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A domain of TEL conserved in a subset of ETS
proteins defines a specific oligomerization interface
essential to the mitogenic properties of the
TEL–PDGFRβ oncoprotein

members of this family are implicated to date in a varietyChristine Jousset, Clémence Carron,
of oncogenic processes in both animal species and man.Anthony Boureux, Christine Tran Quang,
c-ets1 is the cellular homolog of the v-ets oncogene ofCécile Oury, Isabelle Dusanter-Fourt1,
avian leukemia virus E26 which, together with a co-Martine Charon1, Jonathan Levin2,
transduced v-myboncogene and a partialgaggene, encodeOlivier Bernard3 and Jacques Ghysdael
the Gag-Myb-Ets transforming protein (Leprinceet al.,
1983; Nunnet al., 1983). Both v-myband v-etscontributeCNRS UMR 146, Institut Curie-Section de Recherche,

Centre Universitaire, 91405 Orsay,1INSERM U 363, Institut Cochin in an interdependent and synergistic way to the trans-
de Génétique Moléculaire, Hôpital Cochin, 75014 Paris, forming and leukemogenic properties of E26 (Metz and2Unité d’Ingéniérie des Prote´ines, Institut National de la Recherche

Graf, 1991a,b). Spi-1/PU1 and FLI-1 are overexpressedAgronomique, Domaine de Vilvert, 78352 Jouy-en-Josas and
in the leukemic cells of the erythroleukemias induced in3INSERM U 301, Institut de Ge´nétique Moléculaire,

Hôpital Saint-Louis, 75010 Paris, France mice by the Friend virus complex and the Friend helper
virus, respectively (Moreau-Gachelinet al., 1988; Ben-C.Jousset and C.Carron contributed equally to this work
David et al., 1991). Overexpression of Spi-1 has been
shown to affect various aspects of the differentiation andTEL is a novel member of the ETS family of transcrip-
proliferation control of primary erythroid progenitors andtional regulators which is frequently involved in human
of Friend leukemic cell lines (Schuetzeet al., 1993;leukemias as the result of specific chromosomal trans-
Delgadoet al., 1994; Tran Quanget al., 1995). In man,locations. We show here by co-immunoprecipitation
the carboxy-terminal domains of FLI-1, ERG-2 or ETV-1and GST chromatography analyses that TEL and
including their ETS domain are fused to the amino-TEL-derived fusion proteins form homotypic oligomers
terminal half of EWS, an RNA binding protein encodedin vitro and in vivo. Deletion mutagenesis identifies the
by theEWSgene on chromosome 22, in Ewing sarcomasTEL oligomerization domain as a 65 amino acid region
and related tumors of childhood as the result of specificwhich is conserved in a subset of the ETS proteins
chromosomal translocations (Delattreet al., 1992; Zucmanincluding ETS-1, ETS-2, FLI-1, ERG-2 and GABPα in
et al., 1993; Jeonet al., 1995). Similarly, the ERG-2 DNAvertebrates and PNTP2, YAN and ELG in Drosophila.
binding domain is fused to TLS, a protein related toTEL-induced oligomerization is shown to be essential
EWS, in several forms of acute myelogenous leukemiasfor the constitutive activation of the protein kinase
harboring a t(16;21) translocation (Shimizuet al., 1993;activity and mitogenic properties of TEL–platelet
Ichikawaet al., 1994). In these cases, substitution of thederived growth factor receptor β (PDGFRβ), a fusion
amino-terminal moiety of FLI-1, ERG-2 or ETV-1 byoncoprotein characteristic of the leukemic cells of
either EWS or TLS sequences confers aberrant transcrip-chronic myelomonocytic leukemia harboring a t(5;12)
tional activation properties and activates the transformingchromosomal translocation. Swapping experiments in
properties of these proteins (Mayet al., 1993a,b; Baillywhich the TEL oligomerization domain was exchanged

by the homologous domains of representative verte- et al., 1994; Prasadet al., 1994). Finally, a series of
brate ETS proteins including ETS-1, ERG-2 and leukemias are associated with specific translocations which
GABPα show that oligomerization is a specific property result in the fusion of the amino-terminal domain of TEL
of the TEL amino-terminal conserved domain. These to a variety of partners. These include the carboxy-terminal
results indicate that the amino-terminal domain con- domain of the platelet-derived growth factor receptorβ
served in a subset of the ETS proteins has evolved (PDGFRβ) and c-ABL tyrosine-specific protein kinases
to generate a specialized protein–protein interaction in chronic myelomonocytic leukemia (CMML) with t(5;
interface which is likely to be an important determinant 12) and acute lymphoid leukemia with t(9;12), respectively
of their specificity as transcriptional regulators. (Golub et al., 1994; Papadopouloset al., 1995); and the
Keywords: ETS family/leukemia/oligomerization/TEL/ AML1/CBFα subunit of core binding factor (CBF), a
TEL–PDGFRβ tissue-specific transcriptional regulator, in childhood B-cell

acute lymphoid leukemia with t(12;21) (Golubet al.,
1995; Romanaet al., 1995). TEL is also involved in
reciprocal t(12;22) chromosomal translocations involving

Introduction MN1, a gene of unknown function (Buijset al., 1995).
The common feature of ETS proteins is a domain ofETS proteins form a class of.20 different sequence-

85 amino acid residues (ETS domain) which is structuredspecific transcriptional regulators involved in the response
as a winged helix–turn–helix motif responsible for theirof cells to a variety of developmental and environmental
binding to specific sequences centered over a conservedcues (for review, see Scottet al., 1994; Borieset al.,
GGAA/T core motif (Donaldsonet al., 1994, 1996; Liang1995; Hill and Treisman, 1995; Janknechtet al., 1995;

Muthusamyet al., 1995; Wassarmanet al., 1995). Six et al., 1994; Kodandapaniet al., 1996). Moreover, a subset
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of ETS proteins, including ETS-1, ETS-2, ERG-2, FLI-1, either of these antibodies resulted in the co-precipitation
of TP-0 and HA-TP-0 (tt) (Figure 2A, lanes 7 and 8).GABPα and TEL in vertebrates and PNTP2, ELG and

YAN in Drosophila also share a region of homology of Similar results were obtained when these proteins were co-
expressed followingin vitro translation of their respective~65 amino acid residues which has been referred to

diversely as the B domain (Boulukoset al., 1989), the mRNAs in rabbit reticulocyte lysates and immunoprecipit-
ated with the same set of antibodies (Figure 2B, lanes 4–pointed domain (Klambt, 1993) or the HLH domain

because of a loose resemblance to the helix–loop–helix 9). We conclude from these experiments that TP-0 and
truncated forms derived thereof form a complexin vivomotif of other transcriptional regulators (Seth and Papas,

1990). Although deletion analyses indicate that the amino- andin vitro.
To analyze whether the TEL moiety is required forterminal conserved region of ETS-1, ETS-2 and FLI-1

modulates the transcriptional properties of these proteins this association, a series of truncated polypeptides that
contained TEL amino- and carboxy-terminal deletions(Gegonneet al., 1992; Schneikertet al., 1992; Raoet al.,

1993), its precise mode of action remains unclear. was generated (see Figure 1A). The ability of these
polypeptides to interact with intact TP-0 was analyzed byThe TEL–PDGFRβ and TEL–ABL fusion proteins are

formed by the fusion of the 154 amino-terminal residues co-immunoprecipitation assays using antibodies specific
of each of them (Figure 3A and B, lanes 1–6). TEL aminoof TEL, including the conserved amino-terminal domain

(B domain), to either the transmembrane and catalytic acids 1–53 were found to be dispensable for complex
formation since their deletion in HA-TP-3 (t) did notdomain of PDGFRβ or the SH2, SH3 and catalytic

domains of c-ABL, respectively (Golubet al., 1994; affect the ability of this protein to associate with TP-0
(Figure 3A, lanes 7 and 8). In contrast, further deletionPapadopouloset al., 1995). Since normal ligand-induced

activation of PDGFRβ depends upon ligand-induced of 65 amino acid residues in HA-TP-4 (t) or complete
deletion of TEL-derived sequences in HA-TP-5 (t) abol-dimerization (for review, see Heldin, 1995), it has been

suggested that the TEL-derived sequence might contribute ished the ability of these proteins to co-precipitate with
TP-0 (Figure 3A, lanes 9–12), indicating that complexto the oncogenic properties of TEL–PDGFRβ by favoring

constitutive dimerization and activation of the protein formation is dependent upon specific sequences in the
TEL domain. Analysis of TEL–PDGFRβ mutants carryingkinase activity of the PDGFRβ moiety of the fusion

protein (Golub et al., 1994). Likewise, TEL-induced carboxy-terminal deletions in the TEL moiety showed that
removal of TEL amino acid residues 119–154 (TP-11) didoligomerization might activate the protein kinase activity

(Papadopouloset al., 1995) and transforming properties not affect complex formation with HA-TP-0 (t) (Figure
3B, lanes 7 and 8), whereas further deletion into theof TEL–ABL in a way reminiscent of the BCR-induced

oligomerization of the BCR–ABL fusion protein of central, conserved domain of TEL in TP-13 abolished it
(Figure 3B, lanes 9 and 10). The essential role of thePhiladelphia-positive human leukemias (McWhirter

et al., 1993). conserved domain of TEL in complex formation is borne
out further by the inability of a mutant TEL–PDGFRβHere, we show that the amino-terminal conserved

domain of TEL forms a homotypic interaction interface deleted in this domain (TP-10) to associate with HA-TP-0
(t) (Figure 3B, lanes 11 and 12). Moreover, fusion of thewhich mediates oligomerization of TEL and TEL-derived

fusion proteins. This property appears to be specific to TEL conserved domain (amino acid residues 54–119 of
TEL) to 132 residues of PDGFRβ sequences, HA-TP-12TEL, since the amino-terminal conserved domain of other

vertebrate proteins fails to mediate oligomerization. TEL- (t), is sufficient to engage these proteins in complex
formation with TP-0in vitro (Figure 3C, lanes 3 and 4;induced oligomerization is shown to play an essential role

in the activation of the protein kinase activity and mito- compare also with Figure 3A, lanes 9 and 10). Complex
formation between TP-0 and HA-TP-12 (tt) was alsogenic property of TEL–PDGFRβ.
observed in vivo in HeLa cells transfected with the
respective expression plasmids (data not shown).Results

The studies reported so far were carried out using TEL
deletion mutants made in the context of the TEL–PDGFRβTo determine whether the 154 amino-terminal residues of

TEL encode an oligomerization interface, SV40 early fusion protein. To determine whether the amino-terminal
conserved domain of TEL also mediates complex form-promoter-based expression plasmids encoding intact TEL–

PDGFRβ (TP-0) or a hemagglutinin (HA) epitope-tagged ation of TEL and TEL-derived nuclear proteins, we
analyzed the ability of intact TEL and TEL derivatives toversion of a mutant derived thereof by deletion of the 448

carboxy-terminal residues, HA-TP-0 (tt), were transfected associatein vivo andin vitro. Expression plasmids encod-
ing an HA-tagged version of TEL or an ETS-1 chimericeither alone or co-transfected in HeLa cells (see Figure 1

for a schematic of the proteins used in this study). protein in which the 129 amino-terminal residues of ETS-1
are replaced by the corresponding residues of TEL, TEL(1–Transfected cells were metabolically labeled with

L-[35S]methionine andL-[35S]cysteine, and the respective 119)/ETS-1(130–441) (see Figure 1C for a schematic of
these constructs), were transfected either alone or co-proteins were immunoprecipitated from cell lysates using

specific antibodies. The results of Figure 2 show that transfected in HeLa cells. Cells were metabolically labeled
with L-[35S]methionine andL-[35S]cysteine and the respect-a monoclonal antibody to the HA epitope specifically

precipitated HA-TP-0 (tt) (Figure 2A, compare lanes 5 ive proteins were immunoprecipitated using antibodies
specific for each of them (Figure 4A, lanes 3–6). Theand 6) whereas a rabbit antiserum directed to the carboxy-

terminal end of PDGFRβ only precipitated TP-0 (Figure results of Figure 4A show that an antibody specific for
ETS-1 was able to precipitate TEL only when it was co-2A, compare lanes 3 and 4). In contrast, immunoprecipit-

ation of lysates of cells co-expressing both proteins with expressed with the chimeric TEL(1–119)/ETS-1(130–441)
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Fig. 1. Schematic structure of TEL derivatives used in this study. (A) Schematic of intact TEL–PDGFRβ (TP-0) and of deletion mutants derived
thereof. Mutants in the TEL-derived portion of TP-0 are depicted as TP-1–TP-13. TP-1 and TP-2 were obtained following site-directed mutagenesis
to generate in-frameBamHI and BglII restriction sites flanking the amino-terminal conserved domain of TEL (depicted as a hatched box). The amino
acid substitutions created by these mutations were found not to affect the ability of TP-1 and TP-2 to associate with intact TEL–PDGFRβ (data not
shown). TEL–PDGFRβ 59 deletion mutants (HA-TP-3, HA-TP-4 and HA-TP-5), missense mutants (TP-1 and TP-2) and internal deletion mutants
(TP-10, TP-11, HA-TP-12 and TP-13) were generated either as fusions containing the entire PDGFRβ-derived sequences or as truncated versions of
this domain. Truncations were obtained by digestion of PDGFRβ DNA at eitherApaI (in which case the mutants are referred to as t mutants
containing only 132 amino acids of PDGFRβ sequences, spanning the transmembrane and part of the cytoplasmic domains) orSacI (referred to as tt
mutants containing 73 amino acids of PDGFRβ spanning the transmembrane and part of the cytoplasmic domains). Some of the mutants were
generated as HA-tagged versions (the HA tag is shown as a black oval). The split catalytic domain and the transmembrane region of PDGFRβ are
shown as light stippled and stippled boxes, respectively. (B) Schematic of TEL–PDGFRβ substitution mutants. Mutant TP-6 was obtained by
substitution of residues 1–119 of TEL by the 1–130 amino-terminal residues of c-Ets-1. Mutants TP-7, TP-8 and TP-9 were obtained by substitution
of the conserved amino-terminal domain of TEL (amino acids residues 54–119) by the homologous domain of ETS-1, ERG-2 and GABPα,
respectively. The amino-terminal conserved domains of TEL, ETS-1, ERG-2 and GABPα are shown as distinct hatched boxes. The catalytic and the
transmembrane regions of PDGFRβ are shown as light stippled and stippled boxes, respectively. (C) Schematic of TEL deletion mutants and ETS-1
chimeric proteins. Deletion mutant ETS-1(130–441) has been described previously (Gegonneet al., 1992). The ETS (DNA binding) domain is
shown as a black box. When present, the HA epitope is shown as a black oval.

protein (Figure 4A, compare lanes 4, 6 and 8). Conversely, same results were obtained usingin vitro translated proteins
in reticulocyte lysates (data not shown). We concludein anti-HA immunoprecipitates, the TEL(1–119)/ETS-

1(130–441) protein was detected only when it was co- from these experiments that the TEL amino-terminal
conserved domain is essential to engage TEL in complexexpressed with HA-TEL (Figure 4A, compare lanes 3, 5

and 7). Complex formation between TEL(1–119)/ETS- formationin vivo and in vitro independently of its
protein context.1(130–441) and TEL is dependent upon the presence of

TEL sequences since HA-ETS-1(130–441) was found to To analyze whether this domain alone is by itself
sufficient for complex formation, we generated an HA-be unable to co-precipitate with HA-TEL (Figure 4B,

compare lanes 2, 4 and 6). To analyze whether the TEL miniprotein restricted to this domain, HA-TEL(54–
119), and analyzed its ability to co-precipitate with eitherconserved domain of TEL is sufficient to mediate complex

formation, we co-expressed HA-TEL with a TEL–ETS-1 TP-0 (t) or TEL(1–119)/ETS-1(130–441)in vitro. As
shown in Figure 4C, immunoprecipitation of TP-0 (t) orchimera limited to this domain of TEL, HA-TEL(54–119)/

ETS-1(130–441), and analyzed the association of these TEL(1–119)/ETS-1(130–441) with the anti-HA specific
antibody was only observed when co-expressed withproteins using antibodies specific for their respective

carboxy-terminal domains (ETS domains). The results in HA-TEL(54–119) (Figure 4C, compare lanes 1–5). To
determine whether the TEL amino-terminal conservedFigure 4B show that immunoprecipitation of cell lysates

co-expressing both proteins with either the ETS-1-specific domain is able to interact with itself, a GST fusion protein
containing amino acids 54–119 of TEL was immob-antibody or the TEL-specific antibody resulted in the

co-precipitation of HA-TEL and HA-TEL(54–119)/ETS- ilized on glutathione–agarose beads and incubated with
in vitro translated L-[35S]methionine-labeled TP-0 or1(130–441) (Figure 4B, compare lanes 1 and 7–10). The
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Fig. 2. In vivo and in vitro complex formation of TEL–PDGFRβ and mutants derived thereof. (A) HeLa cells were transfected with expression
plasmids for either intact TEL–PDGFRβ (TP-0) (lanes 3 and 4) or the HA-TP-0 (tt) deletion mutant (lanes 5 and 6), or were co-transfected with
both TP-0 and HA-TP-0 (tt) (lanes 7 and 8). HeLa cells transfected with the empty expression vector were used as negative control (lanes 1 and 2).
Transfected cells were metabolically labeled withL-[35S]methionine andL-[35S]cysteine and lysed. Immunoprecipitations were carried out on 107

acid-insoluble radioactive counts of each lysate using either the HA-specific monoclonal antibody (odd-numbered lanes) or a rabbit antiserum
specific to the carboxy-terminus of the PDGFRβ (even-numbered lanes). Immunoprecipitates were analyzed by electrophoresis on polyacrylamide
gels (10% acrylamide) in the presence of SDS followed by fluorography. Note that these proteins migrate as doublets as the result of translation
initiation at both the first initiation codon of the TEL open reading frame or at the codon encoding Met43 (data not shown). (B) pBS plasmids
encoding either TP-0 (lanes 1, 4 and 5) or HA-TP-0 (t) (lanes 2, 6 and 7) were translated alone or co-translated (lanes 3, 8 and 9) following coupled
transcription/translation in rabbit reticulocyte lysate in the presence ofL-[35S]methionine. Translated proteins were analyzed directly (lanes 1–3) or
immunoprecipitated using the HA-specific monoclonal antibody (lanes 4, 6 and 8) or the rabbit antiserum to the carboxy-terminus of PDGFRβ (lanes
5, 7 and 9). Immunoprecipitates were analyzed by electrophoresis on polyacrylamide gels (10% acrylamide) in the presence of SDS followed by
fluorography.

HA-TEL (54–119). As shown in Figure 5, both TP-0 failure to co-precipitate with ETS-1, ERG-2 or GABPα,
respectively. Also, unlike intact TP-0, neither TP-6, TP-7,(Figure 5A, lanes 6–10) and HA-TEL(54–119) (Figure

5B, lanes 6–10) bound to the GST–TEL(54–119) affinity TP-8 nor TP-9 was found to be able to associate with TEL
(data not shown). We conclude from these experiments thatmatrix. In contrast, neither GST alone nor a GST fusion

protein containing the amino-terminal conserved domain the ability to oligomerize is a specific property of the
amino-terminal conserved domain of TEL and that TEL-of ETS-1 (data not shown) was found to be able to bind

TP-0 (Figure 5A, lanes 1–5) and HA-TEL(54–119) (Figure induced oligomerization is homotypic. Intact TEL–
PDGFRβ (TP-0) was found to localize to the cytoplasm5B, lanes 1–5). We conclude from these experiments that

the conserved amino-terminal of TEL is sufficient for of transfected cells (Figure 7C, compare panels 1 and
2); this property is independent of the presence of theoligomerization.

The domain of TEL responsible for oligomerization is oligomerization domain since no difference in subcellular
localization was observed between TP-0 and TP-10 (Figurephylogenetically conserved in a subset of the ETS family

members which include, in vertebrates, the highly related 7C, compare panels 2 and 3).
The mitogenic and chemotactic properties of PDGFRβETS-1 and ETS-2, the related FLI-1 and ERG-2 and the

α subunit of GABP and, inDrosophila, PNTP2, ELG and are dependent upon PDGF-induced dimerization and sub-
sequent activation of its tyrosine-specific protein kinaseYAN. To analyze whether the corresponding domains of

other vertebrate ETS proteins are also involved in complex activity (for review, see Heldin, 1995). To analyze whether
TEL-mediated oligomerization is involved in the activationformation, TEL–PDGFRβ fusion proteins were created in

which the conserved domain of TEL was substituted for of the tyrosine-specific protein kinase activity of TEL–
PDGFRβ, we compared the autophosphorylation proper-those of ETS-1, ERG-2 or GABPα to generate TP-7, TP-8

and TP-9 (see Figure 1B for a schematic of these mutants). ties of TP-0 and of a series of deletion or substitution
mutants derived thereof which either maintain or abolishThe properties of a TEL–PDGFRβ fusion protein (TP-6)

in which the 119 amino-terminal residues of TEL were the ability to oligomerize. Proteins were translated in
reticulocyte lysates and aliquots of each lysate werereplaced by the first 130 amino acid residues of ETS-1

were also analyzed. These fusion proteins were co- electrophoresed on polyacrylamide gels and, after transfer
to nitrocellulose, the blots were revealed with either antranslated in vitro with ETS-1, ERG-2 and GABPα,

respectively, and complex formation analyzed by co- antibody to the carboxy-terminal end of PDGFRβ to
compare for expression levels or with a phosphotyrosine-immunoprecipitation analyses using specific antisera

(Figure 6A, lanes 1–4 and 7–8; B, lanes 1–4 and 7–10). specific antibody to analyze for autophosphorylation of
the PDGFRβ-derived moiety. The results of Figure 7BThe results of Figure 6 show that in conditions in which

intact TEL–PDGFRβ co-immunoprecipitated with TEL show that all fusion proteins tested were expressed at a
similar level. Analysis of the same blot with an anti-(Figure 6C), none of the fusion proteins in which the TEL

amino-terminal conserved region was exchanged for that phosphotyrosine antibody revealed a high level of tyrosine
phosphorylation associated with TP-0 (Figure 7A, lane 1).of ETS-1 (Figure 6A, lanes 5–6 and 9–10), ERG-2 (Figure

6B, lanes 5–6) or GABPα (Figure 6B, lanes 11–12) were This reflects TEL–PDGFRβ autophosphorylation since a
TEL–PDGFRβ mutant carrying a K634A substitution inable to form homotypic complexes as evidenced by their
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Fig. 3. Complex formation by TEL–PDGFRβ requires the TEL amino-
terminal conserved domain. (A) pBS plasmids encoding HA-TP-3 (t)
(lanes 1 and 2), HA-TP-4 (t) (lanes 3 and 4) and HA-TP-5 (t) (lanes 5
and 6) were translated alone or co-translated with TP-0 (lanes 7–12)
following coupled transcription/translation in rabbit reticulocyte lysate
in the presence ofL-[35S]methionine and proteins immunoprecipitated
using the HA-specific monoclonal antibody (odd-numbered lanes) or
the rabbit antiserum to the carboxy-terminus of PDGFRβ (even-
numbered lanes). (B) pBS plasmids encoding TP-11 (lanes 1 and 2),
TP-13 (lanes 3 and 4) and TP-10 (lanes 5 and 6) were translated alone
or co-translated with HA-TP-0 (t) (lanes 7–12) following coupled
transcription/translation in rabbit reticulocyte lysate in the presence of
L-[35S]methionine and proteins immunoprecipitated using the
HA-specific monoclonal antibody (odd-numbered lanes) or the rabbit
antiserum to the carboxy-terminus of PDGFRβ (even-numbered lanes).
(C) pBS encoding HA-TP-12 (t) (lanes 1 and 2) was translated alone
or co-translated with TP-0 (lanes 3 and 4) following coupled
transcription/translation in rabbit reticulocyte lysate in the presence of
L-[35S]methionine and proteins immunoprecipitated with the
HA-specific monoclonal antibody (lanes 1 and 3) or the rabbit
antiserum to the carboxy-terminus of PDGFRβ (lanes 2 and 4).
Immunoprecipitates were analyzed by polyacrylamide gel
electrophoresis (10% acrylamide in B and C; 12% in A) in the
presence of SDS, followed by fluorography.

the ATP binding site, a mutation known to inactivate the survival and proliferation upon expression of several
receptor and non-receptor protein tyrosine kinases orintrinsic protein kinase activity of PDGFRβ (Williams,

1989), failed to react with the anti-phosphotyrosine anti- cytokine receptors (Mathey-Prevotet al., 1986; Daley and
Baltimore, 1988; Daleyet al., 1992; McWhirter and Wang,body when tested in the same conditions (data not shown).

All mutants of TEL–PDGFRβ which scored as oligomeriz- 1993; Damen, 1995; Gobertet al., 1995). The cDNAs
encoding TP-0 as well as oligomerization-defectiveation-defective in our co-precipitation assays, including

the deletion mutants HA-TP-4, HA-TP-5, TP-10 and TP- mutants derived thereof by either deletion of TEL
sequences, including HA-TP-5 and TP-10, or by substitu-13 (Figure 7A, lanes 2 and 4–6) and the substitution

mutants TP-6 (Figure 7A, lane 3), TP-7, TP-8 and TP-9 tion of TEL sequences by the corresponding sequence of
ETS-1 (TP-6) were subcloned into the pBabeNeo retroviral(data not shown), were also found to lack protein kinase

activity. In contrast, all TEL–PDGFRβ mutants which expression vector (Morgenstern and Land, 1990). These
constructs as well as the pBabeNeo control were electro-maintain their ability to oligomerize, including TP-11,

HA-TP-3 and HA-TP-12, also maintain a high level of porated into Ba/F3 cells and transfected cells were selected
in IL-3-containing growth medium in the presence ofprotein kinase activity (Figure 7A, lanes 7–9). We conclude

from these experiments that oligomerization mediated by G418. Immunoprecipitation analyses ofL-[35S]methionine-
andL-[35S]cysteine-labeled cells showed that all transfec-the TEL conserved amino-terminal domain is instrumental

in the constitutive activation of the TEL–PDGFRβ protein tants expressed the expected proteins (Figure 8A). As
expected from our previous analyses usingin vitro trans-tyrosine kinase activity.

To analyze whether the TEL-dependent oligomerization lated proteins, only the intact TEL–PDGFRβ (TP-0) was
active as a protein tyrosine kinase (Figure 8B, lane 2)of TEL–PDGFRβ is important to its mitogenic properties,

we made use of the ability of the interleukin 3 (IL-3)- whereas oligomerization-defective forms were inactive
(Figure 8B, lanes 3–5). To assay for IL-3 independence,dependent Ba/F3 murine hematopoietic cell line (Palacios

and Steinmetz, 1985) to become independent of IL-3 for transfectants were switched to growth medium without
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Fig. 4. Complex formation by TEL, TEL–ETS-1 chimeras and the TEL(54–119) miniprotein. (A) HeLa cells were transfected with expression
plasmids for either TEL(1–119)/ETS-1(130–441) (lanes 3 and 4) or the HA-epitope tagged TEL (lanes 5 and 6), or were co-transfected with both
expression plasmids (lanes 7 and 8). Cells transfected with the empty expression vector were used as negative control (lanes 1 and 2). Transfected
cells were metabolically labeled in the presence ofL-[35S]methionine andL-[35S]cysteine and lysed. Immunoprecipitations were carried out on 107

acid-insoluble counts of each lysate using either the HA-specific monoclonal antibody (odd-numbered lanes) or the rabbit antiserum to the DNA
binding domain of ETS-1 (even-numbered lanes). In cells, TEL is modified by phosphorylation events to generate several isoforms (Poirelet al.,
1997) indicated by open arrowheads. The filled arrowhead points to the translation product initiated at Met43 (Poirelet al., 1997). The TEL–ETS-1
isoforms are indicated by filled arrows. Dots in lanes 7 and 8 point to discriminatory bands in the respective immunoprecipitates. (B) HeLa cells
were transfected with expression plasmids for either HA-TEL (lanes 1 and 2) or HA-ETS-1(130–441) (lanes 3 and 4) or HA-TEL(54–119)/
ETS-1(130–441) (lanes 7 and 8), or co-transfected with HA-TEL and ETS-1(130–441) (lanes 5 and 6) or with HA-TEL and HA-TEL(54–119)/
ETS-1(130–441) (lanes 9 and 10). Cells were metabolically labeled withL-[35S]methionine andL-[35S]cysteine and lysed. Immunoprecipitations were
carried out on 107 acid-insoluble radioactive counts of each lysate using either the HA-specific monoclonal antibody (lanes 1, 3 and 5), the rabbit
antiserum to the DNA binding domain of ETS-1 (lanes 2, 4, 6, 7 and 9) or the rabbit antiserum to the DNA binding domain of TEL (lanes 8 and
10). (C) pBS plasmids encoding either the HA-TEL(54–119) miniprotein (lane 1), TP-0 (t) (lane 2) or TEL(1–119)/ETS-1(130–441) (lane 3) were
translated alone following coupled transcription/translation in rabbit reticulocyte lysates in the presence ofL-[35S]methionine. Co-translations of
either HA-TEL(54–119) and TP-0 (t) or HA-TEL(54–119) and TEL(1–119)/ETS-1(130–441) were obtained in parallel (lanes 4 and 5). Translated
proteins were immunoprecipitated using the HA-specific monoclonal antibody. Immunoprecipitated proteins were analyzed by polyacrylamide gel
electrophoresis (8% acrylamide in A and B; 15% in C) in the presence of SDS followed by fluorography.

IL-3. Whereas the control transfectants and those that TP-0-induced proliferation does not result from induc-
tion of growth stimulatory cytokines but is a directexpressing the oligomerization-defective TEL–PDGFRβ

mutants were found to be unable to proliferate in these consequence of TEL–PDGFRβ signaling. We conclude
from these experiments that TEL-induced oligomerizationconditions, transfectants expressing TP-0 could proliferate

in an IL-3-independent fashion (Figure 8C). Ba/F3 cells of TEL–PDGFRβ is essential for its activity as a protein
tyrosine kinase and its mitogenic propertiesin vivo.expressing TP-0 were found to proliferate in the absence

of IL-3 for a period of .1 month at a rate which is,
however, reduced as compared with that observed in theDiscussion
presence of IL-3 (Figure 8C). The control Ba/F3 cell line
as well as all transfectants were found to proliferate at The results presented in this study show that the amino-

terminal conserved domain of TEL (amino acid residuesthe same rate in the presence of IL-3 (data not shown).
Supernatants from TP-0 cells failed to support the growth 54–119) is a homotypic oligomerization domain as

assessed by co-immunoprecipitation analyses and byfactor-independent proliferation of Ba/F3 cells, indicating
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proteins or bHLH proteins (Seth and Papas, 1990; see
Figure 9).

The non-conservation in ETS proteins of the hydro-
phobic residues necessary for stabilization of the putative
helix 1 as well as the insertion observed in that region for
some ETS proteins, together with our secondary structure
prediction, suggest that this region is unlikely to fold as
an α-helix. In the absence of experimental data about the
structure adopted by this domain in either a monomeric
or oligomeric state, its description as an HLH domain
clearly appears to be premature.

The conserved fold of the amino-terminal domain of
ETS proteins is likely to underlie a conserved function.
Our results show, however, that the conserved amino-

Fig. 5. In vitro association assay betweeen GST–TEL(54–119) terminal domains of ETS-1, ERG-2 and GABPα are notimmobilized on agarose beads andin vitro translated TP-0 and
homotypic oligomerization domains since they failed toTEL(54–119). pBS plasmids encoding either TP-0 (A) or HA-TEL(54–

119) (B) were translated following transcription/translation in rabbit replace the conserved amino-terminal domain of TEL in
reticulocyte lysate in the presence ofL-[35S]methionine. Translated inducing oligomerization when analyzed in an identical
proteins were incubated with either GST–agarose (lanes 1–5) or GST– setting (Figure 6). These data are in accordance with other
TEL(54–119) (lanes 6–10) and the flow through (lanes 1 and 6) and

experimental approaches which have led to the conclusionwash fractions (lanes 2–4 and 7–9) were collected. Bound proteins
that ETS-1 and ETS-2 are monomeric in solution (for(lanes 5 and 10) were eluted by boiling in SDS–polyacrylamide

sample buffer. Equal amounts of each fraction were analyzed by review, see Wasylyket al., 1993; our unpublished observ-
electrophoresis on polyacrylamide gels and visualized by fluorography. ations). We interpret these observations as suggesting that

the amino-terminal conserved domain has evolved in
different ETS proteins to generate a specialized protein–

affinity chromatography using a specific GST matrix. protein interaction interface which is likely to make an
TEL-induced oligomerization is an autonomous property important contribution to their specificity. In line with this
of this domain since a miniprotein corresponding to the notion, the amino-terminal conserved domains of the
TEL oligomerization domain was found to engage in closely related FLI-1 and ERG-2 proteins and of the ETS
complex formation with itself, with TEL and with TEL protein subclass formed by ETS-1, ETS-2 and PNTP2 are
fusion proteins maintaining an intact amino-terminal con- included in a more extended, subclass-specific, region
served domain. of homology of ~200 and 100 amino acid residues,

The primary amino acid sequence of the oligomerization respectively. In the case of PNTP2, ETS-1 and ETS-2,
domain of TEL is highly conserved in a subset of the this extended region of homology includes a conserved
ETS family members, implying a conserved structural threonine residue which is the target for phosphorylation
fold (Figure 9). Previous alignment studies have proposed by members of the MAP kinase family, a modification
this region to display similarity to the HLH motif of the which recently has been shown to play an essential role
basic-HLH (bHLH) proteins (Seth and Papas, 1990). To in the physiological and transcriptional response of these
gain further insight into the possible secondary structure proteins to specific environmental signals involving MAP
of this domain, the primary sequence of the amino- kinases as intracellular signaling components (Brunner
terminal conserved domains of ETS-1, ETS-2, ERG-2, et al., 1994; O’Neilet al., 1994; Rabaultet al., 1996; Yang
FLI-1, GABPα and TEL, together with those ofDrosophila et al., 1996). Specificity and diversity in transcriptional
melanogasterPNTP2, YAN and ELG and a sea urchin regulation by ETS proteins is highly dependent upon their
ETS protein, were aligned using the CLUSTAL W multiple assembly into multiprotein complexes and in their synergy
alignment program (Thompsonet al., 1994). Secondary with other cis-linked transcriptional regulators (Wasylyk
structure predictions were performed using the SIMPA 95 et al., 1990; Hipskindet al., 1991; Dalton and Treisman,
program (Levin and Garnier, 1988; J.Levin, in prepara- 1992; Pongubalaet al., 1992; Gegonneet al., 1993;
tion). As shown in Figure 9, two helices are strongly Wotton et al., 1993; Gieseet al., 1995; Johnet al., 1995;
predicted at each end of the domain, separated by a regionSiewekeet al., 1996). In many of these situations, the
with a lowβ-strand folding probability. The helix predicted domains involved in the multiple contacts made by ETS
at the carboxy-terminal end of the domain co-localizes proteins with other transcriptional regulators have not
with helix 2 of the presumed HLH. In contrast, the been identified. As ETS-1, ETS-2, FLI-1, ERG-2 and
proposed region of similarity with helix 1 ofbona fide GABPα display a similar DNA binding specificity (Brown
bHLH proteins is not predicted to fold as anα-helix in and McKnight, 1992; Nyeet al., 1992; Woodset al.,
the multiple alignment analysis. Furthermore, this region 1992), the specialized protein–protein interaction interface
shows additional features which make it unlikely to provided by their amino-terminal conserved domain could
resemble helix 1 of bHLH proteins. First, a phenylalanine play an important role in governing either the specificity
residue (F129 in MyoD1; Maet al., 1994) which is of the assembly or the operation of ETS-containing multi-
conserved in the middle of helix 1 ofbona fidebHLH protein complexes.
proteins is substituted by glycine in all ETS proteins (Seth Like other ETS family members, TEL displays
and Papas, 1990; see Figure 9). Finally, FLI-1, ERG-2 sequence-specific DNA binding properties towards con-
and PNTP2 show an extra amino acid residue in the sensus ETS binding sitesin vitro (Poirel et al., 1997).

Unlike other ETS proteins, however, TEL is a homodimermiddle of this region when compared with other ETS
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Fig. 6. The conserved amino-terminal domains of ETS-1, ERG-2 and GABPα fail to induce complex formation. (A) pBS plasmids encoding ETS-1
(lanes 1 and 2), TP-6 (lanes 3 and 4) and TP-7 (lanes 7 and 8) were translated alone following coupled transcription/translation in rabbit reticulocyte
lysates in the presence ofL-[35S]methionine. Co-translations of either ETS-1 and TP-6 (lanes 5 and 6) or ETS-1 and TP-7 (lanes 9 and 10) were
obtained in parallel. Translated proteins were immunoprecipitated using either the rabbit antiserum to the DNA binding domain of ETS-1 (odd-
numbered lanes) or the rabbit antiserum to the carboxy-terminus of PDGFRβ (even-numbered lanes). (B) pBS plasmids encoding ERG-2 (lanes 1
and 2), TP-8 (lanes 3 and 4), GABPα (lanes 7 and 8) and TP-9 (lanes 9 and 10) were translated alone following coupled transcription/translation in
rabbit reticulocyte lysate in the presence ofL-[35S]methionine. Co-translations of either ERG-2 and TP-8 (lanes 5 and 6) or GABPα and TP-9 (lanes
11 and 12) were obtained in parallel. Translated proteins were immunoprecipitated using the rabbit antiserum to the carboxy-terminus of ERG-2
(lanes 1, 3 and 5), the rabbit antiserum to GABPα (lanes 7, 9 and 11) and the rabbit antiserum to the carboxy-terminus of PDGFRβ (lanes 2, 4, 6, 8,
10 and 12). The large arrowheads point to the position of TEL–PDGFRβ substitution mutants. (C) pBS plasmids encoding either HA-TEL (lanes 1
and 2) or TP-0 (lanes 3 and 4) were translated alone following coupled transcription/translation in rabbit reticulocyte lysates in the presence of
L-[35S]methionine. Co-translation of HA-TEL and TP-0 was obtained in parallel. Translated proteins were immunoprecipitated using the HA-specific
monoclonal antibody (odd-numbered lanes) or the rabbit antibody to the carboxy-terminus of PDGFRβ (even-numbered lanes).

or higher order oligomer, a property which might favor et al., 1995; Romanaet al., 1995). TEL–AML1 has been
shown recently to interfere with the AML1B-dependentits binding to promoters/enhancers displaying tandemly

arranged ETS binding sites and contribute, therefore, to activation of the T-cell receptorβ enhancer in transient
transfection assays. Furthermore, a region including theits specificity with respect to other members of the family.

This situation is reminiscent of the DNA binding properties TEL oligomerization domain identified here was found to
be essential for TEL–AML1-mediated repression (Hiebertof GABP and its human E4TF1/NRF-2 homolog (LaMarco

et al., 1991; Watanabeet al., 1993) in which an ETS et al., 1996). We found that substitution of the amino-
terminal conserved domain of ETS-1 by that of TELfamily α subunit is complexed to either of two isoforms

of a β subunit. One of these isoforms include a carboxy- in TEL(1–119)/ETS-1(130–441) and HA-TEL(54–119)/
ETS-1(130–441) resulted in the conversion of ETS-1 fromterminal dimerization domain which allows the formation

of α2β2 tetramers which display preferred DNA binding an activator into a repressor of ETS-1-responsive model
reporter genes (data not shown). These observations sug-activity to tandem ETS binding sites (Thompsonet al.,

1991; Brown and McKnight, 1992; Virbasiuset al., 1993; gest that the TEL conserved amino-terminal domain either
encodes abona fiderepression domain or acts by maskingGugnejaet al., 1995). Experiments are in progress to

determine whether oligomerization of TEL is involved in the AML1-B and ETS-1 activation domains through
oligomerization. TEL is more closely related toD.melano-the regulation of its DNA binding activity and DNA

binding specificity. gasterYAN/POK than to any other member of the ETS
family in both its DNA binding and amino-terminalLeukemic cells of childhood B cell acute lymphoblastic

leukemias with t(12;21) express a specific TEL–AML1 conserved domains. Genetically, YAN has been shown
to be a negative regulator of R7 photoreceptor cellfusion protein in which the 333 amino-terminal residues

of TEL are fused to the N-terminus of AML1 (Golub development, acting antagonistically to the Sevenless/Ras/
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Fig. 8. Expression of TEL–PDGFRβ relieves the requirement of Ba/F3
cells for IL-3 for long-term proliferation. (A) Ba/F3 cells transfected
with the pBabeNeo control plasmid (lane 1) or pBabeNeo derivatives
encoding TP-0 (lane 2), TP-6 (lane 3), HA-TP-5 (lane 4) and TP-10
(lane 5) were metabolically labeled withL-[35S]methionine and
L-[35S]cysteine for 60 min and lysed. Immunoprecipitations were
carried out on 63107 acid-insoluble radioactive counts of each lysates
using the polyclonal anti-PDGFRβ rabbit antiserum and analyzed by

Fig. 7. Complex formation by TEL–PDGFRβ is essential to activation electrophoresis on polyacrylamide gels, followed by autoradiography.
of its tyrosine kinase activity and does not affect its subcellular (B) Unlabeled Ba/F3 cells transfected with the pBabeNeo control
localization. pBS encoding TP-0, HA-TP-5, TP-6, HA-TP-4, TP-10, plasmid (lane 1) or pBabeNeo derivatives encoding TP-0 (lane 2),
TP-13, TP-11, HA-TP-3 and HA-TP-12 were translated following TP-6 (lane 3), HA-TP-5 (lane 4) and TP-10 (lane 5) were lysed and
coupled transcription/translation in rabbit reticulocyte lysates (lanes 1– immunoprecipitated as in (A). Immunoprecipitated proteins were
9). Proteins were separated by polyacrylamide gel electrophoresis and separated by polyacrylamide electrophoresis, blotted on nitrocellulose
blotted on nitrocellulose. (A) The blot was revealed with a and revealed with the phosphotyrosine-specific monoclonal antibody
phosphotyrosine-specific monoclonal antibody (4G10) to analyze 4G10. (C) For proliferation assay, TP-0-expressing Ba/F3 cells were
protein kinase activity. (B) The blot was revealed with the rabbit plated at 53104 cells/ml in the presence or absence of IL-3. Control
antiserum to the carboxy-terminus of PDGFRβ to analyze expression Ba/F3 cells and cells expressing TP-6 and TP-10 were seeded in
levels. (C) Subcellular localization of TP-0 and TP-10. HeLa cells parallel in the absence of IL-3. The number of viable cells was
were transfected with the control∆EB expression plasmid (1) or the counted at various times using an electronic cell counter (CASY-1,
expression plasmids for either TP-0 (2) or TP-10 (3) and seeded on a Schärfe System, FRG).
Lab-Tek slide. After 24 h, cells were fixed in 4% paraformaldehyde,
permeabilized with 0.2% Triton X-100 and incubated with the
polyclonal anti-PDGFRβ rabbit antiserum followed by a fluorescein

tion in the Sevenless signaling pathway and, if so, whetherisothiocyanate-conjugated goat serum to rabbit immunoglobulin G.
it can be substituted by that of TEL. Like YAN, TELEpifluorescence analysis was performed at a3200 magnification.
contains several potential MAP kinase phosphorylation
sites and is a phosphoproteinin vivo (Poirel et al., 1997).
It is possible, therefore, that both YAN and TEL normallyMAP kinase proneural differentiation pathway (O’Neil

et al., 1994). Biochemical evidence indicates that YAN function as signal-regulated transcriptional repressors and
that this activity depends upon their oligomerizationcan function as a repressor of ETS-responsive reporter

genes and that phosphorylation of YAN by Rolled/MAP properties.
The result of the t(5;12) chromosomal translocation inkinase on several residues has been proposed to down-

regulate its activity by decreasing its stability and by the leukemic cells of CMML is the expression of a fusion
protein in which the extracellular ligand binding domainaltering its subcellular localization (O’Neilet al., 1994;

Rebay and Rubin, 1995). In line with its close structural of PDGFRβ is substituted by the first 154 amino acid
residues of TEL. Our results show that deletion of therelatedness to the TEL oligomerization domain, we found

that the amino-terminal conserved domain of YAN also PDGFRβ extracellular domain (mutant TP-5) is not suffi-
cient to explain the constitutive autophosphorylation andappears to be able to induce homotypic oligomerization,

although the stability of YAN oligomers is significantly the mitogenic properties of TEL–PDGFRβ. They support
instead the notion that these properties are criticallyweaker than that of TEL oligomers (data not shown). It

would be interesting to analyze whether the conserved dependent upon TEL-mediated homotypic oligomerization
of TEL–PDGFRβ. TEL–PDGFRβ forms oligomers inamino-terminal domain of YAN is important for its func-
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Fig. 9. Multiple sequence alignment of the amino-terminal conserved domain of human and invertebrate ETS proteins. The CLUSTAL W program
(Thompsonet al., 1994) was used to align the amino acid sequences (single letter code) of human ETS-1, ETS-2, FLI-1, ERG-2, GABPα and TEL;
D.melanogasterPNTP2, YAN/POK and ELG; and sea urchinS.purpuratusETS protein (NCBI, accession No. L19541). Invariant residues are boxed
and positions displaying conservative substitution are indicated in the consensus lane. The secondary structure prediction were made using the
SIMPA 95 program (Levin and Garnier, 1988; J.Levin, in preparation). The prediction method is based on a search for local similarity between the
test sequence and a database of known structures and has a prediction accuracy of 68% (Levinet al., 1993). By using the extra information available
in a multiple alignment, which assumes that equivalent positions have the same secondary structure, the prediction accuracy rises to 72% for a three
state prediction (helix, strand and coil). A scale from 0 to 6 indicates the strength of the prediction.

stably transfected Ba/F3 cells (data not shown), and 7C) and subcellular fractionation experiments (data not
shown) show that TEL–PDGFRβ is essentially cyto-transformation by TEL–PDGFRβ is likely to be linked to

the intermolecular cross-phosphorylation of each subunit plasmic and is therefore likely to access or phosphorylate
protein substrates other than those normally involved inin the oligomer on specific tyrosine residues, resulting in

further activation of the catalytic activity of TEL–PDGFRβ PDGFRβ signaling.
Recent evidence has shown that optimal proliferationand in the generation of specific binding sites for critical

substrates containing SH2 domains. The protein kinase of Ba/F3 cells in response to cytokine requires at least
three distinct and independent signaling pathwaysactivity of TEL–PDGFRβ is essential to its mitogenic

properties since a tyrphostin inhibitor specific for the (Miyazakiet al., 1995). Constitutive activation of any of
two of these pathways is sufficient to induce cytokine-PDGF receptor kinase specifically inhibits the IL-3-inde-

pendent proliferation in Ba/F3 cells (A.Ostman, J.Ghysdael independent proliferation of Ba/F3 cells, albeit at a reduced
rate. Expression of TEL–PDGFRβ in Ba/F3 cells wasand C.H.Heldin, in preparation). In that respect, activation

of TEL–PDGFRβ appears to recapitulate in a constitutive found to induce their proliferation at a lower rate as
compared with Ba/F3 cells maintained in IL-3, suggestingmanner the activation of PDGFRβ which follows ligand

binding (Bishayeeet al., 1989; Heldinet al., 1989). It is that TEL–PDGFRβ only activates a subset of the signaling
pathways required for maximal proliferation. TEL–also reminiscent of the oncogenic activation of other

receptor-type protein kinases as the result of constitutive PDGFRβ-expressing Ba/F3 cells could, therefore, provide
a useful system to identify other pathways which canoligomerization either by mutation, as in the case of

c-ErbB-2/Neu (Bargmannet al., 1986; Weineret al., cooperate with TEL–PDGFRβ-dependent signaling to
induce proliferation. Identification of the components of1989), or by fusion to unrelated oligomerization domains

including the TPR sequences of TPR–MET and TPR– these pathways could help to identify the molecular events
which cooperate with TEL–PDGFRβ in human leukemias.TRK (Grecoet al., 1992; Rodrigues and Park, 1993) or

the regulatory subunit of cAMP-dependent protein kinase
in PTC-RET (Griecoet al., 1990; Bongarzoneet al., 1993).

Several observations suggest that PDGFRβ signaling Materials and methods
could play a role in hematopoietic cell proliferation. First,

Construction of recombinantslow level expression of PDGFRβ has been observed in To generate the HA epitope-tagged version of TP-0, the cDNA encoding
murine myeloblastic, mast and multipotential cell lines TEL–PDGFRβ (Golub et al., 1994) was inserted intoEcoRI- and

HindIII-restricted M13mp18. The single-stranded M13 recombinant(de Parsevalet al., 1993) and during the differentiation
DNA was used as substrate for oligonucleotide site-directed mutagenesisof primary monocytes and of cell lines THP1 and HL60
to create aSalI restriction enzyme site immediately downstream of the(Pantaziset al., 1991; Inabaet al., 1993). Second, PDGF
initiator methionine codon (mutagenic primer M1). The insert was

treatment in several of these situations has been shown torecovered from the corresponding replicative form (RF) by digestion
induce a mitogenic response in both immature and maturewith SalI andHindIII and subcloned between theXhoI andHindIII sites

of the previously described SV40 early promoter-based expressioncells (de Parsevalet al., 1993; Inabaet al., 1993). It is
plasmid∆EB-HA (Rabault and Ghysdael, 1994). A pBluescript KS(1)possible, therefore, that the mitogenic properties of TEL–
allowing the T3-driven expression of the 39-truncated HA-TP-0 (t) wasPDGFRβ might be mimicking, in a constitutive manner, obtained by digestion of∆EB-HA-TP-0 with EcoRI and ApaI and

normal PDGFRβ signaling. The situation is probably more subcloning into theEcoRI- andApaI-restricted pBluescript KS(1). This
truncated form of TP-0 only included the 133 amino-terminal residuescomplex since our immunofluorescence studies (Figure
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of the PDGFRβ-derived domain of TEL–PDGFRβ. Mutant TP-1 was Biotech). The resulting plasmid encoded a protein containing a GST
sequence fused to amino acid residues 54–119 of TEL. The sequencesconstructed from the same M13 DNA template using the mutagenic

primer M2 to create aBglII restriction enzyme site at nucleotide position of fragments obtained by oligonucleotide site-directed mutagenesis and
PCR amplification were checked by sequencing using the dideoxy382 of TEL. These mutations resulted in a His→Gln substitution at

codon 119 of TEL. The RF containing the mutagenized insert was sequencing method. The sequences of the mutagenic primers used in
site-directed mutagenesis were as follows: M1, 59-GGAGTCTCA-digested withEcoRI and ApaI and subcloned intoEcoRI- and ApaI-

restricted pBluescript KS(1) to generate TP-1 (t). Mutant TP-2 was GACATGGTCGACAGCGAGAGAGATCAGG-39; M2, 59-CGAGGTT-
TCCTCTGCTTCAAGATCTGCTGAAGGAGTTCATAGAGC-39; M3,created by site-directed mutagenesis of the M13 DNA template containing

TP-1 to create aBamHI restriction enzyme site at nucleotide position 59-CCAGTAAATTGGC TGCAAGCGCAGGAT CCCAGGCAGGCG-
GATCGAGTCTTCC-39.179 using the mutagenic primer M3. These mutations resulted in

Ala→Gly and His→Ile substitutions at codons 52 and 53 of TEL,
respectively. The substitution in TP-2 did not affect its oligomerization Transient transfection and immunoprecipitation analyses

HeLa cells were maintained in Dulbecco’s modified Eagle’s mediumproperties as compared with TP-0 (data not shown). The RF containing
the mutagenized insert was digested withEcoRI andApaI and subcloned containing 10% fetal calf serum (FCS). For transient expression studies,

73105 cells were seeded in 100 mm Petri dishes and transfected 24 hinto EcoRI- andApaI-restricted pBluescript KS(1) to generate TP-2 (t).
Mutant HA-TP-3 (t) was obtained by substitution of theEcoRI–BamHI after with 5 µg of the SV40 early promoter-based∆EB expression

plasmid encoding the indicated proteins, using the calcium phosphatefragment of pBS-TP-2 (t) with theEcoRI–BglII fragment of ∆EB-HA.
Mutant HA-TP-4 (t) was obtained by substitution of theEcoRI–BglII co-precipitation method. After overnight incubation, culture media were

changed and cells incubated for an additional 36 h before being processedfragment of pBS-TP-2 (t) with theEcoRI–BglII fragment of ∆EB-HA.
Mutant HA-TP-5 (t) was obtained by insertion of aBglII-bordered insert for metabolic labeling.

Ba/F3 cells were maintained in RPMI-1640 medium containing 10%obtained by PCR amplification of PDGFRβ sequences encoding amino
acid residues 527–660 intoBglII-restricted ∆EB-HA. The amplimers FCS and 5% conditionned medium from the WEHI-3B cell line as a

source of IL-3. Cells were transfected by electroporation as describedused for PCR amplification were 59-GAAGATTCTTCGGGCCCAA-
GGTGACTCATGATCTCT-39 (59 amplimer) and 59-GGAGATCTTCT- previously (Dusanter-Fourtet al., 1994).

For metabolic labeling with radioactive amino acids, transientlyCCTTGCCCTTTAAGGTGGTGGTG-39 (39 amplimer). The HA-tagged
TP-5 (t) was subcloned viaEcoRI and ApaI into EcoRI- and ApaI- transfected HeLa and stably transfected Ba/F3 cells (107 cells) were

rinsed once in methionine- and cysteine-free Eagle’s medium (Flowrestricted pBluescript SK(1). To generate TP-6 (t), theEcoRI–BglII
fragment obtained from the 59 part of a chicken c-ets1cDNA (Boulukos Laboratories) and incubated for the indicated times in the same medium

supplemented with 1% dialyzed FCS and 500µCi/ml of a L-[35S]methio-et al., 1988) was inserted into theEcoRI- andBglII-restricted pBS-TP-
1 (t). Mutants TP-7 (t), TP-8 (t) and TP-9 (t) were obtained by substitution nine andL-[35S]cysteine mixture (Promix, Amersham). Cells were

washed twice in phosphate-buffered saline, lysed in 3 ml of RIPA bufferof the BamHI–BglII fragment of TP-2 (t) by fragments bordered by in-
frameBamHI (59 side) andBglII (39 side) generated by PCR amplification [Tris–HCl 10 mM, pH 7.4; NaCl 0.1 M; EDTA 0.001 M; Triton X-100

1%; sodium deoxycholate 0.5%; sodium dodecylsulfate 0.1%; aprotininof the chicken ETS-1 cDNA (Boulukoset al., 1988), human ERG-2
cDNA (Reddyet al., 1987 a generous gift of Dr E.Reddy) and mouse (Sigma) 1%; phenylmethylsulfonyl fluoride (PMSF) 100µg/ml and

leupeptin (Sigma) 0.1%] and centrifuged at 100 000g for 30 min.GABPα cDNA (LaMarcoet al., 1991 a generous gift of Drs Brown and
S.McKnight), respectively. The amplimers used for PCR amplification Immunoprecipitation analyses were performed using a rabbit antiserum

to the DNA binding domain of ETS-1 (Ghysdaelet al., 1986), a rabbitwere: ETS-1 59, 59-CAGGATCCTCCCCAAAGATCCCCAGCAGTG-
39; ETS-1 39, 59-GGAGATCTTCTCCAGGTGTTCCCAAAGGATATC- antiserum to the DNA binding domain of TEL (Poirelet al., 1997), a

monoclonal antibody specific for the influenza HA (12CA5, Boehringer39; ERG 59, 59-CAGGATCCTGCCAGCAGATCCTACGCTATGGAGT-
39; ERG 39, 59-GGAGATCTGGTGGAGATGTGAG AGAAGGATG- Mannheim) and a rabbit antiserum specific for amino acids 1013–1025

of human PDGFRβ receptor (Upstate Biotechnology Inc.; Claesson-TCG-39; GABPα 59, 59-CAGGATCCTCCCCTATGATCCTATACGC-
TGG-39; GABPα 39, 59-GGAGATCTGCTCCAGATGACTCCAAAGA- Welshet al., 1988).

Immunoprecipitates were analyzed by denaturing polyacrylamide gelATTTCTCC-39. Mutant TP-10 (t) was obtained byBamHI and BglII
digestion of pBS-TP-2 (t) followed by religation. To generate mutant electrophoresis in the presence of SDS followed by fluorography of the

dried gel (Amplify, Amersham).TP-11 (t), theBglII–ApaI fragment of pBS-TP-2 (t) was substituted by
the corresponding fragment of pBS-HA-TP-5 (t). Mutant HA-TP-12 (t)
was constructed by substitution of theBglII–ApaI fragment of pBS-HA- In vitro translation

The cDNAs encoding TEL, ETS-1, ERG-2, GABPα and TEL–PDGFRβTP-3 (t) by theBglII–ApaI fragment of HA-TP-5 (t). Mutant TP-13 (t)
was constructed by substitution of theBglII–ApaI fragment of pBS-TP-2 (t) (Golubet al., 1994) and their derivatives were subcloned into pBluescript

SK (1) (Stratagene).In vitro T3-driven transcription and translationwith the BglII–ApaI fragment of pBS-HA-TP-5 (t). All mutants were
also constructed so as to contain the full-length PDGFRβ-derived region were performed in micrococcal nuclease-treated reticulocyte lysates

using the TNT-coupled transcription/translation kit (Promega) usingof TEL–PDGFRβ by insertion of theEcoRI–SacII fragment obtained
from each mutant into theEcoRI- andSacII-restricted HA-TP-0. L-[35S]methionine as radioactive tracer amino acid. An aliquot (2µl) of

the programed lysate was analyzed directly by polyacrylamide gelThe HA-TP-0 and HA-TP-12 were digested withEcoRI and SacI,
and subcloned intoEcoRI- and SacI-restricted ∆EB-HA to generate electrophoresis, the remainder of the lysate was diluted in 10 volumes

of RIPA buffer, centrifuged at 15 000g for 10 min and aliquots of the∆EB-HA-TP-0 (tt) and ∆EB-HA-TP-12 (tt) respectively. pBS SK1
allowing the T3-driven expression of chicken ETS-1 was constructed by supernatant were subjected to immunoprecipitation analyses.

Immunoblotting analyses were performed after electrophoretic transferinserting the chicken c-ets1cDNA insert (Boulukoset al., 1988) at the
EcoRI of pBS SK1. pBS SK1 allowing expression of HA-TEL was of proteins separated by SDS–PAGE on nitrocellulose membrane and

incubation in the presence of 1µg/ml of the 4G10 anti-phosphotyrosineobtained by subcloning theEcoRI–HindIII HA-TEL fragment of ∆EB-
HA-TEL encoding the full-length human TEL fused to the HA epitope monoclonal antibody (Upstate Biotechnology Inc.) or a 1/100 dilution

of the rabbit anti-human PDGFRβ. Bands were visualized using theat its amino-terminus will be described elsewhere. To generate TEL(1–
119)/ETS-1(130–441) and HA-TEL(54–119)/ETS-1(130–441), theXbaI ECL chemiluminescence kit (Amersham).
andBglII fragments of TP-2 (t) and HA-TP-12 (t) were subcloned into
a XbaI- and BglII-restricted pBS SK1 ETS-1, respectively. HA-ETS- In vitro binding experiments on glutathione–agarose beads

For GST fusion protein overexpression,Escherichia coliDh5α cells1(130–441) was obtained by substitution of theXbaI andBglII fragment
of pBS SK1 ETS-1 with theXbaI and BglII HA fragment of HA-TP-0 transformed with the indicated plasmid were induced with 0.1 mM IPTG

for 1 h at 37°C. Proteins were extracted as described by Frangioni(t). The eukaryotic expression vectors for these mutants were obtained
by EcoRI digestion of the corresponding pBS SK1 plasmids and and Neel (1993). Protein association experiments were performed on

glutathione–agarose beads using GST fusion proteins.subcloning at theEcoRI site of the SV40 early promoter-based expression
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