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Abstract
In 85% of Ewing family tumors, the NH2 terminus of EWS is fused to
the DNA-binding domain of FLI1, an ets transcription factor. The resulting chimeric protein is a strong transcriptional activator with transforming activity. We report that EWS and EWS-FLI1 interact via their
common NH2 terminus with the COOH terminus of BARD1, a putative
tumor suppressor, in vitro and in vivo. Because BARD1 associates via its
NH2-terminal RING domain with the breast cancer susceptibility gene
BRCA1 that provides a platform for interactions with proteins involved in
DNA repair and checkpoint control, our results provide a link between the
Ewing’s sarcoma gene product and the genome surveillance complex.

Introduction
The TET family of genes encoding RNA-binding proteins EWS,
TLS, and TAFII68 is frequently involved in chromosomal translocations in human cancer (for review, see Ref. 1). TET proteins share
common structural motifs, including copies of the degenerate
hexapeptide motif SYGQQS in varying numbers, and a unique RNAbinding domain comprised of a RNP motif and RGG boxes. In EFTs,3
the EWS gene is fused to the ets transcription factor gene FLI1 in 85%
of cases. In the resulting chimeric protein, the putative RNA-binding
portion of EWS is replaced by the DNA-binding domain of the ets
transcription factor. In reporter gene assays, the NH2-terminal EWS
portion contributes significant transactivating activity when fused to a
DNA-binding domain. However, in EWS-FLI1-transfected NIH3T3
cells, an approximately similar number of genes has been found to be
repressed and activated by the fusion protein (2). EWS-FLI1 has
transforming capacity in vitro and in vivo, requiring the EWS NH2
terminus and the ets DNA-binding domain of FLI1. Most of the
transforming potential resides in the first 82 amino acids of the EWS
domain, distinct from the domain contributing the strongest transactivation potential (3). Because EWS-FLI1 derivatives lacking the
DNA-binding domain still remain tumorigenic (4), it may be postulated that EWS-FLI1 plays a role in processes distinct from its DNA
binding activity, presumably involving protein-protein interactions.
The NH2-terminal domain of EWS provides the interaction surface for
association of EWS and EWS-FLI1 with components of RNA polymerase II and with splicing factors U1C and SF1, indicating a role for
both proteins in transcription and RNA processing (for review, see
Ref. 1). In fact, EWS-FLI1 has been demonstrated to alter hnRNPA1dependent splice site selection in vitro (5).

In a yeast two-hybrid screen using the minimal EWS-transforming
domain as a bait, we previously reported on the specific interaction of
hsRPB7, a subunit of RNA polymerase II restricted to EWS-FLI1 but
not to EWS (6). These data are compatible with an altered conformation of the EWS NH2 terminus in the context of its fusion to FLI1
affecting protein-protein interaction characteristics that may contribute to its transforming function (7). We now report on a further
interaction partner isolated from this screen, the BRCA1 associated
RING domain protein BARD1. BARD1 not only interacts with
BRCA1 but is also structurally related to this established tumor
suppressor, implicating that it may act as a tumor suppressor as well
(8). We show that, in contrast to hsRPB7, BARD1 interacts with both
EWS and EWS-FLI1 in vitro and in vivo. Because BARD1 communicates with components of the BRCA1-associated genome surveillance complex, our findings may couple EWS and EWS-FLI1 to DNA
repair and possibly also to checkpoint control.
Materials and Methods

Tissue Culture and Transfection. Cell lines used in this study were the
EWS-negative EFT cell line STA-ET-7.2 (9), the neuroblastoma cell line
SJ-NB7 (kindly provided by T. Look; St. Jude Children’s Research Hospital,
Memphis, TN), and HeLa (CCL2; American Type Culture Collection). Transfections were done with LipofectAMINE Plus reagent (Invitrogen, Groningen,
the Netherlands), according to the manufacturer’s instructions.
Plasmids. To generate GST fusion constructs, coding sequences of EWSFLI1 type 1 and EWS were amplified by PCR and cloned into the pGEX-5X-1
vector (Amersham Biosciences, Uppsala, Sweden). For cytomegalovirus
promoter-driven ectopic expression in mammalian cells, full-length cDNAs
were cloned into pCMVneo (6) in the absence or presence of an NH2-terminal
double FLAG tag and a COOH-terminal c-myc tag. The constructs for FRET
microscopy were generated by inserting the coding regions of BARD1, EWS,
and EWS-FLI1 in-frame into the pECFP-C1 and pEYFP-C1 vectors (Clontech,
Palo Alto, CA). The plasmid encoding the CYFP tandem fusion has been
described previously (10).
GST Pull-down. GST fusion proteins were expressed in Escherichia coli
XL1blueMRF⫺ after induction by isopropyl-1-thio-␤-D-galactopyranoside for
2–5 h. The soluble protein fraction was coupled to glutathione-Sepharose 4B
(Amersham Biosciences). In vitro-transcribed and -translated BARD1 and
firefly luciferase proteins were synthesized in the presence of 20Ci of
[35S]methionine/cysteine using the Proteinscript II kit (Ambion, Austin, TX) or
the TNT T7 system (Promega, Madison, WI). Labeled proteins were incubated
with 2 g of GST proteins coupled to glutathione-Sepharose beads in 300 l
of Kleiman buffer (11) for 2 h at 4°C. Bound proteins were washed three times
and analyzed on a 6% SDS-polyacrylamide gel, followed by autoradiography.
IPs. For IP of FLAG-tagged proteins, cells were harvested 48 h after
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sciences) using the antibodies anti-KAI (Santa Cruz Biotechnology, Santa
Cruz, CA) and anti-BARD1 669D and EE6 (kindly provided by R. Baer). After
extensive washing, precipitated proteins were resolved on 8.5% SDS-polyacrylamide gels followed by Western blotting. Proteins were detected by the
following antibodies: monoclonal anti-FLAG M2 (Sigma); rabbit anti-BARD1
polyclonal sera 669D or 58E (provided by R. Baer); rabbit anti-EWS serum
138-2 (provided by C. T. Denny); mouse hybridoma anti-FLI1 supernatant 7.3
(provided by O. Delattre); rabbit anti-FLI1 polyclonal antibody C19 (Santa
Cruz Biotechnology); or anti-BRCA1 polyclonal antibody C20 (Santa Cruz
Biotechnology). Primary antibodies were detected by horseradish peroxidaseconjugated secondary antibodies and SuperSignal WestPico chemiluminescent
substrate (Pierce, Rockford, IL).
FRET Microscopy. SJ-NB7 cells were seeded on round coverslips and
transfected with the indicated expression plasmids. Forty-eight h after transfection, cells were fixed with 2% formaldehyde. For FRET microscopy, the
coverslips were placed in a chamber, covered with PBS, and analyzed with a
Nikon Diaphot TMD microscope equipped with filter sets that discriminate
between CFP and YFP fluorescence (Omega Optical Inc., Brattleboro, VT;
CFP filter set: excitation 440 nm, dichroic mirror 455 nm, emission 480 nm;
YFP filter set: excitation 500 nm, dichroic mirror 525 nm, emission 535 nm).
Images were taken with a cooled charge-coupled device camera (Kappa
GmbH, Gleichen, Germany). Acceptor photo-bleaching FRET microscopy was
done by continuous illumination with a 100 W mercury lamp for 50 s and the
YFP filter set. A CFP filter image was taken before and after photo-bleaching
under identical conditions. The increase in donor fluorescence after acceptor
photo-bleaching was calculated by dividing the CFP image after photo-bleaching (CFPpost) by the CFP image before photo-bleaching (CFPpre) using NIH
Image software version 1.62.

Results
BARD1 Interacts with the EWS NH2 Terminus in Yeast. A
yeast two-hybrid screen was performed to identify proteins that interact specifically with the 82 NH2-terminal amino acids of EWS, as
reported previously (6). One of the clones isolated in this screen
encoded for amino acids 427–777 of the BRCA1-associated RING
domain protein BARD1. This domain contains two of the three
ankyrin repeats and the BRCT tandem domain in the COOH terminus
but lacks the NH2-terminal RING finger domain of BARD1. The
BARD1 portion did not activate the reporter genes lacZ or HIS3 in
absence of the ⌬EWS-bait, excluding the possibility of a false-positive or nonspecific interaction.
BARD1 Interacts with EWS and EWS-FLI1 in Vitro. To confirm the interaction between the BARD1 COOH terminus in the
context of full-length EWS and EWS-FLI1, in vitro pull-down assays
were performed using bacterially expressed GST fusion proteins for
EWS and EWS-FLI1 with in vitro-translated and radiolabeled fulllength BARD1 or, for negative control, firefly luciferase. Both proteins, GST-EWS and GST-EWS-FLI1, retained BARD1, confirming
the ability of full-length BARD1 to associate with proteins containing
the EWS NH2 terminus. Because BARD1 did not bind to GST-only
and, in addition, the nonrelated control protein firefly luciferase did
not bind to the GST fusion proteins, the interaction was considered to
be specific (Fig. 1).
BARD1 Interacts with EWS and EWS-FLI1 in Cellular Extracts. To demonstrate the association of BARD1 with EWS and
EWS-FLI1 expressed in human cells, we precipitated the two complexes from transiently transfected SJ-NB7 cells. Because of highly
unspecific binding of EWS and EWS-FLI1 to protein G-Sepharose,
we chose magnetic Dynabeads coated with the secondary antibody as
precipitation matrix. To exclude cross-reactivity of antibodies as the
source of unspecific IPs, one of the interaction partners was expressed
as a FLAG-tagged protein, and precipitation was carried out with the
highly specific and potent anti-FLAG M2 antibody. Transfection
conditions were adjusted to give comparable expression levels of
BARD1 and FLAG-EWS, as well as FLAG-BARD1 and EWS-FLI1

Fig. 1. GST pull-down of 35S-labeled BARD1. GST, GST-EWS, and GST-EWS-FLI1
fusion proteins were incubated with in vitro-translated, 35S-labeled BARD1 or firefly
luciferase. BARD1 but not firefly luciferase was specifically retained by GST-EWS and
GST-EWS-FLI1. Twenty times more 35S-labeled BARD1 has been included in the GST
pull-down reactions than loaded in the input lane.

proteins (Fig. 2, lysates). EWS-FLI1 precipitated with FLAG-tagged
BARD1 (Fig. 2A), and BARD1 specifically coprecipitated with
FLAG-tagged EWS (Fig. 2B). Only a weak signal was obtained for
coprecipitation of endogenous BARD1 with FLAG-EWS due to the
much lower abundance of the endogenous protein relative to the
amount of ectopically expressed BARD1 in transfected cells. No
association or precipitation was detectable with no antibody or irrelevant antibody. The reciprocal precipitation experiments did not give
any conclusive results because precipitation of FLAG-tagged EWSFLI1 was inefficient, and untagged EWS tended to stick to the
precipitation matrix (data not shown).
Further proof of the interactions between EWS and EWS-FLI1 with
BARD1 was obtained by coimmunoprecipitation of the endogenous
complexes. As demonstrated in Fig. 3 BARD1 antibodies specifically
coprecipitated EWS from HeLa cells (Fig. 3A) and EWS-FLI1 from
EWS-negative STA-ET-7.2 cells. (Fig. 3B).
Association of BARD1 with EWS and EWS-FLI1 in the Living
Cell. FRET microscopy was applied to confirm and localize the
interaction of BARD1 with EWS and EWS-FLI1 in the living cell.
The method is based on energy transfer between a donor fluorophore
(CFP) and an acceptor fluorophore (YFP) with overlapping emission/
excitation spectra that is restricted to close spatial proximity (distance
not exceeding 10 nm). A close association of two proteins fused to the
respective fluorophores results in an increase of acceptor fluorescence
(measurable by ratio imaging) and quenching of the donor fluorescence (measurable by donor recovery after acceptor photo-bleaching;
Ref. 10). To investigate the interaction of BARD1 with EWS and
EWS-FLI1, we applied acceptor photo-bleaching FRET microscopy,
which, although less sensitive than ratio imaging, does not require a
complete colocalization or identical expression levels of the proteins
and is not prone to false positive signals. In parallel, transfections
were carried out with a CYFP tandem fusion, resulting in constitutive
FRET as a positive control and uncoupled CFP and YFP proteins
unable to interact with each other as a negative control. Because
cotransfected cells frequently showed signs of apoptosis, presumably
due to BARD1 overexpression, only living cells were evaluated for
FRET. Results are presented in Fig. 4. The YFP and CFPpre (CFP
image before acceptor photo-bleaching) images monitor the distribution of YFP- and CFP-coupled proteins in the cell. EWS- and EWSFLI1-fluorophore fusion proteins were restricted to the nucleus, sparing the nucleoli, whereas BARD1 fusion proteins were observed in the
nucleus as well as in the cytoplasm. In addition, BARD1 was occasionally observed in nuclear speckles (data not shown). The image
CFPpost was taken after destruction of the YFP acceptor fluorophore
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Fig. 2. IPs of ectopically expressed BARD1 with EWS and
EWS-FLI1. A, coprecipitation of EWS-FLI1 with FLAGBARD1. B, coprecipitation of BARD1 with FLAG-EWS. SJ-NB7
cells were transfected with expression plasmids for FLAG-EWS
and BARD1, respectively, for FLAG-BARD1 and EWS-FLI1 as
indicated on top of the figure, and relative expression levels of
ectopically expressed proteins were monitored on Western blots
of whole cell lysates (left panels). IPs were performed using
Dynabeads coated with the indicated antibodies, and immunocomplexes were resolved on 8.5% polyacrylamide gels. Left
panels, Western blots of cell lysates to control for protein expression. The asterisks indicates endogenous BARD1 protein, which
was slightly smaller than ectopically expressed BARD1, presumably due to the use of an alternative start codon. Right panels,
Western blot of precipitated immunocomplexes.

by constant illumination through the YFP filter set, with the same
camera settings as the CFPpre image before bleaching. The ratio of
the CFPpost and CFPpre images was electronically calculated and
represented by a ratio image. A clear FRET signal was obtained for
the CYFP fusion protein but not for the negative control. For cotransfection of CFP-EWS-FLI1 with YFP-BARD1 and of CFP-BARD1
with YFP-EWS, a weak but reproducibly positive nuclear ratio image
was obtained in a subset of transfected cells, confirming at least
occasional association between BARD1 and EWS as well as EWSFLI1 in the living cell.
Discussion
In this study we provide evidence for the interaction of the minimal
EWS transforming domain with the putative tumor suppressor protein
BARD1 in the context of germ-line EWS and EWS-FLI1, suggesting

a possible link between these proteins and the breast cancer susceptibility gene BRCA1. Whereas GST pull-down assays and FRET
microscopy suggest a stronger interaction between BARD1 and EWS
than between BARD1 and EWS-FLI1, IP experiments do not support
this notion. However, the different experimental approaches provide
complementary qualitative rather than quantitative information.
BARD1 was identified by its interaction with the tumor suppressor
protein BRCA1, which is mutated in about 80% of hereditary breast
cancer cases and plays an important role in recombination repair and
checkpoint control (for review, see Ref. 13). Both proteins interact via
their NH2-terminal RING domains, whereas communication with the
EWS NH2 terminus involves the COOH-terminal portion of BARD1
comprising two of the three ankyrin repeats and the BRCT domain.
Within the EWS NH2 terminus, deletion analysis indicated that the
BARD1 interaction surface does not coincide with the epitope binding

Fig. 3. Precipitation of endogenous complexes containing
BARD1 with EWS and with EWS-FLI1. A, the complex of EWS
and BARD1 was precipitated from whole HeLa cell extract with
anti-BARD1 669D polyclonal antiserum (pBARD1) and antiBARD1 EE6 monoclonal antibody (mBARD1), and the proteins
contained were detected on the Western blot with anti-EWS 677 and
anti-BARD1 669D. B, the complex between BARD1 and EWSFLI1 was precipitated from nuclear extracts of STA-ET-7.2 cells
using anti-BARD1 669D (pBARD1), and proteins were detected on
the Western blot by probing with anti-FLI1 C19 and anti-BARD1
669D. EWS-FLI1 coprecipitates specifically with BARD1, but not
with no antibody or irrelevant (anti-KAI1) antibody. Fifteen times
more protein was included in the IP reactions than applied to the gel
in the input lane.
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Fig. 4. Association of BARD1 with EWS or
EWS-Fli1 in the living cell. Cells were transfected
with indicated expression constructs. Fixed cells on
coverslips were analyzed by acceptor photobleaching FRET microscopy. YFP and CFPpre,
images taken with the respective filter sets before
bleaching. CFPpost, CFP image taken after photobleaching. Ratio, calculated ratio image of CFPpost/CFPpre. The CYFP tandem fusion results in
constitutive FRET, represented by a positive ratio
image. CFP and YFP proteins are unable to interact
and therefore show a blank ratio image. Coexpression of YFP-BARD1 with CFP-EWS-FLI1 and of
YFP-EWS with CFP-BARD1 results in a weak but
positive ratio image, indicating FRET and association of the two proteins in the living cell.

to hsRPB7 (Ref. 6; data not shown). Thus, it is possible that EWS and
EWS-FLI1 are involved in higher order protein complexes linking
transcriptional regulation to RNA processing and genome surveillance. The function of BRCA1 in DNA repair and maintenance of
genome integrity is well established (13). BARD1 can be found
together with BRCA1 and hsRad51 in nuclear foci during S phase of
the cell cycle (14). These three proteins, together with proliferating
cell nuclear antigen, also cluster in foci after DNA damage, compatible with a role in replication-associated repair of DNA damage (15).
Interestingly, our FRET results indicate association of EWS and
EWS-FLI1 with BARD1 in nuclear granular structures. The link of
BARD1 to DNA repair may be provided by its interaction with
CstF50, a subunit of the cleavage stimulation factor involved in
polyadenylation of RNA. After DNA damage, polyadenylation of the
nascent RNA is inhibited at the cleavage step upon interaction of
CstF50 with BARD1 (11, 16). It has been speculated that this inhibitory mechanism prevents premature RNA maturation at cryptic polyadenylation sites, which may be caused by pausing of RNA polymerase II at sites of DNA damage. One may speculate that EWS-FLI1
targets BARD1 specifically to certain ets-responsive genes recruiting
CstF50 and blocking proper RNA processing. As a consequence,
EWS-FLI1 might negatively regulate gene expression posttranscriptionally on the level of RNA maturation.
A link between TET family proteins and double-strand DNA repair
may be provided by TLS knockout mice, which suffer from pronounced genomic instability with frequent chromosomal breakage,
centromeric fusions, and extrachromosomal elements (17). Because
EWS-deficient mice have not been generated thus far, a possibly
similar role of EWS in DNA repair remains to be demonstrated.
Intriguingly, EFTs have long been known as particularly radiosensitive tumors, a characteristic that, in breast cancer patients, is associated with BRCA1 deficiency.
Apoptotic cell death has recently been demonstrated to be accompanied by an increase in BARD1 levels, and ectopic overexpression of
BARD1 was found to result in apoptotic cell death (18). Conversely,
BARD1-repressed cells show a growth reduction and are defective for

the apoptotic response to genotoxic stress. The apoptotic activity of
BARD1 involves binding to and elevations of p53 independent of
BRCA1, which was found to partially counteract BARD1-induced
cell death. Similarly, repression of EWS-FLI1 expression in EFT cells
results in growth reduction (for review, see Ref. 1), but ectopic
expression of EWS-FLI1 in a non-EFT background is toxic to most
cell types. However, loss of p53 or INK4A gene function may rescue
EWS-FLI1 transgenic cells from apoptosis, compatible with a role for
an impaired p53/p14ARF pathway in EWS-FLI1-mediated transformation (19). In contrast, p53 mutations are rare in primary EFT cells
(20), and loss of INK4A gene activity is observed in only about 30%
of cases (21). Thus, if tolerance to EWS-FLI1 expression generally
requires a defect in the p53/p14ARF pathway, it must occur at a
different level in the majority of EFTs. Components of the BRCA1associated genome surveillance complex (BASC; Ref. 22) may constitute interesting candidates for such a defect.
EWS-FLI1 has been demonstrated to repress a multitude of genes
(2) including the TGF␤RII gene (23) by an unknown mechanism. It is
intriguing to speculate that BARD1 may play a role in this activity
because its partner BRCA1 interacts with components of the histone
deacetylase complex (24). In fact, in preliminary reporter gene studies
using the TGF␤RII promoter, BARD1 significantly supported EWSFLI1-mediated repression. However, this effect could not be unequivocally linked to the presence of the EWS NH2 terminus because
BARD1 also repressed germ-line FLI1-mediated activation of this
promoter, depending on the cell line used (data not shown). Similar
inconsistent results were obtained using an EWS-FLI1-activated
promoter (data not shown). These observations may be explained
by induction of apoptosis as a consequence of ectopic BARD1
expression.
The BRCA1/BARD1 heterodimer constitutes an E3 ubiquitin ligase
(25), which has auto-ubiquitination activity and mediates mono-ubiquitination of histone H2A and phosphorylated histone H2A(X) in vitro
(26). It has been assumed that mono-ubiquitination serves a regulatory
function other than signaling for proteasomal degradation. The modification of histones H2A and H2A(X) by BRCA1/BARD1 may be
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linked to chromatin remodeling processes occurring during DNA
repair (25). Because the interactions with BRCA1 and the EWS NH2
terminus occur at different epitopes on BARD1, EWS and EWS-FLI1
probably do not interfere with this function. It remains to be demonstrated whether EWS or EWS-FLI1 is ubiquitinated by the BRCA1/
BARD1 complex. However, no influence of BARD1 on EWS or
EWS-FLI1 protein stability or vice versa was observed (data not
shown), excluding an influence of the communication between these
proteins on their mutual turnover via the proteasome pathway.
In summary, the interaction of EWS and EWS-FLI1 with BARD1
described here may identify an important role for the BRCA1 tumor
suppressor pathway in EFT pathogenesis. However, the mechanism
for its functional involvement remains to be elucidated.
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