycler (DNA Thermal Cycler 480;
Perkin-Elmer Corp., Norwalk, CT). To confirm that an equal amount
of RNA was reverse-transcribed to cDNA, PCR amplification of the

 

rRNA

 

 gene was performed using the primers described above. Reac-
tion products were separated on a 1.2% agarose gel and visualized by
ethidium bromide staining. Data were analyzed using a National In-
stitutes of Health (NIH) image Ver 1.56.

 

Competitive PCR assay. 

 

The 398-bp PCR fragment of EWS-Fli1
type 2 cDNA and the 778-bp fragment of EWS were subcloned into
pBSKS(

 

2

 

) (Stratagene Inc., La Jolla, CA). Each cDNA was se-
quenced and confirmed to possess a sequence identical to the pub-
lished one (3). The EWS-Fli1 cDNA clone was digested in the middle
of the sequence by EcoRI and BamHI, and ligated with the EcoRI-
BamHI fragment of MMP9 cDNA (nucleotides 1204–1950; reference
29). The EWS cDNA clone was also digested in the middle of the se-
quence by BamHI and XbaI, and ligated with the BamHI-XbaI frag-
ment of MMP9 cDNA (nucleotides 390–1274; reference 29). The mu-
tant EWS-Fli1 and EWS cDNA constructs, which produced a 973- and
a 1,276-bp fragment, respectively, were amplified by the same prim-
ers used for EWS-Fli1 and EWS cDNA amplification, and were used
as competitive templates. Serial dilutions of the competitive tem-
plates were added to PCR tubes containing all the amplification re-
agents plus either EWS-Fli1 or EWS cDNA template. The reaction
mixtures were then amplified, and the products were separated on
agarose gel and analyzed as described above. The mutant/test cDNA
ratio for each reaction tube was plotted as a function of the amount of
mutant template and a straight line was drawn by linear regression
analysis. The quantity of cDNA in the test sample was the amount at
which the mutant/test band density ratio was equal to one.

 

Monitoring of first-strand synthesis. 

 

To test the yield and the effi-
ciency of the reverse transcriptase reaction, 2 

 

m

 

g of total RNA was
subjected to reverse transcription as described above, but with 2 

 

m

 

l of
[

 

a

 

-

 

32

 

P]dCTP (10 mCi/ml, Amersham Corp., Arlington Heights, IL)
added to the reaction. The total volume of the RT reaction was 35 

 

m

 

l.
1 

 

m

 

l of the reaction was removed for the determination of total
counts. After the RT reaction, the labeled cDNA was purified by
chromatography on a spun column of Sephadex G-50 (Pharmacia
LKB Biotechnology) to remove any unincorporated radioactive nu-
cleotides. The radioactivity of the labeled cDNA was measured with
a liquid scintillation counter. The amount of synthesized cDNA was
calculated as described (30).

 

Western blot analysis. 

 

Western blotting was carried out as de-
scribed (28) with several modifications. Cells were incubated with or
without 10 

 

m

 

M oligonucleotides in serum-free medium for 48 h. After
incubation, the cells were washed twice in ice-cold PBS, and lysed in
10 mM Tris-Cl, pH 7.4, 100 mM NaCl, 1 mM EDTA, 1% Triton X,
0.5% deoxycholate, 0.1% SDS, 100 

 

m

 

g/ml phenylmethylsulfonyl fluo-
ride, 10 

 

m

 

g/ml leupeptin, and then centrifuged at 15,000 rpm for 30
min. 70 

 

m

 

g lysate protein was electrophoresed on 10% polyacryl-
amide gels and the proteins were then electrotransferred onto nitrocel-
lulose membranes. The membranes were blocked in 5% BSA, 0.05%
Tween 20 in buffered saline (0.9% NaCl, 10 mM Tris-Cl, pH 7.4) for 1 h
at 52

 

8

 

C, and then reacted with the antibody against the COOH-termi-
nal portion of murine Fli1 (Santa Cruz Biotechnology, Santa Cruz,
CA) for 12 h at 4

 

8

 

C. The blots were rinsed in buffered saline contain-
ing 0.05% Tween 20 and reacted with horseradish peroxidase–conju-
gated secondary antibody for 1 h at room temperature. Visualization
was achieved by chemiluminescence (Amersham Corp.) followed by
x-ray film exposure. Data were analyzed using an NIH image Ver 1.56.

Although the Fli1 antibody was raised against the COOH-termi-
nal 19 amino acids of murine Fli1, it cross-reacts well with human
Fli1. The Fli1-specific antibody recognizes the EWS-Fli1 fusion pro-
tein at its COOH-terminal portion derived from Fli1, as previously
described (16).

 

Cell growth assay. 

 

Various cell lines were seeded on 35-mm cul-
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ture dishes (Falcon Labware) at 10

 

5

 

 viable cells/dish with 1.5 ml of
medium, and incubated at 37

 

8

 

C in a humidified atmosphere contain-
ing 5% CO

 

2

 

 in air. 24 h later, the media were replaced with serum-
free media containing various concentrations (0–30 

 

m

 

M) of antisense
or sense oligonucleotides, and the media supplemented with the oli-
gomers were replaced every 24 h. After various time intervals (0–120 h),
cell numbers were determined using a hemocytometer. Since the cell
viability determined by the trypan blue exclusion test was more than
95% throughout the experiments, the concentrations of oligonucle-
otides were not toxic. All experiments were carried out in triplicate
and repeated twice.

 

Oligonucleotide administration to nude mice. 

 

SK-N-MC cells were
harvested from 60% confluent monolayer cultures, resuspended with
PBS at 2 

 

3

 

 10

 

7

 

 viable cells/ml, and subcutaneously inoculated into
athymic mice (5 

 

3

 

 10

 

6

 

 viable cells/mouse). 7 d after tumor inocula-
tion, when the subcutaneous tumor had grown to a visible size, 0.1 ml
of PBS containing 1 mM antisense or sense oligonucleotides was in-
jected into the established tumor (day 1). Four additional injections
were given at days 3, 5, 7, and 9. The tumor volume was estimated
during the experiments by two perpendicular measurements, length
(a) and width (b), of the tumor and was calculated as ab

 

2

 

/2. The ani-
mals were killed 28 d after the first oligomer inoculation, and the sub-
cutaneous tumors were excised and weighed.

 

Flow cytometric analysis and cell cycle distribution. 

 

SK-N-MC cells
were incubated with or without oligonucleotides (10 

 

m

 

M) for 24, 48,
or 72 h, and prepared for flow cytometric analysis after staining of the
DNA with propidium iodide as described previously (31). Fluores-
cence intensity in the cell nucleus was measured with a FACScan

 

®

 

(Becton Dickinson & Co., San Jose, CA). For each sample, 10,000
cells were analyzed, and the results were processed by the computer
program CellFit (Becton Dickinson & Co.).

 

Statistical analysis. 

 

All statistical analyses were carried out ac-
cording to the Mann-Whitney U test.

 

Results

 

Identification of EWS-Fli1 fusion gene expression in ES and

PNET cells. 

 

The expression of the 

 

EWS-Fli1

 

 fusion gene in
ES cell lines, SK-ES-1 and RD-ES, and PNET cell lines, SK-N-
MC and PNKT-1, was determined by RT-PCR. Amplification
of cDNAs from SK-ES-1 and RD-ES resulted in 398-bp prod-
ucts, whereas those from SK-N-MC and PNKT-1 resulted in
332-bp products (data not shown). Nucleotide sequence analy-
sis of these products revealed that the 398- and 332-bp frag-
ments were identical to 

 

EWS-Fli1

 

 type 2 and type 1 fusion
genes, respectively (data not shown) (32). HT1080 fibrosar-
coma, MRC-5 fibroblast, and IMR-32 neuroblastoma cells did
not show any fusion gene products (data not shown).

 

Competitive PCR quantification procedure of EWS-Fli1

mRNA. 

 

For quantification of 

 

EWS-Fli1

 

 mRNA, a competi-
tive PCR (C-PCR) method was established by developing a
mutated template of EWS-Fli1 cDNA, which was coamplified
with endogenous EWS-Fli1 cDNA in the same tube as the in-
ternal standard. Accordingly, mutant cDNA gave an amplifi-
cation product of 973 bp in size, compared with 332 or 398 bp
for endogenous products. The use of the same primer-binding
sites resulted in identical amplification efficiency. When coam-
plified in the same vial, both mutant and endogenous EWS-
Fli1 cDNA competed for primer bindings in a concentration-
dependent manner. As shown in Fig. 1, increasing amounts of
mutant EWS-Fli1 cDNA progressively inhibited amplification
of endogenous EWS-Fli1 cDNA.

To enhance accuracy, a standard curve for the quantifica-
tion of the endogenous EWS-Fli1 cDNA was established by
serial dilutions of the original mixture. The decreasing intensi-

ties of the mutant and endogenous PCR products reflected the
rising degree of dilution, thereby minimizing sample-to-sample
variations between individual PCR vials (data not shown). To
evaluate the efficiency of the reverse transcriptase reaction,
the amount of synthesized cDNA from total RNA was calcu-
lated. Results indicated that RT reaction efficiency under the
condition used was 60.4

 

6

 

5.9% (

 

n

 

 

 

5

 

 6). This value was used as
a correction factor for the calculation of 

 

EWS-Fli1

 

 mRNA
concentrations in the samples. Increasing reverse transcription
times or reverse transcriptase concentrations did not affect the
ratio of endogenous to mutant EWS-Fli1, indicating stable
cDNA levels after reverse transcription procedures (data not
shown).

To ensure that quantification occurs within the exponential
phase of PCR, amplification products of the same reaction
mixture were amplified for up to 40 cycles and aliquots were
taken out at different time points during the amplification
(from 30 to 40 cycles). Results indicated that the amplification

Figure 1. C-PCR quantification of EWS-Fli1 cDNA. A constant 
amount of the RT product and a decreasing amount of the mutant 
EWS-Fli1 cDNA were added to a series of tubes containing all the 
PCR reagents. The mutant cDNA differed from the endogenous 
EWS-Fli1 cDNA due to a 575-bp insertion in the middle of the type 2 
fusion molecule. Increasing amounts of the mutant cDNA progres-
sively inhibited coamplification of the tested EWS-Fli1 cDNA. (A) A 
representative ethidium bromide-stained gel after PCR amplification 
of RT products from SK-N-MC. The rRNA products are shown as 
quality control of the RNAs. Lane 1, molecular weight marker; lanes 
2–7 contain mutant EWS-Fli1 template at 50, 40, 30, 20, 10, and 5 
amol, respectively. (B) Ratio of mutant/endogenous EWS-Fli1 densi-
tometric values obtained from the gel in A vs. the amount of mutant 
cDNA added to each tube. The amount of cDNA in the test sample 
was calculated from the equivalence point at which the ratio was 
equal to one. The correlation coefficient 5 0.993.
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was linear at 35 cycles, at which point quantitative analysis was
carried out (data not shown).

 

Relationship between expression levels of EWS-Fli1 mRNA

and cell proliferation. 

 

The 

 

EWS-Fli1

 

 mRNA expression lev-
els in both ES and PNET cell lines were calculated from the
C-PCR data. The values of 

 

EWS-Fli1

 

 mRNA were 508.2

 

6

 

25.2
amol/

 

m

 

g total RNA for SK-N-MC, 268.2

 

6

 

18.6 amol/

 

m

 

g total
RNA for PNKT-1, 153.3

 

6

 

22.1 amol/

 

m

 

g total RNA for RD-ES,
and 35.8

 

6

 

10.3 amol/

 

m

 

g total RNA for SK-ES-1. On the other
hand, cell population doubling times of SK-N-MC, PNKT-1,
RD-ES, and SK-ES-1 were 24.0, 30.2, 36.0, and 45.6 h, respec-
tively. As shown in Fig. 2, the expression level of 

 

EWS-Fli1

 

mRNA was in proportion to a reciprocal of the doubling time
(

 

r

 

 

 

5

 

 0.991), suggesting that the ES and PNET cells that ex-
press a higher level of 

 

EWS-Fli1

 

 mRNA might exhibit rapid
cell growth.

 

Inhibition of proliferation of ES and PNET cells by anti-

sense oligonucleotide. 

 

The effects of EWS-Fli1 antisense oli-
gonucleotides on the growth of ES and PNET cells were exam-
ined next. Five antisense phosphorothioate oligonucleotides
directed against the breakpoint or the sequences including
ATG initiation codon of the 

 

EWS-Fli1

 

 fusion gene were syn-

thesized. The sense oligonucleotides corresponding to the anti-
sense sequences were also synthesized and used as controls
(Table I). As shown in Fig. 3, the antisense oligonucleotides in-
hibited the growth of SK-N-MC cells, while sense oligonucle-
otides produced no effect. The ability of the antisense oligo-
mers to inhibit the proliferation of SK-N-MC cells varied widely.
BPAS2 was of minimal efficacy, showing only 21.6

 

6

 

4.1%
inhibition (

 

P

 

 

 

,

 

 0.05), while BPAS1 was very effective at
52.0

 

6

 

3.6% inhibition (

 

P

 

 

 

,

 

 0.01). ESAS2 was the most effec-
tive at 66.4

 

6

 

5.2% inhibition (

 

P

 

 

 

,

 

 0.01), and was mainly used
in the subsequent experiments.

ESAS2 was also effective on various ES and PNET cells.
The oligonucleotide prolonged the population doubling times
of SK-N-MC, PNKT-1, RD-ES, and SK-ES-1 cells to 46.1,
64.3, 73.2, and 81.6 h, respectively (

 

P

 

 

 

,

 

 0.01), while sense or
scrambled oligonucleotide had no effect (Fig. 4). This effect
was dose dependent over the range of 1–30 

 

m

 

M (Fig. 5). When
the cells were cultured with 10 mM ESAS2 for 72 h, the num-
ber of SK-N-MC, PNKT-1, RD-ES, and SK-ES-1 cells were
39.4, 45.9, 52.3, and 62.3% of the control, respectively (P , 0.01).
The cell viability, determined by the trypan blue exclusion test,
was not significantly affected by these treatments (data not

Figure 2. Relationship be-
tween EWS-Fli1 mRNA 
expression and cell growth. 
The fusion gene expression 
levels in ES and PNET 
cells were calculated from 
the C-PCR data. To deter-
mine the cell population 
doubling time, the cells 
were seeded in triplicate 
60-mm culture dishes at a 
density of 105 viable cells/
dish, and the number of vi-
able cells was counted ev-
ery 24 h for 5 d. The cell 

growth was represented by a reciprocal of the cell population dou-
bling time (DT) of each cell line. The data represent the means of the 
three experiments. The correlation coefficient 5 0.991.

Table I. Summary of Synthesized Antisense and Sense Phosphorothioate Oligonucleotide Sequences to EWS-Fli1 cDNA

Oligonucleotide Sequence (59 → 39) cDNA target

ESAS1 CTGTAATCCGTGGACGCCATTTTCT Nucleotides 39–63

ESAS2 ATCCGTGGACGCCATTTTCTCTCCT Nucleotides 34–58

ESAS3 TGGACGCCATTTTCTCTCCTTCCTC Nucleotides 29–53

BPAS1 GACTGAGTCATAAGAAGGGTTCTGC Nucleotides 832–856

BPAS2 CATAAGAAGGGTTCTGCTGCCCGTA Nucleotides 824–848

ESRS1 AGAAAATGGCGTCCACGGATTACAG Sense for ESAS1

ESRS2 AGGAGAGAAAATGGCGTCCACGGAT Sense for ESAS2

ESRS3 GAGGAAGGAGAGAAAATGGCGTCCA Sense for ESAS3

BPRS1 GCAGAACCCTTCTTATGACTCAGTC Sense for BPAS1

BPRS2 TACGGGCAGCAGAACCCTTCTTATG Sense for BPAS2

ESSC2 GTTATCTATTCTCCGACCGTCGTCC Scrambled for ESAS2

Five antisense phosphorothioate oligonucleotides 25 bases in length targeted to the breakpoint or the sequences including the ATG initiation codon

of the EWS-Fli1 fusion gene (ESAS1, 2, and 3, and BPAS1 and 2) were synthesized. Sense oligonucleotides corresponding to antisense and a scram-

bled oligonucleotide corresponding to antisense ESAS2 were also synthesized. Sequences are shown 59 to 39, and the nucleotide location on EWS-Fli1

cDNA (3) is shown.

Figure 3. Effects of antisense and sense oligonucleotides on SK-N-MC 
cell proliferation. The cells (105 viable cells/dish) were incubated with 
or without 10 mM of oligonucleotides summarized in Table I. The me-
dium containing each oligomer was replaced every 24 h. After a 72-h 
incubation, the number of viable cells was counted. The data repre-
sent the means of the six experiments. The bars represent SEM.
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shown). None of the oligonucleotides affected the growth of
HT1080, IMR-32, MRC-5, or IMR-90 cells (Fig. 5). The results
suggested that the product of the EWS-Fli1 transcript might be
responsible for continuous growth of the ES and PNET cells.

Effects of antisense oligomer on expression of EWS-Fli1

and EWS genes. To investigate whether the antisense oligo-
nucleotide had a specific effect on target mRNA, C-PCR was
performed to quantify EWS-Fli1 fusion mRNA. In the pres-
ence of 10 mM ESAS2, the EWS-Fli1 mRNA level in SK-N-MC
was 12.762.1 amol/mg total RNA, whereas in the untreated
line the level was 521616.4 amol/mg total RNA. The sense and

Figure 4. Effects of antisense oligonucleotide on growth of
SK-N-MC, PNKT-1, RD-ES, and SK-ES-1. The cells were incubated 
with or without 10 mM of ESAS2, ESRS2, or ESSC2 oligonucle-
otides. After various time intervals (0–120 h), the cell number was 
counted as described in the legend to Fig. 3. The data represent 
means of the six experiments. The bars represent SEM. s, control;
d, ESAS2 antisense oligomer; u, ESRS2 sense oligomer; j, ESSC2 
scrambled oligomer.

Figure 5. Effects of different doses 
of antisense oligonucleotide on 
growth of SK-N-MC, PNKT-1, 
IMR-32, and MRC-5. The cells 
were cultured with various concen-
trations of ESAS2 (AS), ESRS2 
(RS), or ESSC2 (SC) oligonucle-
otides for 72 h, and the cell number 
was counted as described in the leg-
end to Fig. 3. The data represent 
means of the six experiments. The 
bars represent SEM. u, SK-N-MC; 

, PNKT-1; , IMR-32; j, 
MRC-5.

Figure 6. Effects of antisense oligonucleotide on EWS-Fli1 and EWS 
expression. (A) EWS-Fli1 gene expression modulated by antisense 
oligomer. SK-N-MC cells were incubated with or without 10 mM 
ESAS2, ESRS2, or ESSC2 for 48 h, and then total RNA was ex-
tracted and subjected to C-PCR analysis as described in the legend to 
Fig. 1. The expression levels of EWS-Fli1 mRNA in the cells were cal-
culated from the C-PCR data. The value represent means of the three 
experiments. The bars represent SEM. (B) Western blot analysis of 
EWS-Fli1 proteins. SK-N-MC cells were incubated with 10 mM of 
ESAS2, ESRS2, or ESSC2 for 48 h, and the cells were harvested and 
subjected to Western blotting with anti–Fli1 antibody. The 68-kD 
band for EWS-Fli1 protein was detected. Lane 1, control; lane 2, 
ESRS2; lane 3, ESSC2; lane 4, ESAS2. (C) Normal EWS gene ex-
pression modulated by antisense oligonucleotide. Various cell lines 
were incubated in the presence or absence of 10 mM ESAS2, ESRS2, 
or ESSC2 for 48 h, and total RNA was extracted and prepared for
C-PCR analysis. The expression levels of EWS mRNA in the cells 
were calculated from the C-PCR data. The data represent the means 
of the three experiments. The bars represent SEM. u, Control; , 
ESRS2; , ESSC2; j, ESAS2.
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scrambled oligomers produced no significant effect on the
level of mRNA. There was an z 40-fold decrease in EWS-Fli1

mRNA detected in the SK-N-MC line (P , 0.001; Fig. 6 A).
When the cells were incubated with 10 mM BPAS1 for 48 h,
the EWS-Fli1 mRNA level of the treated cells calculated from
C-PCR data was z 28-fold lower than that of control cells
(data not shown).

To further prove that the decrease in EWS-Fli1 mRNA lev-
els in the antisense-treated cells also resulted in a comparable
reduction in the protein, EWS-Fli1 protein levels were deter-
mined by Western blot analysis. The amount of EWS-Fli1 pro-
tein from cells treated with 10 mM ESAS2 for 48 h was re-
duced to z 10% of the levels seen in control, ESRS2- and
ESSC2-treated cells (Fig. 6 B). Similar results were obtained in
the other ES and PNET cells (data not shown).

Since ESAS2 was targeted against the 59 end of EWS-Fli1,
including the AUG initiation codon, the antisense oligomer
might bind to normal EWS mRNA. Therefore, we also as-
sessed the changes of the EWS mRNA levels induced by the
antisense oligomer using the C-PCR assay as described above.
The intrinsic EWS mRNA was detected as a 778-bp PCR pro-
duct, not only in ES and PNET cell lines, but also in IMR-32
and MRC-5. However, the expression levels of EWS genes
were very low in comparison with those of EWS-Fli1. There
was no correlation between the EWS expression levels in the
cells and the growth rate of the cells. When these cells were in-

cubated with 10 mM ESAS2, there were two- to fourfold de-
creases in EWS mRNA expression in the cells (Fig. 6 C).

Effects of antisense oligonucleotide on tumor growth in

nude mice. The effects of ESAS2 on tumor growth in nude
mice were next examined. SK-N-MC cells were inoculated into
nude mice and the tumors were grown for 7 d, and then injec-
tion of the oligomer was started. Each mouse received a total
of 500 nmol of oligonucleotide given in five injections. The
mice were killed 35 d after the tumor inoculation, and the sub-
cutaneous tumors were excised and weighed. As shown in Fig.
7 and Table II, subcutaneous injections at the site of the tumor
led to a significant difference in tumor growth between the an-
tisense and control groups (P , 0.01). There was an approxi-
mately fourfold decrease in growth between the antisense and
the control groups at day 28.

Alterations of cell cycle distribution by antisense treatment.

To determine whether ESAS2 caused growth inhibition of the
ES and PNET cells during any particular phase of the cell cy-
cle, we performed FACS® analysis on propidium iodide–
stained cultures of SK-N-MC cells exposed to the antisense oli-
gomer. The number of untreated and ESRS2-treated cells in
the G0/G1 phase never exceeded 40% in 3-d culture. Exposure
of the cells to 10 mM of ESAS2 resulted in a rapid increase in
the number of cells accumulating in the G0/G1 phase, with a
concomitant decrease in the number of cells in the S and G21 M
phases of the cell cycle (P , 0.01) (Fig. 8). These results sug-
gest that the growth of ES and PNET cells might be inhibited
by antisense oligonucleotide due to a block in the cell cycle at
G0/G1.

Discussion

ES was first reported by Ewing as a primary bone tumor (33).
PNET was initially described by Stout as a soft-tissue tumor
composed of small round cells characterized by the presence
of rosettes (34). Close relationships between ES and PNET
have been reported with reference to chromosomal abnormal-
ity (9–11), protooncogene expression (35, 36), and experimen-

Figure 7. Effects of an-
tisense oligonucleotide 
on tumor growth in 
nude mice. SK-N-MC 
cells were subcutane-
ously inoculated into 
nude mice (5 3 106 via-
ble cells/mouse). 7 d af-
ter cell inoculation, 
100 ml of 1 mM oligo-
nucleotides were in-
jected into the estab-
lished tumor (day 1). 
Four additional injec-

tions were given at days 3, 5, 7, and 9. The tumor volume was mea-
sured during the experiments. The data represent the means of six 
samples. The bars represent SEM. s, control; d, ESAS2; u, ESRS2.

Table II. Weight of Subcutaneous Tumors of Nude Mice 
Inoculated with SK-N-MC Cells and Treated with ESAS2 
Antisense or ESRS2 Sense Oligonucleotides

Treatment Tumor weight
Average

tumor weight

mg mg

Control

(n 5 6) 1,673.4, 1.436.2, 1,209.7, 1,158.0, 1,092.5, 932.1 1,250.3

ESRS2

(n 5 6) 1,418.5, 1,296.9, 1,270.0, 1,064.4, 1,062.3, 912.7 1,170.6

ESAS2

(n 5 6) 451.9, 417.3, 379.0, 303.8, 226.2, 57.4 305.9

7 d after the cell inoculation, injections of oligonucleotides were started.

Mice received a total dose of 500 nmol of each oligonucleotide in five in-

jections. The animals were killed 28 d after the first oligonucleotide in-

jection, and the subcutaneous tumors were excised and weighed.

Figure 8. Flow cyto-
metric analysis of SK-
N-MC cells exposed to 
antisense oligonucle-
otide. The SK-N-MC 
cells were incubated 
with or without ESRS2 
or ESAS2 (10 mM 
each) for different 
time intervals (0, 24, 48, 
or 72 h). Then the cells 
were processed for pro-
pidium iodide staining 
and FACS® analysis. 
The percentage of cells 
in each cell cycle phase 
is shown. s, control/
G0-G1; n, control/S; u, 
control/G21M; r, 
ESRS2/G0-G1; ., 
ESRS2/S; o, ESRS2/
G21M; d, ESAS2/G0-
G1; m, ESAS2/S; j, 
ESAS2/G21M.
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tal neural differentiation (26, 37, 38). Identification of the com-
mon translocation t(11;22)(q24;q12) in ES and PNET has
strongly supported the hypothesis that these neoplasms have
shared a common histogenesis. A recent study has investigated
the molecular basis of the translocation resulting in synthesis
of the EWS-Fli1 fusion gene (3). Although the function of the
chimeric protein has been evaluated (13–18), the biological
role of the fusion is still obscure. Recent studies have reported
that ES cells transfected with antisense EWS-Fli1 cDNA ex-
pressing plasmids resulted in decreased EWS-Fli1 expression
levels and in growth reduction of the cells (19, 20). The objec-
tive of this study was to demonstrate that EWS-Fli1 might play
an important role in the growth of ES and PNET cells, and
that antisense oligonucleotides against EWS-Fli1 RNA could
inhibit proliferation of ES and PNET cells both in vitro and in
vivo.

EWS-Fli1 mRNA was detected in all ES and PNET cell
lines using standard RT-PCR. Since the expression levels
seemed to be increased in cells that exhibited rapid cell
growth, we established a C-PCR assay to provide a more accu-
rate assessment of the differences. The C-PCR technique has
been shown to be applicable for quantification of rare mes-
sages or small samples (39–42). In this study, the assay was reli-
able in the efficiency of the RT reaction, the linearity of ex-
ponential amplification of PCR, and the sample-to-sample
variations between individual PCR vials. Furthermore, the use
of the same primer-binding sites both in competitive template
and endogenous EWS-Fli1 enabled us to obtain identical am-
plification efficiency. EWS-Fli1 mRNA was reproducibly
quantitated in the range of 1–1,000 amol. Using this assay, we
found that EWS-Fli1 expression was elevated in the cells ex-
hibiting rapid growth. The amount of chimeric cDNA ob-
tained from SK-N-MC, which is the fastest growing cell line,
was 21.4-fold that obtained from SK-ES-1, which is the slowest
growing cell line. The increase in the mRNA expression was
antiparalleled by the increase in the cell population doubling
time. Thus, we postulated that EWS-Fli1 might play an impor-
tant role in the proliferation of ES and PNET cells. To obtain
support for this notion, we applied antisense phosphorothioate
oligodeoxynucleotides that inhibit the function of the chimeric
RNA. Our data clearly demonstrate the pronounced effective-
ness of the antisense sequences against EWS-Fli1 fusion RNA
in the inhibition of growth of ES and PNET cells. The growth
inhibition was specific to the antisense oligomers, since none
of the sense or scrambled oligonucleotides exhibited the
growth-inhibitory effects. The antisense oligomer also exerted
the inhibitory effects on the growth of SK-N-MC tumors in
nude mice. When the antisense sequences were applied, the
expression levels of EWS-Fli1 mRNA and its product, EWS-
Fli1 protein, were significantly reduced in all analyzed ES and
PNET cells. Therefore, we concluded that EWS-Fli1 might be
necessary for the continuous proliferation of ES and PNET
cells, and that EWS-Fli1 might be a therapeutic target for inhi-
bition of the growth of these tumors.

In this study, we used five antisense oligomers. BPAS1 and
BPAS2 are complementary to the EWS-Fli1 breakpoint and
specific to the fusion RNA, while ESAS1, ESAS2, and ESAS3
are complementary to the region including ATG initiation
codon of EWS-Fli1. ESAS2 was the most effective in inhibiting
ES and PNET cell growth. Since the sequences targeted to the
initiation codon are also complementary to normal EWS, there
is a possibility that the antisense oligomers might hybridize to

EWS RNA, as well as to EWS-Fli1 RNA. Thus, the expression
of EWS mRNA in various cell lines was examined. The EWS

mRNA could be detected not only in ES and PNET cells, but
also in IMR-32 and MRC-5. Using C-PCR analysis, we found
that ESAS2 also suppressed the EWS mRNA levels in all
these cells. However, the growth of both IMR-32 and MRC-5
cells was not affected by the antisense oligomers. Although we
could not exclude the possible implications of the decrease in
the EWS mRNA in the cells, we concluded that the inhibitory
effects of the antisense oligonucleotides might be mediated, at
least in part, by the inhibition of the function of EWS-Fli1.
This antisense approach might be useful for the inhibition of
growth of other EWS-rearranged tumors including ES and
PNET with EWS-ERG (43, 44) or EWS-ETV1 (45), malignant
melanoma with EWS-ATF1 (46), and desmoplastic small
round cell tumor with EWS-WT1 (47).

To obtain further evidence of the growth-related function
of EWS-Fli1, we observed the effects of the antisense oligonu-
cleotide on the modulation of cell cycle progression in EWS-

Fli1–expressing cells. Proliferation of mammalian cells is reg-
ulated by a large number of genes whose expression or functions
respond to mitogenic stimuli (48–50). Some transcriptional
factors, such as c-Fos, c-Jun, and c-Myc, are known to be es-
sential for cell cycle progression (51, 52). In this study, we
demonstrated that inhibition of the function of EWS-Fli1 by
antisense sequence resulted in the G0/G1 block in the cell cycle
progression. In this regard, it should be noted that the en-
forced expression of EWS-Fli1 upregulates the activity of the
c-myc promoter (16), and that two members of the ETS fam-
ily, ETS1 and ETS2, were able to facilitate c-myc expression
and promote cell cycle progression in mutant NIH3T3 cells ar-
rested in the G1 phase because there had been no induction of
c-myc expression in response to growth factor (53, 54). It is
therefore possible that EWS-Fli1 may activate cell division
through transcriptional activation of growth-stimulating genes,
such as c-myc. On the other hand, a recent study revealed that
expression of some genes might be suppressed when the EWS-

Fli1 gene was transfected into fibroblasts (18). This suggests
another possible mechanism whereby EWS-Fli1 might repress
a gene(s) that suppresses cell growth just as tumor-suppresser
genes do. Identification of the EWS-Fli1 target genes, which
directly contribute to the dysregulation of cell growth, is neces-
sary to further analyze the mechanism of carcinogenesis
caused by this protein.

Recent advances in adjuvant chemotherapy have improved
the prognosis of ES and PNET. However, 5-yr survival rates of
the recurrent and/or metastatic cases still remain below 10%
(55–58). We observed a significant growth inhibition of ES and
PNET cells by inhibiting the expression of EWS-Fli1 chimeric
RNA. It is likely that the neoplastic growth of ES and PNET
depends upon the continued expression of the EWS-Fli1 gene.
Thus, the chimeric RNA could be used as a target to specifi-
cally inhibit the growth of the sarcoma cells. A promising out-
come of this research would be the possibility of treating ES
and PNET with the specific antisense oligonucleotide.
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