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The ETS gene family is frequently involved in chromosome trans-
locations that cause human cancer, including prostate cancer,
leukemia, and sarcoma. However, the mechanisms by which on-
cogenic ETS proteins, which are DNA-binding transcription factors,
target genes necessary for tumorigenesis is not well understood.
Ewing’s sarcoma serves as a paradigm for the entire class of
ETS-associated tumors because nearly all cases harbor recurrent
chromosomal translocations involving ETS genes. The most com-
mon translocation in Ewing’s sarcoma encodes the EWS/FLI onco-
genic transcription factor. We used whole genome localization
(ChIP-chip) to identify target genes that are directly bound by
EWS/FLI. Analysis of the promoters of these genes demonstrated
a significant over-representation of highly repetitive GGAA-con-
taining elements (microsatellites). In a parallel approach, we found
that EWS/FLI uses GGAA microsatellites to regulate the expression
of some of its target genes including NR0B1, a gene required for
Ewing’s sarcoma oncogenesis. The microsatellite in the NR0B1
promoter bound EWS/FLI in vitro and in vivo and was both neces-
sary and sufficient to confer EWS/FLI regulation to a reporter gene.
Genome wide computational studies demonstrated that GGAA
microsatellites were enriched close to EWS/FLI-up-regulated genes
but not down-regulated genes. Mechanistic studies demonstrated
that the ability of EWS/FLI to bind DNA and modulate gene
expression through these repetitive elements depended on the
number of consecutive GGAA motifs. These findings illustrate an
unprecedented route to specificity for ETS proteins and use of
microsatellites in tumorigenesis.

ChIP-chip � transcription � gene regulation � ETS � NR0B1

ETS proteins are extremely important in human tumor devel-
opment. The first ETS gene, v-ets, was initially identified as

part of the E26 avian erythroblastosis virus and corresponded to
the human ETS1 protooncogene (1, 2). Based on the presence
of a DNA-binding ETS domain, 27 unique human ETS family
members have been identified (3). ETS family members are
frequently dysregulated and/or mutated in human cancers
through chromosomal rearrangements. Indeed, the observation
that �70% of prostate cancers harbor translocations between
ETS genes (ERG, ETV1, or ETV4) and androgen-responsive
genes indicates that ETS gene rearrangements may be the most
common chromosomal abnormalities in human cancer (4, 5).

Most members of the ETS family bind to DNA sequences
containing a GGAA (or in some cases, GGAT) core motif, with
sequences flanking the GGAA core contributing to the affinity
and specificity of the interaction (3, 6, 7). Because most cell lines
examined express multiple ETS family members simultaneously,
and because ETS factors in many cases are not functionally
redundant, there are likely mechanisms to allow for gene-specific
regulation by different ETS proteins (8). Indeed, recent whole
genome localization studies have supported this concept by
demonstrating that in vivo ETS-binding sites may be grouped
into two classes (9): (i) high-affinity binding sites found close to
transcription start sites and (ii) lower-affinity binding sites found

in close proximity to low affinity binding sites for other tran-
scription factors that allow for cooperative DNA binding.

Ewing’s sarcoma was the first tumor in which ETS family
members were shown to be involved in chromosomal transloca-
tions and serves as a paradigm for ETS-driven cancers (10).
Ewing’s sarcoma is a highly malignant solid tumor of children
and young adults that usually harbors a recurrent chromosomal
translocation, t(11;22)(q24;q12), that encodes the EWS/FLI
fusion oncoprotein (10). The oncoprotein consists of a tran-
scriptional activation domain from EWS, joined, in frame, to a
region of the ETS transcription factor FLI harboring a DNA-
binding domain (10–12). EWS/FLI functions as an aberrant
transcription factor that regulates genes involved in the tumor-
igenic phenotype of Ewing’s sarcoma (11–15).

EWS/FLI plays a critical role in establishing and maintaining
the tumorigenic phenotype of Ewing’s sarcoma cells (13, 15–18).
Thus, EWS/FLI regulates its downstream target genes nonre-
dundantly with other coexpressed ETS factors in Ewing’s sar-
coma (13, 15, 18). EWS/FLI gene expression signatures include
genes that are important for Ewing’s sarcoma oncogenesis, such
as NR0B1 (13). EWS/FLI up-regulates NR0B1 in Ewing’s sar-
coma cells, and this up-regulation is required for their trans-
formed phenotype (13). Whether NR0B1 is regulated by EWS/
FLI directly, or through other intermediary proteins, is
unknown. Indeed, the transcriptional response elements that
EWS/FLI uses to regulate its target genes are largely unknown.

One difficulty in the study of EWS/FLI is that the human cell
of origin of Ewing’s sarcoma is not currently known. Thus, some
studies of EWS/FLI function have relied on heterologous cell
types as model systems, but results from these systems may not
be applicable to the human disease (19, 20). We recently
developed a system that allows for the study of EWS/FLI in a
relevant model system: in Ewing’s sarcoma itself (13, 15, 17, 20).
To understand the mechanisms by which EWS/FLI regulates its
target genes in Ewing’s sarcoma itself, we undertook two parallel
approaches, including a genome wide analysis of fusion protein-
binding sites in patient-derived Ewing’s sarcoma cells and a
directed analysis of EWS/FLI-regulated promoters. We found
that EWS/FLI uses GGAA-containing microsatellites to regu-
late some of its target genes, including its key oncogenic target
NR0B1. This demonstrates a new role for microsatellites in
human cancer and suggests a unique mechanism for ETS
transcription factor regulation of target genes.
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Results
EWS/FLI functions as an aberrant ETS-type transcription factor
in Ewing’s sarcoma to regulate genes involved in tumorigenesis
(11). To identify genes that are direct EWS/FLI targets, we
performed genome wide localization studies (‘‘ChIP-chip’’) of
the endogenous fusion protein in patient-derived A673 Ewing’s
sarcoma cells. Because wild-type FLI protein is not expressed in
these cells, the anti-FLI antibody used for these studies only
immunoprecipitates EWS/FLI in this context (15). Agilent 244k
promoter microarrays were used, which interrogate �17,000
human promoters from �5.5 kb to � 2.5 kb relative to the
transcriptional start site. Approximately 900 genes were identi-
fied that were directly bound by EWS/FLI [supporting informa-
tion (SI) Dataset S1 (XLS)]. These included previously identi-
fied direct targets, such as TGFBR2, CAV1, and IGFBP3 (18,
21, 22).

Of importance, the gene whose promoter was most highly
enriched in the ChIP-chip dataset was NR0B1. NR0B1 is regu-
lated by EWS/FLI in Ewing’s sarcoma cells and is absolutely
required for the oncogenic phenotype of Ewing’s sarcoma (13).
This earlier study was not able to determine whether NR0B1 was
a direct or indirect target of EWS/FLI. The ChIP-chip data
demonstrate that NR0B1 is bound by EWS/FLI and suggest that
it may be regulated directly by the fusion oncoprotein. Inspection
of the promoter did not reveal any sequences matching the
previously identified in vitro high-affinity ETS-binding site,
which also binds FLI and EWS-FLI with high affinity (ACCG-
GAAG/aT/c; data not shown; ref. 23). We, therefore, sought to
understand the regulation of this key target to understand how
EWS/FLI might function in the absence of a high-affinity
binding site.

We cloned �1.6 kb of the NR0B1 promoter upstream of the
luciferase cDNA and used this reporter construct to test for
EWS/FLI responsiveness. Knock down of endogenous EWS/FLI
(using the EF-2-RNAi retroviral construct) (15) showed that this
promoter fragment was responsive to the fusion protein (Fig.
1A). This promoter fragment was also EWS/FLI-responsive in a
heterologous cell type (293EBNA; Fig. 1B). These data support
the notion that NR0B1 is a direct EWS/FLI target gene.

To identify the EWS/FLI response element in the NR0B1
promoter, a series of deletion constructs were tested in the
luciferase reporter assay. We found that EWS/FLI responsive-
ness was contained within the �1.6 to �1.1 kb promoter region
(Fig. 1B). This 500-bp region was also sufficient to confer
EWS/FLI responsiveness to a minimal promoter derived from
SV40 (data not shown).

Whereas the 500-bp NR0B1 promoter region did not contain
high-affinity ETS-binding elements (ACCGGAAG/aT/c) (23), it
did contain a 102-bp microsatellite consisting of 25 GGAA
repeats (as well as two single base insertions; Fig. 1C). Because
ETS family members, including EWS/FLI, bind with high affinity
to consensus sequences containing a GGAA core element (9),
we hypothesized that the GGAA microsatellite might represent
a previously unrecognized in vivo EWS/FLI-binding element.
We cloned the 102-bp GGAA microsatellite into a luciferase
reporter construct that contained a minimal promoter derived
from SV40. The microsatellite was sufficient to mediate EWS/
FLI responsiveness in heterologous 293EBNA cells (Fig. 1D).
Thus, the GGAA microsatellite is the EWS/FLI response ele-
ment in the NR0B1 promoter.

In a parallel approach to identify potential EWS/FLI binding
and response elements, we used an unbiased computational
approach [multiple Em for motif elicitation (MEME)] (24) to
identify sequence motifs that were enriched near the most highly
EWS/FLI-bound DNA fragments identified in the ChIP-chip
experiment. The MEME analysis identified a sequence (ACCG-
GAAGTG; E value � 1.4 � 10�40) that perfectly matched the

previously described high-affinity ETS-binding element (23).
However, the most highly enriched sequence identified by
MEME was a repetitive GGAA motif (that corresponded to the
microsatellite sequence in the NR0B1 promoter; GGAAG-
GAAGGAAGGAA; E value � 1 � 10�173). The GGAA-
repetitive sequence element was identified in 12 of the 134 top
EWS/FLI-bound gene promoters (9%) that were used for this
analysis. There was virtually no overlap between promoter
elements that harbored GGAA microsatellites vs. those that
contained the high-affinity ETS-binding elements (data not
shown).

Fig. 1. The GGAA microsatellites in the NR0B1 and FCGRT promoters are the
EWS/FLI response elements. (A) TC71 Ewing’s sarcoma cells cotransfected with
a 1.6-kb NR0B1 promoter luciferase vector and either EF-2-RNAi (targeting
EWS/FLI) or ERG-RNAi (negative control). The ‘‘control vector’’ does not con-
tain NR0B1 promoter elements. The error bars the figure indicate SDs, and
asterisks indicate P � 0.05. (B) 293EBNA cells cotransfected with the indicated
NR0B1 promoter luciferase vectors (containing the indicated amount of pro-
moter sequence upstream of the transcriptional start site) and an EWS/FLI (or
empty control) cDNA expression vector. The control vector does not contain
NR0B1 promoter elements. (C) NR0B1 promoter with GGAA microsatellite
indicated. The microsatellite contains 25 GGAA repeats. (D) Luciferase assays
in 293EBNA cells with the full 102-bp NR0B1 microsatellite upstream of a
minimal promoter element. The control vector does not contain the micro-
satellite, but does contain the minimal promoter element. (E and F) Luciferase
reporter assays by using 293EBNA cells and either the indicated FCGRT pro-
moter deletion constructs or the isolated FCGRT GGAA microsatellite up-
stream of a minimal promoter, respectively. Of note, the FCGRT microsatellite
is present at approximately �1.6 kb upstream of the transcriptional start site.
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To test whether other genes use their GGAA microsatellites
as EWS/FLI response elements, we analyzed the FCGRT pro-
moter. FCGRT was also identified as an EWS/FLI-bound target
in the ChIP-chip analysis and contains a GGAA microsatellite
at approximately �1.6 kb relative to its transcriptional start site.
A 2-kb region of the FCGRT promoter was EWS/FLI-responsive
in luciferase reporter assays (Fig. 1E). Deletion analysis of the
promoter demonstrated that the GGAA microsatellite contain-
ing region was necessary for EWS/FLI responsiveness (Fig. 1E).
Furthermore, the GGAA microsatellite was sufficient to confer
EWS/FLI responsiveness to a reporter containing a minimal
SV40 promoter (Fig. 1F). These data provide an independent
confirmation of the role of GGAA microsatellites as EWS/FLI
response elements.

To further validate in vivo occupancy of GGAA microsatel-
lites by EWS/FLI, directed ChIP experiments were performed at
six microsatellite-containing genes: NR0B1, FCGRT, CAV1,
CACNB2, FEZF1, and KIAA1797. Each of these genes contain
GGAA microsatellites within 5 kb of their transcriptional start
sites. We found that EWS/FLI bound to each of these GGAA
microsatellite-containing promoters in vivo but not to control
TP53 or RPS26 promoters, neither of which contain GGAA
microsatellites (Fig. 2). None of the six microsatellite-containing
promoters was significantly occupied by two other members of
the ETS family, ETS1 or ELK1 (Fig. 2). Thus, binding of these
promoters appears to be specific to EWS/FLI.

To determine whether EWS/FLI regulation through micro-
satellites is a generalized phenomenon in Ewing’s sarcoma, we
asked whether there was a correlation between the presence of
a GGAA-containing microsatellite and EWS/FLI responsive-
ness. All 2,577 GGAA microsatellite-containing genes in the
human genome were mapped, and the distances between the
microsatellites and the transcriptional start sites were deter-
mined. As a control, all 942 GGAT microsatellite-containing
genes were similarly identified and mapped. The distribution of
GGAA and GGAT microsatellites relative to adjacent genes was
similar (Fig. 3A). Genes were rank-ordered by distance between
the microsatellite and the transcriptional start site. Fisher’s exact
test was then performed reiteratively to determine whether there
was an over-representation of EWS/FLI-up- or -down-regulated
genes at each rank position. The very conservative Bonferroni
correction was applied to control for multiple hypothesis testing.
A dataset derived from A673 cells showed significant enrichment
of EWS/FLI-up-regulated genes within 5 kb of GGAA-
containing microsatellites (Fig. 3B). EWS/FLI-down-regulated
genes were not enriched, and there was no enrichment of
EWS/FLI-regulated genes when compared to GGAT-containing
microsatellites (Fig. 3B). A second independent EWS/FLI data-
set derived from two other Ewing’s sarcoma cell lines (TC71 and
EWS502) showed a similar pattern of enrichment of EWS/FLI-
regulated genes close to GGAA, but not GGAT, microsatellites
(data not shown).

A series of controls that included either randomly sampled
gene sets or published ‘‘cancer gene neighborhood’’ gene sets
[group C4 from the Molecular Signature Database (MsigDB
version 2, January 2007 release; http://www.broad.mit.edu/gsea/
msigdb/msigdb�index.html)] were tested in the same analyses.
The A673 and TC71/EWS502 Ewing’s sarcoma datasets were
significantly enriched over the randomly sampled gene sets (P �
0.0005 and P � 0.0001, respectively) and were also significantly
enriched as compared to the ‘‘cancer gene neighborhood’’ gene
sets (P � 0.005 and P � 0.007, respectively). These data strongly
suggest that the use of GGAA microsatellites as EWS/FLI
response elements for gene up-regulation is not limited to
NR0B1 and FCGRT but is more widespread.

The in vivo occupancy and direct ChIP experiments suggested
direct binding between the ETS domain of EWS/FLI and the
microsatellite repeat. However, the GGAA tandem repeats are

spaced too closely for each to be used as a binding site for an ETS
domain. Site size requirement experiments indicate that an ETS
domain requires at least 15 bp of DNA duplex, although only
9–10 bp show sequence preference (25). Furthermore, the
GGAA flanks surrounding the GGAA core of a microsatellite/
repetitive element do not create a sequence similar to the
selected consensus site for FLI (23). To evaluate the binding
properties of the repetitive elements, we performed electro-
phoretic mobility shift assays with DNA probes bearing variable
number of repeats (Fig. 4A). Initially, nuclear extract from cells
expressing recombinant 3xFLAG-EWS/FLI were used. EWS/
FLI-specific DNA complexes were detected as confirmed by
supershifts with anti-FLAG antibodies and competition exper-
iments (Fig. 4B). A minimum of four repeats was necessary to
detect binding (Fig. 4B). This result indicated that the 9- to 10-bp
sequence centered within three repeats, GAAGGAAGGA,
does not create a strong binding site and suggested that the
affinity of EWS/FLI for the microsatellite might be enhanced by
multiple binding events possible with additional repeats. Indeed,
the mobility of the shifted complex was reduced with added
number of repeats suggesting multiple binding events on the

Fig. 2. EWS/FLI occupies GGAA microsatellite containing promoters in vivo.
Chromatin immunoprecipitation of the indicated promoters from A673 Ew-
ing’s sarcoma cells by using antibodies against FLI (which recognizes EWS/FLI),
ETS1, or ELK1. Data are plotted as fold enrichment for each region compared
to the average enrichment of two negative control genes. The error bars
indicate SEMs of two to five independent experiments.
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fragments bearing five, six, or seven repeats. Similar results were
obtained with highly purified, recombinant FLI-derived protein
(data not shown). These in vitro binding studies demonstrated
direct binding and strongly suggested that in vivo occupancy
detected by ChIP experiments was attributable to sequence-
specific DNA binding between EWS/FLI and the microsatellite
repeats and did not require other cellular proteins. Interestingly,
nuclear extract containing 3xFLAG-FLI also showed a similar
binding pattern with these variable repeats oligonucleotides (Fig.
S1 A).

Promoter fragments with the same set of synthetic GGAA
repeats were tested for transcriptional activity in the context of
the minimal SV40 promoter. Transcriptional activity required at
least five consecutive GGAA repeats and exhibited increased
activity with six and seven repeats (Fig. 4C). Similar results were
observed with DNA probes representing the endogenous NR0B1
microsatellite (data not shown). Wild-type FLI, on the other
hand, was not able to regulate reporter gene activity via the
NR0B1 microsatellite (Fig. S1B). Taken together, although both
EWS/FLI and FLI are capable of binding GGAA microsatellites,
only EWS/FLI is able to transcriptionally activate via these
elements.

Discussion
Our findings demonstrate that EWS/FLI uses GGAA-
containing microsatellites as specific response elements for a
subset of fusion protein-up-regulated genes. The use of micro-
satellites as cancer-relevant genetic elements has not been
previously demonstrated. Up-regulation of the EWS/FLI target
gene NR0B1 has been shown previously to be necessary for the
transformed phenotype of patient-derived Ewing’s sarcoma cells
(13). The present report demonstrates that the regulation of
NR0B1 by EWS/FLI depends on the GGAA microsatellite in the
NR0B1 promoter. Similarly, a second EWS/FLI-regulated gene,
CAV1, which also contains a GGAA microsatellite in its pro-
moter, has also been shown to be involved in the tumorigenic
phenotype of Ewing’s sarcoma (22). Although the cancer-
relevant protein p53 has been shown to use a microsatellite as a

response element at one of its target genes, PIG3, no functional
role for PIG3 has been defined in tumorigenesis (26). Thus, the
data presented in this report suggest a new role for microsatel-
lites in human cancer development.

Experimental analysis of DNA probes and promoter frag-
ments with variable numbers of repeats indicated that at least
four to five consecutive GGAA motifs are required for DNA
binding and gene activation and that the efficiency of these
processes increased with increasing numbers of repeats. These
results suggest interactions between multiple binding events. We
speculate that protein–protein interactions may mediate coop-
erative DNA binding or that the presence of multiple sites affects
the local effective concentration of active protein. Both phe-
nomena could explain the use of suboptimal binding sequences
within the GGAA-repetitive elements. The relatively high ChIP
signal from the in vivo occupancy study and direct ChIP exper-
iment is consistent with a mechanism that enhances the binding
affinity of EWS/FLI to the microsatellites. Whereas eukaryotic
promoters are often characterized by multiple transcription
factor binding sites in close proximity, these findings indicate
that the GGAA repetitive elements have emergent properties
and do not simply represent a collection of independent binding
sites.

In addition to the length-dependent interaction between
EWS/FLI and GGAA microsatellites, other features may con-
tribute to the selection of certain microsatellites as EWS/FLI-
binding targets. Indeed, only �30% of GGAA microsatellites
that could be detected by the Agilent promoter microarray used
in our studies were bound by EWS/FLI (S.C.H., K.G., and S.S.,
unpublished observations). Furthermore, we have been unable
to detect binding of endogenous wild-type FLI to GGAA
microsatellites in Jurkat T cells (K.G., unpublished observation),
nor have we observed enrichment of GGAA microsatellite
binding in previously published ChIP-chip data of three other
ETS transcription factors, ETS1, ELF, and GABP� (P.C.H.,
unpublished observation; ref. 9). Additional features that may
contribute to ETS protein binding to microsatellites in vivo
include local chromatin structure, nucleosome positioning, and

Fig. 3. Enrichment of GGAA microsatellites in the promoters of EWS/FLI-up-regulated genes. (A) Cumulative portion of microsatellites (GGAA or GGAT) plotted
as a function of distance between the microsatellites and the closest 5� gene edge. (B) Correlation between EWS/FLI-up- and -down-regulated genes (in red and
blue, respectively) and microsatellite distance analyzed by Fisher’s exact test in the A673 Ewing’s sarcoma cell line. Significant correlations cross over the
‘‘Bonferroni line’’ (see Methods). N.B., only up-regulated genes vs. GGAA microsatellites can be seen at the scales used.
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the presence of other bound proteins at these sites, all of which
may modulate the accessibility of the microsatellite for ETS
protein binding. Minor sequence variations could also play a role
in binding affinity to these sites. Additionally, although EWS/
FLI can bind to microsatellite sequences in vitro without the
assistance of other proteins (K.G., unpublished observations), it
is possible that other proteins are required for binding in vivo.
We demonstrated that both EWS/FLI and wild-type FLI bind to

GGAA microsatellites with similar efficiency in vitro, but only
EWS/FLI is capable of activating a microsatellite-containing
reporter construct (Fig. S1). This suggests that activation of
genes through these microsatellites, but not microsatellite bind-
ing, is a neomorphic function of the EWS/FLI fusion protein.
Whereas these data suggest that the use of microsatellites by
EWS/FLI may be a unique function of the fusion protein in
Ewing’s sarcoma, additional work will be required to fully
address this question.

One interesting implication of this work is that differences in
microsatellites (e.g., size, sequence, or location) could result in
differences in Ewing’s sarcoma susceptibility. Ewing’s sarcoma
is �10 times more prevalent in Caucasian populations than in
African American populations (27). It may be that some mic-
rosatellites that regulate cancer-relevant EWS/FLI target genes
are polymorphic between populations. Five microsatellites (in-
cluding the NR0B1 microsatellite) were analyzed for length
polymorphisms in genomic DNA from groups of individuals of
defined ethnic backgrounds (CEPH reference panel) (28).
Whereas we did not detect any significant length polymorphism
differences between African and European populations in this
small series (W.S.W. and L.B.J., unpublished observations), a
more comprehensive analysis is needed to fully evaluate this
hypothesis.

Ewing’s sarcoma has only been observed in humans. Thus, no
other organism develops Ewing’s sarcoma spontaneously, nor
have genetically engineered mouse models of Ewing’s sarcoma
been reported. We speculate that at least part of this difference
in susceptibility is related to differences in GGAA microsatel-
lites between organisms. For example, there is no GGAA-
containing microsatellite in the Mus musculus Nr0b1 promoter,
even though there are thousands of such microsatellites in the
murine genome (data not shown). Murine Nr0b1 is not induced
by EWS/FLI in NIH 3T3 cells (M.K., unpublished observation).
Similarly, the GGAA microsatellites found in the EWS/FLI
target genes FCGRT and CAV1 are also absent in the murine
orthologs (data not shown). This suggests that even if the
EWS/FLI fusion were expressed in mice, either spontaneously or
via genetic engineering, it would not up-regulate critical genes
required for oncogenic transformation, and thus tumors would
not form (13, 22). This has important implications for the
development of a genetically engineered mouse model of
Ewing’s sarcoma and may explain why Ewing’s sarcoma devel-
opment is limited to humans.

Methods
DNA Cloning. The 3xFLAG-EWS/FLI MSCV-hygro retroviral expression construct
and the EF-2-RNAi retroviral construct have been described previously (15, 19).
3xFLAG-FLI was prepared by using standard molecular biology approaches
and was cloned into the MSCV-neo retroviral plasmid. Full-length and 5�
deleted NR0B1 and FCGRT promoters were cloned into the pGL3-Basic lucif-
erase reporter vector (Promega Corporation). Constructs without promoter
elements (e.g., the 500 bp NR0B1 microsatellite region, isolated microsatel-
lites, and constructs containing varying numbers of GGAA motifs) were cloned
into the pGL3-Promoter vector (Promega Corporation).

Cell Culture. TC71, A673, and 293EBNA cells were cultured as described
previously (13, 15, 29).

Luciferase Assays. 293EBNA or TC71 cells were transfected with each firefly
reporter, Renilla plasmid, and cDNA or RNAi plasmids. Firefly luciferase activ-
ity was normalized to Renilla luciferase activity to control for transfection
efficiency. Two-tailed Student’s t tests were used for statistical comparisons.

EMSA. Nuclear extracts were prepared from 293EBNA cells transfected with
3xFLAG-EWS/FLI, 3xFLAG-FLI, or empty vector control expression plasmids.
Twenty milligrams of nuclear extract protein, 5 nM [32P]-labeled probes, and
1� Gel Shift Binding Buffer (Promega Corporation) were used in each reac-
tion. DNA duplex (I) (500 nM) (containing a high-affinity EWS/FLI-binding site,
called ‘‘ETS2 probe’’ in ref. 12) and 500 nM DNA duplex (II) (bearing a variant

Fig. 4. Ability of EWS/FLI to bind and activate via GGAA repetitive regions
depends on the number of consecutive GGAA motifs. (A) Sequences of the
oligonucleotides used for these analyses. The GGAA repeats are underlined.
(B) Left shows an EMSA with a DNA duplex containing seven consecutive
GGAA motifs. A specific EWS/FLI band is present when 3xFLAG-EWS/FLI from
nuclear extracts is included. This specific band is supershifted with anti-FLAG
antibody and competed with DNA duplex (I) containing a high-affinity ETS site
but is not competed with DNA duplex (II) containing a PU.1 site that does not
bind EWS/FLI (14). A control extract that does not contain EWS/FLI produces
only nonspecific binding (indicated by ‘‘ns’’). Right shows EMSA with DNA
duplexes containing the indicated number of consecutive GGAA motifs and
3xFLAG-EWS/FLI. The positions of specific EWS/FLI-bound complexes are indi-
cated. (C) Luciferase assays in 293EBNA cells with 36-bp sequence containing
the indicated number of consecutive GGAA motifs (as indicated in A) up-
stream of a minimal promoter. The error bars indicate SDs, and asterisks
indicate P � 0.05.
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ETS motif, which binds the ETS protein PU.1, but not EWS/FLI, called ‘‘PU.1
probe’’ in ref. 12) were used as specific and nonspecific unlabeled competitors
for protein binding, respectively.

ChIP and Whole Genome Localization Studies (ChIP-chip). ChIP from A673 cells
was performed as previously described (9), by using anti-ETS1, anti-ELK1, or
anti-FLI-1 antibodies (sc-350, sc-355, or sc-356, respectively; Santa Cruz Bio-
technology, Inc.). Quantitative PCR was performed with NR0B1, FCGRT, CAV1,
CACNB2, FEZF1 (LOC389549), KIAA1797 (hsa-mir-491), RPS26, or TP53 primers
and with ALB and BCL2L1 primers (as normalization controls). See Table S1 for
sequences. For ChIP-chip, anti-FLI immunoprecipitated genomic DNA samples
from A673 cells (two independent biological replicates) were processed and
hybridized to Agilent 244k promoter microarrays, as described (9). These
microarrays interrogate �17-kb human promoters from �5.5 to �2.5 kb
relative to the transcriptional start site. Initial analysis of the datasets was
performed by using the Agilent ChIP Analytics software (version 1.3.1) to
average both replicates as previously described (9).

MEME. After processing the ChIP-chip data via the Agilent ChIP Analytics
software, the most highly enriched DNA probe for each gene was identified.
In some cases, the software package identified two enriched segments, sug-
gesting that there were two separate EWS/FLI-binding sites in that gene. In
each case, the genomic DNA sequence for the region surrounding the most
enriched probe(s) (including the adjacent proximal and distal probes) were
downloaded from the University of California at Santa Cruz Genome Browser
(http://genome.ucsc.edu) by using the May 2004 Human genome assembly.
Because of input data size limitations of the web-based MEME application
(http://meme.sdsc.edu/meme/meme.html; version 3.5.7), only 60 kb of se-
quence could be used as input data (24). This corresponded to sequences from
the 134 most highly enriched promoter fragments. The data were analyzed
with the following parameters: any number of repetitions, minimum width of
eight bases, maximum width of 16 bases, and identify two motifs.

Genome Wide in Silico Analysis. For the purposes of this study, microsatellites
were defined as sequence elements that contained at least 20 GGAA (or GGAT)

motifs in a window of 120 bp and were identified from Homo sapiens genome
data (Ensembl version 35), and the distance between the closest microsatellite
‘‘edge’’ and the transcriptional start site of the two closest genes in either
direction was determined. There were 2,577 GGAA microsatellite-containing
genes, and 942 GGAT microsatellite-containing genes identified.

For A673 cells, previously published ‘‘stable knockdown’’ data consisting of
320 EWS/FLI-up-regulated and 1,151 EWS/FLI-down-regulated genes were
used (15). For TC71 and EWS502, the 1,610 EWS/FLI-up-regulated and 436
EWS/FLI-down-regulated gene sets derived from a similar stable knockdown
experiment were used (13). ProbeIDs were mapped to their Ensembl identi-
fiers by using the HG-U133A.na21.annot.csv and HG-U133A�2�annot.csv (Sep-
tember 2005 release) annotation files from Affymetrix. Probes without asso-
ciated Ensembl identifiers were masked from further analysis.

For the Fisher’s exact test analyses, the microsatellite-neighboring genes
were rank-ordered based on distance between the microsatellite and the
gene. Fisher’s exact test was performed at each position of the rank-ordered
list by using the following two-by-two table: genes with microsatellites at or
closer than a particular distance (where the distance increases with each
iteration of the analysis) vs. those greater than that particular distance and
genes that are EWS/FLI-regulated vs. those that are not. EWS/FLI-up- or
-down-regulated genes from A673 cells or TC71/EWS502 cells were considered
in separate analyses (13, 15). The total number of genes analyzed was the
intersection between genes containing microsatellites that were also present
on the U133A microarray (Affymetrix). The Bonferroni correction was calcu-
lated by dividing 0.05 by the total number of genes in each analysis.
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