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The t(11;22) chromosomal translocation specifically linked to Ewing sarcoma and primitive neuroectoder-
mal tumor results in a chimeric molecule fusing the amino-terminus-encoding region of the EWS gene to the
carboxyl-terminal DNA-binding domain encoded by the FLI-1 gene. As the function of the protein encoded by
the EWS gene remains unknown, we investigated the putative role of EWS in RNA polymerase II (Pol II)
transcription by comparing its activity with that of its structural homolog, hTAF,68. We demonstrate that a
portion of EWS is able to associate with the basal transcription factor TFIID, which is composed of the
TATA-binding protein (TBP) and TBP-associated factors (TAF;s). In vitro binding studies revealed that both
EWS and hTAF ;68 interact with the same TFIID subunits, suggesting that the presence of EWS and that of
hTAF,68 in the same TFIID complex may be mutually exclusive. Moreover, EWS is not exclusively associated
with TFIID but, similarly to hTAF,;68, is also associated with the Pol II complex. The subunits of Pol II that
interact with EWS and hTAF,,68 have been identified, confirming the association with the polymerase. In
contrast to EWS, the tumorigenic EWS-FLI-1 fusion protein is not associated with either TFIID or Pol II in
Ewing cell nuclear extracts. These observations suggest that EWS and EWS-FLI-1 may play different roles in

Pol II transcription.

Structural alteration or aberrant expression of transcription
factors is often a critical event in tumorigenic transformation
(13, 19, 22). Karyotypic analysis has revealed a tumor-specific
t(11;22)(q24;q12) chromosomal translocation in 86% of both
Ewing sarcoma and primitive neuroectodermal tumor, suggest-
ing that the product of this rearrangement is involved in the
formation of these malignancies (34). This chromosomal trans-
location fuses the EWS gene on chromosome 22 to the FLI-1
gene on chromosome 11 (8). EWS is a protein with unknown
function containing an RNA-binding motif and an activation
domain(s) (18, 24, 25). In the EWS-FLI-1 fusion protein, the
RNA-binding motif containing the C-terminal half of EWS is
replaced by the DNA-binding domain (DBD) of the FLI-1
protein. FLI-1 is a member of the ETS family of transcription
factors which activate specific target genes by binding to their
cognate DNA sequences through their DNA-binding regions,
usually located at their carboxyl termini (2, 37). The replace-
ment of the native transcription activation domain(s) of FLI-1
by the N-terminal region of EWS converts the nontransform-
ing activator, FLI-1, into a transforming protein with new tran-
scriptional activation potential. In the EWS-FLI-1 fusion pro-
tein, both the N-terminal domain of EWS and the DBD of
FLI-1 are necessary for the transforming activity (20). Re-
cently, the EWS gene was also shown to be involved in tumor-
igenesis by chromosomal translocation with other genes en-
coding either other members of the ETS family (Erg, ETVI,
E1A-F, and FEV) or other transcription factors, including
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ATF-1, WT1, and the nuclear orphan receptor TEC1 (16, 17,
27, 35).

The gene encoding human TLS/FUS, a protein that is highly
similar to EWS, has also been implicated in human sarcomas
induced by chromosomal translocations (7, 30). In mixoid li-
posarcoma, the t(12;16) translocation fuses the TLS/FUS gene
to that encoding the transcription factor CHOP. The function
of the intact TLS/FUS protein is also unknown. Like EWS, it
contains an RNA-binding motif and an activation domain.
CHOP, a member of the C/EBP family of transcription factors,
is expressed usually in response to various cellular stresses and
can induce growth arrest. It has been demonstrated that the
fusion of the N-terminal portion of either EWS or TLS/FUS to
either the DBD (FLI-1) or the dimerization domain (CHOP)
of a given transcription factor leads to tumorigenic transfor-
mation (39). These results suggest that the N-terminal domains
of these sarcoma-associated proteins have an important and
functionally similar function in the transformation of the on-
cogenic cells.

Recently, we have identified and characterized a novel tran-
scription factor, hTAF;68, that shows extensive sequence sim-
ilarity with the sarcoma-associated proteins EWS and TLS/
FUS (3). Like EWS and TLS/FUS, hTAF,;68 contains a
consensus RNA-binding domain (RNP-CS) which allows it to
bind not only RNA but also single-stranded DNA (ssDNA).
hTAF,,68 was identified on the basis of its substoichiometric
association with a distinct TFIID subpopulation. TFIID is a
multiprotein complex composed of the TATA-binding protein
(TBP) and TBP-associated factors (TAF,;s) and is the factor
that nucleates preinitiation complex formation on protein-cod-
ing genes (31). Antibodies raised against hTAF;68 coimmu-
noprecipitate a fraction of TFIID, and anti-TBP or anti-
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TAF;100 monoclonal antibodies (MAbs) coimmunopurify
hTAF;68. Moreover, hTAF;68 is associated with another
multiprotein complex, the human RNA polymerase II (Pol IT)
complex. Interestingly, hTAF;68 is able to enter into the
preinitiation complex together with Pol II, suggesting that
hTAF ;68 has a role in transcription initiation and/or elonga-
tion. Like hTAF;68, TLS/FUS is associated with a subpopu-
lation of TFIID complexes that are chromatographically
distinct and functionally different from those containing
hTAF;68 (3, 5, 15). These experiments strongly suggested that
hTAF;68 and TLS/FUS play an important role in the cross
talk between various components of the basal transcription
machinery and that they may function by linking transcription
initiation and elongation.

Recently, a Drosophila protein, termed Cabeza (33) or
SARFH (14), that has high homology to TLS/FUS and EWS
has been described. TLS/FUS, EWS, hTAF,68, and Cabeza all
have particularly conserved RNA-binding motifs that deviate
from the organization of such domains commonly found in
most RNA-binding proteins. Thus, TLS/FUS, EWS, hTAF,,68,
and Cabeza all belong to a new subfamily of RNP-CS-contain-
ing proteins that we have called the TET family (3). TET
family members all contain an acidic residue at the second
position and a threonine in the fourth position of the RNP1
domain of their RNP-CS instead of hydrophobic residues
found in most other RNA-binding proteins. In addition, the
RNP-CS motifs of the TET family members contain an unusu-
ally long predicted loop immediately after the first « helix (3,
6, 23). The common structural features which are limited to the
TET family members suggest that they bind RNA and/or
ssDNA in a unique way. Moreover, Cabeza was found to be
associated with the majority of active transcription units in
preparations of polythene chromosomes from salivary gland
nuclei (14), further indicating that the TET family members
participate in a function common to the expression of most
genes transcribed by Pol II.

The transformation of Ewing cells by EWS-FLI-1 is depen-
dent on the activity of both the EWS N-terminal domain and
the FLI-1 DBD (18, 39). To assess the contribution of the
N-terminal domain of the EWS protein to the formation of
human solid tumors, it is important to understand the normal
function(s) of EWS. The structural homology between EWS
and the transcription factor hTAF;68 (70% similarity among
the full-length proteins) strongly suggested that there may be a
functional homology between these proteins. Thus, we inves-
tigated whether EWS and the EWS-FLI-1 fusion protein are
able to interact with the same multiprotein complexes as
hTAF,;68. We demonstrate that EWS, like hTAF;68, is able
to associate with a portion of the basal transcription factor
TFIID. Using an in vitro protein-protein interaction assay, we
show that both EWS and hTAF,,68 interact with several sub-
units (TAF;s) of the TFIID complex. EWS, similarly to
hTAF,68, copurifies with the endogenous Pol II. Moreover,
the subunits of the Pol II complex that interact directly with
either EWS or hTAF;68 were identified, further confirming
the importance of EWS and hTAF,;68 in Pol II transcription.
Using Ewing cell nuclear extracts (NEs), we studied the asso-
ciation of EWS and the oncogenic fusion protein, EWS-FLI-1,
with different multiprotein complexes. These experiments sug-
gest that EWS and EWS-FLI-1 behave differently since EWS—
FLI-1 cannot stably associate with any of the targets of EWS
identified to date.

MATERIALS AND METHODS

Cell lines and NEs. Two Ewing cell lines expressing different EWS-FLI-1
chimeric transcripts were used: COH (ICB104), which expresses a fusion tran-
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script linking exon 10 of EWS to exon 6 of FLI-1 (EWS 10/FLI 6); and RD-ES,
which expresses a type I fusion transcript linking exon 7 of EWS to exon 5 of
FLI-1 (EWS 7/FLI 5) (12). NEs were prepared as previously described (5).

Immunization and antibody production. To generate the anti-EWS polyclonal
antibody (PAb) 677, a peptide corresponding to amino acids 136 to 152 of the
EWS protein was synthesized, coupled to keyhole limpet hemacyanin carrier
protein (Neosystem Laboratories), and used for immunization of rabbits. MAbs
raised against hTAF,68 (2B10), hTAF;100 (2D2), hTBP (3G3 and 2C1), the
C-terminal domain (CTD) of the largest subunit of Pol IT (7G5), and FLI-1 (7.3)
have been described previously (3-5, 9, 15, 21).

Immunoprecipitation and Western blot analysis. Routinely, 100 to 500 pl
(approximately 500 wg) of the indicated protein fractions was immunoprecipi-
tated with 50 pl of protein G-Sepharose (Pharmacia) and approximately 2 pg of
the different antibodies (as indicated in the figure legends). Antibody-protein
G-Sepharose-bound protein complexes were washed three times with immuno-
precipitation buffer (25 mM Tris-HCI [pH 7.9], 10% [vol/vol] glycerol, 0.1%
Nonidet P-40, 0.5 mM dithiothreitol, 5 mM MgCl,) containing 0.5 M KCI and
two times with immunoprecipitation buffer containing 100 mM KCI. After wash-
ing, 20 pl of the beads was boiled in sodium dodecyl sulfate (SDS) sample buffer,
and protein was analyzed by SDS-polyacrylamide gel electrophoresis (PAGE).
Protein samples were then transferred to a nitrocellulose membrane and probed
with the indicated primary antibodies. As secondary antibodies, either peroxi-
dase-conjugated goat anti-mouse immunoglobulin G (IgG)-IgM (heavy plus light
chain)-specific (Jackson ImmunoResearch Laboratories, Inc.) or peroxidase-
conjugated goat anti-mouse k-type light-chain-specific (Southern Biotechnology
Associates, Inc.) antibody was used. Detection with an enhanced chemilumines-
cence kit (Amersham) was performed by standard methods.

Construction of baculovirus expression vectors for EWS, hTAFys, and sub-
units of Pol IT and protein expression. The EWS cDNA (STA ET 19 [29]) was
excised from the Bluescript vector (pBSK+) by EcoRI/Dral digestion and in-
serted in the EcoR1/Smal sites of the pVL1392 vector. The hTAF;68 cDNA was
excised from the pBSK+ vector by BamHI/Xbal digestion and inserted in the
corresponding sites of the pVL1393 vector. The other constructions encoding the
different hTAFy;s or hTBP have been described previously (9). Constructions of
baculovirus expression vectors for the human Pol II subunits have previously
been described (1). SF9 cell infection, plaque purification, and whole-cell extract
(WCE) preparation were performed as previously described (1, 26).

Expression and purification of GST fusion proteins. The cDNAs encoding the
glutathione S-transferase (GST)-hTAF ;68 or GST-EWS deletion mutants were
amplified by PCR using the appropriate oligonucleotides with either BamHI/
Xhol or EcoRI/Xhol sites. The PCR products were digested with the appropriate
restriction enzymes and inserted in frame into the corresponding sites of the
pGEX-4-T3 vector (Pharmacia). All constructions were sequenced. GST fusion
protein overexpression and purification were performed as previously described
(32).

Protein-protein interaction assay. GST fusion proteins (1 to 2 ng) attached to
20 pl of glutathione-agarose (Pharmacia) were incubated with 200 to 500 wl of
SF9 protein extracts containing the various TAF ;s or Pol II subunits in buffer G
(25 mM Tris-HCI [pH 7.3], 10% [vol/vol] glycerol, 1% Triton X-100, 1 mM
dithiothreitol, 5 mM MgCl,) containing 0.5 M NaCl for 2 h at room temperature.
The beads were washed three times with 1 ml of buffer G containing 1 M NaCl
and once with buffer G containing 100 mM NaCl. Beads were boiled in SDS
sample buffer, and protein was analyzed by SDS-PAGE. The gel was either
subjected to autoradiography or transferred to a nitrocellulose filter and probed
with the appropriate antibodies.

Glycerol gradients. HeLa and RD-ES cell NE (2 mg) and high-molecular-
weight markers (Pharmacia) were separately centrifuged through a 20 to 40%
glycerol gradient as described previously (10, 11). Each 4-ml gradient was then
fractionated into 30 140-ul fractions; 25 pl from each fraction was analyzed by
Western blotting using antibodies raised against the CTD of the largest subunit
of Pol IT (MAb 7GS5), hTAF;;100 (MAb 2D2), TBP (MAb 3G3), EWS (PAb
677), h\TAF;68 (MAD 2B10), EWS (PAb 677), and EWS-FLI-1 (MAb 7.3). The
glycerol gradient concentration in each fraction was determined to ensure that
the gradients were linear. The Western blots were quantified with a Bio-Rad
densitometer.

RESULTS

Similarly to TAF;,68, EWS interacts with TFIID and copu-
rifies with Pol II. As two members of the TET family have
previously been shown to be substoichiometric components of
distinct TFIID complexes, we examined whether a third mem-
ber of the TET family, EWS, can also associate with TFIID.
TFIID complexes were immunopurified from HeLa cell NEs
by using either an anti-TBP or an anti-TAF;100 MADb, and the
presence of EWS in these complexes was verified by Western
blot analysis using an anti-EWS PAb (Fig. 1A). While the
anti-TBP and the anti-TAF;100 immunoprecipitations de-
pleted all TBP and hTAF,;100 from the NE (data not shown),
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FIG. 1. EWS is associated with TFIID and copurifies with Pol II. (A) The
anti-hTBP (a-TBP) and the anti-hTAF;;100 («-TAF;;100) MAbs coimmunopre-
cipitate EWS from a HeLa cell NE. HeLa cell NE was immunoprecipitated (IP)
with either an unrelated antibody (lane 1) or a MAD raised against TBP (3G3;
lane 2) or hTAF;100 (2D2; lane 3). Beads were washed and boiled, and bound
proteins were analyzed by Western blotting using an antibody raised against the
N-terminal domain of EWS that recognizes the endogenous EWS protein in
HeLa cell NE (lane 4). M, markers in kilodaltons. (B and C) The anti-EWS
antibody coimmunoprecipitates components of the TFIID complex. HeLa cell
NE was immunoprecipitated with either the anti-EWS PAb (lanes 2) or the
preimmune serum (PI; lanes 1). Beads were washed and boiled, and bound
proteins were analyzed by Western blotting using either the anti-EWS antibody
(B) or the anti-TBP MADb 3G3 together with the anti-hTAF;;100 MAb 2D2 (C).
In panel B, the IgG heavy chain (IgGH) is indicated. (D) EWS copurifies with
Pol II. The previously described chromatographic fractions obtained during the
purification of Pol II (3) were tested by Western blotting using an antibody raised
against either EWS (upper panel) or the fifth-largest subunit of Pol IT (hRPB5;
lower panel). Hep, Heparin-Ultrogel column; DE, DEAE 5PW HPLC column;
&, Phenyl-5SPW HPLC column.

about 10% of the input EWS was specifically retained in both
the anti-TBP and the anti-TAF;;100 immunoprecipitations but
not in the control immunoprecipitation (carried out with an
unrelated anti-GAL4 MADb; lane 1). Similar results were ob-
tained when the immunoprecipitations were carried out in the
presence of RNase (data not shown). These data indicate that
a fraction of EWS can associate with TFIID. To further con-
firm the EWS-TFIID interaction and to analyze putative EWS-
associated proteins, the anti-EWS PADb was tested for its ability
to immunoprecipitate the nondenatured EWS protein. As
shown in Fig. 1B, lane 2, the anti-EWS PAb recognized native
EWS protein, since it immunoprecipitated EWS from the NE.
Next we analyzed whether components of the TFIID complex
would coimmunoprecipitate with EWS. Consistent with the
anti-TBP and anti-TAF;;100 immunoprecipitations, the anti-
EWS PAD specifically coimmunoprecipitated about 5 to 10%
of the input TBP and 15% of the input hTAF;100 (Fig. 1C,
lane 2; see Materials and Methods). Analysis of either the
EWS- or the hTAF;100-bound proteins by silver staining in-
dicated that the association of EWS with TFIID is substoichio-
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metric (data not shown). Together, these data demonstrate
that, similarly to its structural homologs hTAF ;68 and TLS/
FUS, EWS can be found associated with a TFIID subpopula-
tion in HeLa cell NEs.

We have shown previously that only a fraction of the total
cellular hTAF;68 is associated with TFIID and that hTAF,,68
can also be found associated with Pol II (3). Thus, we analyzed
whether EWS could copurify with Pol II and tested the frac-
tions from our Pol II purification for the presence of EWS. As
shown in Fig. 1D, EWS copurifies with Pol II over five chro-
matography columns, as determined by Western blotting using
antibodies raised against EWS and the 25-kDa subunit of Pol
II (hRPBY) (Fig. 1D) (3). The highly purified Pol II (lane 4) is
free of other basal Pol II transcription factors and is active in
transcription initiation and elongation (9). This result suggests
that, like hTAF;68, EWS is tightly associated with Pol II (see
also below).

Interaction of EWS and hTAF,68 with individual compo-
nents of the TFIID complex. To identify the subunits of TFIID
that interact directly with either EWS or hTAF;68, the TAF;s
and EWS or the TAF;s and hTAF;68 were tested pairwise in
a protein-protein interaction assay. To this end, cDNAs en-
coding most of the human TAF;;s and hTBP were inserted in
baculovirus expression vectors (9), and each TFIID subunit
was expressed either alone or together with EWS or hTAF;68
in SF9 cells. WCEs were made, and protein expression was
tested (Fig. 2A and C). From these extracts, either EWS or
hTAF,;68 was immunoprecipitated, and bound proteins were
analyzed by Western blotting (Fig. 2B and D; Table 1). Ex-
tracts in which EWS or hTAF|,68 were either not expressed
(Fig. 2B and D, lanes 1 and 3) or expressed alone (data not
shown) served as negative controls for the immunoprecipita-
tions. Since the overexpressed proteins in SF9 cell extracts
greatly exceed (by at least 1,000-fold) the endogenous insect
cell TAF,; or EWS concentrations, these interaction studies
indicate that both EWS and hTAF;68 bind directly to
hTAF;100 (Fig. 2B and D, lanes 4), hTAF;55 (lanes 2),
hTAF;28, and hTAF,;18 (Table 1). The fact that EWS and
hTAF,,68 contact the same TAF;s in this direct protein-pro-
tein interaction assay and that the anti-EWS PAb does not
coimmunoprecipitate hTAF;68 from crude HeLa cell NE
(data not shown) suggests that the presence of EWS and that
of hTAF;68 in the same TFIID complex are mutually exclu-
sive.

Interaction of EWS and hTAF,;68 with subunits of the RNA
polymerase II. To confirm the tight association of EWS or
hTAF;68 with Pol II, pairwise interactions of EWS or
hTAF,,68 with individual subunits of the Pol II complex were
tested. cDNAs encoding almost all the human Pol II subunits
were inserted in baculovirus expression vectors (1), and each
subunit was expressed either alone or together with EWS or
hTAF;;68 in SF9 cells. Proteins were radiolabeled with
[a-*>S]methionine and [a-*>S]cysteine, WCEs were made, and
the protein expression was examined by autoradiography (Fig.
3A and C). From these extracts, either EWS or hTAF,;68 was
immunoprecipitated by using the appropriate antibodies, and
EWS- or hTAF;68-bound proteins were analyzed (Fig. 3B and
D and data not shown). Extracts in which EWS or hTAF,68
were not expressed served as negative controls for the immu-
noprecipitations. These interaction studies indicate that both
EWS and hTAF,,68 bind directly to hRPB3, a specific subunit
of Pol II (Fig. 3B and Table 2). Moreover, hTAF,;68 also
interacts with two other Pol II subunits, hRPB5 and hRPB7
(Fig. 3D and Table 2). These results suggest that EWS and
hTAF;68 may directly contact these Pol II subunits in the
endogenous Pol II complex (see also Discussion).
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FIG. 2. Interactions of EWS and hTAF;68 with other components of the
human TFIID complex. SF9 cells were coinfected with recombinant baculovi-
ruses expressing hTAF ;100 and hTAF};55 either individually or pairwise with
EWS (A) and hTAF ;68 (C) as indicated. After 44 h of infection, proteins were
radiolabeled with [a->>S]methionine and [a-3*S]cysteine for 4 h. WCEs were
made, proteins were separated by SDS-PAGE, and gels were dried and subjected
to autoradiography. M, markers in kilodaltons. (B and D) From the protein
extracts, EWS and TAF ;68 were immunoprecipitated (IP) with either the anti-
EWS (a-EWS) PAD (B) or the anti-hTAF;68 (a-TAF;68) MAD (D) as indi-
cated. Resin-bound proteins were analyzed by Western blotting with antibodies
raised against either EWS, hTAF;100, and hTAF55 separately (B) or
hTAF,68, hTAF;100, and hTAF;55 (D). In panel B, peroxidase-conjugated
goat anti-mouse IgG-IgM-specific secondary antibodies were used; in panel D,
peroxidase-conjugated goat anti-mouse k-type light-chain-specific secondary an-
tibody was used. IgGH, IgG heavy chain.

Mapping the domains of EWS and hTAF,;68 which interact
with the subunits of TFIID and Pol II. Since the N-terminal
domains of EWS and TLS/FUS play a specific role in tumor-
igenic processes (7, 8), it is important to characterize the in-
teractions in which the N-terminal region of the TET proteins
are involved. To this end, we generated GST fusion proteins
which contain either the N-terminal (GST-EWSNt) or C-ter-
minal (GST-EWSANTY) halves of EWS and hTAF ;68 (Fig. 4).
Note that the GST-EWSNt fusion protein contains the N-
terminal domain present in the type II EWS-FLI-1 oncogenic
fusion protein. The GST fusion proteins (or GST alone) were
expressed in Escherichia coli, bound on glutathione-agarose
beads, and incubated with SF9 cell protein extracts in which
the different human TAFs or Pol II subunits were overex-
pressed (see above and Fig. 4). The beads were then exten-
sively washed, and bound proteins were analyzed by either
Western blotting or autoradiography (Fig. 4). The immobilized
N-terminal domain of either TAF,,68 or EWS retained specif-
ically TAF,;100, while TAF,;18 bound more specifically to the

MoL. CELL. BIOL.

TABLE 1. Comparison of the interactions of EWS and hTAF;68
with individual components of the TFIID complex in baculovirus-
coinfected SF9 cells

Interaction?

TFIID subunit

TAF,,68 EWS
TAF,;250 - -
ANTAF,135 - -
TAF,;100 4+ o+
TAF,;80 ND ND
TAF,;55 ++ 4
TBP - -
TAF,31 ND ND
TAF,;30 - -
TAF,28 + +
TAF,;20 - -
TAF, 18 + +

“ Interactions of EWS and hTAF;68 with each TFIID subunit were tested and
the averages of at least three independent experiments similar to the one pre-
sented in Fig. 2 are shown. +++, ++, +, and —, strong, moderate, weak, and
no interactions between EWS or hTAF;68 and a given hTAF;; or TBP; ND, not
determined.

CTDs of hTAF ;68 and EWS (Fig. 4). The binding of TAF ;55
and TAF};28 to the truncated hTAF;68 or EWS fusion pro-
teins was less specific, suggesting that they may interact with
several regions of TAF,;68 or EWS. These results indicate that
the N-terminal regions of EWS and hTAF,,68 clearly retain
the interaction with hTAF,;100 but do not retain, or retain only
weakly, interactions with the other TAF;s that were shown to
interact with the full-length proteins.

Interestingly, all of the polymerase subunits which interacted
with the full-length hTAF;;68 bound specifically to the N-
terminal region of TAF;68 (Fig. 4), indicating that the N-
terminal region of hTAF,;68 plays an important role in the
tight association between the Pol II complex and hTAF;68. In
contrast, the binding of the polymerase subunits to the differ-
ent EWS fusion proteins was unexpected. The hRPB3 subunit,
which bound to the full-length EWS, did not interact with the
isolated regions of EWS, and hRPB5 and hRPB7, which did
not interact with the full-length EWS, interacted with both
halves of EWS (Fig. 4). These results, together with the ob-
servation that the full-length EWS is able to interact with its
separated CTD (data not shown), suggest that either an in-
tramolecular interaction(s) takes place within the full-length
EWS or EWS is able to multimerize. Thus, it appears that the
distinct domains of EWS are differently accessible in the full-
length protein than they are in the separated GST fusion pro-
teins. This finding further suggests that the full-length EWS
and EWS-FLI-1 may interact differently with TFIID and Pol
IIL.

EWS, but not EWS-FLI-1, interacts with TFIID and Pol II.
The fact that the N-terminal domain of EWS retained its
ability to interact with TAF;100 prompted us to examine
whether the oncogenic fusion protein EWS-FLI-1 is also as-
sociated with TFIID. To answer this question, we analyzed the
TFIID composition from two Ewing sarcoma cell lines (RD-
ES and COH); These cell lines express different fusion tran-
scripts between EWS and FLI-1 which give rise to a 520-
amino-acid fusion protein in the case of the RD-ES cells and a
582-amino-acid fusion protein in the case of the COH cells.
NEs were made from these cell lines expressing the two dif-
ferent EWS-FLI-1 fusion proteins. Expression of the fusion
oncoproteins was compared to that of the germ line EWS by
Western blot analysis using the anti-EWS PAb (Fig. 5A, upper
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FIG. 3. Interactions between EWS or hTAF;68 and the different subunits of Pol II. (A and C) SF9 cells were coinfected with recombinant baculoviruses expressing
subunits of Pol II either individually or pairwise with EWS and hTAF;68 as indicated. After 44 h of infection, proteins were radiolabeled with [a->*S]methionine and
[a-3°S]cysteine for 4 h. WCEs were made, proteins were separated by SDS-PAGE, and gels were dried and subjected to autoradiography. M, markers in kilodaltons.
(B and D) From the WCEs, EWS or hTAF;68 was immunoprecipitated (IP) with either the anti-EWS (a-EWS) antibody or the anti-hTAF;68 (a-TAF;68) MAb as
indicated. Resin-bound proteins were then analyzed by SDS-PAGE followed by autoradiography. The asterisk indicates a nonspecific protein species.

panel) and the anti-FLI-1 antibody (Fig. 4A, middle panel).
The anti-EWS PAb was raised against a common region
present in the N-terminal domains of both the EWS and EWS-
FLI-1 fusion proteins, and the anti-FLI-1 antibody was raised

TABLE 2. Comparison of the interactions of EWS and hTAF;68
with individual subunits of the Pol II in baculovirus-coinfected

SF9 cells
Interaction®
Pol II subunit(s)

TAF,,68 EWS
hRPB1 ND ND
hRPB2 — -
hRPB3 ++ ++
hRPB4 ND ND
hRPBS5 ++ -
hRPB6 - -
hRPB7 ++ -
hRPBS8 +/- -
hRPB9 - -
hRPB10q, -108, and -11 +/- -

“ Interactions of EWS and hTAF};68 with the indicated Pol II subunits were
tested, and the averages of at least three independent experiments similar to the
one presented in Fig. 3 are shown. +++, ++, +, +/—, and —, strong, moderate,
weak, very weak but detectable, and no interactions between EWS or hTAF;68
and a given Pol II subunit; ND, not determined.

against the C-terminal end of FLI-1 (21). In the NEs of the
Ewing sarcoma cells, the anti-EWS antibody recognized both
EWS and the EWS-FLI-1 proteins (Fig. 5A, upper panel,
lanes 2 and 3). Moreover, it appears that both Ewing sarcoma
cell lines tested express about three times less EWS-FLI-1
protein than germ line EWS. The same two EWS-FLI-1 fusion
oncoproteins were also recognized by the anti-FLI-1 MAb in
the NE of the Ewing sarcoma cell lines (Fig. 5A, middle panel,
lanes 2 and 3); however, this antibody did not recognize any
protein in the HeLa NE (lane 1). Next, we prepared TBP-
containing complexes from the Ewing sarcoma cell and the
HeLa NEs by an anti-TBP immunoprecipitation and tested the
presence of EWS or EWS-FLI-1 in the immunoprecipitated
TBP-containing complexes by Western blot analysis (Fig. 5B).
Similar to the TFIID-EWS coimmunoprecipitation from HeLa
cell NE (Fig. 1A and 5B, lane 1), EWS coimmunoprecipitated
with TBP from the two Ewing sarcoma cell NEs (Fig. 5B, lanes
2 and 3). Moreover, the anti-TAF;;100 MAb coimmunopre-
cipitated EWS from the RD-ES cell line (data not shown). In
contrast, no EWS-FLI-1 was detected in the immunoprecipi-
tated TFIID complexes by Western blot analysis using the
anti-EWS PAb (lanes 2 and 3), even after very long exposures
of the Western blots. Moreover, no EWS-FLI-1 fusion pro-
teins were observed to be associated with the TBP-containing
complexes when the antibody raised against the C terminus of
FLI-1 was used (reference 21 and data not shown). This finding
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FIG. 4. Mapping the domains of EWS and hTAF;;68 which interact with the subunits of TFIID and Pol II. Numbers in the diagrams refer to amino acid positions
in either hTAF ;68 or EWS. The results of the protein-protein interaction assay, using either baculovirus-overexpressed full-length proteins or E. coli-produced GST
fusion proteins, are summarized as follows: +++, ++, +, +/—, and —, strong, moderate, weak, very weak but detectable, and no interactions between the indicated

proteins.

suggests that the oncogenic EWS-FLI-1 fusion proteins do not
associate with TFIID in the two Ewing sarcoma cell lines
tested.

Using several different in vitro approaches, we have shown
that portions of EWS and hTAF;68 are associated with either
TFIID or Pol II. To further investigate the association of EWS
and hTAF,,68 with these multiprotein complexes under more
physiological conditions, we determined the native molecular
masses of hTAF,;68 and EWS from the HeLa and RD-ES cell
lines as well as the apparent native molecular mass of the
oncogenic fusion protein EWS-FLI-1 from the RD-ES cell
line. Human HeLa and RD-ES NEs were made and centri-
fuged through a 20 to 40% glycerol gradient, and no further
manipulations were performed on the crude extracts to ensure
that high-molecular-weight complexes remained intact. The
sedimentation of hTAF;68, EWS, and EWS-FLI-1 was com-
pared with that of components of TFIID (TBP and TAF;100)
and Pol II (the largest subunit of the Pol II complex) multi-
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FIG. 5. The oncogenic fusion protein EWS-FLI-1 does not coimmunopre-
cipitate with the TFIID complex in Ewing sarcoma cell lines. (A) The PAb raised
against the N-terminal domain of EWS recognizes both wild-type EWS and the
two different EWS-FLI-1 fusion proteins in NEs from the two Ewing sarcoma
cell lines, RD-ES (lane 2) and COH (lane 3). NEs from HeLa, RD-ES and COH
cells were analyzed by Western blotting using the anti-EWS (a-EWS) antibody
(upper panel), the anti-FLI-1 (a-FLI-1) MAb (middle panel), and the anti-TBP
(a-TBP) MAD 3G3 (lower panel). M, markers in kilodaltons. (B) NEs from the
various cell lines were immunoprecipitated (IP) with the anti-TBP MAb 3G3
(lane 1 to 3). Beads were washed and boiled, and bound proteins were analyzed
by Western blotting with the anti-EWS antibody and the anti-TBP MADb. The
control immunoprecipitation using an unrelated MAb is shown in lane 4.

protein complexes, as well as markers of known molecular
mass. With the exception of EWS-FLI-1, similar results were
obtained in analyses of fractions from either HeLa or RD-ES
NE:s (Fig. 6 and data not shown). Most of hTAF|,68 and about
40% of EWS cosedimented in fractions corresponding to high
molecular masses (between 400 and 1,300 kDa [Fig. 6C, frac-
tions 10 to 20]) that contained TFIID and a portion of Pol II
(Fig. 6A and B). This cosedimentation further suggests that the
previously found association of EWS and hTAF,;68 with the
TFIID and Pol II complexes may be physiologically relevant.
In contrast, the majority of EWS-FLI-1 was detected by West-
ern blot analysis using an anti-FLI-1 antibody in the low-mo-
lecular-mass-range fractions (between 67 and 160 kDa [Fig.
5D, fractions 2 to 9]). As both the TFIID and the Pol II
complexes have native molecular masses greater than 600 kDa,
this result, together with the immunoprecipitation data (see
above), suggests that in contrast to EWS, EWS-FLI-1 is not
stably associated with TFIID or Pol II.

DISCUSSION

Possible functions of the TET proteins in transcription ini-
tiation and elongation. Previously, two members of the TET
family (hTAF,;68 and TLS/FUS) were shown to interact with
functionally different TFIID complexes (3). In this study, we
show that the third human member of the TET family (EWS)
can also associate with endogenous TFIID. These findings
indicate that the TET family members have not only structural
but also functional homology. hTAF;68 and TLS/FUS were
described as specific TAF;s since they were found to be asso-
ciated with functionally distinct TFIID subpopulations (3, 5).
Similarly, the association of EWS with TFIID is substoichio-
metric, suggesting that it associates only with a subpopulation
of TFIID and thus EWS can also be considered a specific
TAF;. The high homology among EWS, TLS/FUS, and
hTAF,;68 and common properties to associate with complexes
involved in Pol II transcription suggest that they may play a
common role in transcription initiation and/or elongation.

The fact that hTAF;68 and EWS interact with the same
core TAF;s and that hTAF;;68 and TLS/FUS are not present
in the same TFIID subpopulations strongly suggests that these
proteins cannot both be present in the same TFIID complexes.
In agreement with this conclusion, we could not coimmuno-
precipitate EWS (or TLS/FUS) with hTAF;68 or vice versa.
Moreover, the presence of one of these RNA- and/or ssDNA-
binding proteins in a distinct TFIID complex may distinguish a
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FIG. 6. Sedimentation of RD-ES cell NE through a 20 to 40% glycerol
gradient indicates that the endogenous EWS-FLI-1 fusion protein is present in
low-molecular-mass ranges. The relative sedimentations of the largest subunit of
Pol IT (A), TAF;100 and TBP (B), EWS and TAF;68 together (C), and EWS-
FLI-1 (D) were determined by Western blotting using antibodies raised against
cither the CTD of the largest subunit of Pol IT (A), TAF;100 and TBP (B), or
EWS and TAF;68 (C). To better visualize EWS-FLI-1 that is only weakly
detected in panel C by the EWS antibody, in panel D the anti-FLI-1 antibody was
used. In each panel, the upper part shows a quantification of the Western blot.
Values represent the percentage of a given protein present in each fraction
compared to the total amount of this protein loaded on the glycerol gradient.
Positions of markers (M) of known molecular mass standards are indicated at the
top of panel A.
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particular TFIID complex, at least partly, from the other dif-
ferent TFIID complexes. Thus, the different TET proteins-
containing TFIID complexes may have a specific role in the
preinitiation complexes and/or may define the promoter selec-
tivity of the distinct TFIID complexes.

Only a fraction of the total cellular amount of EWS binds to
TFIID. Another fraction of endogenous EWS copurifies with
the Pol II complex on five subsequent chromatographic col-
umns, similarly to hTAF,68, suggesting an association be-
tween EWS and the Pol IT complex. The association of EWS or
hTAF,;68 with Pol II was confirmed by mapping possible con-
tact points between these two TET proteins and subunits of
Pol II. This mapping indicated that while both EWS and
hTAF,68 interacted with the third-largest subunit of the hu-
man Pol II (hRPB3), only hTAF ;68 interacted with hRPBS
and hRPB7. Thus, despite the fact that the members of the
TET family are functional homologs, they may differ in the
capacity to interact with other proteins.

Involvement of the N-terminal domains of EWS and
hTAF ;68 in the interactions with TFIID and Pol II. To un-
derstand more about the mechanisms by which the chimeric
sarcoma-associated oncogenes induce tumor formation, it is
important to study the involvement of their N-terminal do-
mains in the above-described interactions (see also the intro-
duction). TAF;100 was the only TFIID subunit that bound
reasonably well to the N-terminal domain of EWS or
hTAF,68. This finding suggests that the interactions between
the endogenous TFIID complex and EWS-FLI-1 are consid-
erably weaker than those between EWS and TFIID (see also
below). Since the baculovirus-overexpressed EWS-FLI-1 is
very insoluble, we could not investigate the interactions be-
tween the different TAF;s and EWS-FLI-1. The other TAF;
interactions with EWS and hTAF ;68 either mapped in the
CTDs of EWS and hTAF;68 or could not be clearly deter-
mined with the GST fusion proteins used. The interactions
mapped between the CTD of EWS and the different TAF ;s
suggest that this domain plays an important role in the stable
association of full-length EWS with TFIID. These results sug-
gest that the complex network of interactions occurring be-
tween EWS and the TFIID complex may be seriously impaired
in the case of the EWS-FLI-1 oncogenic fusion protein that
contains only the N-terminal domain of EWS (see also below).

The N-terminal domain of hTAF;68 retained the ability to
interact with all of the Pol II subunits which were found to
interact with the full-length protein, indicating that this do-
main of hTAF;68 plays an important role in the tight associ-
ation between hTAF,;68 and the Pol II complex. Unexpect-
edly, none of the isolated domains of EWS interact with the
Pol II subunit which interacts with the full-length EWS. This
finding suggests that within the EWS protein, an intramolecu-
lar interaction(s) occurs and that a particular conformation of
EWS is involved in the interaction(s) with Pol II. Consistent
with this hypothesis, an in vitro interaction between the full-
length EWS and its C-terminal region can be detected (data
not shown). Based on these observations, we propose a model
where EWS may exist in the cells in a conformation in which
the N-terminal domain of the protein is not accessible. This
form of EWS may then bind to Pol II through hRPB3. How-
ever, following interaction with a certain cellular target(s) or
after a posttranslational modification(s), EWS may change its
conformation such that its N-terminal domain becomes acces-
sible. This modified form of EWS would be able to interact
with other Pol II subunits, hRPB5 and hRPB7. The interaction
between the N-terminal domain of EWS and hRPB7 has also
been identified independently in a yeast two-hybrid screen
using the first 82 amino acids of EWS as a bait (28). Impor-
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tantly, this short 82-amino-acid region of EWS has been pre-
viously shown to be sufficient for nearly full transforming ac-
tivity of EWS (18). Thus, this interaction between the
transcriptional activator EWS-FLI-1 and the Pol II complex,
which may not occur between wild-type FLI-1 and Pol II,
seems to play an important role in the deregulation of gene
expression in the sarcoma cells.

EWS-FLI-1 cannot stably associate with Pol II and TFIID
but may interact with these complexes as a transcriptional
activator. The aberrant transcription factor EWS-FLI-1 trans-
forms the cells by either interfering in the function of germ line
EWS, having a dominant-negative effect on the function of
EWS, or modifying the FLI-1-regulated gene expression. The
fact that EWS-FLI-1 does not coimmunoprecipitate with
TFIID from RD-ES and COH cells (Fig. 5B) and that in the
RD-ES cell NEs EWS-FLI-1 can be found predominantly in
low-molecular-weight ranges indicates that EWS-FLI-1 is not
stably associated with any multiprotein complexes in these
cells. This suggests that the interactions mapped between the
C-terminal half of EWS and the TFIID subunits are critical for
the stable association of full-length EWS with the TFIID com-
plex. Moreover, there is also a dramatic change in the Pol II
subunits which interact either with the full-length EWS or with
its N-terminal domain (Fig. 4). Thus, it is unlikely that EWS-
FLI-1 can have a dominant-negative effect on the function of
the portion of EWS which is associated with the TFIID and/or
Pol II multiprotein complexes. Note that another portion of
EWS may be involved in functions that are yet unknown.
EWS-FLI-1 has been shown to function as a transcriptional
activator on different FLI-1-binding sites containing test pro-
moters (2). Our finding that EWS-FLI-1 is not associated with
any multiprotein complexes is in agreement with this finding
since to date none of the known transcriptional activators have
been found tightly associated with TFIID or Pol II. However,
transcriptional activators are known to interact with compo-
nents of the basal transcription machinery, e.g., TAF;s, TBP,
and Pol II, to enhance transcription of the different target
genes (36, 38). The efficiency and the stability of the interac-
tions between the N-terminal domain of EWS and TFIID or
Pol II may also be very different from those in which wild-type
FLI-1 participates. These differences seems to be important for
the transformation capability of EWS-FLI-1.
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