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ABSTRACT The TELyPDGFbR fusion protein is the
product of the t(5;12) translocation in patients with chronic
myelomonocytic leukemia. The TELyPDGFbR is an unusual
fusion of a putative transcription factor, TEL, to a receptor
tyrosine kinase. The translocation fuses the amino terminus
of TEL, containing the helix-loop-helix (HLH) domain, to the
transmembrane and cytoplasmic domain of the PDGFbR. We
hypothesized that TELyPDGFbR self-association, mediated
by the HLH domain of TEL, would lead to constitutive
activation of the PDGFbR tyrosine kinase domain and cellu-
lar transformation. Analysis of in vitro-translated TELy
PDGFbR confirmed that the protein self-associated and that
self-association was abrogated by deletion of 51 aa within the
TEL HLH domain. In vivo, TELyPDGFbR was detected as a
100-kDa protein that was constitutively phosphorylated on
tyrosine and transformed the murine hematopoietic cell line
BayF3 to interleukin 3 growth factor independence. Trans-
formation of BayF3 cells required the HLH domain of TEL
and the kinase activity of the PDGFbR portion of the fusion
protein. Immunoblotting demonstrated that TELyPDGFbR
associated with multiple signaling molecules known to asso-
ciate with the activated PDGFbR, including phospholipase C
g1, SHP2, and phosphoinositol-3-kinase. TELyPDGFbR is a
novel transforming protein that self-associates and activates
PDGFbR-dependent signaling pathways. Oligomerization of
TELyPDGFbR that is dependent on the TEL HLH domain
provides further evidence that the HLH domain, highly con-
served among ETS family members, is a self-association motif.

Chronic myelomonocytic leukemia (CMML) is classified as a
myelodysplastic syndrome and is characterized clinically by
dysplastic monocytosis, hypercellular bone marrow, spleno-
megaly, and progression to acute myelogenous leukemia.
There are few effective therapies for CMML, and the etiology
is poorly understood. The only known gene rearrangement in
CMML is the TELyPDGFbR (TyP) fusion that occurs as a
consequence of t(5;12), a recurring cytogenetic abnormality in
CMML. TyP is an unusual example of the fusion of a putative
transcription factor, TEL, to the PDGFbR tyrosine kinase.
The TyP gene product contains the amino-terminal 154 aa of
TEL fused to the transmembrane and cytoplasmic domains of
the PDGFbR. The ligand-binding domain of PDGFbR is
absent in the fusion protein but an intact tyrosine kinase
domain is retained, as are the binding sites for multiple src
homology 2 (SH2) domain containing signaling molecules (1).
The TEL gene (GenBank data base accession no. ETV6) is

rearranged in a broad spectrum of human leukemias (2–5) and

encodes a member of the ETS family of transcription factors
that are defined by a conserved DNA binding domain (the ets
domain). A subset of ETS family members also contains a
highly conserved amino-terminal domain whose function is
unknown and has been variously termed the pointed domain
(6), domain B, and the helix-loop-helix (HLH) domain (1, 7).
Several members of the family have oncogenic potential
including vEts, which was identified as part of a fusion with gag
and myb in the E26 avian erythroblastosis virus, and Spi-1 and
Fli-1, which are associated with murine erythroleukemia (7, 8),
In these examples, the transforming ability of ETS family
members requires their activity as transcription factors. In
humans, examples of involvement of ETS DNA binding do-
mains in malignancy include the EWS–Fli1 fusion associated
with Ewing sarcoma and t(11;22) (9); the TLS–ERG fusion
associated with acute myelogenous leukemia and t(16;21) (10);
and the MN1–TEL fusion associated with myelodysplasia and
t(12;22) (5). However, in contrast with EWS–fli-1, TLS–ERG,
EWS–ERG, EWS–ETV1, andMN1–TEL, the TyP fusion does
not incorporate the TEL DNA binding domain (Fig. 1).
Instead, the TEL HLH domain is fused in frame to the
transmembrane and cytoplasmic domain of PDGFbR, sug-
gesting a different functional role for TEL in the TyP fusion
than other fusions involving ETS proteins. The reciprocal
PDGFbRyTEL fusion, which would contain the TEL DNA
binding domain, is not expressed in patients with t(5;12)
CMML (11).
PDGFbR is a well-characterized plasma membrane recep-

tor with endogeneous tyrosine kinase activity, which is auto-
phosphorylated in response to binding of dimeric platelet-
derived growth factor (PDGF) ligand (1). PDGF binding
induces diverse physiologic effects, depending on the cell type
in which PDGFbR is expressed and what biological responses
are measured. Biological responses that have been ascribed to
signal transduction through the PDGFbR include turnover of
phosphoinositol, Ca21 f lux, cellular migration, angiogenesis,
mitogenesis, membrane ruffling, and cytoskeletal rearrange-
ment. Depending on the cell type in which PDGFbR is
expressed, autophosphorylation of tyrosine residues is accom-
panied by binding of a variety of proteins that mediate
downstream signal transduction events. Autophosphorylation
of PDGFbR can lead to association with and activation of
phospholipase Cg1 (PLCg), phosphoinositol-3-kinase (PI3-
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K), Src, SH-PTP2 (now designated SHP2), RAS, NCK, GRB2,
and SHC, as well as activation of STAT 1 and 3 (1, 12–15).
Aberrant activation of the PDGFbR leading to cell transfor-
mation has been described in several circumstances. v-Sis, the
transforming protein of simian sarcoma virus, has near identity
to the PDGF-B isoform, the preferred ligand for PDGFbR,
and transforms cells through activation of the PDGFbR (16).
PDGF-B itself induces a myeloproliferative disease when
constitutively expressed in mouse bone marrow transplanta-
tion models (17). In addition, the bovine papillomavirus E5
protein transforms cells by mediating dimerization and con-
stitutive activation of PDGFbR (18). It is therefore plausible
that mutations of the PDGFbR itself could confer transform-
ing activity, but before the cloning of the TyP fusion, no such
mutations or rearrangements had been identified.
Because TyP is exclusively associated with hematopoietic

malignancy, we chose to study the transforming properties of
TyP in the murine hematopoietic cell line BayF3. Demonstra-
tion of transforming activity of putative oncoproteins is a
critical step in the analysis of human cancer genetics. Trans-
formation of cells by an oncoprotein documents relevance to
disease pathogenesis and establishes a model for studying
disease mechanisms. Here we report that the consequence of
the t(5;12) is generation of a mutant PDGFbR fusion protein
that transforms hematopoietic cells and requires functional
motifs contributed by both the TEL and PDGFbR moieties.
This establishes the transforming activity of TyP and provides
a model system for studying the mechanisms of transformation
by this novel fusion protein.

MATERIALS AND METHODS

Cell Lines and Transfections. BayF3 cells were a kind gift
of Alan D’Andrea (Dana–Farber Cancer Institute). Cells were
maintained in interleukin 3 (IL-3) medium [RPMI 1640 me-
dium with 10% fetal bovine serum (FBS) and 0.5–1 ng of
recombinant IL-3 (R & D Systems)] in a 5% CO2 incubator at
378. NIH 3T3 cells were maintained in DMEM with 10% FBS.
BayF3 cells were electroporated as follows: 1 3 107 cells were
washed in phosphate-buffered saline (PBS) and incubated for
10 min at room temperature with 20 mg of plasmid DNA in
PBS. Cells were electroporated at 350 mVy960 mF in a
Bio-Rad apparatus. Following a 10-min incubation at room
temperature cells were plated in 10 ml of IL-3 medium for 48
hr and then selected in IL-3 medium plus 1 mg of G418 per ml.
Neo-resistant cells were subcloned by limiting dilution. NIH
3T3 cells were transfected by calcium phosphate precipitation
and selected in G418. For soft colony agar assays, 53 104 NIH
3T3 cells stably transfected with pSRa alone, pSRa-BCR-

ABL, or pSRa-TyP were plated in soft agar as previously
described (19). For growth curves, 2 3 104 Neo-resistant cells
(pcDNA3, Y635K, DHLH) or IL-3-independent cells (TyP)
were plated on day 0, and viable cells were counted on each day
by trypan blue exclusion.
DNA Constructs. The retroviral expression vector pSRay

MSVyTKneo (pSRa) has been described (28) and was pro-
vided by O. Witte (University of California, Los Angeles).
pcDNA3 was purchased from Invitrogen. A full-length TyP
was reconstructed in pSRa by splicing together a wild-type
TEL cDNA, a wild-type PDGFbR cDNA (a kind gift of J.
Cooper), and a reverse transcription-PCR-generated fragment
spanning the TyP junction. The DHLH mutant was generated
by cutting within the TEL cDNA at BspMI and EcoNI sites,
blunting with mung bean nuclease, and religating, leading to
deletion of nucleotides 195–348 of the TEL gene. Deletions
constructs were confirmed by sequencing. pLXSN PDGFbR
Y635K was a kind gift of J. Cooper (University of Washington,
Seattle) and Adam Kashishian (Beth Israel Hospital, Boston,
MA). A KspIyHindIII fragment from this construct was cloned
into the KspIyHindIII sites of pSRa TyP.
In Vitro TranscriptionyTranslation. All constructs were

cloned into pcDNA3 (Invitrogen). TyP D3 and TyP DHLH D3
constructs were generated by digesting pcDNA3 TyP and
pcDNA3 TyP DHLH constructs, respectively, with PflMI
[which digests the PDGFbR portion of the fusion protein 39 of
the kinase domain (nucleotide 1818 of the human PDGFbR)]
and blunting with T7 polymerase. The plasmid was then
digested with EcoRI, and the EcoRIyPflMI fragment was
cloned into the EcoRIyEcoNI sites of pcDNA3. In vitro
transcriptionytranslation was performed using a rabbit reticu-
locyte lysate kit (TNT system; Promega) according to the
manufacturer’s specifications. Proteins were labeled with
[35S]methionine incorporation. One-half of the reaction was
removed, diluted to 250 ml in lysis buffer (150 mM NaCly50
mMTriszHCly1%Triton X-100 plus protease and phosphatase
inhibitors) and immunoprecipitated with an antibody to the
carboxyl-terminal portion of the PDGFbR molecule (Upstate
Biotechnology). Total reaction mixtures and immunoprecipi-
tates were resolved by SDSyPAGE, and the separated proteins
were visualized by fluorography using Amplify (Amersham)
according to the manufacturer’s instructions.
Immunoprecipitaton and Western Blotting. Cells were

washed once in PBS and lysed in lysis buffer (150 mMNaCly50
mMTriszHCly1%Triton X-100 plus protease and phosphatase
inhibitors). For immunoprecipitates, 1000 mg of total cell
lysate was incubated with appropriate antibody for 2 hr on ice,
and then 100 ml of formaldehyde-fixed Staphylococcus aureus
(Pansorbin; Calbiochem) was added for 20 min at 48. Immu-
noprecipitates were washed three times in lysis buffer and then
boiled in loading buffer for 5 min. Antibodies were as follows:
for Western blotting, PDGFbR and PLCg (Upstate Biotech-
nology), PI3 kinase and SHP2 (Transduction Laboratories,
Lexington, KY), and anti-phosphotyrosine–4G10, a kind gift of
Tom Roberts (Dana–Farber Cancer Institute); and for immuno-
precipitates, PDGFbR (PharMingen; anti-tail antibody). For
Western blots, blots were blocked in either 5% dry milk in TBST
(0.1% Tween-20y0.01M TriszHCl, pH 7.6y150 mMNaCl) or 5%
bovine serum albumin in TBST (for 4G10Western blots), rinsed
in TBST for 5 min and incubated for 2 hr at room temperature
in primary antibody. Blots were washed and incubated with
horseradish peroxidase-conjugated secondary antibody and vi-
sualized using enhanced chemiluminescence (ECL; Amersham).

RESULTS

TyP Transforms Hematopoietic Cells to Factor Indepen-
dence. Because TyP is associated with the hematologic malig-
nancy CMML, we characterized transforming activity of TyP
in the murine hematopoietic cell line BayF3. BayF3 cells are

FIG. 1. Schematic representation of TEL, PDGFbR, TyP, and
mutations of TyP.
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dependent on IL-3 for growth and have an extremely low rate
of spontaneous reversion to factor independence. In addition,
BayF3 cells express no detectable endogeneous PDGFbR
(M.C., unpublished observations). BayF3 cells were electro-
porated with the control vector pcDNA3 or pcDNA3–TyP,
which contains the full-length TyP fusion cDNA. Cells were
allowed to recover for 48 hr in growth medium plus IL-3 and
were then selected for G418 resistance for '10 days. G418-
resistant cells were washed free of IL-3 and replated in growth
medium alone. In five separate experiments, IL-3-independent
cells were obtained after 10–21 days in cells transfected with
TyP. No IL-3-independent cells were obtained when BayF3
cells were transfected with vector alone. BayF3–TyP cells grow
in the absence of IL-3 at a rate comparable to control cells in
the presence of IL-3 (Fig. 2). Western blotting confirmed that
the TyP protein was expressed in all factor-independent cells
studied (n 5 3; Fig. 2b, lanes 2 and 3). Two distinct bands are
detected, which may be explained in part by alternate start sites
for translation for TEL (20). TyP has a calculated molecular
mass of 76 kDa but migrates with an apparent molecular
weight of '100 kDa after isolation from transfected BayF3
cells, in vitro translation mixtures, or primary patient material
(data not shown).
To address the possibility of an autocrine mechanism of

transformation by TyP (e.g., induction of endogenous IL-3
expression), BayF3–TyP cells were grown to confluence and
the TyP-conditioned medium was harvested by centrifugation
and filtration to remove residual cells. Normal BayF3 cells
showed no growth or inhibition of apoptosis in 10% TyP-
conditioned medium (data not shown), suggesting that IL-3-

dependent growth was not the consequence of autocrine
production of IL-3 or other growth factors.
TyP Does not Transform NIH 3T3 Cells.NIH 3T3 cells were

transfected with pSRa or pSRa-TyP constructs and stable
transfectants selected in G418. Expression of the TyP protein
was confirmed byWestern blot analysis (data not shown). Cells
(1 3 104) were plated in soft agar and macroscopic colonies
were scored after 21 days as described (21). NIH 3T3 cells
transformed by the fusion protein p185bcr/abl were used as a
positive control. In two separate experiments, no colonies were
detected in 3T3-TyP cells, whereas.150 colonies were present
on plates seeded with p185bcr/abl-expressing cells (Table 1). In
addition, the NIH 3T3 cells transfected with TyP were main-
tained in continuous culture for several months. These cells did
not form foci and showed no morphologic changes.
TyP Is Constitutively Tyrosine-Phosphorylated. The wild-

type PDGFbR protein is inducibly tyrosine-phosphorylated
after ligand binding, so we examined TyP protein expressed in
BayF3 cells for tyrosine phosphorylation. BayF3–TyP cells
grown in medium lacking IL-3 (Fig. 3, lane 2), and vector-
transfected cells (Fig. 3, lane 1) were lysed and proteins were
immunoprecipitated using an anti-PDGFbR antisera. Immu-
noprecipitates were separated by SDSyPAGE and transferred
to nitrocellulose. Blots were probed using an antiphosphoty-
rosine antibody. A prominent 100-kDa tyrosine-phosphory-
lated protein was detected in BayF3–TyP cells but was not
detected in vector-transfected control cells (Fig. 3 Lower).
Stripping and reprobing with an anti-PDGFbR antisera con-
firmed that the 100-kDa protein was TyP (Fig. 3 Upper).
Transformation by TyP Requires the Kinase Activity of the

PDGFbR Cytoplasmic Domain. To test the hypothesis that
TyP transforms cells through constitutive activation of the
PDGFbR kinase, we constructed a kinase-deficient TyP mu-
tant. A point mutation corresponding to a kinase inactivating
mutation in the PDGFbR (Y635K) was introduced into the
TyP cDNA. The kinase-inactive construct, designated TyP
Y635K, was transfected into BayF3 cells, and cells were
selected for G418 resistance as above. Western blot analysis
confirmed expression of TyP Y635K and demonstrated that,
unlike the wild-type TyP, TyP Y635K is not tyrosine-
phosphorylated (Fig. 3 Upper, lane 3). Stable transfectants
expressing TyP Y635K were unable to grow in medium lacking
IL-3 (Fig. 2) providing convincing evidence that the tyrosine
kinase activity of PDGFbR is necessary for TyP transforma-
tion of BayF3 cells.
TyP Oligomerizes in Vitro. Dimerization is known to be a

prerequisite for activation of the wild-type PDGFbR. We
therefore tested for in vitro oligomerization of TyP by in vitro
transcription and translation of TyP, and TyP D3 (Fig. 1),
which contains a carboxyl-terminal truncation of the
PDGFbR. As expected, anti-PDGFbR antisera, which was
specific for the carboxyl terminus of PDGFbR-immunopre-
cipitated TyP (Fig. 4, lanes 1 and 7), but did not recognize the
TyP D3 truncation mutant (Fig. 4, lanes 2 and 8). However,
when TyP and TyP D3 were cotranslated, both were immu-
noprecipitated by antibody directed against the carboxyl ter-
minus of PDGFbR (Fig. 4, lanes 3 and 9). These data provide
evidence for an interaction between the TyP and TyP D3

FIG. 2. TyP transforms BayF3 cells to IL-3 factor independence.
(a) BayF3 cells were transfected with pcDNA3, pcDNA3 TyP, the
kinase-inactive mutant, Y635K, or the DHLH mutant and selected for
G418 resistance. G418-resistant cells were selected for growth in the
absence of IL-3. Neo-resistant (2 3 104 cells; pcDNA3, Y635K, and
DHLH) or IL-3-independent cells (TyP) were washed free of IL-3 and
plated on day 0 in RPMI 1640y10% FCS. Viable cells were counted
on each day. (b) Expression of TyP and mutants in BayF3 cells.
Transfected BayF3 cells were lysed in 1% Triton X-100y150 mM
NaCly50 mM Tris, pH 8.0, plus protease inhibitors. Lysates were
separated by SDSyPAGE, transferred to nitrocellulose, and blotted
with anti-PDGFbR antisera. Lanes 2 and 3 show two separate
transfections with wild-type TyP.

Table 1. TyP does not transform NIH 3T3 cells

Transfected DNA No. of colonies*

pSRa 0
TyP 0
BCR–ABL 177

NIH 3T3 cells were transfected with the indicated constructs and
stable transfectants selected in G418. Cells (1 3 104) were plated in
soft agar and incubated at 378 in a 5% CO2 incubator. Macroscopic
colonies were counted at day 21.
*Average of two experiments.
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proteins and demonstrate that TyP self-associates into dimeric
or higher order complexes in vitro.
TyP Oligomerization and Transformation of BayF3 Cells

Requires the HLH Domain of TEL. The TEL HLH domain is
conserved among ETS family members and has been postu-
lated to serve as a self-association motif (11, 20). To test the
hypothesis that the TELHLH domain mediates TyP oligomer-
ization, TyP containing a 51-aa in-frame deletion of the HLH
domain was constructed (TyP DHLH, Fig. 1). A corresponding
mutant was prepared containing a carboxyl-terminal trunca-
tion of the PDGFbR moiety (TyP DHLH D3, Fig. 1), and
tested in in vitro transcriptionytranslation assays as described
above. As expected, antisera directed against the carboxyl
terminus of PDGFbR immunoprecipitated the TyP DHLH
mutant (Fig. 4, lanes 4 and 10) but did not recognize the
carboxyl terminal truncation mutant TyP DHLH D3 (Fig. 4,
lanes 5 and 11). When the two HLH deletion mutants were
cotranslated, only the TyP DHLH mutant was immunopre-
cipitated with antisera to the PDGFbR carboxyl terminus (Fig.
4, lanes 6 and 12). These data provide evidence that deletion
of the TEL HLH domain abrogates the ability of the TyP
fusion to self-associate and are consistent with the hypothesis
that the TEL HLH domain is a self-association motif.
To determine whether the TELHLH domain is required for

transformation of BayF3 cells, TyPDHLHwas transfected into
BayF3 cells and cells were selected in G418. Expression of TyP
DHLH was confirmed by Western blot analysis (Fig. 2b, lane
5). BayF3 cells, which were stably transfected with TyP DHLH,
were incapable of growth in the absence of IL-3 (Fig. 2).
Immunoprecipitation of TyP DHLH from these cells and West-
ern blotting with an anti-phosphotyrosine antibody demonstrate
that TyPDHLH is not tyrosine-phosphorylated (data not shown).
These data show that the TEL HLH domain is required for
transforming activity as well as for oligomerization.
TyP Constitutively Associates with Signaling Molecules

That Are Activated by Wild-Type PDGFbR.We hypothesized
that TyP might cause proliferation of myeloid cells through

constitutive activation of mitogenic signaling pathways used by
the wild-type PDGFbR. To explore this possibility, the TyP
protein was immunoprecipitated from BayF3–TyP cells grow-
ing in the absence of IL-3 and analyzed byWestern blotting for
interaction with PLCg, SHP2, PI3 kinase (p85), and RAS-
GAP. As a positive control, BayF3 cells transfected with the
wild-type PDGFbR were also analyzed. TyP and PDGFbR
associate with signaling molecules, including PLCg, SHP2, PI3
kinase (Fig. 5), and RAS-GAP (not shown). Collectively, these
data are consistent with the hypothesis that self-association of
TyP leads to constitutive tyrosine kinase activation, autophos-
phorylation, and interaction with signalingmolecules known to
be relevant to mitogenic pathways for the wild-type PDGFbR.

DISCUSSION

The t(5;12) is a recurring translocation that is associated with
the clinical phenotype of CMML. The consequence of t(5;12)
in all patients examined thus far is generation of a TyP fusion
transcript, which contains the TEL HLH and the PDGFbR
tyrosine kinase functional domains. The reciprocal PDGFbRy
TEL transcript, which could be generated by the balanced
reciprocal translocation, is not expressed. These data suggest

FIG. 3. TyP is constitutively tyrosine-phosphorylated in BayF3
cells. BayF3 cells were transfected with pcDNA3 alone (lane 1), TyP
(lane 2), or a kinase-inactive mutant with a tyrosine-to-lysine mutation
at the site corresponding to Y635 in the human PDGFbR (Y635K;
lane 3). Cells were selected in 1 mgyml of G418, and TyP cells were
subsequently selected for growth in the absence of IL-3. Cells were
lysed and immunoprecipitated with an antibody to the human
PDGFbR (Upstate Biotechnology). Immunoprecipitates were sepa-
rated by SDSyPAGE, transferred to nitrocellulose, and Western
blotted using the indicated antisera and enhanced chemiluminescence
(ECL) detection methods. All constructs direct the synthesis of a
doublet due to the use of an alternative start site for translation in the
TEL portion of the fusion cDNA.

FIG. 4. TyP dimerizes in vitro and dimerization requires the HLH
domain. cDNA constructs for the indicated mutations of TyP were
cloned into the pcDNA3 expression vector, and in vitro transcriptiony
translation was performed according to the manufacturer’s instruction
(Promega TNT kit) using radiolabeled [35S]methionine. Quantity of
DNA added was adjusted to give approximately equal amounts of each
translated protein. For lanes 7–12, one-half of the reaction mixture was
removed and immunoprecipitated with an antisera to the carboxyl
terminus of human PDGFbR. Total reaction products or total immu-
noprecipitates were separated by SDSyPAGE. The gel was fixed,
treated with Enhance (Amersham), dried, and exposed to film at2708
for 30 min.
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an important role for the TyP fusion protein in pathogenesis
of CMML and for the TEL HLH domain and PDGFbR
tyrosine kinase activity.
Here we report that TyP is an oncoprotein that transforms

the hematopoietic cell line BayF3 to growth factor indepen-
dence. Mutational analysis shows that transformation is de-
pendent upon both the TEL HLH domain and PDGFbR
tyrosine kinase activity. TyP does not transform the nonhe-
matopoeitic cell line NIH 3T3, although NIH 3T3 cells contain
functional PDGFbR that is capable of signaling mitogenesis in
response to the PDGF BB ligand. The finding that TyP
transforms hematopoietic cells, but not fibroblasts, may be
relevant to the observed hematopoietic tissue specificity of the
TyP fusion protein, although other explanations are possible.
For example, it is possible that the wild-type PDGFbR in NIH
3T3 cells interferes with transformation by TyP.
PDGFbR dimerization mediated by the dimeric PDGF

ligand is necessary for tyrosine kinase activation and subse-
quent activation of PDGF dependent signaling pathways.
Because the PDGF ligand-binding domain of PDGFbR is
replaced by a portion of the TEL protein in the TyP fusion, we
hypothesized that the TEL portion of the fusion contributed a
dimerization or oligomerization motif that would constitu-
tively activate the PDGFbR kinase. In support of this hypoth-
esis, we have shown that the TEL HLH domain, conserved
among ETS family members, mediates oligomerization of TyP
and is required for TyP transformation of BayF3 cells. Other
examples of constitutive activation of receptors that lead to
transformation include the v-sis oncogene, which transforms
cells via activation of PDGFbR (16), mutations in the eryth-
ropoietin receptor, which induce constitutive dimerization
(22), and dimerization and activation of PDGFbR by bovine
papillomavirus E5 (18). Of note, BayF3 cells transfected with
the wild-type PDGFbR are not factor-independent, although
they respond to PDGF, as shown in Fig. 5. We have not as yet
compared the growth rate of cells transformed with TyP to
those transfected with PDGFbR and stimulated with PDGF.
It will be important to do this to understand if TyP is simply
constitutively activating PDGFbR-dependent signaling path-
ways or is transforming cells through other mechanisms.

The finding that the TEL HLH domain is necessary for TyP
oligomerization suggests that the domain is a self-association
motif. Additional support for this observation includes TEL
HLH-mediated oligomerization of the TEL–ABL (20) and
TEL–AML1 fusions (23), and that wild-type TEL can self-
associate (T.R.G., unpublished observations). The HLH do-
main has weak homology with the HLH domain of basic HLH
transcription factors, such as MYC and MYO-D (24), and has
been variously termed the 59 Ets domain, the pointed domain,
and domain B. However, the structure and function of this
conserved region in ETS proteins are not known. Analysis of
structure–function relationships in leukemogenic TEL fusion
proteins suggests that the HLH domain in TEL may serve as
self-association or protein–protein interaction motif, although
it is unknown whether the HLH domain serves a similar
function in other ETS family members. Given the interaction
through this domain, it is possible that TyP could interact with
the wild-type TEL protein and that this may have a role in
transformation by TyP. Future experiments will address this
question.
We have further demonstrated that TyP is constitutively

tyrosine-phosphorylated and that PDGFbR tyrosine kinase
activity is necessary for transformation. Western blotting
showed that TyP associates with signaling molecules, which
have been reported to be activated by the wild-type PDGFbR
after ligand binding including PLCg, SHP2, and PI3 kinase.
PDGFbR association with all of these molecules is not nec-
essary for stimulation of DNA synthesis or mitogenesis in
response to ligand binding. Valius and Kazlauskas (25) have
reported that in Hep G2 cells, PI3 kinase, and PLCg are the
critical mediators of the PDGFbR mitogenic activity. How-
ever, analysis of PDGFbR-induced mitogenesis in CHO and
BayF3 cells has demonstrated that the critical mediators of
mitogenesis vary in different cell types. Bovine papillomavirus
E5 mediates constitutive dimerization of PDGFbR and trans-
formation of BayF3 cells (17). However, in contrast with the
wild-type receptor, transformation in the bovine papillomavi-
rus E5yPDGFbR system is not affected by point mutations
that abrogate PDGFbR interactions with PLCg, NCK, Grb2,
PI3K, Ras-GAP, or SHP-2. It will be necessary to prepare
point mutations of specific tyrosine residues in the PDGFbR
portion of the TyP fusion to determine which signaling path-
ways are critical for transformation by TyP.
In summary, our data is consistent with a model of trans-

formation in which TyP oligomerizes via the HLH domain of
TEL, leading to constitutive activation of the PDGFbR ty-
rosine kinase and stimulation of PDGFbR-dependent signal-
ing pathways. The model suggests several potential strategies
for reversion of transformation by TyP. Since transformation
by TyP appears to rely on TEL HLH-mediated oligomeriza-
tion, it may be possible to interfere with the ability of TyP to
oligomerize and transform cells by overexpression of wild-type
TEL, a TEL HLH peptide, or a kinase inactive TyP mutant.
Alternatively, since kinase inactive mutants of TyP are non-
transforming, specific inhibitors of the PDGFbR kinase (26,
27) may also inhibit transformation mediated by TyP. It should
be possible to develop in vitro and in vivo models of transfor-
mation to explore these possibilities.
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