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The FUS (TLS)-ERG chimeric protein associated with t(16;21)(p11;q22) acute myeloid leukemia is struc-
turally similar to the Ewing’s sarcoma chimeric transcription factor EWS-ERG. We found that both FUS-ERG
and EWS-ERG could induce anchorage-independent proliferation of the mouse fibroblast cell line NIH 3T3.
However, only FUS-ERG was able to inhibit the differentiation into neutrophils of a mouse myeloid precursor
cell line L-G and induce its granulocyte colony-stimulating factor-dependent growth. We constructed several
deletion mutants of FUS-ERG lacking a part of the N-terminal FUS region. A deletion mutant lacking the
region between amino acids 1 and 173 (exons 1 to 5) lost the NIH 3T3-transforming activity but retained the
L-G-transforming activity. On the other hand, a mutant lacking the region between amino acids 174 and 265
(exons 6 and 7) lost the L-G-transforming activity but retained the NIH 3T3-transforming activity. These
results indicate that the N-terminal region of FUS contains two independent functional domains required for
the NIH 3T3 and L-G transformation, which we named TR1 and TR2, respectively. Although EWS intrinsically
possessed the TR2 domain, the EWS-ERG construct employed lacked the EWS sequence containing this
domain. Since the TR2 domain is always found in chimeric proteins identified from t(16;21) leukemia patients
but not in chimeric proteins from Ewing’s sarcoma patients, it seems that the TR2 function is required only
for the leukemogenic potential. In addition, we identified three cellular genes whose expression was altered by
ectopic expression of FUS-ERG and found that these are regulated in either a TR1-dependent or a TR2-
dependent manner. These results suggest that FUS-ERG may activate two independent oncogenic pathways
during the leukemogenic process by modulating the expression of two different groups of genes simultaneously.

Specific chromosomal translocations are frequently found in
hematopoietic malignancies and certain types of solid tumors
(37). The t(16;21)(p11.2;q22.2) translocation is a recurrent
chromosomal abnormality found in acute myeloid leukemia.
This translocation juxtaposes the FUS (TLS) gene on chromo-
some 16 and the ERG gene on chromosome 21 and forms the
FUS-ERG fusion gene (11, 40). The FUS gene was first dis-
covered as a translocated gene in myxoid liposarcoma (7, 36)
and encodes an RNA-binding protein (7). The N-terminal
region of this protein is Ser, Tyr, Gly, and GlIn rich and consists
of degenerative Ser-Tyr-Gly-Gln-GlIn-Ser repeats (SYGQQS
repeat region), and the central and C-terminal regions consist
of three Arg-Gly-Gly triplet-rich regions (RGG repeat region),
an RNA-recognition motif (RRM), and a Zn finger motif. The
RGG repeat regions and RRM are involved in the RNA-
binding activity of this protein (35). Its heterogeneous nuclear
ribonucleoprotein-like behavior and association with a basic
transcription factor TFIID were reported (2, 4), but the bio-
logical function of this protein is still unclear. On the other
hand, the ERG gene encodes an external transcribed spacer
(ETS) family transcription factor (39). A transcriptional acti-
vation domain (ETA domain) is located in the N-terminal
region, and a DNA-binding domain (ETS domain) is located in
the C-terminal region (41) (see Fig. 1A). In the chimeric pro-
tein produced by the FUS-ERG fusion gene, the ETA domain
of ERG is replaced by the FUS N-terminal region, containing
the SYGQAQS repeat region and the first RGG repeat region
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(11, 17) (see Fig. 1A). Because the ETS DNA-binding domain
is retained, this chimeric protein is thought to function as a
transcription factor.

The FUS gene is highly related to the EWS gene (9). The
EWS protein also contains the N-terminal SYGQQS repeat
region, three RGG repeat regions, RRM, and a Zn finger
motif and shows overall amino acid sequence similarity to
FUS. In addition to this structural similarity, both of these
genes are translocated and fused to transcription factor genes
in several malignant tumors. FUS is fused to CHOP in myxoid
liposarcoma (7, 36) and to ERG in acute myeloid leukemia (11,
40), as described above. EWS is fused to FLI1, ERG, and other
ETS family genes in Ewing’s sarcoma (9, 13, 14, 32, 42, 46), to
ATF1I in malignant melanoma of soft tissues (45), to WT1 in
desmoplastic round cell tumor (19), to TEC in extraskeletal
myxoid chondrosarcoma (18), and to CHOP in myxoid lipo-
sarcoma (28). In all of the products of these fusion genes, the
N-terminal region of FUS or EWS is fused to the DNA-bind-
ing domain of the relevant transcription factors. Thus, it is
believed that these chimeric proteins alter the expression of
cellular genes, which is regulated by their original transcription
factors, resulting in characteristic tumors. In addition, since
FUS and EWS are highly homologous and since both of the
FUS-CHOP and EWS-CHOP fusion genes were found in the
same myxoid liposarcoma, FUS and EWS are expected to play
the same role in the oncogenic potential of the chimeric pro-
teins.

Thus, we expected that FUS-ERG associated with acute
myeloid leukemia and EWS-ERG associated with Ewing’s sar-
coma would have the same oncogenic potentials. However, we
found that FUS-ERG differed from EWS-ERG in its ability to
inhibit the differentiation into neutrophils of a mouse myeloid
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precursor cell line L-G and to induce its granulocyte colony-
stimulating factor (G-CSF)-dependent growth. Here, we re-
port that the N-terminal regions of FUS and EWS have two
potential domains, TR1 and TR2, which are required for NIH
3T3 and L-G transformation, respectively, but that the TR2
domain is not contained in the EWS-ERG chimeric protein in
most cases of Ewing’s sarcoma. In addition, the TR1 and TR2
domains would appear to function as transcriptional regulation
domains which determine the specificity of target genes of
FUS-ERG and EWS-ERG.

MATERIALS AND METHODS

Construction of retroviral expression vectors for ERG, FUS-ERG, EWS-ERG,
and FUS-ERG derivatives. ERG and FUS-ERG cDNAs were produced by
reverse transcription-PCR from total RNA of a t(16;21) acute myeloid leukemia
cell line, UTP-L12 (11). For ERG ¢DNA, we used primers ERGGF-HindIII and
ERGDR-HindIll, which are capable of amplifying from nucleotides —30 to +53
of open reading frames (ORFs) of p55 and p49 isoforms (10) and which intro-
duce HindIII sites at both ends. The amplified product was neither p55 nor p49
and was a 455-amino-acid isoform which has the A81 exon but not the A72 exon
defined by Duterque-Coquillaud et al. (10). At this time, no products were
obtained with primers which could amplify erg-1, erg-2, and erg-3 isoforms (34,
38). For FUS-ERG c¢DNA, we used primers FUS6F-HindIII and ERGDR-
HindlIIl, which are capable of amplifying nucleotides —9 to +53 of the FUS-
ERG ORF and which introduce HindIII sites at both ends. The amplified
product was a 438-amino-acid isoform, which is the smaller of the two isoforms
expected as the result of the difference in the splicing acceptor site of FUS exon
3.

HA-FUS-ERG, HFEAFUS, HFEAERG, HFEA1-64, HFEA1-110, and
HFEA1-173 cDNAs were produced by PCR with FUS-ERG cDNA as a tem-
plate. We used primers HAFUS9F-HindIII and ERGDR-HindIII for HA-FUS-
ERG, HAERGKF-HindIll and ERGDR-HindIII for HFEAFUS, HAFUS9F-
HindIIl and FUS16Rstop-HindIII for HFEAERG, HAFUS10F-HindIII and
ERGDR-HindIII for HFEA1-64, HAFUS11F-HindIII and ERGDR-HindIII for
HFEA1-110, and HAFUS12F-HindIll and ERGDR-HindIII for HFEA1-173;
these primers introduce HindIII sites at both ends and a hemagglutinin (HA) tag
(Tyr-Pro-Tyr-Asp-Val-Pro-Asp-Tyr-Ala) at the N terminus.

HFEAETS cDNA was produced by ligation between the N-terminal fragment
of the HA-FUS-ERG cDNA, which has the upstream end digested with HindIII
and the downstream end digested with BamHI and treated with the Klenow
fragment of DNA polymerase I, and the C-terminal fragment, which was di-
gested with Eco471I11 and HindIII.

For EWS-ERG, HFEA174-265, HFEA111-265, HFEA67-265, and
HFEAFUS+W265-333 ¢cDNAs, the respective N-terminal parts and the com-
mon ERG C-terminal part were separately produced by reverse transcription-
PCR from total RNA of UTP-L12 or by PCR with FUS-ERG c¢DNA as a
template and joined later. The common C-terminal part was amplified from
UTP-L12 RNA with primers ERGFF-Fspl and ERGDR-HindIII, which are
capable of amplifying from ERG exon 9 to nucleotide +53 of the ERG ORF and
which introduce an Fspl site at the upstream end and a HindlIII site at the
downstream end. The N-terminal part of EWS-ERG was amplified from UTP-
L12 RNA with primers EWS1F-HindIII and EWS1R-Scal, which are capable of
amplifying from nucleotide —26 of the EWS ORF to EWS exon 7 and which
introduce an HindIII site at the upstream end and a Scal site at the downstream
end. The N-terminal parts for HFEA174-265, HFEA111-265, and HFEA67-265
were amplified from FUS-ERG cDNA with primers HAFUSOF-HindIIl and
FUSI12R-BsrBI, HAFUS9F-HindIIl and FUS11R-BsrBI, and HAFUS9F-Hin-
dIIT and FUS10R-BsrBI, respectively, all of which introduce a HindIII site at the
upstream end and a BsrBI site at the downstream end as well as a HA tag at the
N terminus. The N-terminal part of HFEAFUS+W265-333 was amplified from
UTP-L12 RNA with primers HAEWS4F-HindIIl and EWS3R-BsrBI, which
could introduce a HindllI site at the upstream end and a BsrBI site at the
downstream end as well as a HA tag at the N terminus. The N-terminal part and
the C-terminal part were digested with appropriate restriction enzymes and
ligated.

We used a retroviral expression vector, pLNCX (25) for preparation of ret-
roviruses. The cDNAs of ERG, FUS-ERG, EWS-ERG, and FUS-ERG deriva-
tives were digested with HindIII and cloned into a HindIII site of pLNCX. These
cDNA inserts were all confirmed by nucleotide sequencing.

The sequences of primers we used are as follows (restriction sites which we
introduced are underlined): ERGDR-HindIll (AAGCTTTGTGGCGATGGG
CTGGTG), ERGGF-HindIll (AAGCTTGATTGCATTATGGCCAGC),
ERGFF-Fspl (TGCGCAGTGGCCAGATCCAGCTT), EWSIF-HindIII (AAG
CTTGAGAGAACGAGGAGGAAG), EWSIR-Scal (AGTACTGCTGCTGCC
CGTAGCTGCTGC), EWS3R-BsrBI (CCGCTCCAGGCTTATTGAGCCACC
T), FUS6F-HindIIl (AAGCTTGCTTGCTTGCCTGTGCGC), FUS7R-BsrBI
(CCGCTCCAAATTTATTGAAGCCACCAC), FUS10R-BsrBI (CCGCTCCA
TAGCTGTTCTGGCTCTG), FUS11R-BsrBI (CCGCTCCCGAGGTGCTGCT
GGGA), FUS12R-BsrBI (CCGCTCCACCTCCACCTCCACCT), FUS16Rstop-
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HindIll (AAGCTTTTAGCCACCAAATTTATTGAAGCCAC), HAERGKF-
HindIII (AAGCTTAGGCCTCTAGACCATGGCATACCCATACGACGTGC
CTGACTACGCCTCCGGCAGTGGCCAGATCCAGCTT), HAEWS4F-
HindIII (AAGCTTAGGCCTCTAGACCATGGCATACCCATACGACGTGC
CTGACTACGCCTCCAGTTCATTCCGACAGGACCAC), HAFUS9F-
HindIIl (AAGCTTAGGCCTCTAGACCATGGCATACCCATACGACGTGC
CTGACTACGCCTCCGCCTCAAACGATTATACCCAAC), HAFUS10F-
HindIIl (AAGCTTAGGCCTCTAGACCATGGCATACCCATACGACGTGC
CTGACTACGCCTCCTATGGAACTCAGTCAACTCCCC), HAFUSI1F-
HindIIl (AAGCTTAGGCCTCTAGACCATGGCATACCCATACGACGTGC
CTGACTACGCCTCCAGTTACGGTAGCAGTTCTCAGA), and HAFUSI12F-
HindIIl (AAGCTTAGGCCTCTAGACCATGGCATACCCATACGACGTGC
CTGACTACGCCTCCGGTAACTATGGCCAAGATCAATC).

Retrovirus production and cell culture. For production of retroviruses, we
used BOSC23 cells (29). Cells were cultured in Dulbecco’s modified Eagle’s
medium supplemented with 10% fetal calf serum and were transfected with
pLNCX-derived expression vectors by the calcium phosphate precipitation
method. After a 48- to 72-h culture, supernatants were saved as retrovirus
solutions. L-G cells (15) were cultured in RPMI 1640 medium supplemented
with 10% fetal calf serum, 0.1 ng of recombinant mouse interleukin-3 (IL-3) (a
generous gift from Kirin Brewery Co.) per ml, and 50 uM B-mercaptoethanol.
Infection was carried out by adding the retrovirus solutions to L-G cell cultures,
and the infected cells were selected with 1 mg of G418 per ml. When L-G cells
were exposed to G-CSF, the cells maintained in the presence of IL-3 were
washed twice with phosphate-buffered saline (PBS) and incubated in medium
containing 10 ng of recombinant human G-CSF (a generous gift from Chugai
Pharmaceutical Co.) per ml in place of IL-3. Viable cells were counted with a
Coulter counter. Nuclear morphologies were observed after staining with May-
Gruenwald’s solution and Giemsa’s solution (Merck). NIH 3T3 cells were cul-
tured in Dulbecco’s modified Eagle’s medium supplemented with 10% calf
serum. Infection was carried out by adding the retrovirus solutions to NIH 3T3
cell cultures, and the infected cells were selected with 0.4 mg of G418 per ml. For
the colony formation assay, cells were trypsinized and plated into soft agar
medium containing 0.3% agarose (5 X 10° cells/60-mm plate). After 2 weeks of
incubation, the macroscopically visible colonies were counted.

Immunoblotting analysis. Cells were harvested and suspended in sodium
dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) sample buffer
(62.5 mM Tris-HCI [pH 6.8], 2% SDS, 5% B-mercaptoethanol, 10% glycerol) at
2 % 107 cells/ml. After boiling and centrifugation, 10 pl of cleared lysates (2 X
10° cells equivalent) was electrophoresed in SDS-10% polyacrylamide gels, and
transferred to nitrocellulose membranes (Hybond ECL; Amersham). The mem-
branes were blocked at 4°C overnight with 5% skim milk dissolved in PBS
containing 0.1% Tween-20 (PBS-T), incubated at room temperature for 2 h with
1 pg of anti-ERG antibody (C-20; Santa Cruz) per ml or 0.1 ug of anti-HA
antibody (3F10; Boehringer Mannheim) per ml dissolved in PBS-T, and then
incubated at room temperature for 1 h with appropriate horseradish peroxidase-
conjugated second antibodies dissolved in PBS-T. The antibody-bound proteins
were detected with ECL Western blotting detection reagents (Amersham).

mRNA differential display. Total RNAs were prepared by the acid guani-
dinium thiocyanate-phenol-chloroform method (6) from L-G cells cultured in
the presence of IL-3 and purified by phenol-chloroform extraction and ethanol
precipitation. nRNA differential display screening was performed by the method
of Ito et al. (12). cDNAs were synthesized by using four oligo(dT) primers
(GT;sMN; M = A+ C+ G; N = A, C, G, or T) and SuperScript II reverse
transcriptase (Gibco BRL). PCR-amplification was carried out between the same
oligo(dT) primers and arbitrary 10-mers (Operon Technologies) by using Taq
DNA polymerase (Boehringer Mannheim) with 1 cycle of denaturation at 94°C
for 3 min, annealing at 40°C for 5 min, and extension at 72°C for 5 min followed
by 24 cycles of denaturation at 95°C for 15 s, annealing at 40°C for 2 min, and
extension at 72°C for 1 min. The PCR products were separated by gel electro-
phoresis in 6% polyacrylamide gels, stained with SYBR green I (Molecular
Probes), and detected with FluorImager SI (Molecular Dynamics). The bands
whose intensities were altered were cut out of the gel, reamplified by PCR,
cloned into pGEM-T vector (Promega), and sequenced.

Northern hybridization analysis. Total RNAs (5 ug) were electrophoresed in
a formaldehyde—1% agarose gel and transferred to a nylon membrane (Hybond
N*; Amersham) by standard methods. Hybridization was carried out at 42°C
overnight in hybridization mixture (6 SSC [1X SSC is 0.15 M NacCl plus 0.015
M sodium citrate], 50% formamide, 1% SDS, 1X Denhardt’s solution, 10%
dextran sulfate, 100 pg of denatured herring testis DNA per ml). The mem-
branes were washed three times at 65°C in washing buffer (0.1x SSC, 0.1% SDS),
and the hybridized transcripts were observed with a BAS2000 image analyzer
(Fuji Film).

In vitro transcription-translation and electrophoretic mobility shift assay. For
synthesis of HA-FUS-ERG, HFEA1-173, HFEAFUS, HFEA174-265, and
HFEAETS proteins, the corresponding cDNAs, which were cloned in the
pLNCX expression vectors, were digested with HindIIl and recloned into a
HindIII site of pSP64poly(A). By using these vectors, an in vitro transcription-
translation reaction was carried out with the TnT SP6 quick-coupled transcrip-
tion-translation system (Promega). The in vitro-translated extracts were diluted
with mock extract to equalize the concentrations of the synthesized proteins as
judged by the intensity of the bands in immunoblotting analysis with anti-ERG.
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FIG. 1. FUS-ERG but not EWS-ERG inhibits the differentiation of L-G cells into neutrophils and induces their G-CSF-dependent proliferation. (A) Structures
of ERG, FUS-ERG, and EWS-ERG. The ETA domain, ETS domain, SYGQQS repeat region, and RGG repeat region are indicated. The N-terminal 282-amino-acid
region of ERG was replaced by the N-terminal 265-amino-acid region of FUS and the N-terminal 264-amino-acid region of EWS in FUS-ERG and EWS-ERG,
respectively. (B) Immunoblot analysis of ERG, FUS-ERG, and EWS-ERG expression in infected L-G cells. Whole-cell extracts were fractionated by SDS-PAGE, and
the bands of ERG, FUS-ERG, and EWS-ERG proteins were detected with anti-ERG antibody (arrowheads). The relatively slower migration of FUS-ERG and
EWS-ERG, which have lower molecular weights than ERG, may be due to high Gly, Ser, and Gln contents of their N-terminal regions (35). (C) Growth curves of the
infected L-G cells in the presence of 10 ng of G-CSF per ml. The relative numbers of viable cells are indicated. (D) Nuclear morphology of the infected cells. The cells
cultured in the presence of G-CSF for 6 days were stained with May-Gruenwald’s and Giemsa’s solutions.

E74 oligonucleotide probe was prepared by annealing of synthetic oligonucleo-
tides E74F (AATAACCGGAAGTAACTC) and E74R (GAGTTACTTCCGG
TTATT) and by 3P labelling with T4 polynucleotide kinase and [y->*P]ATP.
Mutant E74 oligonucleotide competitor was prepared by annealing of synthetic
oligonucleotides E74Fm (AATAACCCCAAGTAACTC) and E74Rm (GAGT
TACTTGGGGTTATT). *?P-labelled E74 oligonucleotide (50 pmol) and 0.5 to
2 pl of the diluted extracts were incubated with 10 nmol of mutant E74 oligo-
nucleotide competitor in 20 pl of binding buffer [20 mM Tris-HCI (pH 8.0), 2
mM MgCl,, 50 mM NaCl, 1 mM EDTA, 1 mM dithiothreitol, 10% glycerol, 100
pg of bovine serum albumin per ml, 50 pg of poly(dI-dC) per ml] at room
temperature for 20 min, and complexes were separated by electrophoresis in 4%
polyacrylamide gels. The shifted bands were observed with a BAS2000 image
analyzer.

Nucleotide sequence accession number. The sequence of C14G220 has been
assigned accession no. AB028209.

RESULTS

FUS-ERG transforms L-G myeloid precursor cells. The
t(16;21) leukemia-associated chimeric protein FUS-ERG
structurally resembles the Ewing’s sarcoma-associated chi-
meric protein EWS-ERG. To investigate the role of FUS-ERG
in leukemogenesis by comparison with ERG and EWS-ERG,
we constructed recombinant retroviruses to express these pro-
teins (Fig. 1A). Concerning FUS-ERG and EWS-ERG, some
variants attributable to differences in their translocational
breakpoints have been described (17, 46). We used the small-
est forms of these proteins containing FUS exons 1 to 5 or
EWS exons 1 to 7 fused to ERG exon 9. In addition, ERG has
several splicing isoforms, as reported by Rao et al. (38), Duter-

que-Coquillaud et al. (10), and Prasad et al. (34). We used a
455-amino-acid isoform (see Materials and Methods), since
this form was mainly expressed in the t(16;21) leukemia cells
which we examined.

A mouse myeloid precursor cell line, L-G, has been used
successfully to investigate the leukemogenic function of the
fusion gene associated with acute myeloid leukemia (16). L-G
cells proliferate in the presence of IL-3 and differentiate into
mature neutrophils when G-CSF is added to medium in place
of IL-3 (15). We used this cell line to analyze the effects of
ERG, FUS-ERG, and EWS-ERG on myeloid-cell differentia-
tion. L-G cells were infected with retroviruses to express these
proteins, and the infected cells were selected by G418 resis-
tance. The expression of the ERG, FUS-ERG, and EWS-ERG
proteins in the infected cells was confirmed by immunoblotting
analysis with anti-ERG antibody (Fig. 1B). The cells expressing
ERG, FUS-ERG, and EWS-ERG proliferated in the presence
of IL-3 and died in the absence of cytokines, like control cells
infected with a mock retrovirus (data not shown). In the pres-
ence of G-CSF, the control and EWS-ERG-expressing cells
did not proliferate (Fig. 1C) but morphologically differentiated
into mature neutrophils (Fig. 1D). In contrast, the FUS-ERG-
expressing cells proliferated exponentially in response to G-
CSF (Fig. 1C) without differentiating into neutrophils (Fig.
1D). These results indicated that FUS-ERG possessed a trans-
formation activity that inhibited the differentiation of L-G cells
into neutrophils and induced their G-CSF-dependent prolifer-
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FIG. 2. The FUS N-terminal region and the ERG ETS domain are necessary for transformation of L-G cells. (A) Structures of HA-FUS-ERG, HFEAFUS,
HFEAERG, and HFEAETS. Amino acids 1 to 265, 266 to 438, and 303 to 343 of FUS-ERG are deleted in HFEAFUS, HFEAERG, and HFEAETS, respectively. (B)
Immunoblot analysis of HA-FUS-ERG, HFEAFUS, HFEAERG, and HFEAETS expression in the infected L-G cells. Whole-cell extracts were fractionated, and the
bands of HA-FUS-ERG, HFEAFUS, HFEAERG, and HFEAETS proteins were detected with anti-HA antibody (arrowheads). (C) Growth curves of the infected L-G
cells in the presence of 10 ng of G-CSF per ml. (D) Nuclear morphology of the HFEAFUS-expressing L-G cells. The cells cultured in the presence of G-CSF for 6

days were stained with May-Gruenwald’s and Giemsa’s solutions.

ation. This was in contrast to EWS-ERG, which possessed no
such activity. The ERG-expressing cells displayed an interme-
diate phenotype, as shown by their weak proliferation and
sporadic differentiation (Fig. 1C and D).

To determine the contribution of the N-terminal FUS and
C-terminal ERG regions of FUS-ERG in the L-G-transform-
ing activity, we constructed HA-tagged deletion mutants lack-
ing parts of the chimeric protein (Fig. 2A) and introduced
them into L-G cells by infecting the cells with recombinant
retroviruses. The expression of these mutant proteins in the
infected cells was confirmed by immunoblot analysis with an-
ti-HA antibody (Fig. 2B). The cells expressing HA-tagged
FUS-ERG proliferated without differentiating in the presence
of G-CSF (Fig. 2C and D), like the cells expressing FUS-ERG
without the tag, indicating that HA tagging did not inhibit the
L-G-transforming activity. On the other hand, the cells ex-
pressing the FUS (amino acids 1 to 265)-deleted mutant
HFEAFUS or the ERG (amino acids 266 to 438)-deleted mu-
tant HFEAERG did not proliferate (Fig. 2C) and morpholog-
ically differentiated into mature neutrophils (Fig. 2D and data
not shown), like the control cells. These results indicated that
both of the FUS and ERG regions are required for the trans-
formation activity of FUS-ERG to inhibit the differentiation
and stimulate the G-CSF-dependent proliferation of L-G cells.

In addition, we constructed a mutant lacking amino acids 303
to 343 within the ETS DNA-binding domain (Fig. 2A). The
cells expressing this mutant HFEAETS also did not proliferate
(Fig. 2C) and morphologically differentiated into mature neu-
trophils in the presence of G-CSF (data not shown). Although
this mutant lacks a part of the ETS domain which contains the
nuclear localization signal, this protein was still localized to the
nucleus (data not shown). Thus, these results suggested that
the DNA-binding activity of the ETS domain is required and
FUS-ERG functions as a chimeric transcription factor in the
transformation of L-G cells.

FUS amino acids 174 to 265 corresponding to exons 6 and 7
are required to transform L-G cells. FUS-ERG transformed
L-G cells, whereas EWS-ERG did not. To identify a critical
region within the N-terminal FUS region for the transforma-
tion of L-G cells, we constructed several mutants with dele-
tions from the N-terminal or C-terminal end of the FUS region
(Fig. 3A). The deletions in these mutants corresponded ap-
proximately to the exon-intron structures of the FUS gene, as
shown in Fig. 3A. These mutants were introduced into L-G
cells by infection with retroviruses, and the transformation
phenotypes of the infected cells were examined. The expres-
sion of these mutant proteins in the infected cells was con-
firmed by immunoblot analysis with anti-HA antibody (Fig.
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FIG. 3. FUS amino acids 174 to 265 are necessary for transformation of L-G cells. (A) Structures of HA-FUS-ERG deletion mutants lacking parts of the N-terminal
FUS portion. The deletions of these mutants nearly correspond to the exon-intron structure of the FUS gene, as indicated. (B) Immunoblot analysis of the expression
of HA-FUS-ERG N-terminal deletion mutants in the infected L-G cells. Whole-cell extracts were fractionated, and the bands of these deletion mutants were detected
with anti-HA antibody (arrowheads). HFEA1-110-expressing cells generated two major bands. It is likely that the smaller one was a C-terminus-truncated protein, since
it could not be detected with anti-ERG antibody. (C) Growth curves of the infected L-G cells in the presence of 10 ng of G-CSF per ml. (D) Nuclear morphology of
the HFEA1-173- and HFEA174-265-expressing L-G cells. The cells cultured in the presence of G-CSF for 6 days were stained with May-Gruenwald’s and Giemsa’s

solutions.

3B). The N-terminal deletion mutants HFEA1-64, HFEA1-
110, and HFEA1-173 stimulated the G-CSF-dependent prolif-
eration (Fig. 3C) and inhibited the differentiation (Fig. 3D and
data not shown), while the growth rates of the cells expressing
these mutants were decreased to some extent by these dele-
tions. The HFEA1-173-expressing cells proliferated at almost
the same growth rate as the ERG-expressing cells did (Fig. 1C
and 3C), but their differentiation was likely to be inhibited
more strongly (see Fig. 1D and 3D). On the other hand, the
C-terminal deletion mutants HFEA174-265, HFEA111-265,
and HFEA67-265 neither stimulated the G-CSF-dependent
proliferation (Fig. 3C) nor inhibited differentiation (Fig. 3D
and data not shown), like HFEAFUS, a mutant lacking all of
the FUS region. These results indicated that the region be-
tween amino acids 174 and 265 is critical for the L-G-trans-
forming activity. This region corresponds to FUS exons 6 and
7 and contains a part of the SYGQQS repeat region and all of
the first RGG repeat region (Fig. 3A).

FUS amino acids 1 to 173, corresponding to exons 1 to 5, are
required to transform NIH 3T3 cells. The Ewing’s sarcoma-
associated chimeric transcription factor EWS-FLI1 and its ar-
tificial derivative FUS-FLI1 were reported to induce anchor-
age-independent growth of fibroblast cells in agar medium
when a mouse fibroblast cell line, NIH 3T3, was used (20, 23,
24, 44). We examined such an activity of ERG, FUS-ERG,
EWS-ERG, and some FUS-ERG mutants. NIH 3T3 cells were
infected with recombinant retroviruses, and the infected cells
were selected by their G418 resistance. The expression of these
proteins was confirmed by immunoblot analysis with anti-ERG
or anti-HA antibody (data not shown). The infected cells were
plated in soft agar medium, and macroscopically visible colo-
nies were counted after 2 weeks of culture. The cells expressing
FUS-ERG and EWS-ERG efficiently formed colonies, while
the cells expressing ERG did not, like control cells infected
with a mock retrovirus (Table 1). The cells expressing
HFEAFUS, HFEAERG, and HFEAETS also did not form
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TABLE 1. Transformation of NIH 3T3 cells by ERG, FUS-ERG,
EWS-ERG, and FUS-ERG mutants

No. of colonies in
soft agar®

.................................................................................... 0
. 0
.89.0 + 184
1923 + 14.6
..................................................................... 82.7+21.4

Construct

HFEA174-265

“ A total of 5 X 10? cells of NIH 3T3 infectants were plated, and macroscop-
ically visible colonies were counted after a 2-week culture. Values represent
means * standard deviations of counts from three plates.

colonies (Table 1). These results indicated that, like EWS-
FLI1 and FUS-FLI1, both FUS-ERG and EWS-ERG have the
transformation potential to induce colony formation of NIH
3T3 cells in soft agar medium and that this NIH 3T3-trans-
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forming activity requires both the N-terminal FUS region and
the ETS DNA-binding domain.

HFEA1-173 and HFEA174-265 were also introduced into
NIH 3T3 cells by using the retrovirus vector. The cells express-
ing HFEA174-265 formed colonies as efficiently as wild-type
FUS-ERG did, while the cells expressing HFEA1-173 did not
(Table 1). Accordingly, HFEA1-173, which transformed L-G
cells, did not transform NIH 3T3 cells, and HFEA174-265,
which did not transform L-G cells, transformed NIH 3T3 cells.
These results indicated that the region between amino acids 1
and 173, which corresponds to FUS exons 1 to 5, contains a
functional domain required for the NIH 3T3-transforming ac-
tivity but not for the L-G-transforming activity, and that the
region between amino acids 174 and 265, which corresponds to
FUS exons 6 and 7, contains another functional domain re-
quired for the L-G-transforming activity but not for the NIH
3T3-transforming activity. Because the ETS DNA-binding do-
main is always required for these transformation activities,
these two domains may function as transcriptional regulation
domains. We have named these domains TR1 and TR2 (trans-
forming regulation domain 1 and 2).

EWS amino acids 266 to 337, corresponding to exons 8 and
9, possess the TR2 function. EWS-ERG transformed NIH 3T3

C
1000
$ HA-FUS-ERG (o)
100 HFEAFUS+W266-337 ()
HFEA1-173 (a)
10
HFEAFUS (w)
]
0.1 T T T T T T T
0 1 2 3 4 5 6 7 8

Time (days)

HFEAFUS+W266-337

FIG. 4. EWS amino acids 266 to 337 are functional for transformation of L-G cells. (A) Structures of FUS, EWS, and HFEAFUS+W266-337. The SYGQQS repeat
region, RGG repeat region, RRM, and Zn finger motif are indicated. FUS exons 6 and 7 and EWS exons 8 and 9 are structurally conserved (1, 26, 33). In
HFEAFUS+W266-337, EWS amino acids 266 to 337, which correspond to exons 8 and 9, were joined to the C-terminal ERG portion. (B) Immunoblot analysis of
HA-FUS-ERG, HFEA1-173, HFEAFUS+W266-337, and HFEAFUS expression in the infected L-G cells. Whole-cell extracts were fractionated, and the bands of
HA-FUS-ERG, HFEA1-173, HFEAFUS +W266-337, and HFEAFUS proteins were detected with anti-HA antibody (arrowheads). (C) Growth curves of the infected
L-G cells in the presence of 10 ng of G-CSF per ml. (D) Nuclear morphology of the HFEAFUS+W266-337-expressing L-G cells. The cells cultured in the presence
of G-CSF for 6 days were stained with May-Gruenwald’s and Giemsa’s solutions.



VoL. 19, 1999

Q 3

O o Y

A ORY] N on &

. X _uoTT2N~

S uwWHBSP9Lg

P L) <= W

c O w c T wuwuw

SEOD= o< bbb

Qui Loz x
C14G220 —
120G440 —
(Granzyme B)

HFEA1-173
HFEAFUS
| HFEA174-265

ERG
| FUS-ERG

| EWS-ERG
|| HA-FUS-ERG

| Control

C14G220

-,

Granzyme B : lm

coron || |

FIG. 5. Alteration of cellular gene expression by FUS-ERG and FUS-ERG
mutants. (A) mRNA differential-display patterns of C14G220 and 120G440
(granzyme B) expression in control and ERG, FUS-ERG, EWS-ERG, and
FUS-ERG mutant-expressing L-G cells. (B) Northern analysis of C14G220,
granzyme B, and G-CSF receptor expression in control and ERG, FUS-ERG,
EWS-ERG, and FUS-ERG mutant-expressing L-G cells. Glyceraldehyde
3-phosphate dehydrogenase (G3PDH) was used as a control. The C14G220
expression was enhanced and the granzyme B expression was repressed in cells
expressing TR1-containing constructs, FUS-ERG, EWS-ERG, HA-FUS-ERG,
and HFEA174-265. The G-CSF receptor (G-CSFR) expression was enhanced in
cells expressing TR2-containing constructs, FUS-ERG, HA-FUS-ERG, and
HFEA1-173.

cells but not L-G cells, while FUS-ERG transformed both
types of cells. FUS and EWS exhibit similarity not only at the
amino acid sequence level but also in their exon-intron struc-
tures (1, 26, 33). FUS exons 6 and 7 corresponded to EWS
exons 8 and 9 (Fig. 4A), and these two regions contain the first
RGG repeat region. The EWS-ERG construct which we used
contained only EWS exons 1 to 7. Thus, to examine whether
EWS has a domain required for the L-G transformation, we
constructed a mutant, HFEAFUS+W266-337 (Fig. 4A), in
which EWS amino acids 266 to 337, corresponding to EWS
exons 8 and 9, were fused to the C-terminal ERG portion, and
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examined its transformation potential in L-G cells. The cells
expressing HFEAFUS+W266-337 proliferated exponentially
in response to G-CSF (Fig. 4C) without differentiating into
mature neutrophils (Fig. 4D). This result indicated that EWS
possesses the TR2 function between amino acids 266 and 337.
It is likely that EWS-ERG failed to transform L-G cells in the
above experiment because it lacked this region.

Alteration of cellular gene expression induced by FUS-ERG.
Because the ETS DNA-binding domain is required for the
transformation of both L-G and NIH 3T3 cells by FUS-ERG,
it seems likely that FUS-ERG functions as a transcription
factor to change the expression of cellular genes. To investi-
gate any changes in gene expression induced by FUS-ERG, we
used the mRNA differential display method (12, 21). First,
total RNAs were prepared from FUS-ERG-expressing L-G
cells and control cells. Next, cDNAs were synthesized by using
four oligo(dT) primers (GT,;sMN, where M = A + C + G and
N = A, C, G, or T) and PCR amplified between the same four
oligo(dT) primers and 160 arbitrary 10-mers (in total, 640
primer pairs). Then the resulting PCR products were sepa-
rated by gel electrophoresis and their intensities were com-
pared between FUS-ERG-expressing cells and control cells.
We screened about 20,000 bands with 640 primer pairs and
identified 2 bands whose intensities were enhanced or re-
pressed by FUS-ERG expression. Cloning and sequencing
analysis of the enhanced band C14G220 and the repressed
band 120G440 revealed that 120G440 was derived from the
granzyme B gene but that C14G220 did not match any known
genes in the database. We examined the expression of these
genes in L-G cells expressing ERG, FUS-ERG, EWS-ERG,
HA-FUS-ERG, HFEA1-173, HFEAFUS, and HFEA174-265
(Fig. 5A). The expression of C14G220 was up-regulated and
the expression of granzyme B was down-regulated in cells
expressing FUS-ERG, EWS-ERG, or HFEA174-265, but their
levels remained unchanged in HFEA1-173-expressing cells
(Fig. 5A). These alterations of expression were confirmed by
Northern hybridization analysis (Fig. 5B).

In addition to mRNA differential-display screening, the ex-
pression of some of the genes known to be involved in myeloid-
cell proliferation and differentiation was compared between
the FUS-ERG-expressing and control L-G cells by Northern
hybridization analysis. We found that the expression of the
G-CSF receptor gene was enhanced approximately five- to
eightfold in FUS-ERG-expressing cells. This enhancement of
expression was also observed in HFEA1-173-expressing cells
but not in cells expressing EWS-ERG or HFEA174-265 (Fig.
5B).

The above data is summarized in Table 2. FUS-ERG, EWS-
ERG, and HFEA174-265, which contain TR1, changed the
expression of two genes identified by the mRNA differential
display, and FUS-ERG and HFEA1-173, which contain TR2,

TABLE 2. Alteration of cellular gene expression by FUS-ERG,
EWS-ERG, and FUS-ERG mutants

Regulation of expression of:

Construct N—terrpinal
domain(s) 146220  Grangyme B~ O SF
receptor

FUS-ERG TR1 + TR2 Up Down Up
EWS-ERG TR1 Up Down
HA-FUS-ERG TR1 + TR2 Up Down Up
HFEAFUS None
HFEA1-173 TR2 Up
HFEA174-265 TR1 Up Down
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FIG. 6. Binding to the E74 sequence of FUS-ERG mutants. (A) Immunoblot
analysis of in vitro-translated ERG, HA-FUS-ERG, HFEA1-173, HFEAFUS,
HFEA174-265, and HFEAETS. The in vitro-translated extracts were diluted to
equalize the concentrations of the synthesized proteins (see Materials and Meth-
ods), and the same amounts of the diluted extracts were fractionated by SDS-
PAGE. The bands of ERG, HA-FUS-ERG, HFEA1-173, HFEA174-265, and
HFEAETS proteins were detected with anti-ERG antibody (arrowhead). (B)
Electrophoretic mobility shift assay with in vitro-translated proteins. *>P-labelled
E74 oligonucleotide and different amounts (0.5, 1, and 2 wl) of the diluted
extracts were incubated with cold mutant E74 oligonucleotide. The protein-
bound E74 oligonucleotides were fractionated in a 4% polyacrylamide gel (ar-
rowheads).

enhanced the expression of the G-CSF receptor gene. Thus,
among three genes studied, the expression of two genes seems
to be regulated in a TR1-dependent manner and the expres-
sion of the G-CSF receptor gene seems to be regulated in a
TR2-dependent manner.

DNA-binding properties of FUS-ERG mutants. Prasad et al.
(35) showed that ERG and FUS-ERG bind to the E74 se-
quence in a sequence-specific manner in an electrophoretic
mobility shift assay. We examined the binding to the E74
sequence of some FUS-ERG mutants with a similar experi-
ment involving in vitro-translated proteins (Fig. 6). When a
mutant E74 oligonucleotide (with a GGAA-to-CCAA change
in the ETS core-binding site) was added as a competitor, ERG
and HA-FUS-ERG specifically bound to the E74 oligonucle-
otide, as in the previous work, while an ETS DNA-binding
domain-deleted mutant HFEAETS did not (Fig. 6B). All of the
FUS region-deleted mutants which we examined, HFEA1-173

MoL. CELL. BIOL.

lacking TR1, HFEA174-265 lacking TR2, and HFEAFUS
lacking both TR1 and TR2, bound to the E74 sequence spe-
cifically but showed different band intensities (Fig. 6B).
HFEA174-265 bound as efficiently as ERG and HA-FUS-
ERG, but HFEA1-173 and HFEAFUS bound more weakly to
the E74 oligonucleotide. It seems likely that the N-terminal
region of ERG and TR1 of FUS stabilize the ETS domain-E74
complex.

DISCUSSION

We have found that the t(16;21) leukemia-associated chi-
meric protein FUS-ERG inhibits the differentiation of L-G
cells into neutrophils and stimulates their G-CSF-dependent
proliferation and, in addition, induces the anchorage-indepen-
dent growth of NIH 3T3 cells. These two transformation ac-
tivities depend on two different domains, TR1 and TR2, lo-
cated in the N-terminal FUS region of FUS-ERG. TR1, which
is located between FUS amino acids 1 and 173 (exons 1 to 5),
is required for NIH 3T3 transformation but not for L-G trans-
formation, and TR2, which is located between FUS amino
acids 174 and 265 (exons 6 and 7), is required for L-G trans-
formation but not for NIH 3T3 transformation.

TR1 and TR2 domains in FUS and EWS. FUS and EWS
belong to a distinct family of RNA-binding proteins that ex-
hibit a high degree of similarity in their amino acid sequences
and exon-intron structures. Unlike FUS-ERG, EWS-ERG was
unable to transform L-G cells in early experiments. However,
FUS-ERG and EWS-ERG had the same transformation ac-
tivities when appropriate regions of FUS and EWS were fused
to the C-terminal region of ERG. FUS exons 1 to 5 (amino
acids 1 to 173) containing TR1 correspond to EWS exons 1 to
7 (amino acids 1 to 264). Our EWS-ERG construct containing
EWS amino acids 1 to 264 was able to transform NIH 3T3
cells, indicating the presence of the TR1 function in EWS.
FUS exons 6 and 7 (amino acids 174 to 265) containing TR2
correspond to EWS exons 8 and 9 (amino acids 265 to 335). An
EWS-ERG derivative, HFEAFUS+W265-335, containing
EWS amino acids 265 to 335, was able to transform L-G cells,
indicating the presence of the TR2 function in EWS. The
presence of the TR1 and TR2 functions in EWS suggests that
TR1 and TR2 are conserved functional domains between FUS
and EWS, although the normal functions of these domains are
still unknown.

Involvement of TR1 and TR2 domains in other malignant
tumors. Translocations of FUS and EWS are involved in many
malignant tumors including t(16;21) acute myeloid leukemia,
myxoid liposarcoma, and Ewing’s sarcoma. The N-terminal
regions of FUS and EWS, which we analyzed in the chimeric
proteins with ERG, are expected to function through common
or similar mechanisms when fused to other transcription fac-
tors. We summarize the translocated regions of FUS and EWS
in these tumors in Fig. 7. In most of these tumors, the trans-
located regions included in the chimeric proteins varied among
patients, depending on the location of the translocation break-
point. FUS exons 1 to 7 or 1 to 8 were translocated and fused
to ERG in t(16;21) acute myeloid leukemia (17). Thus, the
resulting FUS-ERG chimeric proteins always contained the
TR2 domain, confirming the importance of this domain for the
leukemogenic potential of FUS-ERG. On the other hand, FUS
exons 1 to 5 or 1 to 7 were translocated and fused to CHOP in
myxoid liposarcoma (28). EWS exons 1 to 7, 1 to 9, or 1 to 10
were translocated and fused to FLII or ERG in Ewing’s sar-
coma (46). In all of these tumors except t(16;21) leukemia and
malignant melanoma of soft tissue, exons 1 to 5 of FUS or
exons 1 to 7 of EWS were the minimal common regions in-
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FIG. 7. The TR2 domain is always present in FUS-ERG chimeric protein of t(16;21) acute myeloid leukemia but not in chimeric proteins of other malignant tumors.
Translocated regions of FUS and EWS found in myxoid liposarcoma with t(12;16) (27), acute myeloid leukemia with t(16;21) (17), Ewing’s sarcoma with t(11;22) and
t(21;22) (46), malignant melanoma of soft tissue with t(12;22) (45), desmoplastic round-cell tumor with t(11;22) (19), and extraskeletal myxoid chondrosarcoma with
t(9;22) (18) are summarized. Regions which are translocated and present in chimeric proteins are indicated by bars. Ratios of the number of relevant cases to the total
number of cases are also shown on the left. In two cases of myxoid liposarcoma, two types of FUS-CHOP chimeric proteins containing exons 1 to 5 and exons 1 to 7
were present at the same time. In one case of extraskeletal myxoid chondrosarcoma, translocation occurred within exon 12 of EWS. The SYGQQS repeat region, RGG

repeat region, RRM, and Zn finger motif are indicated by hatched boxes, as in Fig.

cluded in the relevant chimeric proteins, which contain the
TR1 domain but not the TR2 domain. In malignant melanoma
of soft tissue, EWS exons 1 to 8 were always translocated and
fused to ATFI, but this is probably due to formation of an
in-frame junction, because fusion of EWS exon 7 to ATF1
results in the formation of an out-of-frame junction (45). Ac-
cordingly, the TR1 domain is always involved in all tumor-
associated FUS or EWS chimeric proteins. In contrast, the
TR2 domain is involved in only FUS-ERG of t(16;21) leuke-
mia. Thus, it is likely that TR1 is an effector domain that
functions in a broad spectrum of malignant tumors and that
TR2 plays a specific role in acute myeloid leukemia.

TR1 and TR2 may function as transcriptional regulation
domains to determine target gene specificity. Since the ETS
DNA-binding domain is absolutely required for both L-G and

4. aa, amino acids.

NIH 3T3 transformation by FUS-ERG, it is suggested that
FUS-ERG functions as a transcription factor to alter the tran-
scription pattern of cellular genes, which leads to cell transfor-
mation. Actually, it was reported that both FUS-ERG and
ERG function as transcriptional activators on an artificial pro-
moter containing the E74 ETS-binding sequence (35). How-
ever, FUS-ERG was unable to activate transcription from nat-
ural promoters known to be regulated by ERG, such as those
of stromelysin 1 and vimentin (3, 5), in our reporter assay
system with NIH 3T3 cells, although ERG activated these
promoters (11a). In the present study, we identified three cel-
lular genes whose expression was altered by ectopic expression
of FUS-ERG in L-G cells, although it is unknown at present
whether these genes were regulated directly or indirectly. The
expression of these genes was not affected or was only slightly
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FIG. 8. Model for the simultaneous activation of two oncogenic pathways for leukemogenesis by FUS-ERG. FUS-ERG enhances (or represses) the expression of
a group of genes (represented by gene X) in a TR1-dependent and TR2-independent manner, and these genes activate an oncogenic pathway which causes the
transformation of NIH 3T3 cells. At the same time, FUS-ERG enhances (or represses) the expression of another group of genes (represented by gene Y) in a
TR1-independent and TR2-dependent manner, and these genes activate another oncogenic pathway, which causes the transformation of L-G cells. The simultaneous
regulation of different groups of genes by FUS-ERG may cause the simultaneous activation of two different oncogenic pathways, resulting in acute myeloid leukemia.

influenced by ERG (Fig. 5). In particular, the expression of the
G-CSF receptor, which was up-regulated by FUS-ERG, was
instead down-regulated by ERG. Although ERG stimulated
the G-CSF-dependent proliferation of L-G cells, it seems likely
that the underlying mechanisms and downstream target genes
of ERG and FUS-ERG are different. Concerning the down-
stream genes, it is more important that the expression of gran-
zyme B and C14G220 was not changed by a FUS-ERG mutant
lacking TR1 and that the expression of G-CSF receptor was
not up-regulated by a mutant lacking TR2. These results indi-
cated that FUS-ERG regulates the different sets of genes in
TR1- and TR2-dependent manners (Fig. 8). TR1 and TR2 may
function as transcriptional regulation domains to determine
target gene specificity.

How do TR1 and TR2 determine the target gene specificity?
As shown in Fig. 6, all of FUS-ERG, a TR1 deletion mutant,
HFEA1-173, and a TR2 deletion mutant, HFEA174-265 spe-
cifically bound to the E74 sequence. It is known that ERG
regulates genes synergistically with other transcription factors
like AP-1 (3). Thus, it is possible that protein-protein interac-
tion mediated by the TR1 and TR2 domains determines the
specificity of target genes regulated by FUS-ERG. On the
other hand, HFEA1-173 bound weakly to the E74 sequence
compared to HFEA174-265. Thus, it is also conceivable that
HFEA1-173 may bind to other target sequences better than
HFEA174-265 does. The alteration of binding specificity can
explain the difference in target gene specificity between the
FUS-ERG mutants lacking TR1 and TR2. Prasad et al. (35)
reported that FUS fusion to ERG causes a slight reduction of
the binding-sequence specificity of the ETS domain of ERG.
This reduction may reflect TR2-dependent modulation of the
binding specificity. Recently, Perrotti et al. (31) reported that
FUS functions as a downstream effector of the BCR-ABL
chimeric tyrosine kinase associated with chronic myeloid leu-
kemia and represses the expression of the G-CSF receptor
gene. Thus, it is possible that FUS-ERG dominant-negatively
represses the function of FUS, resulting in up-regulation of the
G-CSF receptor gene. However, this seems unlikely, because
the ETS DNA-binding domain is required for the G-CSF re-
ceptor up-regulation (data not shown).

Enhanced expression of the G-CSF receptor. In this study,
we found that the expression of the G-CSF receptor is en-
hanced by FUS-ERG. The AMLI-MTGS8 chimeric protein,
which is associated with t(8;21) acute myeloid leukemia and
has a similar L-G-transforming activity (16), also enhances the

G-CSF receptor expression (40a). G-CSF is a cytokine known
to stimulate the proliferation of myeloid precursor cells. The
enhanced expression of the G-CSF receptor in L-G cells in-
duces their G-CSF-dependent proliferation like FUS-ERG
and AML1-MTGS, although it does not inhibit the differenti-
ation (40a). In addition, proliferation of a t(16;21) leukemia
cell line, YNH-1, is stimulated by G-CSF (43). These findings
suggest that the G-CSF receptor is one of target genes respon-
sible for the oncogenic activity of FUS-ERG and that overex-
pression of the G-CSF receptor and resulting enhanced G-CSF
signalling may contribute to the leukemogenesis of the t(16;21)
leukemia.

Simultaneous activation of two independent oncogenic path-
ways by FUS-ERG. FUS-ERG can inhibit the differentiation
and stimulate the G-CSF-dependent proliferation of L-G cells
as well as induce the anchorage-independent growth of NIH
3T3 cells. Recently, Pereira et al. (30) reported that FUS-ERG
has the potential to enhance the proliferative and self-renewal
capacity of myeloid progenitor cells. The relation of this po-
tential to the transforming activities that we identified is not
known, because its structural requirement has not been re-
ported. On the other hand, the requirement of distinct do-
mains for L-G- and NIH 3T3-transforming activities suggests
that these activities reflect independent oncogenic potentials
of FUS-ERG and that FUS-ERG simultaneously activates two
independent oncogenic pathways in t(16;21) leukemia cells
(Fig. 8).

As described above, AML1-MTGS has a similar L-G-trans-
forming activity. The BCR-ABL chimeric protein associated
with chronic myelogenous leukemia transforms a mouse fibro-
blast cell line, Rat-1 (22). It is still unknown whether the L-G
transformation by FUS-ERG and AMLI1-MTGS8 occurs
through the same mechanism. In addition, it is likely that the
fibroblast cell transformation activities of FUS-ERG and
BCR-ABL reflect the different oncogenic potentials, since
BCR-ABL does not transform NIH 3T3 cells (8). However, the
similarity in the transformation activities between FUS-ERG
and other leukemia chimeric proteins suggests the importance
of these two transformation activities of FUS-ERG in leuke-
mogenesis. Kong et al. (17) reported that t(16;21) acute my-
eloid leukemia has a very poor prognosis compared to other
types of leukemia. The simultaneous activation of two path-
ways may explain this poor prognosis.
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