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Introduction

ETS proteins are a family of transcription factors that play 
important roles in the development of cancer. The ETS fam-
ily is defined by the presence of a highly conserved ETS-
type DNA-binding domain.1 ETS domains generally bind 
DNA at 9- to 10-bp sequences that contain a “GGAA/T 
core” motif surrounded by bases that dictate the affinity of 
the interaction.1-3 In vitro binding site selection studies have 
identified ACCGGAAGT as a high-affinity site that binds 
many different ETS family members as monomers.1-4 The 
ability of different family members to bind to the same 
sequence in vitro highlights an important issue in under-
standing ETS protein function: how do different ETS pro-
teins regulate different genes?

Genome-wide binding site identification using chroma-
tin immunoprecipitation (ChIP) recently provided one 
answer to this question. Hollenhorst et al. found 2 distinct 
classes of ETS target binding sequences: high-affinity/
redundant sites and divergent/specific sites.5 The in vivo 
high-affinity sites identified were nearly identical to the 
high-affinity site identified through in vitro selection and 
were bound by multiple different ETS family members in 
vivo. These sites likely allow adjacent genes to be regulated 
by any one of a number of different ETS family members. 

In contrast to these redundant sites, divergent sites consist 
of partial ETS binding sites in immediate proximity to (or 
overlapping with) partial binding sites for non-ETS family 
members. Divergent sites may only allow for gene regula-
tion when both transcription factors are present and bind 
DNA as heterodimers.

Ewing’s sarcoma serves as an excellent model in which to 
study gene regulation by ETS family members. Approximately 
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Abstract
ETS proteins are a family of transcription factors that play important roles in the development of cancer. The Ewing’s sarcoma EWS/ETS fusion 
oncoproteins control a number of cancer-relevant phenotypes in that disease. We recently demonstrated that EWS/FLI, the most common EWS/
ETS fusion in Ewing’s sarcoma, regulates a portion of its target genes, including the critical target NR0B1, via GGAA-containing microsatellites in their 
promoters. Given the unusual nature of microsatellites as EWS/FLI response elements, we sought to elucidate the mechanism of EWS/FLI activity at these 
sites. We found that the ability to bind GGAA microsatellites is shared by multiple ETS family members from distinct phylogenetic subfamilies. Importantly, 
however, only EWS/ETS-containing fusions are capable of mediating transcriptional activation via these elements, highlighting a neomorphic function of 
the Ewing’s sarcoma fusion proteins. Additional analysis revealed that the GGAA microsatellite binds EWS/FLI with an affinity that is 2 to 3 orders of 
magnitude lower than previously identified high-affinity consensus/redundant binding sites. The stoichiometry of this interaction is 2 protein molecules 
for each DNA molecule, suggesting that EWS/FLI binds these elements as a homodimer. The isolated FLI ETS domain bound microsatellite sequences in a 
nearly identical fashion to full-length EWS/FLI, thus indicating that residues required for homodimeric binding are localized to the ETS domain. These data 
suggest a new paradigm for an ETS family member binding to DNA at cancer-relevant genetic loci and highlight emergent properties of EWS/FLI that are 
required for the development of Ewing’s sarcoma.
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85% of Ewing’s sarcoma tumors contain a recurrent 
chromosomal translocation, t(11;22)(q24;q12), that 
encodes EWS/FLI.6,7 The remaining cases contain other 
translocations that encode similar fusion proteins (EWS/
ERG, EWS/FEV, EWS/ETV1, and EWS/ETV4), collec-
tively referred to here as EWS/ETS fusions.8-12 EWS/ETS 
proteins are capable of inducing the oncogenic transfor-
mation of NIH3T3 cells, while wild-type EWS or wild-
type FLI cannot.13-15 Furthermore, ongoing EWS/FLI 
expression is required for the transformed phenotype of 
Ewing’s sarcoma cells.16,17 Thus, EWS/FLI is a key onco-
protein in Ewing’s sarcoma, and understanding the mech-
anistic basis for its activity should provide insights into 
ETS protein function in the context of tumorigenesis.

EWS is an RNA-binding protein of uncertain normal 
function, while FLI is an ETS family member normally 
involved in hematopoietic development.18,19 Wild-type 
FLI contains a weak transcriptional activation domain in 
its amino terminus and an ETS-type DNA-binding 
domain and a second transcriptional activation domain in 
its carboxyl terminus.20,21 As a consequence of the (11;22) 
translocation, the amino terminal transcriptional activa-
tion domain of FLI is replaced by the amino terminus of 
EWS.6 Because the EWS portion of the fusion functions 
as a strong transcriptional activation domain when fused 
to heterologous DNA-binding domains, one model for 
EWS/FLI function suggests that the fusion protein acts as 
a much stronger transcriptional activator than wild-type 
FLI.20,22

We recently identified unusual EWS/FLI response ele-
ments in the promoters of genes involved in Ewing’s sar-
coma development, such as NR0B1 and GSTM4: 
GGAA-containing microsatellites.23-27 GGAA microsatel-
lites contain multiple consecutive copies of the GGAA 
core motif, with occasional single base changes, inser-
tions, or deletions. These elements are unusual as they do 
not conform to the previously described “high-affinity” 
or “divergent” ETS binding sites, and they demonstrate a 
unique length dependence to their function.23,24,28,29 For 
example, DNA binding and transcriptional activity of 
EWS/FLI was not observed with 1, 2, or 3 consecutive 
GGAA motifs but only became apparent when 4 or more 
consecutive motifs were present.24 Furthermore, as the 
number of GGAA motifs increased, transcriptional activ-
ity also increased, both in model reporter assays and at 
bona fide target genes.24,28,29 These findings suggest that 
EWS/FLI may interact with GGAA microsatellites in a 
manner that is mechanistically distinct from other previ-
ously described ETS response elements. We therefore 
sought to understand the mechanistic basis for EWS/FLI 
transcriptional activity via GGAA microsatellites to 
understand the basis of oncogenesis mediated by these 
elements.

Results

The ETS family includes 27 members in humans that can be 
phylogenetically grouped based on the sequence of their ETS 
DNA-binding domains.30 Interestingly, the ETS portion of 
the 5 known EWS/ETS fusion proteins belongs to only 2 
subfamilies, the ERG family (including FLI, ERG, and FEV) 
and the PEA3 family (including ETV1 and ETV4). To deter-
mine if transcriptional activity mediated through GGAA 
microsatellites is specific for EWS/FLI, or is a more general 
property of all EWS/ETS fusions, we performed reporter 
assays with a luciferase construct that contained the NR0B1 
microsatellite and a minimal SV40-based promoter.24 As pre-
viously demonstrated, EWS/FLI induced robust luciferase 
activity (Fig. 1A).24 Similarly, expression of any of the alter-
nate EWS/ETS fusions (EWS/ERG, EWS/FEV, EWS/ETV1, 
or EWS/ETV4) induced strong luciferase activity (Fig. 1A). 
Thus, transcriptional activity through GGAA microsatellites 
is a general property of all known EWS/ETS fusions.

We next asked whether transcriptional activation through 
GGAA microsatellites is a property shared by ETS family 
members not involved in Ewing’s sarcoma. We tested ETS 
proteins from 2 additional subfamilies, the ELF and ETS 
families, in the same luciferase reporter assay. We found that 
neither ELF1 nor ETS1 were capable of stimulating high-
level transcriptional activity through the microsatellite (Fig. 
1B). To determine whether the failure of transcriptional 
activity was due to the lack of ability of these proteins to bind 
the GGAA microsatellite, we performed electrophoretic 
mobility shift assays (EMSAs) using recombinant ELF1 and 
ETS1 proteins. Interestingly, both proteins bound a microsat-
ellite-derived DNA duplex harboring 7 GGAA motifs in a 
manner similar to that observed for the EWS/FLI-derived 
protein Δ22 (Δ22 is described in more detail below) (Figs. 
1C, 2A). We previously found that wild-type FLI bound the 
GGAA microsatellite in EMSAs but also was unable to tran-
scriptionally activate through these elements (Fig. 2 B and 
D).24 Taken together, these data demonstrate that although a 
wide variety of ETS family members from different phyloge-
netic subfamilies share the ability to bind GGAA microsatel-
lites, transcriptional activation using microsatellites is an 
emergent property of EWS/ETS fusion proteins.

EWS/FLI has 2 primary differences to wild-type FLI: the 
loss of the amino terminus of FLI and the gain of the EWS 
amino terminus (Fig. 2A). To determine the contribution of 
each of these differences to transcriptional activity, we tested 
a previously described mutant protein, called Δ22, which 
contains only the portion of FLI that is retained in the EWS/
FLI fusion (Fig. 2A).14 We found that Δ22 was inactive in 
luciferase reporter assays (Fig. 2B) but that Δ22 from nuclear 
extracts, or purified recombinant Δ22 protein, bound micro-
satellite sequences in a pattern that was identical to that of 
EWS/FLI and wild-type FLI (Fig. 2 C-F) (Supp. Fig. S1 A 
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and B).24 This result indicated that the EWS portion of the 
fusion is absolutely required for transcriptional activity but 
does not contribute to its DNA-binding function.

To define the molecular requirements for DNA binding, 
we next asked whether the isolated FLI ETS domain (Fig. 2A) 
was sufficient to bind the GGAA microsatellite or whether 
sequences outside the ETS domain were also required. We 
purified recombinant FLI ETS domain and tested it for micro-
satellite binding by EMSA. We found that the isolated FLI 

ETS domain efficiently bound GGAA-repetitive elements in 
a manner that was similar to full-length EWS/FLI, wild-type 
FLI, and Δ22 (Fig. 2G) (Supp. Fig. S1C).24

We previously proposed a series of hypotheses to  
explain the characteristics of EWS/FLI binding to GGAA 
microsatellites, including the slower mobility observed for 
EWS/FLI-bound bands in EMSA experiments with increas-
ing numbers of consecutive GGAA motifs.23 It is known 
that ETS family members induce a bend in bound target 
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Figure 1. The GGAA microsatellite in the NR0B1 promoter is responsive to all EWS/ETS fusions but not to ETS1 and ELF1. Luciferase assay in HEK 
293EBNA cells cotransfected with the 102-bp NR0B1 microsatellite luciferase reporter vector (or control vector that did not contain the NR0B1 
microsatellite) and (A) the indicated EWS/ETS (or empty control) cDNA expression vectors or (B) ELF1 and ETS1 cDNA expression vectors. All 
proteins were expressed at equal levels (data not shown). Error bars indicate standard deviations; asterisks indicate P < 0.05. (C) EMSA with radiolabeled 
probe harboring 7 consecutive GGAA motifs and recombinant Δ22, ETS1, or ELF1 proteins. The upper band in the ELF1 lane is a nonspecific band as 
determined by competition with a high-affinity site containing DNA duplex(I) (data not shown).
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Figure 2. EWS portion of EWS/FLI is necessary for transcriptional activity but is dispensable for binding to GGAA repeats. (A) Schematic representation 
of EWS/FLI, Δ22, FLI ETS domain, and wild-type FLI proteins. EWS-NTD indicates the EWS amino terminal domain, DNABD indicates the FLI ETS 
DNA-binding domain, and PNT indicates the FLI pointed domain. (B) Luciferase assay in HEK 293EBNA cells cotransfected with the 102-bp NR0B1 
microsatellite luciferase reporter vector and either EWS/FLI, wild-type FLI (wt-FLI), Δ22, or empty control cDNA expression vectors. Error bars indicate 
standard deviations; asterisks indicate P < 0.05. (C-G) EMSA with DNA duplexes containing the indicated number of consecutive GGAA motifs and 
EWS/FLI nuclear extract (C), wild-type FLI nuclear extract (D), Δ22 nuclear extract (E), recombinant Δ22 protein (F), and recombinant FLI ETS domain 
protein (G). The positions of specific protein-bound complexes and unbound “free” probe are indicated. A nonspecific band present in the nuclear 
extracts is indicated by “ns.”
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DNA and that the inherent ability of DNA to adopt a bent 
conformation may increase the affinity of ETS family 
members for that target DNA.31,32 One hypothesis was that 
microsatellite sequences with 4 or more consecutive GGAA 
motifs might adopt a bent conformation that would be ener-
getically favorable for EWS/FLI binding. We tested this 
hypothesis by designing multiple synthetic 36-bp DNA 
probes containing 4 consecutive GGAA motifs. The con-
secutive GGAA motifs were located in different positions 
in each probe, starting close to the 5′ end of the top strand 
and shifting by 2 bp in the 3′ direction with each probe 
(Supplementary Table S1). If a bend were present at base-
line, or induced by Δ22 binding, we would anticipate an 
altered mobility in EMSAs based on the location of the 
GGAA motifs (i.e., a bend close to the end of the probe 
would have a faster mobility, while a bend close to the mid-
dle of the probe would have a slower mobility). We found 
that none of the probes demonstrated a bent conformation, 
either in the absence or presence of Δ22 (Supp. Fig. S2). 
Similar results were obtained using the pBend vector (data 
not shown).33 Thus, significant DNA conformational effects 
mediated by GGAA microsatellites are unlikely to explain 
their ability to bind ETS family members.

A second hypothesis we proposed was that EWS/FLI 
might bind to GGAA microsatellites as homodimers.23 In 
this hypothesis, the length dependence of DNA binding and 
associated transcriptional activity would be related to the 
ability of multiple EWS/FLI molecules to bind simultane-
ously to the DNA target and thus would be dependent on 
avoiding steric hindrance between adjacent bound protein 
molecules. To test this hypothesis, we evaluated the molec-
ular characteristics of EWS/FLI-derivative binding to 
GGAA-repetitive sequences. We used recombinant Δ22 
protein because this derivative could be readily purified and 
it bound DNA with a pattern that was nearly identical to that 
of EWS/FLI (Fig. 2).24 In contrast, we were unsuccessful at 
preparing highly purified active preparations of recombi-
nant full-length EWS/FLI, presumably because its disor-
dered characteristics precluded efficient refolding of the 
recombinant protein.34

The binding of ETS family members to high-affinity 
DNA sites produces a very characteristic DNAse I footprint 
in which approximately 14 bp of DNA are protected from 
digestion, and a highly reproducible DNAse I hypersensi-
tive site appears on the negative strand adjacent to the 
GGAA (TTCC on the negative strand) core motif.35 Puri-
fied recombinant Δ22 protein produced an identical DNAse 
I footprint pattern on the high-affinity ACCGGAAGT site 
(Fig. 3A). However, when GGAA-repetitive elements of 
increasing lengths were analyzed, the pattern was some-
what different (Fig. 3B). For example, on a DNA fragment 
containing 4 consecutive GGAA motifs, the Δ22 protein 
protected 28 bp, which is approximately twice the length 

protected on the high-affinity site. Additionally, there was 
no evidence of a DNAse I hypersensitive site on the nega-
tive strand. As the number of GGAA motifs was increased, 
the length of the protected region increased by 4 bases for 
each additional motif included. These data suggested 1 of 2 
possible interpretations. First, 2 or more Δ22 monomers 
bind DNA simultaneously. Second, Δ22 monomers do not 
have a preferential single binding site on a GGAA-repetitive 
region but rather occupy multiple positions across the 
microsatellite.

To distinguish between these interpretations, we evalu-
ated the stoichiometry of EWS/FLI-derived protein binding 
to GGAA motif containing DNA using an EMSA approach. 
Both recombinant Δ22 and recombinant FLI ETS domain 
bind DNA with similar characteristics but with different 
electrophoretic mobilities due to their different sizes  
(Figs. 2, 4A). When both proteins are mixed together and 
then bound to DNA duplex (I) probe containing a single 
high-affinity site,24 2 separate DNA-bound complexes are 
resolved, one containing Δ22 and one containing the FLI 
ETS domain (Fig. 4A). In contrast, when these proteins are 
mixed and bound to probes containing 4, 5, 6, or 7 consecu-
tive GGAA motifs, an intermediate mobility band appears, 
consistent with the presence of both proteins binding the 
same target DNA simultaneously (Fig. 4A). Interestingly, 
heterodimers were preferentially bound over homodimers, 
as demonstrated by the lack of homodimer bands for either 
of the 2 proteins. The intermediate mobility band was fur-
ther confirmed by performing EMSAs with a fixed amount 
of Δ22 protein in the presence of increasing concentrations 
of the FLI ETS domain protein (Fig. 4B). In this instance, 
in addition to the preferential appearance of the heterodi-
meric band, a small amount of homodimeric FLI ETS 
domain was also noted, suggesting that the FLI ETS domain 
may have a higher affinity for GGAA microsatellite DNA 
than Δ22 protein. This possibility was further supported by 
titration experiments in which the amount of either Δ22 or 
FLI ETS domain protein used in EMSA experiments was 
varied (Supp. Fig. S3). In these experiments, the FLI ETS 
domain was found to induce electrophoretic mobility shifts 
at lower protein concentrations than those found for Δ22 
protein. The appearance of the intermediate mobility band 
in mixing experiments was dependent on the intact DNA-
binding function of each partner, as no such heterodimeric 
complex was observed when the same experiment was per-
formed using Δ22 protein in conjunction with a mutant FLI 
ETS domain that could not bind DNA (R2L2 mutant) (data 
not shown).36,37 These data suggest that 2 protein molecules 
bind and interact with each DNA molecule. Furthermore, 
these data suggest that the slower mobility noted with 
increasing numbers of consecutive GGAA motifs in EMSA 
experiments is not due to greater numbers of bound EWS/
FLI molecules.
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To evaluate the stoichiometry of binding using an  
independent approach, we performed fluorescence polar-
ization assays. A DNA probe containing 4 consecutive 
GGAA motifs was fluorescein labeled and used in binding 
reactions with recombinant Δ22 protein. Fluorescence 
polarization was assessed at protein:DNA molar ratios 
ranging from 0 to 4. We observed a linear increase in polar-
ization until the protein:DNA ratio was approximately 2 
(1.81), and no further increases were observed at higher 
ratios (Fig. 4C). Evaluation of DNA targets containing 5, 6, 
or 7 consecutive GGAA motifs also showed inflection 
points at molar ratios of approximately 2 (Fig. 4 D-F). As 
expected, DNA containing a single high-affinity ETS bind-
ing site showed an inflection point at a molar ratio of 
approximately 1 (Fig. 4G). These data are consistent with a 
stoichiometry of 2 protein monomers per DNA target for 
probes containing 4, 5, 6, or 7 consecutive GGAA motifs.

During the course of these experiments, we noted 
that the affinity of EWS/FLI-derived proteins appeared 
to be significantly lower for GGAA microsatellite 
sequences than for the high-affinity site. To better 
define this observation, we used fluorescence polariza-
tion to determine the K

d
 of Δ22 protein for a DNA probe 

containing 4 consecutive GGAA motifs. Using this 
approach, the K

d
 was approximately 70 nM (Fig. 4H). 

This value is approximately 2 to 3 orders of magnitude 

lower than the 0.01 to 0.3 nM affinity reported for ETS1 
derivatives on a similar high-affinity site.38 Experi-
ments designed to determine the affinity of Δ22 on the 
high-affinity site using fluorescence polarization were 
unsuccessful because the higher affinity interaction 
required quantities of DNA that were below the limit of 
sensitivity of the assay. Limitations in determining 
affinities of less than 1 nM by fluorescence polariza-
tion, due to instrumental constraints, have been previ-
ously noted.39

To estimate the relative affinities of EWS/FLI-derived 
protein for the high-affinity and microsatellite sites, we 
used competitive EMSA. We first radiolabeled a DNA 
duplex containing 4 consecutive GGAA motifs and found 
that the presence of just 10-fold excess unlabeled DNA 
duplex (I) containing the high-affinity ETS binding 
sequence was sufficient to effectively compete for Δ22 
binding (Supp. Fig. S4). We next radiolabeled duplex (I) 
and found that even a 9,000-fold excess of unlabeled DNA 
containing 4 consecutive GGAA motifs was unable to com-
pete for binding Δ22 protein (Supp. Fig. S4). While highly 
accurate affinities were not determined using this approach, 
these data indicate that the affinity of EWS/FLI-derived 
proteins for GGAA-repetitive sequences may be approxi-
mately 3 orders of magnitude lower than the affinity for 
high-affinity sites.
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Figure 3. DNAse I footprinting assays reveal differences between high-affinity and GGAA-repetitive DNA sequences. (A) The positive control DNA 
duplex (I) with a single high-affinity ETS binding site shows an approximately 14-bp footprint (marked by a bracket) in the presence of Δ22 protein (marked 
by “+”) as compared to in the absence of protein (marked by “–”). The characteristic hypersensitive site is marked by an asterisk. Sequencing lanes are 
indicated by “GATC.” (B) DNA containing the indicated number of consecutive GGAA motifs demonstrates larger protected regions, as indicated by 
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Discussion

The Ewing’s sarcoma–specific EWS/FLI protein (and pre-
sumably other EWS/ETS fusions as well) plays a key role 
in tumorigenesis through its ability to regulate target genes 
that mediate the transformed phenotype. However, until 
recently, the mechanisms by which gene-specific regulation 
occurs have been largely unknown. Recent work has sug-
gested that ETS family members bind target DNA via 1 of 
2 mechanisms: by binding as monomers to high-affinity 
sequences or by cooperative binding as heterodimers with 
other transcription factors to divergent sites.5 The work pre-
sented here now provides a third mechanism as well: by 
binding as homodimers or higher order oligomers to highly 
repetitive low-affinity sequences.

We found that DNA binding to microsatellite-derived 
sequences is a property shared by at least 7 different ETS 
family members, including those of the ERG, PEA3, ELF, 
and ETS families. This result is consistent with our additional 
finding that the EWS portion of EWS/FLI is dispensable for 
microsatellite binding. Multiple experimental approaches 
demonstrated that the stoichiometry of the interaction is 2 
protein molecules to 1 DNA molecule. The 2:1 protein:DNA 
ratio was observed for microsatellite sequences that included 
4, 5, 6, or 7 consecutive GGAA motifs. Thus, changes in 
mobility noted in EMSA with increasing numbers of con-
secutive motifs do not appear to be due to binding of addi-
tional EWS/FLI molecules. One possible interpretation of 
the EMSA data is that different numbers of consecutive 
GGAA motifs allow for different configurations of EWS/FLI 
binding, thus leading to differences in mobility by EMSA. 
For example, 4 consecutive GGAA motifs may allow for 
binding of 2 EWS/FLI molecules in close proximity to one 
another, while 5, 6, or 7 consecutive motifs may allow for 
EWS/FLI to bind DNA with greater spacing between each 
protein monomer. DNA with greater than 7 consecutive 
repeats was not tested. We previously demonstrated increased 
transcriptional activity from the full-length NR0B1 promoter 
harboring 25 total GGAA repeats (with the greatest stretch 
consisting of 11 consecutive repeats) as compared with 
smaller regions containing up to 7 consecutive repeats.23 
Based on this finding, we hypothesize that longer repetitive 
regions might have the ability to bind larger numbers of pro-
tein molecules. Such binding could occur via at least 2 dis-
tinct configurations. First, EWS/FLI may bind as higher 
order oligomers in which the number of molecules is directly 
proportional to the number of consecutive GGAA repeats 
present on the DNA target (a “head-to-tail” configuration). In 
this case, even or odd numbers of molecules may bind. Alter-
nately, EWS/FLI may only bind as homodimers. In this latter 
configuration, additional EWS/FLI molecules might only 
bind when there is a sufficient length and/or spacing of 
GGAA repeats to allow additional homodimers to bind. In 
this latter case, only even numbers of EWS/FLI molecules 

could bind. Indeed, bound homodimers might not interact 
explicitly with adjacent homodimers. Additional study will 
be required to assess EWS/FLI binding to longer repetitive 
GGAA target sequences.

Our demonstration that the isolated ETS DNA-binding 
domain from FLI is itself sufficient to mediate binding to 
microsatellite-derived sequences indicates that residues 
required for homotypic interactions are present in the ETS 
domain itself. Such an interpretation is consistent with a 
prior study that detected homotypic interactions between 
EWS/FLI molecules that were mediated by the carboxyl 
terminus of the FLI portion, which included the FLI ETS 
DNA-binding domain.40 This prior study also demonstrated 
that oligomerization did not occur upon binding to an EWS/
FLI response element in the TGFBR2 promoter. When 
taken in concert with our current study, these data suggest 
that homodimeric/oligomeric binding may be highly spe-
cific to GGAA microsatellite sequences.

The current study was not designed to provide detailed 
structural information on how EWS/FLI homotypic interac-
tions facilitate DNA binding to suboptimal/low-affinity 
sites (such as GGAA microsatellites). We speculate that 
these interactions might be similar to interactions between 
ETS1 and PAX5 in which PAX5 residues interact with the 
ETS domain of ETS1 and induce a conformational change 
that allows for binding to a divergent DNA target site that 
includes a suboptimal ETS binding site.41 Protein-protein 
interactions between the ETS domain and an adjacent 
N-terminal portion from ETS1 were also noted in studies 
evaluating ETS binding sites in the stromolysin promoter.42 
In this latter study, however, mutant forms of ETS1 that 
were unable to form homodimers were still capable of bind-
ing DNA as monomers. In contrast, in the current study, 
ETS1 was able to bind GGAA microsatellite DNA (pre-
sumably as a dimer) but was unable to transcriptionally 
activate through this element. These data suggest that tran-
scriptional activity is not simply a function of bringing a 
transcriptional activation domain to a promoter or enhancer 
element but is also dependent on the sequence or context of 
the DNA-binding site.

In support of this notion, we demonstrated that although 
all ETS family members tested were able to bind GGAA 
microsatellite sequences, only EWS-containing fusion pro-
teins were able to mediate transcriptional activation through 
these elements. This indicates that EWS/ETS fusion pro-
teins have emergent properties that are dependent on their 
EWS domain. Prior work demonstrated that the EWS por-
tion of EWS/FLI functions as a strong activation domain 
when fused to the GAL4 heterologous DNA-binding 
domain, while the amino terminus of wild-type FLI (which 
is lost in the fusion protein) is a relatively weak activation 
domain.13,22 This suggested that EWS/FLI may be a stron-
ger transcriptional activator than wild-type FLI. This 
hypothesis was supported by additional experiments that 
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demonstrated that the oncogenic transforming function of 
FLI-based fusions was dependent on the presence of a 
strong transcriptional activation domain.22 However, that 
same report was unable to show a significant difference in 
transcriptional activity between full-length EWS/FLI and 
wild-type FLI in reporter assays. One interpretation of these 
data is that the amino terminal EWS domain functions as a 
strong transcriptional activation domain in some promoter 
contexts but not in others. Our data demonstrate that GGAA 
microsatellites are one such context. Thus, EWS/ETS 
fusion proteins have emergent properties at GGAA micro-
satellites but not at other response elements.

These emergent properties have important implications 
for the development of Ewing’s sarcoma. We have previ-
ously shown that GGAA microsatellites serve as EWS/FLI 
response elements for at least 2 target genes that are important 
for Ewing’s sarcoma development, NR0B1 and GSTM4.24-26 
We also noted that GGAA microsatellites are present in the 
promoters of a variety of additional EWS/FLI upregulated 
targets, including CAV1, which is also required for the trans-
formed phenotype of Ewing’s sarcoma.24,43 Thus, EWS/FLI 
binding and transcriptional activation at these elements is of 
critical importance to the development of this tumor. Addi-
tional work is required to fully understand the mechanistic 
basis for the emergent properties of EWS/FLI at GGAA 
microsatellites with a particular focus on the transcriptional 
activation properties of the fusion protein at these loci. It 
may be possible to identify approaches to inhibit these emer-
gent properties and, in doing so, to develop new therapeutic 
approaches for this highly malignant disease.

Materials and Methods
DNA Cloning and Protein Purification

The 3xFLAG-EWS/ETS, 3xFLAG-FLI expression con-
structs, and the NR0B1 microsatellite reporter construct 
were described previously.15,24 The 3xFLAG-ETS1 cDNA 
and the ELF1 cDNAs were cloned in retroviral expression 
plasmid pQCXIH (Clontech, Mountain View, CA), while 
3xFLAG-Δ22 cDNA was cloned in retroviral expression 
plasmid pMSCV-Hygro (Clontech) using standard molecular 
biology approaches. The cDNAs expressing 6xHis-Δ22 and 
10xHis-ETS domain of FLI (amino acid residues 270-371) 
were cloned in the bacterial expression vector pET28a (EMD 
Chemicals, Gibbstown, NJ). These constructs were expressed 
in BL21 cells and batch purified using Ni-NTA beads (Qia-
gen, Valencia, CA). Cloning and purification of recombinant 
ETS1 and ELF1 have been described previously.44,45

Electrophoretic Mobility Shift Assay (EMSA)
Nuclear extracts were prepared from HEK293 cells as 
described earlier.24 Twenty micrograms of nuclear extract 

protein were used per 20 µL reaction volume. Recombinant 
proteins were prepared from bacteria transformed with 
pET28a (EMD Chemicals) expression plasmids containing 
the various cDNAs as described above. Reactions contained 
0.67 µM of Δ22 or FLI ETS domain proteins, 1.5 µM of 
ELF1 protein, or 9 µM of ETS1 protein per 20 µL reaction 
volume. For the gradient assay (Fig. 4B), a fixed amount of 
6xHis-Δ22 (2.67 µM) was titrated with 0 to 1.67 µM 
10xHis-FLI ETS domain protein. Each reaction contained  
5 nM of [32P]-labeled probes containing 0 to 7 consecutive 
GGAA motifs and 1x Gel Shift Binding Buffer (Promega 
Corporation, Madison, WI). DNA duplex (I) (containing a 
high-affinity ETS binding site) was used as control for 
monomeric protein binding and as specific unlabeled com-
petitor, while DNA duplex (II) (containing a variant ETS 
motif that does not bind to EWS/FLI) was used as a nonspe-
cific unlabeled competitor for protein binding.24 Sequences 
of the consecutive GGAA motifs harboring probes used in 
Figure 2C to G and Supplementary Figures S1 and S3 were 
described previously.24 For Figures 1C and 4 and Supple-
mentary Figure S4, sequences of probes were as follows:

 • 4 GGAA motifs: 5′-tgcaggaaggaaggaaggaaagct-3′;
 • 5 GGAA motifs: 5′-tgcaggaaggaaggaaggaaggaaa 

gct-3′;
 • 6 GGAA motifs: 5′-tgcaggaaggaaggaaggaaggaag

gaaagct-3′;
 • 7 GGAA motifs: 5′-tgcaggaaggaaggaaggaaggaag

gaaggaaagct-3′.

Luciferase Assays
HEK 293EBNA cells were cultured as described previ-
ously.26 Cells were transfected with firefly luciferase 
reporter, Renilla luciferase control, and cDNA expression 
plasmids. Firefly luciferase activity was normalized to 
Renilla luciferase activity to control for transfection effi-
ciency and is reported in figures as “relative luciferase 
activity.” Two-tailed Student t tests were used for statistical 
comparisons.

DNAse I Footprinting
DNA probes containing 4 to 7 GGAA motifs, and the 
positive control DNA duplex (I), were cloned into pBlue-
script II KS(+) vector (Stratagene, La Jolla, CA). An 
approximately 200-bp fragment was PCR amplified 
using an M13 forward primer and a [32P]-labeled T3 
reverse primer. The resulting amplicons were used in 25 
µL binding reactions with recombinant Δ22 protein. 
After being allowed to equilibrate for 30 minutes at room 
temperature, the reaction mixtures were incubated with 
DNAse I (1.7 ng/µL in 0.25 mM CaCl

2
 final concentra-

tion) for 1 minute at room temperature. Reactions were 
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stopped by the addition of EDTA and SDS to a final con-
centration of 15 mM and 1%, respectively. After precipi-
tating the DNA overnight in ethanol, the mixtures were 
dried, resuspended in formamide-containing dye, boiled 
for 5 minutes, and then cooled on ice. Samples were 
applied to a 12% polyacrylamide-sequencing gel and 
electrophoresed for 4.5 hours at 40 W. The gel was dried 
for an hour and exposed to a phosporimager screen 
overnight.

Fluorescence Polarization
Fluorescein-labeled DNA duplexes were gel purified using 
a nondenaturing 20% polyacrylamide gel. Fluorescence 
polarization was performed in 96-well format using a Tecan 
fluorometer (Männedorf, Switzerland) with the same sub-
strates and buffer conditions as used for EMSA except that 
the probes were fluorescein labeled instead of radiolabeled. 
Recombinant Δ22 protein concentrations were varied in 
individual wells and mixed with DNA at a final concentra-
tion that was at least 10-fold below the expected K

d
. Sam-

ples were incubated at room temperature for at least 30 
minutes prior to measuring polarization. Polarization val-
ues (mP) were measured and plotted as a function of Δ22 
protein concentration. Data points were fit using 
ΔP=((ΔP

total
*( [Δ22]/K

d
)) / (1+([Δ22]/K

d
))).39 The free and 

total protein concentrations were assumed to be equal 
because the DNA concentration is at least 10-fold lower 
than the K

d
. The total fluorescence intensities were con-

served across all protein concentrations tested, indicating 
that the characteristics of the probe were stable across dif-
ferent protein concentrations. The affinity plots and curve 
fits were performed using the KaleidaGraph program (Syn-
ergy Software, Reading, PA).

When using fluorescence polarization to evaluate bind-
ing stoichiometry, polarization measurements were per-
formed following the procedure described earlier.47 DNA 
was mixed in binding buffer solution at a concentration 
20-fold above the determined K

d
. Protein was added to the 

DNA solution in 96-well plate format at different final 
molar ratios and incubated for at least 25 minutes before 
measuring polarization. Polarization values were then plot-
ted as a function of the concentration ratio of Δ22 protein 
versus DNA substrate. The Δ22 protein:DNA ratio in which 
an inflection in the data occurs represents the binding stoi-
chiometry, as this is the point at which DNA has been satu-
rated by protein and polarization values change minimally 
as protein concentration was increased.
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Supplemental Figure Legends 

Supplemental Figure 1. Wild-type FLI, ∆22 and FLI ETS domain binding to GGAA 

repeats. EMSA was performed using DNA duplexes harboring 7 consecutive GGAA motifs and 

3xFlag wild-type FLI nuclear extract (A), recombinant ∆22 protein (B), or recombinant FLI ETS 

domain protein (C).  Unlabeled DNA duplexes (I) and (II) were used as positive or negative 

competitors respectively, while α-FLAG (F1804; Sigma-Aldrich, St. Louis, MO) and α-FLI 

antibodies (sc356x; Santa Cruz Biotechnology, Santa Cruz, CA) were used for supershift. A non-

specific band is designated by ‘ns.’ 

 

Supplemental Figure 2.  Significant DNA conformational changes are not involved in 

EWS/FLI microsatellite binding.  Electrophoresis of DNA probes harboring 4 consecutive 

GGAA motifs located at different linear positions along the DNA strand demonstrate identical 

mobilities in the unbound state.  The addition of recombinant ∆22 protein demonstrates nearly 

identical protein-bound DNA mobilities, indicating the lack of significant DNA bending or other 

conformational changes.  Sequences of the DNA duplexes used are given in Supplemental Table. 

 

Supplemental Figure 3. Titration of ∆22 or FLI ETS domain proteins in EMSA.  EMSA 

with probe containing 4 consecutive GGAA motifs and increasing amounts of recombinant ∆22 

protein (A) or recombinant FLI ETS domain protein (B).  Protein concentration varied from 0-1 

µM from left to right.  

 

Supplemental Figure 4.  Affinity of ∆22 for microsatellite sequences is lower than for high 

affinity ETS binding site.  EMSA was performed using DNA duplexes harboring 4 consecutive 
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GGAA motifs or DNA duplex(I) harboring a single high affinity ETS binding site.  Recombinant 

∆22 protein was used in the indicated lanes.  Unlabeled DNA duplexes harboring either the high 

affinity site or 4 consecutive GGAA motifs are used as binding competitors in the amounts as 

indicated (represented as fold molar excesses with respect to the labeled probe). 
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Supplemental Table.  DNA probes used for EMSA in Supplemental Fig. 1. Only the top strand 

sequence is shown. These were annealed with their complementary bottom strands and used in 

EMSA.  

Name Top strand sequence 

4rA 5’-TTTTGGAAGGAAGGAAGGAATTTTTTTTTTTTTTTT-3’ 

4rB 5’-TTTTTTGGAAGGAAGGAAGGAATTTTTTTTTTTTTT-3’ 

4rC 5’-TTTTTTTTGGAAGGAAGGAAGGAATTTTTTTTTTTT-3’ 

4rD 5’-TTTTTTTTTTGGAAGGAAGGAAGGAATTTTTTTTTT-3’ 

4rE 5’-TTTTTTTTTTTTGGAAGGAAGGAAGGAATTTTTTTT-3’ 

4rF 5’-TTTTTTTTTTTTTTGGAAGGAAGGAAGGAATTTTTT-3’ 

4rG 5’-TTTTTTTTTTTTTTTTGGAAGGAAGGAAGGAATTTT-3’ 
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