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TEL is a member of the Ets family of transcription factors which are frequently rearranged in human
leukemia. The mechanism of TEL-mediated transformation, however, is unknown. We report the cloning and
characterization of a chromosomal translocation associated with acute myeloid leukemia which fuses TEL to
the ABL tyrosine kinase. The TEL-ABL fusion confers growth factor-independent growth to the murine
hematopoietic cell line Ba/F3 and transforms Rat-1 fibroblasts and primary murine bone marrow cells.
TEL-ABL is constitutively tyrosine phosphorylated and localizes to the cytoskeleton. A TEL-ABL mutant
containing an ABL kinase-inactivating mutation is not constitutively phosphorylated and is nontransforming
but retains cytoskeletal localization. However, constitutive phosphorylation, cytoskeletal localization, and
transformation are all dependent upon a highly conserved region of TEL termed the helix-loop-helix (HLH)
domain. TEL-ABL formed HLH-dependent homo-oligomers in vitro, a process critical for tyrosine kinase
activation. These experiments suggest that oligomerization of TEL-ABL mediated by the TEL HLH domain is
required for tyrosine kinase activation, cytoskeletal localization, and transformation. These data also suggest
that oligomerization of Ets proteins through the highly conserved HLH domain may represent a previously
unrecognized phenomenon.

The aberrant expression of transcription factors is emerging
as a central paradigm in the pathogenesis of human acute
leukemias. The genes encoding transcription factors are fre-
quently the targets of chromosomal translocations, resulting in
the disruption of either the coding or regulatory sequences of
the genes. For example, acute lymphoid leukemias are fre-
quently associated with overexpression of transcription factors
such as MYC or SCL/TAL-1 as a result of their juxtaposition
with either immunoglobulin or T-cell receptor regulatory ele-
ments, respectively (6, 9).
Leukemias of the myeloid lineage are more frequently as-

sociated with the formation of chimeric transcription factors
which result from in-frame fusion of the two genes disrupted
by a chromosomal translocation. This mechanism of transfor-
mation is exemplified by rearrangement of either the a or b
subunit of core binding factor (CBF). The t(8;21) chromo-
somal translocation results in fusion of AML1, the DNA-bind-
ing a subunit of CBF, to ETO, a zinc finger protein of un-
known function (12, 30, 33). AML1-ETO transformation is
thought to be mediated by transcriptional repression of genes
normally activated by CBF (29). Similarly, rearrangement of
the b subunit of CBF in inv(16)-associated leukemia is thought
to interfere with normal CBF function (18, 23). A unifying
theme in all of these examples is the expression of a transcrip-
tion factor with aberrant transactivation properties.
We recently reported an unusual transcription factor chi-

mera: the fusion of a TEL, a new member of the Ets family of
transcription factors, to the platelet-derived growth factor b

receptor (PDGFbR), a receptor tyrosine kinase (17). The
TEL-PDGFbR fusion is invariably associated with chronic my-
elomonocytic leukemia with t(5;12) chromosomal transloca-
tion, but its mechanism of transformation has not been dem-
onstrated. A unique feature of the TEL-PDGFbR fusion is
that TEL does not contribute a DNA-binding domain to the
fusion protein, suggesting that unlike other transcription factor
chimeras, TEL-PDGFbR might transform through a mecha-
nism independent of DNA binding or transcriptional regula-
tion. Other Ets proteins have been shown to be rearranged in
human malignancies, including ERG in myeloid leukemia (46)
and FLI-1, ERG, and ETV1 in Ewing’s sarcoma (10, 20, 48).
Similarly, overexpression of Fli-1 and Spi-1 has been impli-
cated in the pathogenesis of murine erythroleukemias (3, 31).
In all of these examples, however, the Ets DNA-binding do-
main is aberrantly expressed.
To explore the mechanism by which TEL may be contribut-

ing to the pathogenesis of human leukemia, we have studied
additional chromosomal translocations occurring near the
TEL gene locus on 12p13. We report here the positional clon-
ing and functional characterization of a t(9;12;14) transloca-
tion associated with acute myeloid leukemia which results in
fusion of TEL to another tyrosine kinase, ABL. Like the TEL-
PDGFbR fusion, the TEL DNA-binding domain is not incor-
porated into the fusion protein. We show that TEL-ABL is a
tyrosine-phosphorylated cytoskeletal oncoprotein whose activ-
ity is dependent upon oligomerization mediated by an amino-
terminal TEL domain. This region, highly conserved among a
subset of Ets proteins, has been termed the helix-loop-helix
(HLH) (17, 45) or pointed domain (21), but its function is
unknown. The TEL-ABL fusion represents a new mechanism
of ABL activation in human leukemia and suggests that a
principal role of the TEL HLH domain may be to serve as an
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ABL oligomerization motif. The results of these experiments
further suggest that the HLH domain may play a previously
unrecognized role in the protein-protein interactions of Ets
factors.

MATERIALS AND METHODS

Pulsed-field gel electrophoresis (PFGE) and Southern hybridization. Patient
bone marrow and healthy volunteer peripheral blood samples were obtained with
informed consent. The patient marrow sample was obtained from an 81-year-old
man with acute undifferentiated myeloid leukemia with the following complex
karyotype: 45, add(X)(p11), Y, 23, der(3) t(3;15)(q12;q15), t(4;7)(q21;q22), 25,
t(9;12;14)(q34;p13;q22), del(12)(p11p13), der(15) del(15)(q11q15), t(3;15)(q12;
q15), der(18) t(3;18)(q11;q1?2), 1mar, as described previously (22). Erythro-
cytes were removed by dextran sedimentation followed by hypotonic lysis (7).
Agarose plugs containing leukocytes were prepared and digested with restriction
endonucleases as previously described (4). Electrophoresis was performed with
a CHEF II pulsed-field apparatus (Bio-Rad), and the DNA was transferred to
Hybond-N nylon membranes (Amersham). The TEL cDNA probe is a 1.4-kb
EcoRI fragment containing the entire TEL coding sequence. The probe was
labeled with 32P by random priming, and Southern hybridization was performed
as previously described (44).
Northern (RNA) hybridization and RNase protection. RNA was prepared

either from patient bone marrow or control peripheral blood mononuclear cells
or from HL-60 cells by using guanidinium acid-phenol-chloroform (RNAzol;
Tel-Test). For Northern hybridization, 15 mg of total RNA was electrophoresed
through a 1% agarose-formaldehyde gel and transferred to a Hybond-N nylon
membrane (Amersham). After UV cross-linking, the membrane was hybridized
to a 32P-labeled 1.4-kb TEL cDNA probe as previously described (44). RNase
protection was performed as previously described (2, 17). Briefly, 5 to 10 mg of
total RNA was hybridized with approximately 50,000 cpm of probe overnight at
578C. Digestion conditions were 10 mg of RNase A per ml and 10 U of RNase
T1 (Calbiochem) per ml for 1 h at 188C. Protected fragments were purified by
proteinase K digestion, phenol-chloroform extraction, and ethanol precipitation
and then separated on 8 M urea sequencing gels. The numbering of nucleotides
in TEL is based on the numbering of the sequence deposited in GenBank under
accession number U11732 (17).
Anchored PCR and RT-PCR. The anchored PCR method utilized was adapted

from the method of Frohman (13). Three micrograms of total RNA from patient
bone marrow was reverse transcribed with avian myeloblastosis virus reverse
transcriptase (Boehringer Mannheim) and oligonucleotide primer QT (59-TGA
GCAGAGTGACGAGGACTCGAGCTCAAGCTTTTTTTTTTTTTTTTT-39).
An aliquot of the cDNA was used as a template for 30 cycles of PCR (1 cycle
consists of 1 min at 948C, 1 min at 588C, and 2 min at 728C) with TEL primer 541
(TEL nucleotides [nt] 541 to 560; 59-CCTCCCACCATTGAACTGTT-39) and
primer Q0 (59-CCAGTGAGCAGAGTGACG-39). A second round of amplifi-
cation was then performed with nested TEL primer 701 (TEL nt 701 to 720;
59-AGAACAACCACCAGGAGTCC-39) and primer Q1 (59-GAGGACTCGA
GCTCAAGC-39). The resulting PCR product was gel purified, cloned into
pBluescript KS1 and sequenced by using a Sequenase 2.0 kit (United States
Biochemical). For TEL-ABL reverse transcription-PCR (RT-PCR), cDNA pre-
pared from patient bone marrow RNA or control peripheral blood cells was
amplified with TEL primer 541 and ABL primer G (GenBank accession number
M14752, nt 626 to 649; 59-GTGATTATAGCCTAAGACCCGGAG-39) in 35
cycles of PCR. The PCR product was cloned and sequenced as described above.
Cell transformation studies. The retroviral expression vector pSRa/MSV/TK/

neo was used in all experiments and has been previously described (32). A
full-length TEL-ABL cDNA clone was reconstructed by splicing together a
wild-type TEL clone, a wild-type c-ABL clone, and an RT-PCR-generated frag-
ment spanning the TEL-ABL junction. The TEL-ABL DEX mutant was created
by digestion with Eco47III and XmnI followed by recircularization of the plas-
mid. The TEL-ABL DEB mutant was created by digestion with Eco47III and
BstEII, Klenow polymerase fill-in, and recircularization of the plasmid. The
BCR-ABL (p185) and c-ABL constructs have been previously described (32).
Retrovirus was produced by transfecting the various constructs into the retrovi-
rus-producing cell line 293T or Bosc 23, as previously described (36). Retrovirus-
containing supernatant was harvested 48 h after transfection. Viral titers were
assessed by infecting Rat-1 cells with each retrovirus and harvesting the cells 48 h
later, at which time Western blot (immunoblot) analysis was performed with an
anti-ABL antibody. The amount of ABL fusion protein detected was compared
by eye to the amount of endogenous c-ABL as a positive control, and the viral
stocks were diluted such that approximately equivalent levels of ABL fusion
protein were detected per cell. We have found that this method of determining
viral titer is superior to methods based upon neomycin resistance.
For the fibroblast transformation studies, 5 3 104 Rat-1 cells were plated in

soft agar 48 h after retroviral infection, and the formation of colonies was
assessed after 3 weeks in culture, as previously described (24). For the Ba/F3
assay, Ba/F3 cells were infected with retrovirus and maintained in interleukin 3
(IL-3)-containing medium (RPMI 1640 supplemented with 10% fetal bovine
serum and 2 U of IL-3 [Genzyme] per ml) for 48 h, at which point the cells were
washed twice in RPMI 1640 and then maintained in IL-3-free medium in 96-well

plates at a concentration of 104 cells per well. The ability to grow in the absence
of IL-3 was assessed by light microscopy after 2 weeks of culture. The murine
bone marrow transformation studies were performed as previously described
(25). Briefly, fresh bone marrow from the femurs and tibias of BALB/c mice was
infected with retroviruses for 3 h, and 53 106 cells were plated in 6-cm-diameter
dishes in RPMI 1640 supplemented with 5% fetal bovine serum. Outgrowth of
nonadherent hematopoietic cells was assessed after 3 weeks of culture and
scored positive if the cell count exceeded 106 cells per ml.
Immunoblotting. Rat-1 cells were lysed in 2% sodium dodecyl sulfate (SDS)-

containing buffer 48 h after infection, as previously described (1, 14). Total-cell
lysates were subjected to electrophoresis through SDS-containing polyacryl-
amide gels. The proteins were transferred to nitrocellulose membranes with a
semidry transfer apparatus (Bio-Rad). The membranes were then probed with
either a monoclonal anti-ABL antibody 21-24 (Oncogene Sciences) or with the
antiphosphotyrosine antibody 4G10 (UBI). Bands were visualized by using an
ECL chemiluminescence kit (Amersham).
Immunofluorescence. Rat-1 cells were subjected to indirect immunofluores-

cence antibody staining 48 h following retroviral infection with ABL constructs.
Cells grown on glass coverslips were fixed in 2% paraformaldehyde and perme-
abilized with 0.1% Triton X-100. After the cells were blocked in 5% normal goat
serum and 0.2% bovine serum albumin for 1 h, mouse anti-ABL monoclonal
antibody 21-24 (Oncogene Sciences) was added for 1 h. After the cells were
washed, secondary fluorescein isothiocyanate (FITC)-conjugated goat anti-
mouse antibody (Vector Laboratories, Burlingame, Calif.) was added for 1 h.
After the cells were washed in phosphate-buffered saline–0.05% Tween 20, the
coverslips were mounted on glass slides. For actin colocalization experiments,
cells were incubated for 20 min with 1 mg of rhodamine-conjugated phalloidin
(Sigma) per ml following permeabilization. The cells were visualized with an
Olympus BH-2 fluorescence microscope and photographed with Kodak Gold II
ASA 400 print film.
In vitro translation. TEL-ABL and TEL-ABL DEX were subcloned into

pBluescript KS1 (Stratagene), and the full-length TEL cDNA was cloned into
pCDNA3 (Invitrogen). TEL-ABL DC and TEL-ABL DEXDC constructs were
created by deleting sequence downstream of a BglI site, thereby deleting the
C-terminal 670 ABL amino acids. In vitro transcription-translation was per-
formed by using a TNT rabbit reticulocyte lysate kit (Promega) according to the
manufacturer’s specifications. Proteins were labeled by [35S]methionine incor-
poration. Ten microliters of the programmed lysate diluted to 300 ml with lysis
buffer was immunoprecipitated with anti-ABL monoclonal antibody 21-24. Im-
munoprecipitates were resolved on SDS-polyacrylamide gels, and the signal was
visualized by fluorography with Amplify (Amersham) according to the manufac-
turer’s instructions.

RESULTS

PFGE demonstrates rearrangement of the TEL gene. Bone
marrow cells of an 81-year-old man with acute undifferentiated
myeloid leukemia and a complex karyotype including t(9;12;
14)(q34;p13;q22) were analyzed for rearrangement of the TEL
gene. DNA prepared from patient bone marrow was examined
by PFGE Southern blotting with a TEL cDNA probe. In pa-
tient DNA, this probe detects two novel bands, whereas the
150-kb wild-type band is missing (Fig. 1A). This result sug-
gested that the cDNA probe spanned the translocation break-
point on one copy of chromosome 12 (resulting in two novel
bands) and that the TEL gene was deleted from the other copy
of chromosome 12. This finding supports our previous fluores-
cence in situ hybridization observation that the 1,390-kb yeast
artificial chromosome 964c10 containing the TEL gene spans
this patient’s t(9;12;14) translocation breakpoint and is deleted
from the other copy of chromosome 12 (patient 4 in reference
22).
A chimeric TEL transcript is expressed. The pattern of TEL

expression was assessed by subjecting patient bone marrow
RNA to Northern blot analysis by using a TEL cDNA probe.
Transcripts 7 and 4 kb long were seen in control HL-60 RNA
(Fig. 1B). In contrast, a single .7-kb transcript was expressed
in patient cells; none of the wild-type TEL transcripts was
detected. This supports the hypothesis that a chimeric TEL
transcript is formed as a result of the translocation, accompa-
nied by deletion of the other TEL allele.
A series of riboprobes scanning the TEL coding sequence

was used to localize the TEL breakpoint by RNase protection.
As shown in Fig. 1C, probe BX (TEL nt 194 to 574), which
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detects the t(5;12) breakpoint in chronic myelomonocytic leu-
kemia, was fully protected by patient and control RNAs, indi-
cating that a breakpoint did not occur within this region of
TEL. Probe BE (TEL nt 574 to 1142), when tested in HL-60
cells, yields a predominant 568-nt fully protected fragment and
a minor 460-nt fragment corresponding to a naturally occur-
ring splice variant at TEL nt 1033 (1a). In contrast, patient
RNA protected only the 460-nt fragment. These findings sug-
gested that a translocation breakpoint occurred at TEL nt
1033.
Probe 10 (TEL nt 1037 to 1580) yields a fully protected

543-nt fragment in control RNA, whereas this probe is not
protected at all by patient RNA. The internal g-actin probe

shows that equivalent amounts of RNA were present in each
sample. Probe 10 was particularly informative, because it es-
tablished the likely transcriptional orientation of the chimeric
TEL message. The intense signals seen with 59 probes BX and
BE compared with the lack of a signal with 39 probe 10 sug-
gested that a chimeric TEL transcript was driven by the TEL
promoter, with fusion occurring downstream of TEL nt 1033.
Probe 10 also demonstrated the absence of significant levels of
a reciprocal TEL fusion transcript which would fully protect
the probe and confirmed the absence of expression of wild-type
TEL as suspected from the PFGE and Northern blot analyses.
Anchored PCR identifies a TEL-ABL fusion. The results of

Northern blot analysis and RNase protection suggested that

FIG. 1. Mapping the t(9;12) translocation breakpoint. (A) PFGE Southern blotting. Control (normal) or patient bone marrow DNA embedded in agarose plugs
was digested with SfiI and probed with a full-length TEL cDNA probe. This probe identifies a 150-kb fragment in control cells (arrow). In patient cells, however, this
band is missing, and two novel bands are seen (arrowheads). (B) Northern blot analysis. RNA derived from control peripheral blood mononuclear cells (PBMC), the
myeloid leukemia cell line HL-60, or patient bone marrow was probed with a full-length TEL cDNA probe. Whereas 7- and 4.5-kb transcripts are seen in PBMC and
HL-60 (arrows), only a single .7-kb transcript is seen in patient RNA. (C) RNase protection. Riboprobes spanning the TEL coding sequence were used to localize
the translocation breakpoint within the TEL message. The locations of the probes are shown at the top of the figure, illustrating the locations of the HLH domain and
the DNA-binding domain. A g-actin probe was hybridized simultaneously as a measure of RNA integrity. The probe lanes contain undigested probe, and in the tRNA
lanes tRNA was used to assess nonspecific protection of the probes. Probe BX is fully protected (380 nt) by both control (normal) and patient RNA, indicating that
the t(9;12) breakpoint does not occur within this probe. Probe BE, however, gives a fully protected 568-nt band in control RNA but is only partially protected (460 nt)
by patient RNA. A small amount of the 460-nt fragment is also seen in control RNA, corresponding to a minor splice variant occurring at TEL nt 1033. Probe 10 is
fully protected by control RNA and is not protected at all by patient RNA, indicating that TEL sequences 39 of TEL nt 1033 are not expressed.
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TEL was fused to another gene at TEL nt 1033. An anchored
PCR approach using TEL-specific primers was therefore uti-
lized to obtain sequence from the fusion partner. We and
others have used this method to cross translocation break-
points in cases where limited patient RNA was available (8, 16,
17). The resultant PCR product was cloned and sequenced.
Sequence analysis showed that this sequence was identical to
the wild-type TEL sequence until TEL nt 1033, where the
sequences diverged further. A search of the GenBank database
demonstrated that the divergent sequence was identical to
intron 1b of the ABL gene which maps to 9q34, one of the
cytogenetic breakpoints in the t(9;12;14) chromosomal trans-
location.
The oligo(dT)-containing primer used in anchored PCR is

intended to anneal to the mRNA poly(A) tail. Promiscuous
annealing to stretches of A-rich sequence, however, can lead to
the PCR selection of short, aberrantly spliced transcripts (15a).
Suspecting that the anchored PCR had selected for a rare
splice variant or pre-mRNA of a TEL-ABL fusion, RNA-based
PCR was performed with TEL sense primer 541 and ABL
antisense primer G. A 697-bp PCR product was generated
from patient RNA but not from control RNA (not shown).
Sequence analysis of this fragment revealed wild-type TEL
sequence until nt 1033, followed by in-frame fusion to exon 2
of ABL. RNase protection using the chimeric cDNA as a probe
showed that this was indeed the predominant TEL-ABL splice
form expressed in the leukemic cells (not shown). BCR-ABL
chimeras similarly result from fusion of BCR sequences to exon
2 of ABL, as shown in Fig. 2. The result of the TEL-ABL
chimera is fusion of the amino portion of TEL, including the
HLH domain, to ABL. Notably, the TEL DNA-binding do-
main is not incorporated into the TEL-ABL fusion, and the
reciprocal ABL-TEL fusion transcript which would contain the
TEL DNA-binding domain is not detectable by Northern blot
analysis or RNase protection (not shown).
TEL-ABL transforms fibroblasts and hematopoietic cells. In

order to test the transforming potential of the TEL-ABL chi-

mera, the full-length TEL-ABL fusion cDNA was recon-
structed. The portion of the fusion surrounding the breakpoint
was generated by RT-PCR from patient material and was
therefore sequenced in its entirety to confirm wild-type se-
quence. Additional mutations which conceivably could have
arisen in the patient within TEL or ABL sequences distant
from the breakpoint cannot be excluded. The full-length
cDNA was cloned into the retroviral expression vector pSRa/
MSV/TK-neo (32). BCR-ABL (p185) cloned into the same
vector served as a positive control for transformation, and
c-ABL served as a negative control. The ability of TEL-ABL to
induce anchorage-independent growth of Rat-1 fibroblasts was
then assessed. TEL-ABL and BCR-ABL each induced colony
formation, whereas c-ABL was nontransforming in this assay
(Table 1).
To investigate the ability of TEL-ABL to transform hema-

topoietic cells, retrovirus harboring TEL-ABL or BCR-ABL or
the vector alone was used to infect the IL-3-dependent hema-
topoietic cell line Ba/F3. Forty-eight hours following infection,
the cells were deprived of IL-3 and plated in 96-well trays at a
concentration of 104 cells per well. After a period of 14 days,

FIG. 2. Schematic diagram of the TEL-ABL chimera. The TEL-ABL chimera results from fusion of the amino portion of TEL to exon 2 of ABL. The identical ABL
sequences are incorporated into the TEL-ABL chimera as in BCR-ABL. The TEL-ABL chimera fuses TEL amino acids 1 to 336 to ABL amino acids 27 to 1131
(numbering based on that of sequences deposited in GenBank under accession numbers U11732 and M14752). Several of the mapped ABL domains are shown,
including the carboxy-terminal DNA-binding domain and actin-binding domain (ABD). BCR domain 1, located at the BCR amino terminus, encodes a coiled-coil
oligomerization motif. The nucleotide and amino acid sequences surrounding the TEL-ABL breakpoint are shown. Shown at the top of the figure is the amino acid
homology between the TEL HLH domain and other members of the Ets family, including Drosophila yan and pointed and human ETS-1. Plus signs indicate similarity;
dashes are used to maximize alignment.

TABLE 1. Transforming potential of TEL-ABL

Construct

Transforming potential
in cellsa

Rat-1 Ba/F3

Control (mock infected) 0 0/96
Vector only ND 0/96
c-ABL 1 ND
TEL-ABL 54 96/96
BCR-ABL 63 96/96

a The average number of colonies from two plates of Rat-1 cells grown in soft
agar and number of IL-3-independent cultures generated from Ba/F3 cells are
shown. ND, not done.
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cultures growing in the absence of IL-3 were scored. Ba/F3
cells infected with TEL-ABL or BCR-ABL retrovirus grew in
the absence of IL-3, whereas cells infected with virus contain-
ing the control construct did not (Table 1). This result indicates
that TEL-ABL is capable of replacing the mitogenic or anti-
apoptotic signal normally supplied by the cytokine IL-3.
The analysis of TEL-ABL transformation was next extended

to control bone marrow progenitors in order to determine
whether TEL-ABL was capable of transforming nonestab-
lished cell lines. The ability of TEL-ABL to transform primary
murine bone marrow cells was assessed by infecting freshly
harvested normal BALB/c bone marrow cells with the TEL-
ABL retrovirus. BCR-ABL cloned into the same expression
vector served as a positive control for transformation. Cultures
of 2 3 107 cells were assessed for outgrowth of nonadherent
hematopoietic cells after 3 weeks of culture in medium con-
taining 5% fetal bovine serum without supplemental hemato-
poietic growth factors. Hematopoietic cell outgrowths were
seen in 12 of 12 cultures infected with TEL-ABL retrovirus, 12
of 12 cultures infected with BCR-ABL retrovirus, and 0 of 8
mock-infected cultures, in which only bone marrow stromal
elements were seen (Fig. 3). Fluorescence-activated cell sort-
ing (FACS) analysis of both TEL-ABL- and BCR-ABL-trans-
formed hematopoietic cells demonstrated expression of the
lymphoid-specific marker B220 and absence of expression of
the myeloid-specific marker Mac-1 (not shown). These findings
are consistent with a lymphoid origin of the TEL-ABL- and
BCR-ABL-transformed cells observed in this system. It should
be noted, however, that this culture system has been optimized
for lymphoid growth and is not intended for use in the deter-
mination of lineage specificity of transforming proteins.
TEL-ABL is constitutively phosphorylated. The experiments

described above suggest that the biological activity of TEL-
ABL is remarkably similar to that of BCR-ABL, despite the
fusion partners for the ABL kinase being completely different.
One well-established function of the BCR portion of the BCR-
ABL chimera is the constitutive activation of the ABL kinase,
an event critical for transformation (24, 37). To assess the
tyrosine phosphorylation status of TEL-ABL, total-cell lysates
were prepared from Rat-1 cells infected with TEL-ABL or
c-ABL retrovirus or mock infected, and the lysates were ana-
lyzed by Western blotting. Blotting with an anti-ABL mono-
clonal antibody demonstrated the expression of an approxi-
mately 180-kDa protein in TEL-ABL retrovirus-infected cells
(Fig. 4A). The endogenous 150-kDa c-ABL protein was not
highly expressed in Rat-1 cells but was readily visible in cells

overexpressing c-ABL. Blotting with an antiphosphotyrosine
antibody revealed a predominant 180-kDa phosphoprotein in
TEL-ABL-expressing cells, whereas c-ABL was not phosphor-
ylated (Fig. 4B). A 62-kDa phosphoprotein was seen in TEL-
ABL retrovirus-infected cells, as has been previously reported
for BCR-ABL retrovirus (1, 11, 51, 52). These results suggest
that the 180-kDa TEL-ABL protein is highly expressed, and
like BCR-ABL, is constitutively phosphorylated. The data also
suggest that the 62-kDa phosphoprotein may be a substrate for
the TEL-ABL tyrosine kinase.
TEL-ABL is localized to the cytoskeleton. The subcellular

localization of TEL-ABL was determined by indirect immuno-

FIG. 3. Transformation of mouse bone marrow by TEL-ABL. Normal BALB/c bone marrow was either mock infected or infected with retroviruses harboring cDNA
encoding TEL-ABL or BCR-ABL. After 3 weeks of culture, only adherent stromal cells were seen in mock-infected cultures, whereas nonadherent hematopoietic
outgrowths were seen in TEL-ABL and BCR-ABL virus-infected cultures. The insets show higher magnification of the transformed hematopoietic cells.

FIG. 4. TEL-ABL immunoblotting. (A) Total-cell lysates of Rat-1 fibroblasts
either mock infected or infected with c-ABL or TEL-ABL retrovirus were ana-
lyzed by Western blotting with monoclonal anti-ABL antibody 21-24. Mock-
infected cells express little of the 150-kDa c-ABL protein, but this band is readily
visible in cells overexpressing c-ABL. The predicted 180-kDa band is seen in
TEL-ABL-expressing cells. (B) The blot shown in panel A was stripped and
reprobed with an antiphosphotyrosine antibody (anti-P.Tyr). c-ABL, while ex-
pressed in c-ABL-infected cells, was not tyrosine phosphorylated. TEL-ABL,
however, was constitutively phosphorylated. In addition, a prominent 62-kDa
phosphoprotein was seen in TEL-ABL-expressing cells.
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fluorescence staining of Rat-1 cells expressing TEL-ABL. It
has been previously shown that fusion of BCR to ABL results
in the relocalization of ABL from the nucleus to the cytoplasm.
It was therefore important to determine what effect fusion of
TEL to ABL would have on the predominantly nuclear local-
ization of c-ABL. Fibroblasts infected with vector alone
showed no appreciable staining (Fig. 5A), reflective of the fact
that c-ABL is not highly expressed in Rat-1 cells. Cells express-
ing TEL-ABL, however, showed prominent staining in linear
cytoplasmic arrays resembling stress fibers (Fig. 5B). Dual
color counterstaining with rhodamine-conjugated phalloidin,
which has a high affinity for actin filaments, demonstrated that
TEL-ABL indeed colocalized with cytoskeletal actin filaments
(not shown). BCR-ABL showed similar cytoskeletal localiza-
tion (Fig. 5C), although this was less prominent than with

TEL-ABL. A similar cytoskeletal pattern was seen in Ba/F3
cells expressing TEL-ABL (not shown).
TEL-ABL transformation is kinase dependent. Because

there are several potential mechanisms by which a transcrip-
tion factor-tyrosine kinase chimera might be transforming, we
tested the dependence of TEL-ABL transformation on ABL
tyrosine kinase activity. Substitution of arginine for lysine at
ABL amino acid 219 (K219R; ABL numbering based on the
numbering in the sequence deposited in GenBank under ac-
cession number M14752) ablates a critical ATP binding site
within the SH1 domain and has been previously shown to
inhibit ABL kinase activity (37). TEL-ABL harboring the
K219R mutation (TEL-ABL K219R) could be highly ex-
pressed but, as expected, was not tyrosine phosphorylated (not
shown). TEL-ABL K219R was then tested for its ability to
confer IL-3 independence to Ba/F3 cells. Whereas TEL-ABL
was transforming (96 of 96 cultures positive), TEL-ABL
K219R was not (0 of 96 cultures positive). While TEL-ABL
K219R was nontransforming, it retained its ability to associate
with the cytoskeleton (Fig. 5D). These experiments demon-
strate that TEL-ABL transformation is kinase dependent, but
phosphorylation of TEL-ABL is not required for cytoskeletal
association.
The TEL HLH domain is required for TEL-ABL transfor-

mation. We next addressed the dependence of TEL-ABL
transformation on the TEL portion of the chimera. In partic-
ular, we tested whether the TEL HLH domain was critical for
TEL-ABL transforming capability. Two TEL-ABL deletion
mutants were constructed: TEL-ABL DEB, with TEL amino
acids 39 to 182 deleted, and TEL-ABL DEX, with TEL amino
acids 39 to 115, including the entire HLH domain, deleted.
While TEL-ABL DEB and TEL-ABL DEX could be highly
expressed in Rat-1 cells (Fig. 6A), only the full-length TEL-
ABL protein was tyrosine phosphorylated (Fig. 6B). Immuno-
fluorescence staining of Rat-1 cells expressing the TEL-ABL
constructs demonstrated that whereas the full-length TEL-
ABL protein was associated with the cytoskeleton (Fig. 5B),
TEL-ABL DEX (Fig. 5E) and TEL-ABL DEB (Fig. 5F) were
localized more diffusely in the cytoplasm. Finally, the trans-
forming potentials of the TEL-ABL deletion mutants were
tested in Rat-1 fibroblasts, Ba/F3 cells, and primary murine
bone marrow cells. As shown in Table 2, neither TEL-ABL
DEB nor TEL-ABL DEX was transforming in any of the assays.
These data show that the TEL HLH domain is essential for
TEL-ABL phosphorylation, for cytoskeletal association, and
for transformation.
TEL encodes an oligomerization domain. We speculated

that in the case of the TEL-PDGFbR fusion, the role of the
TEL portion of the chimera might be to contribute an oli-
gomerization motif, because dimerization of PDGFbR has
been shown to be essential for its tyrosine kinase activity (17,
19). Similarly, BCR has been shown to contain an oligomer-
ization motif which is required for ABL activation (27). To
determine whether TEL-ABL self-associated, TEL-ABL was
expressed in an in vitro transcription-translation system. TEL-
ABL was cotranslated with a C-terminal-truncated form of
TEL-ABL (TEL-ABL DC), and the proteins were immuno-
precipitated with a C-terminal antibody which recognizes full-
length TEL-ABL but not TEL-ABL DC. As shown in Fig. 7,
TEL-ABL DC coimmunoprecipitated with full-length TEL-
ABL, indicating that TEL-ABL self-associates in vitro.
If TEL-ABL oligomerization is mediated through the TEL

HLH domain, then TEL-ABL DEX, the nontransforming form
of TEL-ABL which lacks the TEL HLH domain, should not
oligomerize. Indeed, TEL-ABL DEXDC, a C-terminal trunca-
tion of TEL-ABL DEX, did not coimmunoprecipitate with

FIG. 5. Immunofluorescence localization of TEL-ABL. Rat-1 cells infected
with various retroviral constructs were stained with anti-ABL antibody 21-24 and
visualized with FITC-conjugated anti-mouse immunoglobulin G. (A) Vector
only. The low levels of endogenous c-ABL are not detected by this method. (B)
TEL-ABL. TEL-ABL is seen predominantly in linear cytoplasmic arrays resem-
bling stress fibers. (C) BCR-ABL. A cytoskeletal association of BCR-ABL sim-
ilar to that of TEL-ABL is seen. (D) TEL-ABL K293H. This kinase-inactive,
nontransforming TEL-ABL mutant retains cytoskeletal association. (E) TEL-
ABL DEX. Deletion of the TEL HLH domain causes TEL-ABL DEX to be
expressed more diffusely in the cytoplasm. Some suggestion of cytoskeletal as-
sociation remains. (F) TEL-ABL DEB. Like TEL-ABL DEX, this mutant lacking
the TEL HLH domain is found more diffusely in the cytoplasm.
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TEL-ABL DEX (Fig. 7). These experiments demonstrate that
TEL-ABL oligomerization is dependent upon the TEL HLH
domain.
The finding that the other (nontranslocated) TEL allele was

deleted in the patient’s leukemic cells led us to consider
whether the wild-type TEL protein was also capable of inter-
acting with TEL-ABL. Following cotranslation of wild-type
TEL and TEL-ABL in vitro, TEL could be immunoprecipi-
tated with an anti-ABL antibody, whereas TEL translated
alone could not be immunoprecipitated with this antibody
(Fig. 7). These experiments suggest that TEL encodes a pro-
tein-protein interaction motif which facilitates TEL-ABL oli-
gomerization and is permissive to the formation of het-
erodimers between TEL-ABL and the normal TEL protein.

Similar studies indicated that the wild-type TEL protein also
self-associates in vitro (26).

DISCUSSION

The TEL gene was initially discovered because of its fusion
in chronic myelomonocytic leukemia to the gene encoding the
receptor tyrosine kinase PDGFbR (17). Our attempt to further
elucidate the role of TEL in hematologic malignancy has now
led us unexpectedly to another well-characterized tyrosine ki-
nase, ABL. ABL has been extensively studied over the last
decade because of its fusion to BCR as a result of the t(9;22)
chromosomal translocation associated with chronic myeloid
leukemia and acute lymphoblastic leukemia (42, 47). A num-
ber of the downstream targets of BCR-ABL have been iden-
tified, but its precise mechanism of transformation remains
poorly understood. The identification of TEL, the only non-
BCR fusion partner for ABL in human leukemia reported to
date, may therefore shed some light on the critical events
surrounding ABL-mediated transformation. Furthermore, the
analysis of TEL-ABL transformation provides a powerful
means of understanding the role of the TEL protein in neo-
plasia, despite its normal function being entirely unknown.
We report here a single case of TEL-ABL fusion in human

leukemia, although an additional case has recently been re-
ported in a child with acute lymphoblastic leukemia (35).
While that case was not functionally characterized, only the
amino-terminal 154 amino acids of TEL were present in the

FIG. 6. TEL-ABL deletion mutant immunoblotting. The structures of the TEL-ABL deletion mutants are shown at the bottom of the figure. In TEL-ABL DEX,
76 amino acids (TEL amino acids 39 to 115), including the HLH domain, were deleted. In TEL-ABL DEB, TEL amino acids 39 to 182 were deleted. (A) Western
blotting of Rat-1 total cell lysates with an anti-ABL antibody. The full-length TEL-ABL and TEL-ABL deletion mutants were all expressed. (B) The blot in panel A
was stripped and reprobed with an antiphosphotyrosine antibody (anti-P.Tyr). The full-length TEL-ABL protein was tyrosine phosphorylated, but the HLH deletion
mutants were not.

TABLE 2. Transformation by TEL-ABL deletion mutants

Construct
Transforming potential in cellsa

Rat-1 Ba/F3 Marrow

TEL-ABL 83 96 12/12
TEL-ABL DEB 1 0 0/4
TEL-ABL DEX 0 1 0/4

a The average number of colonies from two plates of Rat-1 cells grown in soft
agar, the number of IL-3-independent cultures generated from 96 Ba/F3 cul-
tures, and the number of hematopoietic cultures established from control mar-
row cultures are shown.
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TEL-ABL fusion compared with the 336 TEL amino acids
which we report here. These data suggest that the TEL-ABL
fusion can be associated with both myeloid and lymphoid leu-
kemias and that the TEL sequences upstream of amino acid
154 are likely to be sufficient for ABL activation.
We investigated the transforming potential of TEL-ABL in

three cell culture systems: assays of fibroblast anchorage de-
pendence, hematopoietic cell line growth factor dependence,
and normal murine bone marrow cultures. TEL-ABL was
transforming in all three assays, indicating that TEL-ABL is a
dominant transforming oncoprotein. The testing of TEL-ABL
transformation in multiple systems is critical, since it has been
documented that the requirements for ABL-mediated trans-
formation differ in different cell types (14, 15, 38). Although
TEL-ABL and BCR-ABL appear to have indistinguishable
biological activity, there are extensive differences between TEL
and BCR. The shared structural features which make TEL and
BCR capable of activating ABL in human leukemia remain to
be elucidated.
We hypothesized that the TEL portion of the TEL-ABL

chimera would be critical for the biological activity of TEL-
ABL. To test this hypothesis, the deletion mutants TEL-ABL
DEX and TEL-ABL DEB were tested for transforming poten-
tial. Neither mutant exhibited transforming activity in these
assays, and both were found to have markedly decreased ty-
rosine phosphorylation than the full-length TEL-ABL. In ad-
dition, immunofluorescence studies demonstrated that TEL-
ABL was strikingly restricted to linear cytoplasmic arrays
resembling actin stress fibers, whereas the TEL-ABL mutants
lacking the TEL HLH domain were distributed more diffusely
in the cytoplasm. The association of BCR-ABL (28) and c-
ABL (49) with actin has previously been demonstrated to oc-
cur through the ABL carboxy terminus. Association of BCR-
ABL with actin filaments, however, is also strengthened by the
first 63 amino acids of BCR, which are required for BCR

homotetramerization (27). The functional significance of TEL-
ABL cytoskeletal localization remains unclear, but recent ev-
idence suggests that BCR-ABL phosphorylates cytoskeletal
proteins such as paxillin, which is thought to play a role in
signal transduction (43). The inability of TEL-ABL DEX to
transform may be due to its inability to autophosphorylate, to
associate with the cytoskeleton, or both. The kinase-inactive
mutant TEL-ABL K219R, however, is not phosphorylated and
is nontransforming yet retains its cytoskeletal localization. This
suggests that TEL-ABL transformation is absolutely kinase
dependent, but cytoskeletal association is not.
In TEL-ABL DEX, 76 amino acids from the TEL portion of

the TEL-ABL chimera, including the TEL HLH domain, are
deleted. The TEL HLH domain is highly conserved among a
subset of Ets proteins including ETS-1, ETS-2, FLI-1, ERG,
GABPa, and the Drosophila proteins yan and pointed. While
this non-DNA binding portion of Ets proteins has been re-
ported to bear weak homology to the basic HLH proteins
MYC, MYO-D, and ID (45), protein-protein interactions
through this domain have not been previously reported, and
the true structure of the domain has yet to be determined. This
domain has alternately been termed the 59 Ets domain (39),
domain B (50), and the pointed domain (21). To explore the
possibility that TEL-ABL oligomerization was mediated
through the TEL HLH domain, an in vitro transcription-trans-
lation approach was utilized. TEL-ABL was shown to form
oligomers in vitro, whereas TEL-ABL DEX did not. We spec-
ulate that this failure to self-associate is responsible for its lack
of transforming activity. It is also possible that the failure of
TEL-ABL DEX to transform is due in part to its diminished
cytoskeletal association. Further experiments are needed to
address this question and to establish whether TEL-ABL
forms simple homodimers or whether higher-order complexes
are also formed, as is the case with BCR (27).
One intriguing finding with the patient studied was that in

FIG. 7. In vitro dimerization of TEL-ABL. TEL-ABL or the HLH deletion mutant TEL-ABL DEX was cotranslated with C-terminal truncation mutant TEL-ABL
DC or TEL-ABL DEXDC or with wild-type TEL. [35S]methionine labeled proteins were visualized on denaturing polyacrylamide gels. Pre refers to in vitro-translated
proteins prior to immunoprecipitation with C-terminal monoclonal anti-ABL antibody 21-24. Post refers to the proteins recovered following anti-ABL immunopre-
cipitation. (A) TEL-ABL plus TEL-ABL DC. The 110-kDa truncated TEL-ABL DC protein coimmunoprecipitates with the full-length 180-kDa TEL-ABL protein,
indicating that TEL-ABL oligomers form in vitro. (B) TEL-ABL DC alone. The 110-kDa truncated TEL-ABL is translated (pre) but is not recognized by the C-terminal
anti-ABL antibody (post). This shows that the immunoprecipitation of TEL-ABL DC seen in panel A was not due to nonspecific binding of antibody to TEL-ABL DC.
(C) TEL-ABL DEX plus TEL-ABL DEXDC. TEL-ABL DEX is seen as a doublet at 165 and 170 kDa because of internal initiation of translation downstream of the
start codon. TEL-ABL DEXDC, the C-terminal truncation of TEL-ABL DEX, is seen as an approximately 100-kDa protein accompanied by several smaller proteins
resulting from internal initiation of translation. TEL-ABL DEXDC does not coimmunoprecipitate with TEL-ABL DEX, indicating that TEL-ABL mutants lacking the
TEL HLH domain do not oligomerize. (D) TEL-ABL plus wild-type TEL. Coimmunoprecipitation of the 50-kDa wild-type TEL protein with the 180-kDa full-length
TEL-ABL protein shows that TEL-ABL forms heterodimers with the normal TEL protein. (E) TEL alone. Translation of the normal TEL protein alone shows that
TEL itself is not recognized by the anti-ABL antibody.
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addition to one TEL allele being rearranged, the other allele
was deleted, resulting in loss of wild-type TEL function in the
leukemic cells. We and others have observed similar loss of the
residual TEL allele in other leukemias with translocations dis-
rupting the TEL gene (16, 41). One hypothesis to explain this
finding is that TEL loss of function alone is leukemogenic.
That is, TEL might have tumor suppressor activity. Arguing
against this is the observation that TEL-ABL transforms cells
in a dominant, kinase-dependent fashion, suggesting that ABL
activation is a critical component of TEL-ABL transformation.
We favor the hypothesis that interaction of TEL-ABL with the
normal TEL protein might abrogate the activation of TEL-
ABL by preventing the formation of TEL-ABL oligomers. In
support of this, wild-type TEL physically interacted with TEL-
ABL in vitro. Deletion of the residual TEL allele in leukemic
cells would circumvent this phenomenon, possibly resulting in
the potentiation of TEL-ABL activity. A better understanding
of the functional significance of TEL deletion in TEL-ABL-
induced leukemia will require further in vivo analysis of TEL-
ABL activity and the characterization of additional patients
with TEL-ABL-positive leukemia.
The experiments described in this report establish a role for

TEL, a putative transcription factor, in the activation of the
tyrosine kinases PDGFbR and ABL through chromosomal
translocation. It is possible that the principal function of the
TEL portion of the TEL-ABL chimera is to facilitate oligomer-
ization, a phenomenon which has been shown to be critical for
a number of neoplasia-associated tyrosine kinases (5, 40). In
addition, the observation that the TEL HLH domain encodes
an oligomerization motif has implications for the Ets family of
transcription factors. Given the high degree of homology be-
tween the TEL HLH domain and that of other Ets proteins, it
seems unlikely that this self-association is restricted to TEL.
Interestingly, a splice form of the Drosophila gene pointed
which lacks the HLH domain (pointedP1) is a constitutive
transcriptional activator, whereas pointedP2, which includes
this domain, is regulated by the Ras pathway (34). Whether
this difference in transcriptional activation is mediated through
oligomerization remains to be determined. The ability of the
TEL HLH domain to mediate self-association suggests that
Ets factor protein-protein interactions through this highly con-
served domain may represent a previously unrecognized phe-
nomenon.

ACKNOWLEDGMENTS

We thank E. Neufeld for the actin probe, A. D’Andrea for the Ba/F3
cells, A. Satterthwaite for assistance with FACS analysis and M. Weiss
for help with immunofluorescence.
This work was supported in part by NIH grants CA 53867 (O.N.W.),

CA 42557 (J.D.R.), and CA 57261 (D.G.G.) and the Lawrence Family
Foundation (D.G.G.). A.G. is a fellow of the UCLA Medical Scientist
Training Program. D.E.H.A. is a Special Fellow of the Leukemia
Society of America. O.N.W. is an Investigator of the Howard Hughes
Medical Institute. T.R.G. is a recipient of the Burroughs-Wellcome
Fund Career Award in the Biomedical Sciences. D.G.G. is the Stephen
Birnbaum Scholar of the Leukemia Society of America.

REFERENCES
1. Afar, D. E., A. Goga, J. McLaughlin, O. N. Witte, and C. L. Sawyers. 1994.
Differential rescue of BCR-ABL point mutants with c-MYC. Science 264:
424–426.

1a.Barker, G. F. Unpublished data.
2. Barker, G. F., and K. Beemon. 1991. Nonsense codons within the Rous
sarcoma virus gag gene decrease the stability of unspliced RNA. Mol. Cell.
Biol. 11:2760–2768.

3. Ben-David, Y., E. Giddens, K. Letwin, and A. Bernstein. 1991. Erythroleu-
kemia induction by Friend murine leukemia virus: insertional activation of a
new member of the ets gene family, fli-1, closely linked to c-ets-1. Genes
Dev. 5:908–918.

4. Birren, B. W., E. Lai, L. Hood, and M. I. Simon. 1989. Pulsed-field gel
electrophoresis techniques for separating 1- to 50-kilobase DNA fragments.
Anal. Biochem. 177:282–286.

5. Bongarzone, I., N. Monzini, M. G. Borrello, C. Carcano, G. Ferraresi, E.
Arighi, P. Mondellini, G. Della Porta, and M. A. Pierotti. 1993. Molecular
characterization of a thyroid tumor-specific transforming sequence formed
by the fusion of ret tyrosine kinase and the regulatory subunit RIa of cyclic
AMP-dependent protein kinase A. Mol. Cell. Biol. 13:358–366.

6. Brown, L., J.-T. Cheng, Q. Chen, M. Siciliano, W. Crist, G. Buchanan, and
R. Baer. 1990. Site-specific recombination of the tal-1 gene is a common
occurrence in human T cell leukemia. EMBO J. 9:3343–3353.

7. Clark, R. A., and W. M. Nauseef. 1991. Preparation and functional analysis
of human nonlymphoid cells, p. 7.23.1–7.23.9. In Current protocols in im-
munology. Greene Publishing Associates, New York.

8. Corral, J., A. Forster, S. Thompson, F. Lampert, Y. Kaneko, W. Slater, W.
Kroes, C. van der Schoot, W. Ludwig, A. Karpas, C. Pocock, F. Cotter, and
T. H. Rabbitts. 1993. Acute leukemias of different lineages have similar MLL
gene fusions encoding related chimeric proteins resulting from chromosomal
translocation. Proc. Natl. Acad. Sci. USA 90:8538–8542.

9. Croce, C., and P. Nowell. 1985. Molecular basis of human B cell neoplasia.
Blood 65:1.

10. Delattre, O., J. Zucman, B. Plougastel, C. Desmaze, T. Melot, M. Peter, H.
Kovar, I. Joubert, P. de Jong, G. Rouleau, A. Aurias, and G. Thomas. 1992.
Gene fusion with an ETS DNA-binding domain caused by chromosome
translocation in human tumours. Nature (London) 359:162–165.

11. Ellis, C., M. Moran, F. McCormick, and T. Pawson. 1990. Phosphorylation
of GAP and GAP-associated proteins by transforming and mitogenic ty-
rosine kinases. Nature (London) 343:377–381.

12. Erickson, P., J. Gao, K. S. Chang, T. Look, E. Whisenant, S. Raimondi, J.
Lasher, J. Rowley, and H. Drabkin. 1992. Identification of breakpoints in
t(8;21) acute myelogenous leukemia and isolation of a fusion transcript,
AML1/ETO, with similarity to Drosophila segmentation gene, runt. Blood
80:1825–1831.

13. Frohman, M. A. 1993. Rapid amplification of complementary DNA ends for
generation of full-length complementary DNAs: thermal RACE. Methods
Enzymol. 218:340–356.

14. Goga, A., J. McLaughlin, D. E. Afar, D. C. Saffran, and W. Witten. 1995.
Alternative signals to RAS for hematopoietic transformation by the BCR-
ABL oncogene. Cell 82:981–988.

15. Goga, A., J. McLaughlin, A. M. Pendergast, K. Parmar, A. Muller, N.
Rosenberg, and O. N. Witte. 1993. Oncogenic activation of c-ABL by muta-
tion within its last exon. Mol. Cell. Biol. 13:4967–4975.

15a.Golub, T. R. Unpublished observation.
16. Golub, T. R., G. F. Barker, S. K. Bohlander, S. Hiebert, D. C. Ward, P.

Bray-Ward, E. Morgan, S. C. Raimondi, J. D. Rowley, and D. G. Gilliland.
1995. Fusion of the TEL gene on 12p13 to the AML1 gene on 21q22 in acute
lymphoblastic leukemia. Proc. Natl. Acad. Sci. USA 92:4917–4921.

17. Golub, T. R., G. F. Barker, M. Lovett, and D. G. Gilliland. 1994. Fusion of
PDGF receptor b to a novel ets-like gene, tel, in chronic myelomonocytic
leukemia with t(5;12) chromosomal translocation. Cell 77:307–316.

18. Hajra, A., P. P. Liu, N. A. Speck, and F. S. Collins. 1995. Overexpression of
core-binding factor a (CBFa) reverses cellular transformation by the CBFb-
smooth muscle myosin heavy chain chimeric oncoprotein. Mol. Cell. Biol.
15:4980–4989.

19. Heldin, C.-H., A. Ernlund, C. Rorsman, and L. Ronnstrand. 1989. Dimer-
ization of B-type platelet-derived growth factor receptors occurs after ligand
binding and is closely associated with receptor kinase activation. J. Biol.
Chem. 264:8905–8912.

20. Jeon, I., J. Davis, B. Braun, J. Sublett, M. Roussel, C. Denny, and D.
Shapiro. 1995. A variant of Ewing’s sarcoma translocation (7;22) fuses the
EWS gene to the ETS gene ETV1. Oncogene 10:1229–1234.

21. Klambt, C. 1993. The Drosophila gene pointed encodes two ETS-like pro-
teins which are involved in the development of the midline glial cells. De-
velopment 117:163–176.

22. Kobayashi, H., K. T. Montgomery, S. K. Bohlander, C. N. Adra, B. L. Lim,
R. S. Kucherlapati, H. Donis-Keller, M. S. Holt, M. M. Le Beau, and J. D.
Rowley. 1994. Fluorescence in situ hybridization mapping of translocations
and deletions involving the short arm of human chromosome 12 in malignant
hematologic diseases. Blood 84:3473–3482.

23. Liu, P., S. A. Tarle, A. Hajra, D. F. Claxton, P. Marlton, M. Freedman, M. J.
Siciliano, and F. S. Collins. 1993. Fusion between transcription factor
CBFB/PEBP2B and a myosin heavy chain in acute myeloid leukemia. Sci-
ence 261:1041–1044.

24. Lugo, T. G., A. Pendergast, A. J. Muller, and O. N. Witte. 1990. Tyrosine
kinase activity and transformation potency of bcr-abl oncogene products.
Science 247:1079–1082.

25. McLaughlin, J., E. Chianese, and O. N. Witte. 1987. In vitro transformation
of immature hematopoietic cells by the P210 BCR/ABL oncogene product of
the Philadelphia chromosome. Proc. Natl. Acad. Sci. USA 84:6558–6562.

26. McLean, T., S. Ringold, K. Stegmaier, D. Neuberg, R. Tantravahi, J. Ritz, H.
Koeffler, S. Takeuchi, J. Janssen, T. Seriu, C. Bartram, S. Sallan, D. Gilli-
land, and T. Golub. Dimerization of TEL/AML-1 and its association with a

VOL. 16, 1996 OLIGOMERIZATION OF ABL BY TEL 4115



favorable outcome in childhood acute lymphoblastic leukemia. Submitted
for publication.

27. McWhirter, J. R., D. L. Galasso, and J. Y. Wang. 1993. A coiled-coil oli-
gomerization domain of Bcr is essential for the transforming function of
Bcr-Abl oncoproteins. Mol. Cell. Biol. 13:7587–7595.

28. McWhirter, J. R., and J. Y. J. Wang. 1993. An actin-binding function con-
tributes to transformation by the Bcr-Abl oncoprotein of Philadelphia chro-
mosome positive human leukemias. EMBO J. 12:1533–1546.

29. Meyers, S., N. Lenny, and S. W. Hiebert. 1995. The t(8;21) fusion protein
interferes with AML-1B-dependent transcriptional activation. Mol. Cell.
Biol. 15:1974–1982.

30. Miyoshi, H., K. Shimizu, T. Kozu, N. Maseki, Y. Kaneko, and M. Ohki. 1991.
t(8;21) breakpoints on chromosome 21 in acute myeloid leukemia are clus-
tered within a limited region of a single gene, AML1. Proc. Natl. Acad. Sci.
USA 88:10431–10434.

31. Moreau-Gachelin, F., D. Ray, M.-G. Mattei, P. Tambourin, and A. Tavitian.
1989. The putative oncogene Spi-1: murine chromosomal localization and
transcriptional activation in murine acute erythroleukemias. Oncogene
4:1449–1456.

32. Muller, A. J., J. C. Young, A.-M. Pendergast, M. Pondel, N. R. Landau, D. R.
Littman, and O. N. Witte. 1991. BCR first exon sequences specifically acti-
vate the BCR/ABL tyrosine kinase oncogene of Philadelphia chromosome-
positive human leukemias. Mol. Cell. Biol. 11:1785–1792.

33. Nisson, P. E., P. C. Watkins, and N. Sacchi. 1992. Transcriptionally active
chimeric gene derived from the fusion of the AML1 gene and a novel gene
on chromosome 8 in t(8;21) leukemic cells. Cancer Genet. Cytogenet. 63:
81–88.

34. O’Neill, E., I. Rebay, R. Tjian, and G. Rubin. 1994. The activities of two
Ets-related transcription factors required for Drosophila eye development
are modulated by the Ras/MAPK pathway. Cell 78:137–147.

35. Papadopoulos, P., S. A. Ridge, C. A. Boucher, C. Stocking, and L. M.
Wiedemann. 1995. The novel activation of ABL by fusion to an ets-related
gene, TEL. Cancer Res. 55:34–38.

36. Pear, W., G. Nolan, M. Scott, and D. Baltimore. 1993. Production of high-
titer helper-free retroviruses by transient transfection. Proc. Natl. Acad. Sci.
USA 90:8329–8396.

37. Pendergast, A. M., M. L. Gishizky, M. M. Havlik, and O. N. Witte. 1993. SH1
domain autophosphorylation of P210 BCR/ABL is required for transforma-
tion but not growth factor independence. Mol. Cell. Biol. 13:1728–1736.

38. Prywes, R., J. G. Foulkes, and D. Baltimore. 1985. The minimal transforming
region of v-abl is the segment encoding the protein-tyrosine kinase. J. Virol.
54:114–122.

39. Rao, V. N., T. Ohno, D. D. K. Prasad, G. Bhattacharya, and E. S. P. Reddy.
1993. Analysis of the DNA-binding and transcriptional activation functions

of human Fli-1 protein. Oncogene 8:2167–2173.
40. Rodrigues, G. A., and M. Park. 1993. Dimerization mediated through a

leucine zipper activates the oncogenic potential of the met receptor tyrosine
kinase. Mol. Cell. Biol. 13:6711–6722.

41. Romana, S. P., M. Mauchauffe, M. Le Coniat, I. Chumakov, D. Le Paslier,
R. Berger, and O. A. Bernard. 1995. The t(12;21) of acute lymphoblastic
leukemia results in a TEL-AML1 gene fusion. Blood 85:3662–3670.

42. Rowley, J. 1973. A new consistent chromosomal abnormality in chronic
myelogenous leukemia identified by quinacrine fluorescence and giemsa
staining. Nature (London) 243:290–303.

43. Salgia, R., J.-L. Li, S. H. Lo, B. Brunkhorst, G. S. Kansas, E. S. Sobhany, Y.
Sun, E. Pisick, M. Hallek, T. Ernst, R. Tantravahi, L. B. Chen, and J. D.
Griffin. 1995. Molcular cloning of human paxillin, a focal adhesion protein
phosphorylated by P210 BCR/ABL. J. Biol. Chem. 270:5039–5047.

44. Sambrook, J., E. F. Fritsch, and T. Maniatis. 1989. Molecular cloning: a
laboratory manual, 2nd ed. Cold Spring Harbor Laboratory Press, Cold
Spring Harbor, N.Y.

45. Seth, A., and T. S. Papas. 1990. The c-ets-1 proto-oncogene has oncogenic
activity and is positively autoregulated. Oncogene 5:1761–1767.

46. Shimizu, K., H. Ichikawa, A. Tojo, Y. Kaneko, N. Maseki, Y. Hayashi, M.
Ohira, S. Asano, and M. Ohki. 1993. An ets-related gene, ERG, is rearranged
in human myeloid leukemia with t(16;21) chromosomal translocation. Proc.
Natl. Acad. Sci. USA 90:10280–10284.

47. Shtivelman, E., B. Lifshitz, R. Gale, and E. Canaani. 1985. Fused transcript
of Abl and Bcr genes in chronic myelogenous leukemia. Nature (London)
315:550–554.

48. Sorensen, P. H. B., A. L. Lessnick, D. Lopez-Terrada, X. F. Liu, T. J. Triche,
and C. T. Denny. 1994. A second Ewing’s sarcoma translocation, t(21;22),
fuses the EWS gene to another ETS-family transcription factor, ERG. Na-
ture Genet. 6:146–151.

49. Van Etten, R. A., P. K. Jackson, D. Baltimore, M. C. Sanders, P. T. Matsu-
daira, and P. A. Janmey. 1994. The COOH terminus of the c-ABL tyrosine
kinase contains distinct F- and G-actin binding domains with bundling ac-
tivity. J. Cell Biol. 124:325–340.

50. Wasylyk, B., S. L. Hahn, and A. Giovane. 1993. The Ets family of transcrip-
tion factors. Eur. J. Biochem. 211:7–18.

51. Wisniewski, D., A. Strife, D. Wojciechowica, C. Lambek, and B. Clarkson.
1994. A 62-kilodalton tyrosine phosphoprotein constitutively present in pri-
mary chronic phase chronic myelogenous leukemia enriched lineage nega-
tive blast populations. Leukemia 8:688–693.

52. Wong, G., O. Muller, R. Clark, L. Conroy, M. F. Moran, P. Polakis, and F.
McCormick. 1992. Molecular cloning and nucleic acid binding properties of
the GAP associated tyrosine phosphoprotein p62. Cell 69:551–558.

4116 GOLUB ET AL. MOL. CELL. BIOL.


