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Abstract

Thet(16;21)(pll;q22)translocationIsa recurrentchromosomalabnor
mality found in several types of myeloid leukemia. We have previously
demonstrated that the breakpoints of this translocation are clustered in a
s@fic intron of the ERG gene on chromosome 21, whIch has recently

been reported to be involved in Ewing's sarcoma. We show here that the
TLS/FUS gene on chromosome 16 is fused with the ERG gene to produce

the TLSIFUS-ERGchimerictranscriptby this translocation.The TLS/
FUS gene has been identified as a translocated gene In myxoid liposar
coma by the t(12;16)(q13;pll) translocation and encodes an RNA-binding
protein that is highly homologous to the product ofthe EWS gene involved
in Ewing's sarcoma. Thus, the TLS/FUS-ERG gene fusion in t(16;21)

leukemia is predicted to produce a protein that is very similar to the

EWS-ERG chimeric protein responsible for Ewing's sarcoma.

Introduction

Chromosomal translocations have been recognized as important
events in the pathogenesis of hematopoietic malignancies. By molec
ular analysis of these translocations, many protooncogenes involved
in neoplastic processes have been identified (1, 2). The t(16;21)(jlll;
q22) translocation is a recurrent chromosomal abnormality found in
human AML3 (3â€”5),blastic crisis of chronic myeloid leukemia (6),
and myelodysplastic syndrome that has evolved to AML.4 We have
previously mapped the breakpoint on the Not! restriction map of
chromosome 21 and shown that the ERG gene, a member of the ets
protooncogene family on chromosome 21, is rearranged by this trans
location (7).

Recently, some specific chromosomal translocations in solid tu
mors have also been analyzed and characteristic gene fusions have
been reported. In Ewing's sarcoma and related peripheral neuroecto
dermal tumors, the EWS gene encoding an RNA-binding protein is
fused to an ets family gene FLu or ERG by t(11;22) or t(21;22)
translocation, respectively (8â€”10).EWS has also been shown to fuse
with the ATFJ gene encoding a transcription factor in malignant
melanoma of soft parts with t(12;22) translocation (1 1). In myxoid
liposarcoma, the TLS/FUS gene encoding an RNA-binding protein
similar to EWS is fused to the CHOP gene encoding a transcription
regulator of the CIEBP family by t(12;16) translocation (12, 13). In
these solid tumors, the RNA-binding domain of EWS or TLS/FUS is
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replaced with the DNA-binding domain of transcription factors by the
respective translocation.

In this paper, we report that the t(16;21) translocation in myeloid
leukemia fuses TLS/FUS to ERG and causes the replacement of the
RNA-binding domain of TLS/FUS with the DNA-binding domain of
ERG.

Materials and Methods

Cells and Cell Lines. Peripheral blood or bone marrow cells were obtained
from four myeloid leukemia patients with t(16;21)(pll;q22) either at diagnosis
(patients 4 and 6) or in relapse (patients 5 and 7) and from two healthy
volunteers. Patients 4 and 5 have been described previously (7). Patients 6 and
7 were diagnosed as having AML, M2 and M5 subtypes of the French

American-British classification, respectively. A t(16;21) leukemia cell line,
UTP-L12, was established by culturing bone marrow cells obtained from
patient 4 in relapse in a granulocyte-macrophage colony-stimulating factor
containing medium. A Burkitt's lymphoma cell line, Namalwa, was also used
as a control.

Southern Blot Analysis. Genomic DNA prepared from peripheral blood or
bone marrow cells was digested with the restriction enzyme BamHI, separated
by electrophoresis, and transferred to a nylon membrane (Hybond-N; Amer
sham) using standard methods. Hybridization and autoradiography were per
formed as described previously (14).

RT-PCR and Primers. Total RNA of cultured cells and peripheral blood
or bone marrow cells was isolated by the acid guanidinium thiocyanate/phenol/
chloroform method (15). From 1 @gof this RNA, cDNA was synthesized in 20

@.dof the reaction mixture using a SuperScript preampliuication system
(GIBCO-BRL).Using0.4 @.dof thecDNAproduct,PCRamplificationwas
carried out in 20 @lof the reaction mixture by 35 cycles of denaturation at
95Â°Cfor 20 s, annealing at 60Â°Cfor 30 s, and extension at 72Â°Cfor 1 mm, as
described previously (7). The amplified products were analyzed by electro
phoresis in 4% NuSieve 3:1 agarose (FMC BioProducts) gel. For use as a

hybridization probe, the PCR product was electrophoresed in 2% SeaPlaque
GTGagarose(FMCBioProducts)gel andextractedfromthe agarosegel. PCR
primers for the TLS/FUSand ERG genes (Fig. 1) were designed according to
the known sequences (12, 13, 16) as follows: Ti, GGTGCICFATGAACCCA
GAGG; T2, CAUC1@CACCCAGGCCI'TGC;T3, CTCFCCCVfCAGCIT
GCCAG; El, GGAGATCAGCCFGGACCGGT;and E2, CCFCGTCGG
GATCCGTCATC.

Sequencing of RT-PCR Products. RT-PCR products were cloned into a
plasmid vector using a TA cloning kit (Invitrogen). Plasmid DNA prepared by
a standard method was used for sequencing with an AutoRead sequencing kit
(Pharmacia) and an ALF DNA sequencer (Pharmacia).

Results

Rearrangement of the TLS/FUS Gene on Chromosome 16 in
t(16;21) Leukemia. The breakpoint on chromosome 16 of the
t(16;21) translocation in myeloid leukemia is cytogenetically mapped
at the same band qll.2 as the breakpoint of the t(12;16) translocation
in myxoid liposarcoma. Thus, the TLS/FUSgene located at the break
point in myxoid liposarcoma is a candidate for the translocated gene
in t(16;21) leukemia. Therefore, we prepared several cDNA probes
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Fig.1.Structureof the TLS/FUSandERGtran

scripts previously reported (12, 13, 16). D, coding
regions. Regions which correspond to the structural
or functional domains of their gene products are also
shown: SYGQQS, degenerated Sâ€”Yâ€”G---O--Oâ€”Sre
peats; RGG, Râ€”Gâ€”Grepeat-containing sequence;
RRM, RNA recognition motif homologous se
quence; ETh, the ETS DNA-binding domain. Verti
cal arrows, breakpoints by the t(16;21) transloca
tion; small horizontal arrows below the transcripts,
primers used for RT-PCR; kb, kilobase.
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Fig. 2. Southern blot analysis of genomic DNA
from t(16;21) patients with the TIS/FUS and ERG
probes. BamHl-digested genomic DNA from pe
ripheralbloodor bonemarrowcellsof twohealthy
volunteers (Normal 1 and 2) and three t(16;21) leu
kemia patients (Patients 4â€”6)was electrophoresed,
transferred to a nylon membrane, and hybridized
successively with a TLS/FUS RT-PCR product
probe, T1/T2, and an ERG genomic probe, B7.3.
Common rearranged bands were detected by the
TLS/FUS and ERG probes, as indicated by arrows.
kb, kilobases.
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rearranged andjuxtaposed to ERG in t(i6;21) leukemia and suggested
that a fusion gene(s) is formed between TLS/FUS and ERG.

Fusion between the TLS/FUS and ERG Genes. RT-PCR analysis
of RNA from three t(i6;2i) patients (patients 4, 6, and 7) showed that
both types of fusion genes, 5'-TLS/FUS-ERG-3' and 5'-ERG-TLS/
FUS-3', were formed and expressed in all of the patients. When
primers Ti and E2 (see Fig. 1) were used to detect the TLS/FUS-ERG
chimeric transcript, three PCR products of different sizes were am
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for TLS/FUS by RT-PCR and performed Southern blot analysis of
BamHI-digested genomic DNA from three t(16;21) patients (patients
4â€”6).A rearranged band was detected in addition to two germ line
bands in each of the three patients (Fig. 2) when one of these probes
(T1IF2) was used, which was amplified with primers Ti and T2 (see
Fig. 1). The same rearranged band was also detected with the ERG
B7.3 probe (Fig. 2), which we had previously used to identify the
rearrangement of ERG (7). These results indicated that TLS/FUS is
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A ERG-TLSIFUS fusion gene may not be involved in the pathogenesis
of t(16;21) leukemia.

Sequencing ofthe Junctions of the TLS/FUS-ERG Fusion Tran
scripts. In RT-PCR analysis of the TLS/FUS-ERG fusion gene, three
PCRproductsof differentsizes were generated.Sequence analysis of
these products revealed that they were composed of three types of
TLS/FUS sequences and the same ERG sequence. In the major product

â€”@ of 21 1 base pairs (Product b in Fig. 3A), a 91-base pair TLS/FUS
=@ sequenceisfusedtoa120-basepairERGsequence.TheTLS/FUS

junction point is identical to that previously identified in the TLS/
FUS-CHOP chimeric transcript of myxoid liposarcoma (12, 13). The
transcript corresponding to this major PCR product is expected to
produce the TLSIFUS-ERG chimeric protein since it has an in-frame
junction (Fig. 3B). The other two minor products (Products a and c,
Fig. 3A) either contained a previously unknown 44-base pair sequence
within the TLS/FUS sequence or lacked the 35-base pair TLS/FUS
sequence and fused to ERG with out-of-frame junctions (Fig. 3B).
These minor transcripts may be produced by unusual splicing acti
vated by the t(i6;21) translocation since such splicing products have
not been reported in normal TLS/FUS.

Discussion

The results of this study show that the TLS/FUS gene on chromo
some 16 is fused with the ERG gene on chromosome 21 to form two
types of chimeric genes, ERG-TLS/FUS on der(l6) chromosome and
TLS/FUS-ERG on der(2i) chromosome, by the t(16;21) translocation
in myeloid leukemia. Both types of fusion genes are expressed in
leukemic cells obtained from t(16;21) patients. However, we found
that the der(16) chromosome was lost and ERG-TLS/FUS was not
expressed in a t(16;21) leukemia cell line, UTP-L12, established from
a patient in relapse. This finding strongly suggests that TLS/FUS -ERG
is responsible for the pathogenesis of t(16;21) leukemia, although the
possibility remains that the ERG-TLSIFUS fusion gene may function
in the process of leukemic transformation but may not affect the
proliferating ability of the leukemic cells.

TLS/FUS was first identified as a translocated gene in myxoid
liposarcoma (12, 13) and encodes an RNA-binding protein which has
extensive amino acid sequence homology (56% identical) to the EWS
gene involved in Ewing's sarcoma and related tumors (12). The NH2
terminals of these two gene products consist of multiple repeats of a
degenerated polypeptide motif with the consensus Sâ€”Yâ€”G--Qâ€”Qâ€”S.
These NH2-terminal regions have been suggested to contain a potent
transcription activation domain (17). The COOH terminals contain
two types of sequences implicated in RNA binding: R-.G--G tripeptide
repeats (18) and a sequence of about 90 amino acids homologous to
the RNA recognition motif RRM (19). In myxoid liposarcoma, most
of this COOH-terminal region of TLSIFUS is replaced by the CHOP
protein, a member of CIEBP family (12, 13). In Ewing's sarcoma,
most of the COOH-terminal region of EWS is replaced by the ETS
DNA-binding domain of FLu or ERG (8â€”10) (see Fig. 4). The
present results indicate that a similar replacement also occurs in
leukemia with the t(16;2l) translocation. In the expected product of
the TLS/FUS-ERG fusion gene, the NH2-terminal sequence of
TLS/FUS is fused to the ETS domain of ERG. Thus, the resulting
TLS/FUS-ERG chimeric protein in t(16;21) leukemia has a similar

putative transcription activation domain and the same DNA-binding
domain as the EWS-ERG chimeric protein in Ewing's sarcoma (see Fig.
4). These similar proteins may activate the same genes in the neoplastic
processes of these two different types of tumors. Alternatively, it is also
possible that these proteins activate different genes specific to their tumor
types by interaction with other tissue-specific factors.
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Fig. 3. RT-PCR analysis ofthe TLS/FUS-ERG and ERG-TISIFUS chimeric transcripts

in t(16;21) patients. (A) Detection of RT-PCR products by electrophoresis. The TLS/FUS
ERG and ERG-TLS/FUSchimeric transcripts were amplified with primers Ti and E2 and
primers El and 13 (see Fig. 1), respectively, from RNA of Namaiwa, peripheral blood, or
bone marrow cells from two healthy volunteers (Normal I and 2) and three t(i6;21)
leukemia patients (Patients 4, 6, and 7), and also from the t(16;21) leukemia cell line
UTP-Li2. Three and two RT-PCR products of different sizes were generated with primers
Ti and E2 (TLS/FUS-ERG)and primers El and T3 (ERG-TLS/FUS),respectively
(arrows). (B) Sequence of the junctions of the TLS/FUS-ERG chimeric transcripts. Three
RT-PCR products (a, b, and c) amplified with primers Ti and E2 were cloned and
sequenced. Nucleotide sequences and predicted amino acid sequences around the junc
tions are shown. Among the three products, only Product b has an in-frame junction.

plified from each of the three patient samples, whereas no detectable
products were generated from Namalwa or normal controls (Fig. 3A).
However, when primers El and T3 for the ERG-TLS/FUS chimeric
transcript were used, two PCR products specific to t(i6;21) patients
were also amplified, although their amounts varied among the patients
(Fig. 3A). This variation is likely to reflect the activity of their ERG
promoters, since the corresponding amounts of RT-PCR products for
normal ERG transcripts were amplified (data not shown).

We established a t(16;2i) leukemia cell line, UTP-L12, from the
bone marrow cells of patient 4 in relapse. RT-PCR analysis revealed
that the ERG-TLS/FUS chimeric transcripts are not produced in this
cell line (Fig. 3A). In addition, cytogenetic analysis also showed that
UTP-L12 has lost the der(i6) chromosome carrying the ERG-TLS/
FUS fusion gene (data not shown). These results suggest that the
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Fig. 4. Comparison of the chimeric proteins in myxoid liposarcoma with t(12;i6), myeloid leukemia with t(i6;21), and Ewing's sarcoma with t(2i;22) and t(i i;22). The structure
of the expected TLS/FUS-ERG protein in t(16;21) leukemia is compared with the TLS/FUS-CHOP protein in myxoid liposarcoma and the EWS-ERG and EWS-FLI1 proteins in
Ewing's sarcoma. Although several types of EWS-ERG and EWS-FLI1 proteins are known which contain different regions of EWS, ERG, and FLu, their minimal regions are shown
here. The structural or functional domains of the chimeric proteins are: SYGQQS, degenerated Sâ€”Y-.Gâ€”Qâ€”Qâ€”Srepeats; bliP, the DNA-binding domain consisting of a basic region
and a leucine zipper; RGG, Râ€”Gâ€”Grepeat-containing region; ETS, the ETh DNA-binding domain. Homology of the NH2-terminal region between TLS/FUS and EWS was calculated
according to the alignment reported by Crozat ci aL (12), although many types of alignments are possible.
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