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Abstract 

 

Objective: Ewing Sarcoma is a pediatric bone malignancy initiated by a t(11;22) 

chromosomal translocation that produces the EWS/FLI oncoprotein. EWS/FLI 

transcriptionally activates and represses its target genes to mediate oncogenic 

reprogramming. Expression of its up-regulated targets correlates with EWS/FLI binding 

to associated GGAA-microsatellites, which show length polymorphisms. These 

microsatellite polymorphisms may critically affect EWS/FLI-responsiveness of key gene 

targets. For example, NR0B1 is necessary for EWS/FLI mediated oncogenic 

transformation, and we found a “sweet-spot” of 20-26 repeat length as optimal for 

EWS/FLI mediated transcriptional activity at NR0B1 through clinical observations and in 

vitro studies. The mechanism underlying this optimal length, however, is unknown.  

 

Methods: We explored the stoichiometry and binding affinity of EWS/FLI for different 

GGAA-repeat lengths through biochemical studies, including fluorescence polarization, 

ChIP-seq, and RNA-seq, combined with bioinformatics analysis. Additionally, use of 

EWS/FLI deletion constructs has been critical for elucidating the particular binding 

behavior of EWS/FLI at different microsatellite repeat lengths. Luciferase reporter 

assays, anchorage-independent growth and proliferation assays, as well as CRISPR 

technology have extended our findings to the in vivo setting. Finally, microscopy studies 

including use of confocal and transmission electron microscopy (TEM) have contributed 

visual characterization of the specific biochemical mechanisms we are investigating.  
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Results: CRISPR-mediated deletion of the NR0B1 GGAA-microsatellite in Ewing 

sarcoma cells provided our field with the first in vivo evidence for the necessity of 

EWS/FLI binding at GGAA-microsatellites for anchorage dependent growth. Our 

biochemical studies, using recombinant Δ22 (a version of EWS/FLI containing only the 

FLI portion) demonstrate a stoichiometry of one monomer binding every two consecutive 

GGAA-repeats on shorter microsatellite sequences. Surprisingly, the affinity for Δ22 

binding to GGAA-microsatellites significantly decreased, and was unmeasureable when 

the size of the microsatellite was increased to the “sweet-spot” length. In contrast, a fully-

functional EWS/FLI mutant (Mut9, retaining approximately half of the EWS portion) 

showed low affinity for smaller GGAA-microsatellites, but instead significantly 

increased its affinity at “sweet-spot” microsatellite lengths. Single-gene ChIP and 

genome-wide ChIP-seq and RNA-seq studies extended these findings to the in vivo 

setting. Additionally, through bioinformatics analysis, we defined GGAA-microsatellites 

in a Ewing sarcoma setting, and showed GGAA-microsatellite length is predictive of 

EWS/FLI responsiveness (binding and transcriptional activation) at “promoter-like” 

EWS/FLI targets.  

 

Conclusion: Together, these data demonstrate the necessity for EWS/FLI binding at 

GGAA-microsatellites in Ewing sarcoma, and characterize their role in oncogenesis. 

These data also reveal an unexpected novel role for the EWS portion of the EWS/FLI 

fusion in DNA-binding. Overall, our results suggest a length-dependent biochemical 

mechanism for EWS/FLI binding and transcriptional regulation at GGAA-microsatellites. 
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Chapter 1:  Introduction 

 

Ewing sarcoma 

Ewing sarcoma is a bone malignancy primarily diagnosed in children and young adults 

that has seen little improvement in overall survival rates since the introduction of multi-

agent chemotherapy 40 years ago. Although 5-year survival rates plateau at about 60-

70% following surgery and chemotherapy, survival in patients with relapsed or metastatic 

disease plummets to 15-30%
1
. Ewing sarcoma is a rare disease, characterized 

histologically by small, round blue cells
2
. It is solely initiated by EWS/ETS 

translocations, 85% of which are EWS/FLI, resulting from a t(11;22)(q24;q12) 

chromosomal translocation that fuses the EWS gene on chromosome 22 to the FLI gene 

on chromosome 11
3–5

 (Figure 1.1). The resulting fusion oncoprotein acts as an aberrant 

master transcription factor, initiating and maintaining oncogenic reprogramming via 

direct and indirect regulation of thousands of target genes
6–8

.  

 

Globally, sarcomas are rare, accounting for approximately 0.5% of all human 

malignancies. Proportionately, however, bone cancer is significantly more common in 

children than adults, with Ewing sarcoma as the second most common, after 

osteosarcoma. As of 1995, about 200 Ewing sarcomas (~34%) are diagnosed each year, 

with an incidence rate in the United States of one case per million
9
. The median age of 



 

2 

 

diagnosis is reported to be 13.7 years, with an average 5-year overall survival of 

approximately 63.5%
10

 (Table 1.1). Though the long bones of the lower limb are the most 

frequent site of sarcoma development (~57%), Ewing sarcoma demonstrates a different 

tumor site proclivity. Ewing sarcoma frequently emerges in the central axis (45%), 

though can be found in any part of the body, with the pelvis, followed by the femur, tibia, 

humerus, and scapula as the most common tumor locations
9,11

.   

 

 

Figure 1.1 Chromosomal translocation creating the EWS/FLI fusion oncoprotein. The 

canonical Ets protein DNA binding site is also shown.  

 

Clinically, Ewing sarcomas include Ewing and atypical Ewing’s, which all bear the 

t(11;22) translocation
9
. Although extraosseous Ewing sarcoma and PNET tumors fall into 

the soft tissue sarcoma category, they still display the same pathognomonic translocation 

and subsequent fusion protein
9
. There is ongoing controversy whether Ewing sarcoma 
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cells are of mesenchymal or neuroectodermal (neural crest) origin
9
. However, CD99, an 

antigen normally expressed on the surface of human mesenchymal stem cells, is the most 

commonly used histological diagnostic marker for Ewing sarcoma
12

.  

 

 

 

 

Table 1.1 Epidemiology of Ewing sarcoma 

 

Epidemiologically, there is a slightly higher incidence of Ewing sarcoma in males than 

females, with a ratio of 1.5:1
13

. Of note, Ewing sarcoma is ten times more common in 

Caucasian than African populations (Table 1.1)
14

. Intron 6 is at least 50% smaller (less 

Alu elements) in approximately ten percent of Africans. It has been proposed that this 

racial discrepancy could be attributed to differences in the number of Alu elements (short 

interspersed elements that are transposons comprising about ten percent of the genome), 

which seem to be preferential sites for cancer-associated genetic recombination
11

. These 

observed epidemiological differences are especially pertinent to this thesis, as we found 

EWS/FLI binds to polymorphic GGAA-microsatellite sequences that display distinct 

length heterogeneity between African and Caucasian individuals
15,16

. 

In the overall population, Ewing sarcoma has an incidence of three per million 

individuals under the age of 20 and is deadly when untreated
11

. Overall positive 

# New 

Cases/Year 

Gender 

ratio 

(M:F) 

Peak 

Age 

Incidence in 

Caucasians 

Incidence 

in African 

Americans 

200 1.2 : 1 10-15 0.155 0.017 
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prognostic factors for Ewing sarcoma include tumor size (for localized disease), absence 

of metastasis, and histological response to induction chemotherapy, regardless of tissue 

grade or tumor size
17

. Extraskeletal Ewing sarcoma is an additional favorable prognostic 

factor
18

. A clinical trial at St. Jude Children’s Hospital risk stratified Ewing sarcoma 

patients based on patient outcome into the following four groups: 1) favorable: age <14, 

localized, non-pelvic tumor; 2) intermediate risk: localized, >/= 14yo, or pelvic tumors; 

3) unfavorable-pulmonary: isolated lung metastasis; and 4) unfavorable-extrapulmonary: 

extrapulmonary metastases. Five-year overall survival (OS) for these groups was 88%, 

65%, 54% and 27%, respectively
10

. Though the field has seen improvement in treatment 

of patients with localized disease, clearly little, if any, progress has been made for Ewing 

sarcoma patients with metastasis.  

The current chemotherapy induction standard for Ewing sarcoma treatment is VIDE 

(vincristine, ifosfamide, doxorubicin, and etoposide) in Europe and VDC-IE (vincristine, 

doxorubicin, cyclophosphamide; ifosfamide + etoposide) in North America (Table 1.2). 

Marked improvement in survival was noted after the addition of ifosfamide and etoposide 

to the standard chemotherapy regimen, however, only in patients without metastasis at 

presentation
19–22

. 

 

Induction therapy is followed by surgical resection when possible, which has replaced 

single modality radiotherapy as the best method for localized tumor control
19,23

. 

Definitive radiotherapy is only used for inoperable lesions. Surgery or radiotherapy 
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without induction chemotherapy frequently results in metastasis
17

.  Additionally, a small 

treatment study recently showed that patients treated primarily non-surgically showed 

overall neurological improvement, and that initial chemotherapy induction was vital for 

this overall outcome
24

. Numerous clinical trials have also evaluated intensified 

chemotherapy regimens and found these only demonstrate survival improvement in 

patients with localized disease
25–29

.  

 

Diagnosis Biopsy 

Assessment Staging, MRI, CT chest, Bone scan 

Initial Treatment Neoadjuvant chemo: 6x cycles VIDE 

Surgical Intervention surgery and/or radiotherapy 

Reassessment: Depends on response & disease volume 

Good VAI x1, then VAC vs. VAI x7 

Poor VAI x1, then VAI x7 vs. high dose 

Extensive Disease High dose or phase II clinical trial 

Table 1.2 Treatment of Ewing sarcoma 

 

One of the unique molecular features of this pediatric malignancy is its relatively silent 

genomic background, making it a useful model for elucidating key aspects of pediatric 

oncogenesis without confounding factors, such as complex networks of signal 

transduction pathways seen in many other cancer types. Large-scale genomic sequencing 

efforts have demonstrated Ewing sarcoma possesses one of the lowest mutation rates 

amongst all cancers (0.15 mutations/Mb)
30

. Recurrent, though low frequency, mutations 

were consistently observed only in the cohesion complex subunit STAG2 (21.5%), the 

tumor suppressor TP53 (6.2%), and homozygous deletion of the cyclin-dependent kinase 
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inhibitor CDKN2A (13.8%)
31

. The EWS/FLI translocation appears to be a somatic event 

resulting in an oncogenic driver mutation, though recent data suggests the existence of 

germline susceptibility variants, such as GGAA-microsatellites associated with particular 

EWS/FLI targets such as EGR2
32

.  It is difficult to study the origin of this disease, as 

neither mouse nor other animals acquire Ewing sarcoma spontaneously or even through 

genetic induction
33

. As a result, no model outside of cell lines exists to accurately 

recapitulate this disease. 

 

Biological studies of this disease have led to the development of many new treatment 

approaches, however, integration of these for patients has been, and will continue to be 

difficult, due to the low volume of patients affected by this disease. To this point, most 

researchers in the field have studied Ewing sarcoma in the context of patient-derived cell 

lines, with a focus on downstream target genes of EWS/FLI, their impact on oncogenesis, 

and their overall therapeutic potential. Because Ewing sarcoma is a uniquely human 

disease not effectively recapitulated in animal models, knock-down and rescue 

experiments, combined with microarray, ChIP and RNA sequencing studies have been 

used extensively throughout the field to understand the mechanisms of EWS/FLI 

regulation.  

 

EWS/FLI is considered undruggable due to its intrinsically disordered region within the 

EWS domain and lack of intrinsic enzymatic activity, which precludes small molecule 

targeting. More recently, numerous leaders in the field have turned their attention to 
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understanding the role of epigenetic regulation, seeking drug targets within these 

interactions. So far, EWS/FLI has proven a poor target for drug development, despite a 

few recent novel therapies focused on targeting of RANKL, IGFR-1, PARP1, VEGF, and 

epigenetic targets
17,34

.  

 

Although the EWS/FLI translocation is well-known to be the driver for Ewing sarcoma 

initiation and progression, few have studied the biochemical properties of EWS/FLI 

itself. A paucity of understanding regarding the mechanisms of EWS/FLI molecular 

biology and function constitute a potent barrier to therapeutic amelioration of this 

disease. The proposed work in this thesis is significant because it provides insight into the 

biochemical mechanism of EWS/FLI-mediated Ewing sarcoma development; knowledge 

which is crucial to discovery of therapeutically targetable transcriptional processes. This 

work is also anticipated to have a positive impact on our understanding of how EWS/FLI 

determines whether to transcriptionally activate or repress its target genes.  

 

Additionally, because Ewing sarcoma is constituted by a relatively clean genetic 

background seen rarely in other cancer types, it provides an excellent simplified model 

for study of pediatric cancer development in general. The studies contained herein both 

explore and elucidate mechanisms of transcriptional regulation in an oncogenic setting. 

This work is also expected to alter understanding of the molecular biology underlying 

development and progression of Ewing sarcoma and broader aberrancies alike.  
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EWS/FLI Transcriptional Regulation 

As mentioned previously, Ewing sarcoma is characterized by a chromosomal 

translocation t(11;22), resulting in the fusion oncoprotein EWS/FLI
3,8

. As an oncogenic 

driver, this aberrant transcription factor is absolutely essential for oncogenic 

transformation of Ewing cells
7
. The EWS/FLI fusion of Ewing sarcoma is created 

between exon 7 of EWS and exon 6 of FLI (60%) or exon 5 (20%), giving rise to type 1 

and type 2 respectively
23

. The other two types of fusions (4%) consist of exon 10 of EWS 

fused to either exon 6 or 5, respectively, of FLI
35

. See Table 1.3 for the details of these 

fusions. 

 

Fusion 

Type 

EWS 

Exon 

FLI 

Exon 

Type I 7 6 

Type II 7 5 

Type III 10 6 

Type IV 10 5 

Table 1.3 Types of EWS/FLI fusions 

 

Regardless of break-point location, EWS acts as an amino-terminal transcriptional 

activation domain linked to the carboxy-terminal DNA-binding domain of its ETS family 

member partner in crime
6,36

. The ETS portion of the fusion binds DNA near target genes 

it regulates
37

. Recent data has shown that although the EWS/ETS chimera binds at 

specific DNA sites, the protein’s physical interaction with other transcription factors is 

both necessary and sufficient for effective oncogenic transformation
38

. For example, 
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activation of specific transcription factors, such as NR0B1, NKX2.2, CAV1, and GSTM4, 

results in regulation of their respective target genes, giving rise to aberrant expression of 

both direct and indirect EWS/ETS targets
39,40

. 

 

This EWS/FLI-mediated regulation of key target gene intermediates like NKX2.2 helps to 

explain how three times more of its target genes are down-regulated than up-

regulated
41,42

. Both the DNA binding and repressor domains of NKX2.2 are necessary for 

oncogenic transformation
41

. NR0B1 (DAX1) has similarly been shown to be essential for 

oncogenic transformation of Ewing cells
43

. A member of the nuclear hormone receptor 

family, NR0B1 is a critical EWS/FLI target, which allows mechanistic exploration of 

EWS/FLI transcriptional activation. Its importance in Ewing sarcoma was originally 

found through GSEA data showing correlation of NR0B1 with EWS/FLI gene expression 

data across data sets of multiple Ewing sarcoma cell lines
43

. There is some experimental 

evidence to suggest the NR0B1 protein may physically interact with EWS/FLI, as ChIP-

ChIP evaluation has shown the two occupy the same regions of genomic DNA at a subset 

of loci
39

. Though both have been shown necessary for oncogenic transformation of 

Ewing sarcoma cells in vitro, the combination of NR0B1 and NKX2.2 introduction into 

EWS/FLI deficient cells is unable to rescue the Ewing sarcoma phenotype
43

. 

 

Another example of EWS/FLI-mediated activation of key targets that further regulate 

downstream genes is MMP3. A member of the metalloprotease (MP) family, MMP3 

functions in digestion of ECM (extracellular matrix) proteins to promote tumor invasion 
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and metastasis
38

. It is evident from these examples that rather than being implicated in 

transcriptional regulation of all its targets, EWS/FLI directly interacts with regulatory 

sequences of a smaller number of target genes, who in turn regulate the activities of 

additional targets
38

.  

 

Prior to the work outlined in this thesis, it was widely accepted that the FLI portion of the 

fusion allows EWS/FLI interaction with the DNA, while the EWS portion is necessary 

for transcriptional regulatory function. The EWS portion possesses both a transcriptional 

activation and an RNA binding domain. Though EWS/FLI deletion mutants demonstrate 

both of these domains are necessary for transformation, the exact function of the EWS 

protein is incompletely understood
44

. Its role as a transcriptional activator was originally 

suspected due to its high glutamine and proline content, often a hallmark for activation 

domains of transcription factors
3
. Moreover, EWS/FLI localizes to the nucleus, binding 

DNA in a sequence-specific manner. It has since been confirmed that the EWS portion 

functions as a potent transcriptional activator
8
.  

 

In contrast, there is also evidence for direct EWS/FLI-mediated repression. ChIP studies 

show that a subset of genes, such as LOX and TGFBR2 are directly down-regulated 

EWS/FLI targets
34

. Forced expression of each of these genes in cell lines and in vivo 

xenograft models impairs tumor formation. Little, however, is known regarding how 

EWS/FLI distinguishes which transcriptional change to induce within any particular gene 

to either up or down regulate its expression. 
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Recent work by our laboratory highlighted the complexity surrounding EWS/FLI-

mediated repression. Full repression by EWS/FLI necessitates HDAC activity, and in 

concert, EWS/FLI has been demonstrated to bind, or at least associate with, the NuRD 

complex
34

. Additionally, in recent years our laboratory aided in the development of a 

small molecule reversible inhibitor of the epigenetic modulator LSD1, which is an 

integral part of the NuRD complex. Pharmacological or genetic inhibition of this 

interesting new target interferes with EWS/FLI-mediated transcriptional activity in 

Ewing sarcoma cells
45

. Though this has significantly improved our understanding of the 

repressive function of EWS/FLI, specific binding sites on the DNA near repressed genes 

have yet to be characterized.  

 

Prior to the studies described in this work, all that was known about EWS/FLI-mediated 

activation was data suggesting EWS/FLI binds to repetitive GGAA-motifs in noncoding 

DNA near genes it up-regulates
15,46

. Unlike EWS/FLI repressive function for which the 

above-mentioned associated repressive complex was delineated, associative activating 

protein complexes were not identified until very recently
47

. EWS/FLI is clearly critical 

for a complex network of functions requisite to engender oncogenic transformation of 

Ewing sarcoma cells. 

 

ETS factors & FLI binding 
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ETS gene family members, like FLI-1, contain a conserved domain of 85 amino acids 

that is responsible for sequence specific DNA binding activity
37

. These proteins tend to 

bind a single core (GGAA) motif within the conserved high affinity ‘ACCGGAAGTG’ 

sequence by a monomeric DNA binding domain, which contains a winged helix-turn-

helix component (Figure 1.2). Helix H3 serves as a DNA recognition helix, inserting into 

the major groove and allowing for specific base interactions via three highly conserved 

residues
48

. Overall, global genomic binding studies have demonstrated both highly 

redundant and specific binding across many ETS family members
49

. As many as five to 

fifteen percent of all 17,000 human promoters are redundantly occupied by ETS 

proteins
50

. 

 

In addition to their importance in development and a vast array of cellular functions, 

several ETS proteins regulate cancer development and tumorigenesis
50

. ETS family 

members phylogenetically related to FLI are capable of binding the aforementioned 

GGAA-microsatellites (tested up to 7 repeats) (Figure 1.2); however, transcriptional 

activation at these sites is an emergent property of EWS/ETS fusions
51

. Other ETS family 

members found fused to EWS in Ewing sarcoma are Erg (5-10%), ETV4, ETV1, and 

FEV1 (collectively less than 5% of cases)
33

. Structural studies analyzing ETS proteins 

cluster them into 4 different classes based on their ETS-binding profile
52

. Because class I 

ETS DNA binding domains (DBDs) are the only ones found in fusion onco-proteins, 

there is believed to be some degree of specificity in biological function distinguishing 

these classes. The binding specificities of these different proteins have since been 
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confirmed in vivo by ChIP-seq, demonstrating that small differences in transcription 

factor (TF) binding specificity contribute significantly to site selectivity
53,54

.  

 

 

Figure 1.2 Two distinct EWS/FLI DNA binding sites 

 

While ETS proteins bind as monomers to the conserved “high affinity” DNA sequence, 

they are also capable of both homo and hetero-dimeric interactions with other 

transcription factors
55

. For example, ETS1 has been shown in some situations to bind as a 

homodimer, while in others it can bind to similar sequences as a heterodimer with PAX5, 

FOXO1, or AML1 respectively
56

. Interestingly, 76% of human core promoters lack 

TATA-like elements, suggesting the possibility that repetitive elements like GGAA-

microsatellites might serve as a scaffold for general transcription factors near the 

transcription start site (TSS) to make up for the lack of a TATA box at many gene 

targets
57

. In such a model, this repetitive GGAA scaffold would facilitate, for example, 
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the recruitment of the pre-initiation complex near the TSS. Taken together, it is possible 

that ETS functional specificity is determined by distinct interactions with regulatory 

proteins around a given binding site, as opposed to the actual direct sequence interaction 

of the ETS protein and DNA.  

 

Homodimerization is also a classic feature of ETS-mediated transcriptional 

regulation
48,56,58,59

. At the homodimerization interface of FLI, for example, there is a high 

content of hydrophobic interactions and suspected helix swapping
59

. This dimerizing 

property of the FLI DNA-binding domain is thought to play a role in both transcriptional 

activation and repression. 

 

At least 85% of EWS/ETS fusions found in Ewing sarcoma contain FLI
36,60,61

. This ETS 

family member is normally involved in hematopoietic development and is required for 

embryonic angiogenesis
51

. FLI knock-out is embryonically lethal and results in defects in 

megakaryopoiesis, with decreased numbers of hematopoietic colony forming units CFU-

E and CFU-GM
62

. The DNA-binding part of FLI within the EWS/FLI fusion protein is 

not mutated, but conserved from wild-type FLI. Further, this conserved DNA binding 

domain is necessary and sufficient for EWS/FLI directed transformation and 

consequently transcriptional activation of Ewing’s cells. Despite this conserved binding 

region, EWS/FLI has 10-fold higher transcriptional activity than wild-type FLI when 

compared in Gal4 reporter assays
63

.  

 



 

15 

 

The FLI subfamily of ETS proteins is comprised of FLI, ERG, and FEV. The only 

differences between ERG and FLI are minor sequences at the N-terminus. This includes 

two amino acid residues, Ala295 and Ala297, which are serine residues in ERG
59

. FEV, 

conversely, differs from ERG and FLI in that it lacks a PNT (Pointed) domain
49

. Though 

not identical to FLI, the high degree of evolutionary conservation among many ETS 

family members suggest structural studies on one particular sub-type can be applied to 

conformational, stoichiometric, and potentially even functional properties of another. 

 

ERG makes up about 5% of EWS/ETS fusions in Ewing sarcoma tumors
36,64

. The highest 

expressed ETS transcription factor in mature, quiescent endothelial cells, ERG is required 

for vascular development, angiogenesis, and vascular homeostasis. The wild type version 

contains both a PNT domain and the ETS domain, similar to FLI, which binds to the 

cognate sequence GGA(A/T)
65

. Both ERG and ETS-1 bind this conserved core sequence 

via their helix H3 at the major groove of the DNA
48

. The ‘GGAA’ core appears to 

contribute both sequence recognition and stability to the interactions between helix H3 

and the ETS domain
66

.  

 

Specifically, crystallographic studies of ERG-DNA binding demonstrate direct DNA 

contact at ‘GG’ with Arg367 and Arg370, respectively, as well as the conserved Tyr371 

contacting the first ‘A’ in the core recognition sequence
65

. These three residues are the 

only identified points of direct protein-DNA contact, implicating sequence-dependent 

flanking regions for conferring specificity to differentiate ETS family member binding
49

. 
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In line with this conjecture, a number of hypothesized salt bridges in the region flanking 

the consensus sequence have also been confirmed via molecular dynamics simulations of 

ERG-DNA interactions
65

. For example, a salt bridge at Arg385 was reported as the most 

stable interaction for the ERG-DNA binding model system. Additional insight from 

molecular modeling suggests that the Arg367 and Arg370 residues serve as points of 

direct contact and facilitate order/disorder transitions upon DNA binding. In contrast, the 

Tyr371 residue is thought to be critical for both ETS factor recognition and auto-

inhibitory regulation of ERG-DNA binding
65

. 

 

Interestingly, auto-inhibition is also a significant component of several ETS protein 

members
49

. Autoregulation suppresses protein function through two N-terminal ETS 

flanking regions in the absence of bound DNA. This inhibitory interaction has been 

shown in some instances to be interrupted by interaction with other, homo or 

heterologous transcription factors. For example, activation of MMP3 at its promoter 

(which contains a palindromic EBS site) requires cooperative homodimeric binding
48

. 

Auto-inhibition has been perhaps most rigorously studied in ETS-1, where helix H1 is 

unfolding upon DNA binding, suggesting reduced binding affinity compensated for by an 

increase in thermodynamic instability. Other studies have shown that specific DNA 

sequences can modulate energy cost in twisting flexibility and bending
67

. The current 

model for this idea, conceptually, is that ETS-1 occurs in an equilibrium conformation 

between a rigid, inactive state, and a flexible DNA-binding competent state
49

.  
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Wild-type FLI contains an autoinhibitory domain at its N-terminus
68

. Though both 

EWS/FLI and FLI associate with SRF(serum responsive factor) in vitro, only EWS/FLI 

binds to the ets-box of c-fos SRE automatically and without the presence of SRF to 

induce expression of transformation-associated genes including MMP3, cytokeratin 15, 

and CYP4F1. Deletion of the amino terminus of wild-type FLI, however, gives it the 

same autonomous binding capability of EWS/FLI in this process, suggesting the 

inhibitory domain located in the N-terminal part of FLI is absent or at least modified 

through EWS fusion in Ewing sarcoma oncogenesis
68

. Though this suggests intrinsic 

differences between EWS/FLI and FLI binding to specific ETS DNA sequences, both are 

capable of binding GGAA-microsatellites, as evident through experiments which 

demonstrated binding to 4-7 GGAA-repeats
51

. Interestingly, additional ETS proteins are 

also able to bind these sequences, however, lack the ability to transcriptionally induce 

reporter systems unless fused with EWS
51

. 

 

The mechanism by which proteins, especially transcription factors, precisely identify 

their functional binding sites remains unknown and is an area of active controversy. 

Current evidence suggests that DNA binding by transcription factors (TF) is dependent 

on a combination of TF 3D structure and flexibility, cofactor binding, cooperative TF-

DNA binding, ability to access chromatin and nucleosomes, and DNA methylation
53

. 

Crystal structures of protein-DNA complexes have shown that preferential binding at a 

specific site seems to be established by physical interactions between the TF factor amino 

acid side chains and the DNA’s accessibility
53

.  
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DNAse I footprint experiments with EWS/FLI demonstrate a reproducible 14bp region of 

DNA protected from digestion, with a hypersensitivity site on the negative strand 

adjacent to the GGAA core for FLI binding to the conserved “high-affinity” site ETS 

sequence
51

. Increasing numbers of GGAA motifs, however, as with GGAA-

microsatellites, show an altered pattern in these same footprint experiments. Four repeats, 

minimal for EWS/FLI homodimeric binding, contain a 28bp-protected region. Beyond 

this, an additional four bases are protected for each additional GGAA motif included
51

. 

The reason for EWS/FLI binding to GGAA-microsatellites rather than high affinity site 

regions remains uncharacterized. However, given what is known about the stoichiometry 

of EWS/FLI binding, early biochemical studies suggested the possibility of EWS/FLI 

flexibly binding in a “sliding fashion” to these repetitive GGAA sequences
15,51

. 

 

Many EWS/FLI transcriptionally activated targets are associated with GGAA-

microsatellites within 5kb of the genes’ transcriptional start site (TSS)
15

. However, recent 

studies have shown there are a number of microsatellites identified greater than 15kb 

from any EWS/FLI target suspected to facilitate EWS/FLI-mediated regulation
42,69,70

. An 

interesting model for this alternate regulatory mechanism is the idea that a ligand bound 

at one sequence can influence DNA structure at some distance from the binding site. A 

distal response is then modulated by the sequence’s acceptance or resistance to 

conformational change
71

. This was originally described as the telestability hypothesis, but 

more recently emerging data suggest a “super-enhancer” model
69,72

. For example, the 
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nearest GGAA-microsatellite to EWS/FLI direct target NKX2.2 is about 65kb away from 

its transcriptional start site, yet this particular sequence is strongly implicated in 

EWS/FLI–mediated activation of the gene
69

. Evidence for distal DNA binding implicates 

a model for transcription factor regulation via distinct mechanisms by which EWS/FLI 

regulates near versus distal gene targets.  

 

Though structural and molecular modeling binding studies have been performed on a 

number of ETS proteins, including FLI and ERG, any DNA-binding structural 

characterization previously performed has been limited to the Ets-consensus sequence. 

Before this body of work, the preference for EWS/FLI binding to GGAA-microsatellites 

rather than high affinity regions remained uncharacterized.  

 

It was, however, known that wild-type FLI binds the Ets consensus sequence with higher 

affinity than EWS/FLI
37

 (Figure 1.2). Interestingly, proteins exhibiting the highest 

affinities for cognate sites are not necessarily the most specific. For example, phage λ-

Cro protein binding OR3 demonstrates slightly higher affinity but less specificity than for 

its binding of the lac repressor site
73

. Thus, there may be a specificity/affinity trade-off in 

protein-DNA binding. Additionally, charge and structure may also affect binding affinity 

while altering specificity.  

 

Comparison of FLI with other ETS factors shows differential patterns of hydrogen bonds 

within two aforementioned conserved arginine residues of helix H3, causing a variation 
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in DNA bending from 11 to 28 degrees
74

. This suggests a possible “indirect readout” 

mechanism of protein-DNA recognition, where the ETS domain recognizes a sequence 

dependent structure, rather than particular base pairs in the DNA
53

. Considering this 

model, it is interesting to note that EWS-fusions to any ETS factor are capable of 

microsatellite binding, however, transcriptional activity requires fusion of EWS to the 

FLI (FLI, ERG, FEV1), or PEA3 (ETV1 & ETV4) families
51

 (Figure 1.3).  

 

 

Figure 1.3 ETS protein family members capable of binding at GGAA-microsatellites 

 

Understanding the binding mechanism of EWS/FLI on these unique response elements 

will likely inform on EWS/FLI functionality as an aberrant transcription factor. 

Additionally, the high propensity of ETS proteins for homo and hetero-dimeric 

interactions suggest a high likelihood of multimeric EWS/FLI binding at GGAA-

microsatellites. Further study of these binding interactions, as in this thesis work, provide 
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useful insight for how EWS/FLI, and transcription factor DNA-binding broadly, 

modulates specific transcriptional regulatory repertoire.  

 

EWS and its paralogs 

It has long been known that EWS/FLI localizes to the nucleus and binds DNA in a 

sequence-specific manner, relying on EWS as a potent transcriptional activator
8,75

. EWS 

has two distinct regions, both necessary for oncogenic transformation of Ewing cells: one 

sufficient for most transformation (protein-protein interactions) and another sufficient for 

most of the transcriptional activity
44

. Both the activating and repressive activity of 

EWS/FLI requires amino acids 1-82 and 118-264 in the amino-terminal EWS portion of 

the fusion
34

. As yet, however, regions separating transcriptional activation and repression 

have not been found, though both are critical to EWS/FLI oncogenic function
44,63

. 

Additionally, EWS is an intrinsically disordered protein (IDP), containing a series of 

[G/S]Y[G/S] amino acid repeats
76,77

. These hexapeptide repeats comprise the LC (low-

complexity) domain of EWS, and paralogous FET/TET RNA-binding proteins FUS/TLS 

and TAF15
78

.  

 

Prion-like N-terminal SYQG-rich domains are intrinsically aggregation prone sequences, 

shown by the high PONDR (predictor of naturally disordered regions) score for the LC 

region of EWS, and the other TET family members
76

. The field’s current hypothesis is 

that polymerization of these intrinsically disordered regions (IDRs) enables formation of 

higher-order assemblies that allow for transcriptional activation
47,78–80

. Some groups 
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believe these triplet repeats are critical for transcriptional activation, some think for 

polymerization, and others hypothesize both
76,79

. IDP’s lack fixed or three-dimensional 

ordered structures, and challenge the traditional paradigm that protein function depends 

on fixed structure. The umbrella term of IDP refers to all fully disordered proteins, as 

well as proteins containing IDR’s. These are generally low hydrophobicity regions, thus 

enabling effective interactions with water due to their high polar and charged amino acid 

content
81,82

. The high net charge resulting from the accumulation of these polar residues 

promotes disorder, partially through the resultant electrostatic repulsions. Overall, this 

unique class of proteins has recently drawn a lot of attention, particularly in 

neurodegenerative pathologies. Thus, IDPs perhaps comprise systems of structured or 

“organized chaos,” with significant biological functions and pathological implications
83

.  

 

Examining these IDR’s further in a Ewing sarcoma setting, seventy-percent of the EWS 

activation domain (EAD) is composed of degenerate hexapeptide repeats (SYGQQS) 

with a highly conserved tyrosine residue
47,76

. Substitution of phenylalanine, but not 

alanine for some of these tyrosine residues still enables effective transcriptional activity 

for the EWS/ATF1 fusion, suggesting the structural need for an aromatic ring to confer 

EAD function. Retained activation of such a mutant also suggests that this activation 

occurs independently of hydroxyl phosphorylation at the tyrosine residue
76

. FUS and 

other EWS paralogs demonstrate a similar requirement for tyrosine residues within its 

LC-region
78,79,84

. 
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Building on the previously mentioned model regarding the necessity of conserved 

SYQG-rich domains, it is further hypothesized that it is specifically the highly conserved 

tyrosine residues that are critical for EAD function
47

. Though the precise mechanism is 

not known, interestingly several of these tyrosine residues are putative phosphorylation 

sites
76

. In a series of polymerization studies, McKnight’s group observed that 

phosphorylation of the LC domain of FUS prevents hydrogel retention
85

.  

 

Just as structural studies of closely-related ETS family members can be used to predict 

likely DNA binding mechanisms of FLI, studies of FUS and TAF15 may help generate 

hypotheses about the mechanisms involving the EWS portion of the fusion.  

 

TET/FET proteins (EWSR1, TA15, and FUS/TLS) are a family of RNA-binding proteins 

frequently associated with disease pathogenesis, including both fusion onco-protein-

mediated malignancies, as well as a number of neurogenerative diseases. The N-terminus 

of each of these TET proteins serves as a transcriptional activator when fused to a DNA-

binding domain
63,86,87

. For example, FUS/TLS-CHOP is found in myoxid liposarcoma, a 

subtype of malignant adipose tumors
88

. Full length wild-type EWS, however, has 

decreased activation potential
89–91

.  

 

In normal tissue, these proteins function in cell growth, pre-mRNA splicing, and RNA 

polymerase II-mediated transcription
92

. Loss of FUS alters the distribution of RNA 

polymerase II across the genome, facilitating decreased RNA polymerase II C-terminal 
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domain (CTD) phosphorylation at serine residues located at the TSS
93

. As serine residue 

phosphorylation of the CTD is a critical component of RNA pol II-mediated 

transcriptional initiation and elongation, this implies a critical role for FUS in 

transcriptional regulation via its direct interaction with RNA pol II
94,95

. Additionally, 

fibrous assemblies of FUS have been demonstrated bound to the CTD of RNA 

polymerase II, suggesting the ability of FUS to polymerize may be required for this 

interaction
79,96

. Further evidence for this is supported by fluorescence microscopy studies 

demonstrating co-localization of FUS in a granular distribution with RNA polymerase II 

in human fibroblasts
97

. These include nuclear aggregates in ALS patient-derived 

fibroblasts, implicating FUS in a number of neurodegenerative diseases
80,97

.  

 

Interestingly, the CTD of RNA pol II consists of 52 hepta-peptide repeats (YSPTSPS), 

and makes up a part of the largest RNA polymerase II subunit, RPB1
98

. This domain is 

often bound by other proteins, such as transcription factors, to activate polymerase 

activity, and is by extension heavily involved in transcriptional initiation, RNA transcript 

capping, and even plays a role in spliceosome attachment
99,100

. Wild-type FUS binds to 

RNA pol II via its N-terminal domain, while simultaneously interacting with two serine-

arginine (SR) splicing factors via its C-terminal domain. In contrast, the FUS-ERG 

leukemia fusion protein, lacking its C-terminal domain, is unable to recruit these splicing 

factors, resulting in both alternative splicing of CD44 mRNA, as well as E1A pre-mRNA 

splicing inhibition
101

.  
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While homology of FUS to EWS renders these studies potentially suggestive of similar 

EWS-related structural and functional mechanisms, FUS interaction with the CTD 

appears to be more stably associated with the RGG-Zn-RGG domain than the proline-rich 

low-complexity domain (LCD) found in the EWS/FLI fusion
3,76,96,102

. While the 

hexapeptide-repeat containing N-terminus of both EWS and EWS/FLI has also been 

shown to interact with RNA polymerase II
101

, co-immunoprecipitation studies suggest 

wild type EWS and EWS/FLI may play different roles in RNA Pol II mediated 

transcription as they associate with distinct factors of the RNA pol II complex 
86

. Recent 

evidence, including the data demonstrated in this work, suggest the mechanism of 

EWS/FLI-mediated transcriptional activation as a consequence of its interaction with 

RNA polymerase II may be linked to EWS/FLI binding to GGAA-microsatellite 

sequences.  

 

One of the barriers to studying EWS/FLI itself has been the difficulty of its isolation for 

in vitro experimentation. As discussed above, full-length EWS/FLI is a very disordered 

and aggregate protein
76

. This has made this fused oncoprotein difficult to study from a 

biochemical/biophysical perspective. The research contained herein utilizes a series of 

innovative truncated constructs of functional versions of EWS/FLI, which are unique to 

our lab. These allow us to more specifically characterize the mechanism of Ewing 

sarcoma development. Two such constructs are Δ22 (which comprises just the FLI-

portion of EWS/FLI), and Mut9 (the FLI portion of the chimera fused with the minimal 

amount of EWS required for transcriptional regulation and oncogenic transformation). 



 

26 

 

These constructs have been instrumental for understanding the cooperation of EWS/FLI 

molecules with DNA at GGAA-microsatellites (Figure 1.4). Use of these constructs has 

also helped to elucidate the significance of length polymorphisms seen in clinical GGAA 

motifs, using a series of biochemical techniques, as well as cell culture applications.  

 

 

Figure 1.4 EWS/FLI deletion mutants used in the studies contained within this thesis. 

 

Additional EWS/FLI mutants that have significantly aided this research are the R2L2 

mutant, and our +37/+18 mutant. R2L2 is similar to our wild type/full-length EWS/FLI 

construct, with the exception of a mutated DNA-binding domain in the FLI region, 

rendering the mutant incapable of DNA binding to EWS/FLI (or ETS) target sequences. 

As such, it has been a useful negative control as we have sought to elucidate the 

mechanism of DNA binding for EWS/FLI. Our +37/+18 mutant, on the other hand, is 

believed to be a minimal construct for EWS/FLI activation and appears to rescue colony 
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formation in A673 Ewing sarcoma cells following RNAi-mediated knock-down of 

EWS/FLI (unpublished data).This more recent construct, though not used extensively in 

the outlined studies, represents a version of EWS/FLI even more whittled down in the 

EWS portion than our Mut9 mutant. It only contains three [G/S]Y[G/S] repeats, 

compared to five in Mut9 and twelve in full-length EWS/FLI. Figure 1.4 depicts the 

EWS/FLI mutants described in this work. If these repeats are indeed critical for 

EWS/FLI-mediated activation, and/or its ability to polymerize on microsatellites, such a 

minimal EWS-containing construct will help efficiently delineate the need for these 

conserved repetitive residues in future studies.  

 

Microsatellites 

DNA polymorphisms are variation in a given DNA sequence. One type of these, simple-

sequence repeats (SSRs) are commonly known as microsatellites, or sequential tandem 

repeats of 1-13bp
103

. “Satellite” sequences are highly repetitive elements in the genome 

usually containing 100 or more nucleotides in any particular region
104

. They were 

originally identified through denaturation-renaturation experiments on mouse genomic 

DNA enabling C0t-based DNA fractionation
105

, because repetitive DNA sequences have 

a different AT/GC content than bulk DNA
106

. The term “satellites” was thus coined 

because this subset of repetitive DNA was found in a DNA fraction that would sediment 

as a strong, localized band versus the other DNA in the CsCl density gradients
105

. More 

recently, microsatellites are detected via PCR amplification and DNA sequencing
103

.  
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Generally found in non-coding DNA regions and once regarded as junk DNA, a number 

of microsatellite sequences have been implicated in disease
15

. But how do these often 

vast repeat expansions arise in the genome? And why is a particular tetra-nucleotide 

(GGAA) microsatellite associated with Ewing sarcoma, while numerous tri-nucleotide 

microsatellites cause neurodegenerative diseases?  

 

Direct sequencing evidence demonstrates that higher eukaryotes have genomes abundant 

in non-coding DNA. Because most human genes are expressed at relatively low levels, it 

appears there has been little selection pressure to reduce intron size for most human 

genes, thus accounting for the prevalence of repeat regions like microsatellites. Simple-

sequence/satellite DNA makes up about 6% of the human genome, and may be generated 

by “backward slippage” of the daughter strand onto the template strand during 

replication. Part of this particular theory of microsatellite formation is that shorter repeats 

expand until a critical length, at which point they begin to contract
105

. Additionally, 

length variability (polymorphisms) observed between individuals within a species or a 

given population is likely due to unequal crossing-over during meiosis
103

.  

 

Mechanistically, however, meiotic recombination rate appears to be independent of the 

presence or absence of microsatellites (meiotic hotspots). Individual microsatellite 

polymorphisms and SNPs (small insertions/deletions in the DNA occurring about once 

every 1000 base pairs) have been especially useful in forensic medicine, positional 

cloning, and in disease genetics
103,105

. For example, microsatellite marker PCR assays 
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have been extensively used and validated in paternity testing and criminal investigation. 

They have also been used to detect and quantify transplant chimerism in allogeneic bone 

marrow transplants
107

.  Additionally, the genetic heritability of both microsatellites and 

SNPs has enabled identification of DNA markers associated with disease 

susceptibility
103

.   

 

While microsatellites can contribute to a disease state regardless of whether they contain 

tri- or tetra-nucleotide repeats, it is believed that the ability of the sequence to form 

secondary structures and interfere with DNA replication/repair/recombination is more 

indicative of the contribution of genomic expansion to disease
105

. Of note however, only 

tri-nucleotide repeat expansions can occur in coding regions, keeping the sequence in 

frame. These occur in neurodegenerative disorders such as Huntington Disease and 

Spinocerebellar Ataxia. Longer microsatellites are generally more unstable. Expanded 

microsatellites acting as recessive mutations through interference with gene function or 

expression is relatively rare, while microsatellite expansion that behaves as dominant 

mutations are a much more frequent disease-contributor of these repetitive elements
103

. 

For example, in Huntington’s disease, a CAG poly-glutamine expansion in the first exon 

of the HD gene creates toxic aggregates upon translation and protein synthesis. 

Duchenne’s Muscular Dystrophy (DMD) is characterized by a CUG repeat that interferes 

with normal mRNA splicing and has deleterious effects on nerve and muscle cell 

function
103

. Other tri-nucleotide repeats in non-coding sequences contributing to disease 
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states include Fragile X syndrome, Friedrich’s ataxia, Type I Myotonic Dystrophy 

(DM1), and progressive myoclonus epilepsy
105

. 

 

Disease-associated microsatellite expansions display a number of both interesting 

commonalities and disparaging differences that give rise to the respective 

pathophysiology for each. For example, sequence-specific (CCG vs. CTG) tri-nucleotide 

repeats have been shown to inhibit or enhance, respectively, nucleosome formation. 

Additionally, microsatellites occur in promoters or near promoters more than would be 

expected simply by chance alone, suggesting a potential role in transcriptional 

regulation
108

. To collectively demonstrate the spectrum of their functional contribution to 

these disease states, the following table provides a brief review of a number of disease-

associated microsatellites (Table 1.4)
103,107,109

. 

 

Disease Microsatellite Gene Location 

Normal 

Range 

Disease 

Range 

Ewing sarcoma GGAA intergenic 

non-

coding 12-60 20-25 

Huntington's 

Disease CAG Huntingtin coding 6-35 40-121 

Spinocerebellar 

Ataxia CAG SCA1 coding 6-44 39-82 

Duchenne's 

Muscular 

Dystrophy CA dystrophin coding     

Fragile X 

syndrome CGG FMR1 5'-UTR 5-55 > 200 

Friedrich ataxia GAA FDRA Intron 1 34-100 

200-

1700 

Type I Myotonic 

Dystrophy CTG DMPK 3'-UTR 5-37 50-3000 

Table 1.4 Microsatellite-associated diseases 
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As seen in these disease examples, most diseases with microsatellite repeat expansions 

are comprised of sequences enriched in G and C nucleotides. Ironically, G and C 

nucleotides contribute increased stability to DNA Watson-Crick base-pairing. These 

examples demonstrate the frequent correlation of increasing numbers of disease-

associated microsatellite repeats with increasing disease severity. One mechanistic basis 

for this trend may be explained by microsatellite instability (MSI). 

 

Microsatellite instability refers to the expansion or loss of repeats in microsatellite 

regions due to defective mismatch repair caused by “stuttering” of the DNA polymerase. 

This stuttering is commonly referred to in the literature as “slippage,” though point 

mutations are actually more common and are frequently the cause of microsatellite 

alterations
104

. These repeat expansions and contractions generally occur in multiples of 

the repeat motif, as with the above examples
103,107

. MSI and CIN (chromosomal 

instability), or alterations in chromosomal number, can both result in cancer-initiating 

mutation events, however, they are mostly mutually exclusive in tumors
104

. Additionally, 

the few tumors that have actually been directly linked to microsatellite instability show 

little aneuploidy and hardly any CIN.  

 

Microsatellite analysis to observe global genomic instability, LOH, CNV, and mapping 

of tumor suppressor genes is routinely performed in sarcoma research. In Ewing sarcoma, 

EWS/FLI preferentially binds GGAA-microsatellite repeat DNA regions embedded 

within the promoter region upstream from the transcriptional start site of genes directly 
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bound and activated by EWS/FLI
15

. Importantly, this enrichment has been observed near 

directly up-regulated, but not down-regulated genes. EWS/FLI and wild type FLI are 

capable of binding to GGAA-microsatellites in vitro with similar efficiency, though 

activation only occurs through the chimeric fusion protein
15

. Moreover, GGAA-

microsatellite mediated transcription is not normally regulated by ETS family proteins in 

an in vivo setting. 

 

From an epidemiological standpoint, the incidence of Ewing sarcoma in African 

populations, independent of geographical location, is ten times less than in European 

populations. As microsatellites are often polymorphic throughout populations, our 

laboratory PCR-amplified and commercially sequenced the CAV1 and NR0B1 

microsatellite from the genomic DNA of 100 African and 100 European “normal” 

individuals
14

. The CAV1 total microsatellite length and repeat number showed little 

variation between Africans and Europeans, though it did display a high polymorphic rate 

overall. In addition to NR0B1 also being highly polymorphic, GGAA-microsatellites 

associated with this critical EWS/FLI target gene demonstrated significant differences 

between ethnic populations (Figure 1.5).  
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Figure 1.5 The NR0B1 GGAA-microsatellite, located about 1.5kb upstream of the 

NR0B1 transcriptional start site (TSS) 

 

Overall, about 40% of the African samples contained microsatellites with greater than 30 

GGAA-repeats, while the majority of the European samples contained a far more narrow 

range of 20-26 GGAA repeats, which we have dubbed the “sweet-spot”
14

. 

 

An interesting correlative of microsatellite length in Ewing sarcoma compared with other 

cancers and diseases is the suggestion of a length-dependent effect. While diseases such 

as Huntington’s, Friedrich Ataxia, and Myotonic Dystrophy all contain repeat expansions 

within a particular gene or genetic loci, GGAA-microsatellites in Ewing sarcoma are 

found genome-wide, demonstrating a binding preference for nine or more repeats
15,46

. 

Further, GGAA-motifs are found in the promoter regions of a number of different genes 

and are thought to play a role in regulating proteins involved in cellular differentiation, 

immune response, and endocrine systems
50

. 

 

As we strive in this work to understand these unique GGAA-microsatellites in a Ewing 

sarcoma context, one of the questions regarding length becomes whether it is the total 
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number of repeats, or the number of consecutive GGAA-motifs that is significant for 

enabling EWS/FLI-mediated activation
15

. Our “sweet-spot” finding facilitates proposal of 

a unique length-dependent model with novel implications for our global understanding of 

transcription factor biology.  

 

Goals of thesis 

Microsatellite repeats characterized by the motif GGAA serve as binding sites for 

EWS/FLI within the promoters of upregulated target genes in Ewing sarcoma
15

. 

Previously thought of as “junk DNA,” these microsatellites serve as response elements 

for EWS/FLI DNA binding with interesting genetic correlations and possible clinical 

implications. As an example, NR0B1 transcriptional upregulation by EWS/FLI is 

necessary for oncogenic transformation of Ewing sarcoma cell lines, with the EWS/FLI 

binding occurring at a nearby GGAA-microsatellite
43,46

. At the start of the enclosed 

studies, it was hypothesized that the number of consecutive repeats rather than the total 

number of motifs determines binding and increased transcriptional activity
15

. In 

accordance with this hypothesis, it was previously observed that transcriptional activity 

increases with increasing numbers of GGAA-motifs, and that EWS/FLI binds DNA 

comprised of 4-7 of these repeats as a homodimer
51

. These initial data gave rise to a 

cooperative model for Δ22 binding, with the FLI domain binding to and interacting with 

microsatellites (Figure 1.6). We therefore conjectured that increasing numbers of FLI 

molecules bound would result in an overall increase in binding affinity on the DNA.  
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Figure 1.6 Cooperative model for FLI binding at GGAA-microsatellites 

 

Prior to this body of work, both binding affinity and stoichiometric analysis of EWS/FLI 

at larger repeat regions had not been evaluated. Though the work presented herein has 

made strides in our understanding of this EWS/FLI-microsatellite interaction, additional 

exploration is still needed to characterize more precisely the biochemical mechanism of 

GGAA-microsatellites facilitating Ewing sarcoma oncogenesis, and to further evaluate 

whether clinical correlations exist.  
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Though it was previously shown in vitro that increasing numbers of contiguous GGAA-

repeats correlates with an increased number of bound EWS/FLI proteins in vitro
51

, no 

studies had been conducted on GGAA-microsatellites in Ewing sarcoma patients prior to 

this work.  

 

The overall objective of this thesis was to investigate the biochemical properties that 

dictate how EWS/FLI regulates activation of its targets. Our main hypothesis is that 

EWS/FLI transcriptionally regulates oncogenic transformation and subsequent tumor 

progression through site-specific and length-dependent binding to specific response 

elements. Understanding how EWS/FLI functions is critical for developing adequate 

therapies to target this previously “undruggable” oncoprotein. Additionally, it is hoped 

that results from these in-depth studies may also provide insight into the oncogenic 

transcriptional regulation of other pediatric cancers driven by fusion oncoproteins, such 

as MLL-rearranged leukemia. 

 

The work proposed herein evaluates the following aims:  

1) Determine to what extent GGAA-microsatellites function as enhancer response 

elements. Although GGAA-microsatellites were identified near promoters of EWS/FLI 

up-regulated genes
15

 and minimal clinical studies were performed comparing 

microsatellite length in African versus European populations
14

, no one has definitely 

proven the role of these microsatellites in Ewing sarcoma as EWS/FLI-specific response 
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elements prior to the enclosed work. To this end, studies in this work clarify the role of 

GGAA-microsatellites in EWS/FLI-mediated transcriptional activation. 

 

2) Elucidate the role of GGAA-motif length in driving transcriptional activation in 

Ewing sarcoma. Understanding why GGAA-microsatellite length correlates with 

increased disease susceptibility provides a unique and significant model for 

understanding oncogenesis in pediatric cancer. Further, biochemical characterization of 

EWS/FLI binding to GGAA-microsatellites suggests a potential sequence-specific 

mechanism by which EWS/FLI differentiates between transcriptional activation versus 

repression of its target genes. Additionally, study of a potential length-dependent effect in 

microsatellite function has broad biological implications that relate to a number of 

neurodegenerative and genetically devastating diseases involving microsatellite repeat 

regions.  

 

3) Determine whether GGAA-microsatellite characteristics are predictive of 

EWS/FLI responsiveness across the genome. In addition to biochemical and cell 

culture-based studies, this work utilizes bioinformatics and statistical analysis to both 

define microsatellites and to determine whether repeat number and other microsatellite 

features inform both binding and transcriptional regulation at these sites.  

 

Globally, this work expands our understanding of EWS/FLI-mediated transcriptional 

activation at GGAA-microsatellites. Additionally, it improves our mechanistic 
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knowledge concerning how GGAA-repeat length enables optimal binding and effector 

function. Specifically, we demonstrate that microsatellites are EWS/FLI bona fide 

activating response elements that are critical for Ewing sarcoma oncogenesis. 

Additionally, our data highlights a “sweet-spot” length of microsatellite that correlates 

with patient susceptibility, and elucidates a novel role for the EWS portion of the fusion 

in EWS/FLI binding of DNA. This study and future investigations relating to this body of 

work represent steps paramount to innovative therapeutic discovery as we strive to 

effectively combat Ewing sarcoma.  
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Abstract  

Numerous molecular abnormalities contribute to the genetic derangements involved in 

tumorigenesis. Chromosomal translocations are a frequent source of these derangements, 

producing unique fusion proteins with novel oncogenic properties. EWS/ETS fusions in 

Ewing sarcoma are a prime example of this, resulting in potent chimeric oncoproteins 

with novel biological properties and a unique transcriptional signature essential for 

oncogenesis. Recent evidence demonstrates that EWS/FLI, the most common EWS/ETS 

fusion in Ewing sarcoma, upregulates gene expression using a GGAA microsatellite 

response element dispersed throughout the human genome. These GGAA microsatellites 

function as enhancer elements, are sites of epigenetic regulation and are necessary for 

EWS/FLI DNA binding and upregulation of principal oncogenic targets. An increasing 
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number of GGAA motifs appear to substantially enhance EWS/FLI-mediated gene 

expression, which has compelling biological implications as these GGAA microsatellites 

are highly polymorphic within and between ethnically distinct populations. Historically 

regarded as junk DNA, this emerging evidence clearly demonstrates that microsatellite 

DNA plays an instrumental role in EWS/FLI-mediated transcriptional regulation and 

oncogenesis in Ewing sarcoma. This unprecedented role of GGAA microsatellite DNA in 

Ewing sarcoma provides a unique opportunity to expand our mechanistic understanding 

of how EWS/ETS fusions influence cancer susceptibility, prognosis and transcriptional 

regulation. 

 

Introduction 

Aberrant chromosomal translocations are common observations in cancer and in many 

instances these events give rise to chimeric fusion products with novel biological and 

cellular functions. Many of these chimeric fusion proteins function as oncogenic 

transcription factors, essential for cellular transformation and/or critical malignant 

cellular phenotypes
110,111

. Ewing sarcoma is a highly aggressive bone associated 

malignancy primarily affecting children and young adults, ubiquitously characterized by 

and derived from a balanced chromosomal translocation
1,112

. Ewing sarcoma belongs to a 

larger class of malignancies referred to as sarcomas, a term ascribed to a heterogeneous 

grouping of tumors derived from, or highly associated with connective tissue elements 

and mesenchymal precursors (Figure 2.1). Ewing sarcoma is an aggressive malignancy, 

with significant metastatic potential. Roughly 20% of patients present clinically with 
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detectable metastatic disease, where survival ranges from 60-75% in patients with 

localized disease and plummets to <20% in those with local recurrence or metastatic 

disease
21,112

.  

 

 
Figure 2.1 Ewing sarcoma is an aggressive bone associated malignancy characterized by 

chromosomal translocations. 

(A) Classic radiographic appearance of Ewing sarcoma: an expansile, destructive 

lesion (outlined by white arrows) of the femoral diaphysis (shaft) in a skeletally 

immature patient. Ewing sarcomas can also present as an isolated soft tissue mass, 

although this is less common. (B) 400X magnification of a Hematoxylin and Eosin 

(H & E) stained section from a Ewing sarcoma tumor. Microscopically, these 

tumors are characterized by sheets of small round cells with a high nuclear-to 

cytoplasmic ratio. (C) Break-apart Fluorescence in situ Hybridization (FISH) 

showing EWSR1 rearrangements in 84% of tumors cells, confirming the diagnosis 

of Ewing sarcoma. Dual, non-overlapping, 5’-EWSR1 probes (red) and 3’-EWSR1 

probes (green) detect the presence of a chromosomal rearrangement; when the red 

and green probes are split into two distinct signals (white arrows) a chromosomal 

rearrangement is identified, whereas an orange signal indicates an intact EWSR1 

locus. 
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Virtually all Ewing sarcoma tumors harbor a somatic translocation, fusing the EWSR1 

gene (encoding the EWS protein) on chromosome 22 with a member of the ETS family 

of transcription factors, most commonly FLI1 (encoding the FLI protein), located on 

chromosome 11 [t(11;22)(q24;q12)]. The EWS/FLI fusion product is observed in 80-85% 

of cases, with highly related fusions such as EWS/ERG, EWS/FEV, EWS/ETV1 and 

EWS/ETV4 occurring less frequently (reviewed in Sankar and Lessnick, 2011)
113

. In 

Ewing sarcoma, chimeric EWS/ETS fusion products function as an aberrant oncogenic 

transcription factor, mediated by the transcriptional activating amino-terminus of EWS 

fused in frame to the DNA binding carboxy-terminus of the ETS transcription factor 

(Figure 2.2). Numerous studies have since confirmed that malignant transformation in 

Ewing sarcoma is dependent on EWS/ETS fusions and consequently, these chimeric 

oncoproteins are regarded as critical upstream regulators of the transcriptional hierarchy 

in this cancer
39,75,114

. The prevailing influence of EWS/FLI in Ewing sarcoma provides a 

unique opportunity to further characterize the oncogenic properties of EWS/ETS 

proteins, with hope that this growing body of knowledge will allow for a greater 

understanding of the molecular basis of oncogenesis and facilitate the development of 

more targeted, clinically efficacious therapy for this devastating malignancy. 

ETS family of transcription factors 

The ETS (E-twenty-six) transcription factors belong to a family of highly evolutionarily 

conserved DNA binding proteins instrumental for a variety of critical cellular processes 

including proliferation, cellular differentiation, angiogenesis, lymphoid cell development, 

apoptosis and cell migration (reviewed in ref
115

). Given these important functions, it is of 
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no surprise that dysregulation of numerous ETS family members is commonly observed 

in cancer. For example, in 50-70% of prostate cancers, chromosomal rearrangements 

involving ETS-members have been observed
116,117

. In many instances, these 

rearrangements position the androgen-receptor regulatory element, TMPRSS2, directly 

upstream of the ETS-member, ERG, resulting in a hormone-driven overexpression of this 

transcription factor in prostate cells
116

. In contrast, as this review will expand upon, 

fusion of the ETS-DNA binding to the transcriptional activating domain of EWS in 

Ewing sarcoma results in a transcription factor with unique biological properties 

responsible for oncogenic transformation
3,8,75

.  

 

 

Figure 2.2 EWS/ETS fusions in Ewing sarcoma.  

EWS/FLI fusions comprise 80-85% of all translocations in Ewing sarcoma. 

Translocations involving other ETS family members such as ERG, ETV4, ETV1 



 

44 

 

and FEV1 are less common. In all instances, the transcriptional activating domain 

(TAD) in the N-terminus of EWS is fused to the C-terminal DNA binding domain 

(DBD) of the ETS family member. The resultant chimeric fusion protein functions 

as a potent oncogenic transcription factor responsible for tumorigenesis in Ewing 

sarcoma. 

 

Twenty-eight distinct ETS-family members have been identified in humans, which are 

further categorized into four ETS-subfamilies of more highly related members
49,118

. 

Common to all ETS-family members is a highly conserved DNA binding domain referred 

to as the ‘ETS domain.’ Structurally, this ‘ETS domain’ is a winged helix-turn-helix DNA 

binding domain composed of about 85 amino acids
119

. This highly conserved DNA 

binding domain permits binding of ETS-family members to an invariable GGAA/T core 

DNA target, flanked by nucleotides which facilitate specific ETS-member targeting and 

cooperative protein-protein interactions
49,120,121

. Two general categories of ETS binding 

sites have been characterized, which include a high-affinity ETS consensus site located 

20-40bp upstream of the transcriptional start site and a lower affinity consensus site 

further upstream in the promoter/enhancer element
49,118

. The high-affinity ETS consensus 

sites afford redundant ETS-member occupancy and gene regulation, are protected from 

DNA methylation and are associated with basal housekeeping genes.  In comparison, the 

low-affinity sites are modified by simple flanking base substitutions, are frequently 

adjacent to binding sites for other cooperative transcription factors and are felt to provide 

a mechanism where individual ETS-members can regulate a distinct cell or tissue-

specific transcriptional signature
49,54,118

. 
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EWS/FLI in Ewing Sarcoma 

EWS/FLI and EWS/ERG fusions compromise 80-85% and 5-10% of translocations 

observed in Ewing sarcoma, respectively
3,113

. Wild-type FLI and ERG are closely related 

proteins grouped within the ETS class I subfamily. As with other ETS-members, they 

bind DNA with preference for the traditional ETS high-affinity consensus sequence 

(ACCGGAAGT) via the highly conserved C-terminal ‘ETS domain’ and possess a weak 

N-terminus transcriptional activating domain
37,75

. Both function as important regulators 

of hematopoiesis, B-cell development and vasculogenesis
122–124

. Given the predominance 

of EWS/FLI fusions in Ewing sarcoma, the biology of wild type and fusion-associated 

FLI has been most thoroughly characterized. In contrast, the precise biology of wild type 

EWS remains ill-defined, however reports indicate wild type EWS functions as an RNA 

binding protein and participates in alternative RNA splicing
125–127

.  

Functional investigations over the last two decades clearly demonstrate that the biological 

properties of the EWS/FLI chimera are vastly distinct from wild-type FLI. For instance, 

while both FLI and EWS/FLI share affinity for the ETS consensus site, the EWS/FLI 

chimera is a substantially more potent transcriptional activator than wild-type FLI
8,75

. 

Additionally, ectopic expression of EWS/FLI in NIH 3T3 fibroblasts induces oncogenic 

transformation whereas wild-type FLI does not
8
. Silencing of EWS/FLI expression in 

patient-derived Ewing sarcoma cell lines reverses the oncogenic phenotype
43,114

. 

Interestingly, wild-type FLI is not expressed in Ewing sarcoma cells
114

. Furthermore, the 

transcriptional signature and genomic targeting of EWS/FLI in Ewing sarcoma is 
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markedly different from wild-type FLI
128

, despite a shared affinity for ETS consensus 

sites
8,51

.  

EWS/FLI fusions mediate gene dysregulation via a GGAA microsatellite response 

element 

Genome-wide microarrays have identified >1000 EWS/FLI-regulated genes, including 

indirect and direct gene targets
43,114,129

. Interestingly, ~80% of these are down-regulated 

targets.  Subsequent chromatin immunoprecipitation approaches, including ChIP-chip 

and ChIP-seq have further characterized many direct EWS/FLI targets
15,46,128

. Many of 

the identified up- and down-regulated targets are associated with oncogenic processes 

described in a variety of other cancer models. However, the most highly regulated and 

bound target observed across multiple data sets is the gene NR0B1 (also called 

DAX1)
43,46,114

. NR0B1 is an orphan nuclear receptor, a member of the sex-steroid 

receptor family, and is important for development of the hypothalamus-pituitary-adrenal-

gonadal axis and sex determination
130,131

. NR0B1 has no prior associated role in 

oncogenesis, which is compelling given the results of the aforementioned microarray and 

ChIP-chip datasets. Interestingly, NR0B1 is not bound or transcriptionally regulated by 

wild-type FLI
128,132

. Numerous independent reports have further validated that NR0B1 is 

upregulated, a direct EWS/FLI target, and highly expressed in Ewing sarcoma. 

Additional functional assessments have shown that in patient-derived Ewing sarcoma cell 

lines, dysregulated NR0B1 expression is necessary for oncogenic 

transformation
15,43,46,132,133

.   
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Genome-wide localization studies have established that EWS/FLI highly occupies the 

NR0B1 promoter. Mutational experiments have further demonstrated that a 500bp region, 

roughly -1.6kb upstream from the NR0B1 transcriptional start site is required for 

EWS/FLI-mediated DNA binding and gene activation
15

. Within this 500bp region is a 

102bp microsatellite characterized by a series of repetitive GGAA tetra-nucleotide 

repeats. Numerous investigations have demonstrated that EWS/FLI-mediated binding and 

activation of NR0B1 is dependent on this repetitive element
15,46,133

. Interestingly, the 

highly enriched NR0B1 promoter does not contain the traditional high-affinity ETS 

consensus site (ACCGGAAGT)
15,46

. Luciferase reporter constructs and electrophoretic 

mobility shift assays (EMSA) have further validated the in vitro specificity and affinity of 

EWS/FLI for both the 102bp NR0B1 GGAA microsatellite and similar synthetic GGAA 

microsatellite constructs
15,51

. This data provides compelling evidence that the GGAA 

microsatellite of the NR0B1 promoter functions as an “EWS/FLI response element,” 

necessary for DNA binding and gene activation. Of the twenty-eight distinct ETS-

members in humans, only 5 have been observed in chromosomal rearrangements with 

EWS in Ewing sarcoma (EWS/FLI, EWS/ERG, EWS/FEV, EWS/ETV1 and 

EWS/ETV4). All of these related fusion proteins are capable of binding the 102bp 

NR0B1 GGAA microsatellite and activate gene expression
15,51

. Wild-type ETS-members 

can also bind the GGAA microsatellite; however, unlike EWS/ETS fusions, binding to 

these elements does not activate gene expression
51

. 
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Microsatellite constitution influences EWS/FLI binding and gene activation  

ETS family members are commonly known to bind DNA in a monomeric configuration 

with a characteristic DNAase I footprint of 14-15bp, although only 9-10bp are required 

for sequence specificity
134

. At the aforementioned high-affinity DNA sites, ETS-

members bind as monomers, whereas at the lower-affinity, divergent DNA sites, ETS-

members often bind as heterodimers in a cooperative fashion with other cell/lineage 

specific transcription factors
49

. In Ewing sarcoma, EWS/FLI appears to bind to GGAA 

microsatellites as a homodimer and requires a minimum of 4 consecutive GGAA motifs 

(16bp) for binding and gene activation
15,51

. Importantly, beyond a threshold of 4-6 

repeats, an increasing number of GGAA motifs results in a proportional increase in 

EWS/FLI-mediated gene expression in both synthetic reporter constructs and bona fide 

targets, such as NR0B1 (Figure 2.3)
15,46,51,128,132,133

. Genome-wide localization data 

further supports these observations, as sites of EWS/FLI enrichment are greatest in 

regions with microsatellite elements containing 12-14 consecutive GGAA motifs
46,128

.  
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Figure 2.3 EWS/ETS fusion proteins bind DNA and regulate gene expression via a 

GGAA microsatellite response element.  

 

(A) In luciferase reporter constructs, all five EWS/ETS fusions can activate gene 

expression via the 102bp NR0B1 microsatellite. (B) Using similar reporter constructs, an 

increasing number of GGAA motifs, beyond a threshold of four, results in increased gene 

expression. Panel A reproduced with permission from Gangwal et al., Genes Cancer. 

2010 February 1; 1(2): 177–187
51

. 

 

Collectively, these findings demonstrate an unprecedented role for microsatellite 

elements as direct EWS/FLI-transcriptional response elements in Ewing sarcoma. 

Because an increasing number of GGAA motifs substantially augments target gene 

expression, it is possible that the EWS/FLI chimeric protein has an increased affinity for 

larger microsatellites.  Alternatively, larger microsatellites may facilitate the recruitment 

of additional EWS/FLI homodimers to produce a synergistic effect on transcriptional 

activation.  Further studies are needed to evaluate these potential mechanisms (Figure 

2.4). 



 

50 

 

 

Figure 2.4 The EWS/FLI chimera possesses unique DNA binding affinities and 

biological properties distinct from native ETS family members.  

 

 

Both high- and low-affinity ETS DNA binding sites are characterized by a core 

ACCGGAA/T consensus sequence facilitating both ETS-redundant and ETS-divergent 

transcriptional regulation. In Ewing sarcoma, EWS/FLI also binds the traditional ETS-

consensus sequence, but shows increased preference for a GGAA-containing 

microsatellite. In certain upregulated targets, this GGAA microsatellite response element 

is required for DNA binding and gene activation, which proportionately increases with an 

increasing number of GGAA motifs. “TF” = transcription factor. 

 

GGAA microsatellites identify other potential EWS/FLI targets and epigenetically 

regulated enhancer loci  
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The compelling evidence linking EWS/FLI-mediated transcriptional regulation of NR0B1 

in Ewing sarcoma to a GGAA microsatellite response element prompted the hypothesis 

that additional GGAA microsatellite containing genes may be critical targets for 

oncogenic transformation or other cancer-related phenotypes. By comparing EWS/FLI 

transcriptional microarray data-sets with genome-wide EWS/FLI localization data, 

numerous microsatellite-containing direct EWS/FLI targets have been identified
15,40,46,128

. 

For examples, in ChIP-chip experiments, a promoter microarray was used to assess ~ 

17000 promoters spanning -5.5.kb to 2.5kb relative to the transcriptional start site, which 

identified ~ 900 direct targets.  Of the top 134 EWS/FLI-bound genes, a GGAA 

microsatellite was identified in the promoter region of 12 genes
15

. As previously 

mentioned, the NR0B1 promoter was the most highly enriched region, while the 

remaining GGAA microsatellite-containing genes were dispersed throughout the top 134 

bound targets in no particular rank distribution. Caveolin-1 (CAV1) was another GGAA 

microsatellite containing EWS/FLI target and encodes a critical membrane-associated 

protein involved in clathrin-independent endocytosis
135

. Dysregulation of CAV1 has been 

associated with the metastases in other cancer models
136

 and expression of CAV1 is 

necessary for maintenance of oncogenic transformation in patient-derived Ewing sarcoma 

cell lines
137

. Using a comprehensive computational mapping of the human genome 

screening for GGAA microsatellites, another GGAA microsatellite-containing, 

upregulated target, GSTM4, was identified. GSTM4 belongs to a family of glutathione 

detoxifying enzymes and in patient-derived Ewing sarcoma cell lines, GSTM4 expression 

is necessary for maintenance of oncogenic transformation
40

. Overexpression of this 
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protein also increases chemoresistance to a chemotherapeutic agent commonly used in 

Ewing sarcoma, etoposide
40

. Additionally, in a small clinical series, increased expression 

of GSTM4 in primary Ewing tumors was associated with a lower overall survival
40

. 

Other microsatellite-containing, direct EWS/FLI targets such as CACNB2, FEZV1, 

FCGRT, FVT1/KDSR, ABHD6 and KIAA1797 have also been identified, although the 

functional importance of these targets in Ewing sarcoma has not been determined
15,46

. 

In the ChIP-seq data-set reported by Guillon et al.,
46

 a total of 246 EWS/FLI occupied 

regions were identified, 104 of which were characterized by a GGAA microsatellite. The 

vast majority of EWS/FLI occupancy was localized to intergenic regions (59%), with less 

frequent occupancy within gene introns, exons and promoter elements. Utilizing 

published transcriptional microarray data-sets, it was determined that 60% of EWS/FLI-

specific binding was located within 2Mb upstream of the transcriptional start sites of 

upregulated EWS/FLI targets. Additionally, the distance of the GGAA microsatellite 

from the transcriptional start site did not correlate with the rank order of gene 

upregulation in these transcriptional microarrays. Instead, as predicted from numerous in 

vitro assays, the number of GGAA motifs within the microsatellite had a greater 

influence on EWS/FLI occupancy and gene expression, which was most pronounced at 

genomic sites with >9 GGAA motifs
46

. In a more recent genome-wide localization study 

by Patel et al.,
128

 a combination of ChIP-seq and formaldehyde-assisted isolation of 

regulatory elements (FAIRE) produced a detailed mapping of EWS/FLI enrichment sites: 

40% of EWS/FLI binding sites contained a GGAA microsatellite, >60% of these 

microsatellite elements were located within intergenic regions and global EWS/FLI-
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enrichment favored microsatellite elements containing 8-14 consecutive GGAA motifs. 

Greatest enrichment was localized to a region containing a total of 25 GGAA motifs, 

which corresponded to the NR0B1 promoter. A fascinating observation from this data-set 

was that EWS/FLI modifies the local chromatin structure at these GGAA microsatellites, 

characterized by a nucleosome-deplete enhancer-like signature. Silencing of EWS/FLI 

rapidly restored nucleosome occupancy and a closed chromatin configuration at these 

GGAA microsatellites
128

.  

Collectively, these experiments demonstrate three important mechanistic functions of 

GGAA microsatellites in Ewing sarcoma: first, as response elements instrumental for 

direct EWS/FLI-mediated transcriptional regulation of important oncogenic targets such 

as NR0B1, CAV1 and GSTM4; secondly, the spatial relationship of these GGAA 

microsatellites to upregulated targets strongly suggests these elements possess an 

enhancer-like function; and finally, these microsatellite elements are regions of 

EWS/FLI-mediated chromatin modification, facilitating a unique transcriptional signature 

in Ewing sarcoma. 

The NR0B1 microsatellite: a functional assessment tool in Ewing sarcoma research  

The affinity of EWS/FLI for the NR0B1 GGAA microsatellite and subsequent gene 

activation mediated by this interaction is well established
15,46,51,128,132,133

. Consequently, 

the NR0B1 GGAA microsatellite response element has become a useful molecular tool in 

Ewing sarcoma research. Since EWS/FLI is regarded as the principal upstream oncogenic 

transcription factor in Ewing sarcoma, it is a desirable target for drug development. High-
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throughput drug and small peptide library screening protocols are effective strategies to 

simultaneously assess large numbers (10,000 – 50,000) of therapeutic agents potentially 

active against EWS/FLI. Reporter constructs using the NR0B1 promoter are now 

routinely used as a sensitive measure of EWS/FLI inhibition and have assisted in the 

identification and a more detailed assessment of new drugs and small peptide 

inhibitors
138–140

. Since the precise cell of origin in Ewing sarcoma remains obscure 

(reviewed in ref
141

), forced expression or repression of EWS/FLI in patient-derived 

Ewing sarcoma cell lines and other heterologous systems is commonly employed to 

assess various cellular pathways of perceived importance in transformation and malignant 

phenotypes. The NR0B1 promoter provides an ideal positive control for various systems 

of inducible EWS/FLI expression (unpublished data). 

Microsatellite DNA in Cancer pathogenesis  

Microsatellite DNA constitutes roughly 3% of the human genome, mostly in non-coding 

regions
142

. Traditionally, these repetitive elements have been regarded as “junk DNA,” 

with an undetermined genetic function. Microsatellite DNA has been previously 

investigated as a potential marker of cancer susceptibility, genomic instability, and 

prognosis. However, the direct influence of GGAA microsatellite response elements on 

EWS/FLI-mediated transcriptional regulation of critical targets genes defines a 

completely novel role of microsatellite DNA in oncogenesis.  

Microsatellite instability (MSI) refers to a change in repeat length of microsatellite DNA, 

typically due to loss of heterozygosity in genes coding for the DNA mismatch repair 
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(MMR) system. In hereditary non-polyposis colorectal carcinomas (HNPCC) and 

sporadic colorectal carcinomas, inherited or acquired alterations of the DNA mismatch 

repair system give rise to a mutator phenotype characterized by length expansions or 

contractions of multiple mono- and di-nucleotide microsatellites, respectively
143–145

. MSI-

positive colorectal tumors possess defined biological attributes, such as a more common 

location in the proximal colon, increased patient survival and favorable patterns of 

chemosensitivity
144–146

. Detection of MSI and defects in the DNA mismatch repair 

system in colorectal cancer has become instrumental for the diagnosis of HNPCC, 

whereas in sporadic colorectal carcinomas, MSI provides an important prognostic 

molecular marker
147,148

. However, instability of these microsatellite sequences is more a 

manifestation of cancer-related genomic instability and these genetic elements do not 

appear to mediate specific oncogenic transcriptional signatures. Microsatellite instability 

has also been assessed in Ewing sarcoma, although with discordant findings
149–151

. Since 

it is now known that the number of GGAA motifs clearly influences EWS/FLI-mediated 

gene expression in Ewing sarcoma, the determination of MSI in these EWS/FLI 

microsatellite response elements warrants renewed assessment.  

In addition to MSI, microsatellite polymorphisms associated with various genetic loci 

have also been associated to cancer susceptibility and pathogenesis. In breast cancer for 

example, overexpression of the epidermal growth factor receptor, EGFR, is a common 

finding in invasive ductal carcinomas, where EGFR-positive tumors represent an adverse 

prognostic marker
152,153

. A dinucleotide CA-microsatellite within intron 1 of EGFR has 

been identified and length-polymorphisms of this microsatellite have been shown to 
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correlate with basal transcription levels of EGFR
154

; however, a direct mechanistic 

understanding of this association remains unclear. In prostate cancer, a CAG tri-

nucleotide has been identified in the first exon of the androgen receptor gene, coding for 

a polyglutamine tract in the translated protein. An increasing number of CAG motifs has 

been shown to reduce the transcriptional activity of the androgen receptor
155

. 

Polymorphisms of this polyglutamine tract in the androgen receptor also appear to be 

predictive of cancer susceptibility and prognosis: androgen receptors with a CAG 

microsatellite of 16 CAG motifs are associated with a lower disease incidence and less 

aggressive tumor biology in those with the disease
156,157

. One of the most common tumor 

suppressors, p53 has been shown to regulate the transcriptional regulation of one of its 

targets, PIG3 using a microsatellite response element. However to date, no functional 

role for PIG3 has been defined in tumorigenesis
158,159

. 

Polymorphic EWS/FLI GGAA microsatellites: a novel approach to ethnic patterns 

of Ewing sarcoma susceptibility and prognosis  

At present, compared to many other cancer models, the genetic and environmental risk 

factors for the development of Ewing sarcoma remain obscure
11

. For unknown reasons, 

considerable ethnic variation exists in the incidence of Ewing sarcoma: the incidence of 

Ewing sarcoma is greatest in European populations, which is 10- and 2-fold greater than 

populations of African and Asian descent, respectively
160,161

. This discrepancy is 

independent of geographic location, suggesting a strong genetic influence for these 

observations
160

. Additionally, a recent database of >1700 patients with Ewing sarcoma 
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demonstrated lower overall survival rates in African and Asian populations
162

. To date, 

no studies have conclusively explained these epidemiological patterns
11,163,164

. 

By virtue of the repetitive constitution of microsatellite DNA and the predilection of 

these repetitive elements for non-coding locations, mutational events have rendered 

microsatellite DNA highly polymorphic in the human population
142,165

. Microsatellite 

polymorphisms are routinely used in the assessment of heredity, and phylogenetic 

mapping of ethnically distinct human populations
166

. Given the mechanistic importance 

of GGAA microsatellites in EWS/FLI-mediated gene regulation, we hypothesized that 

polymorphic GGAA microsatellites within and between ethnically distinct human 

populations may exist, providing a potential explanation for the aforementioned patterns 

of Ewing sarcoma susceptibility and prognosis. The GGAA microsatellites of the NR0B1 

and CAV1 promoters were sequenced from 100 unaffected subjects of European and 

African descent. Our initial hypothesis favored larger GGAA microsatellites in 

Europeans given the disproportionately high incidence of Ewing sarcoma in this 

population. 

Results from this study demonstrated that the NR0B1 and CAV1 GGAA microsatellites 

were highly polymorphic in both European and African populations. The NR0B1 

microsatellite was substantially more polymorphic than CAV1 in both populations, where 

the number of GGAA motifs ranged from 16-60 and 14-72 in Europeans and Africans, 

respectively. Additionally, while the characteristics of the CAV1 promoter microsatellites 

were similar across both populations, the NR0B1 microsatellite in African subjects was 
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significantly larger, harboring more repeat motifs, a greater number of repeat segments, 

and longer consecutive repeats, than in European subjects.  The vast majority (>85%) of 

European NR0B1 microsatellites were tightly clustered around smaller repeats ranging 

from 16-26 GGAA motifs, whereas 40% of African microsatellites were characterized by 

large, multi-segment repeats ranging from 30-72 GGAA motifs (Beck et al., Cancer 

Genetics, in press). These results were opposite to our original hypothesis, but 

considering the transcriptional implications of an increasing number of GGAA motifs in 

these EWS/FLI response elements, these results provoke several biologically intriguing 

hypotheses: It is possible that the massive NR0B1 microsatellites commonly observed in 

Africans do not permit a stoichiometrically favorable environment for EWS/FLI binding 

and are therefore protective of EWS/FLI-mediated NR0B1 gene activation. Alternatively, 

these large repeats may facilitate a toxic level of NR0B1 expression and permit 

premature cellular termination in the presence of EWS/FLI. It is also possible that the 

increased number of GGAA motifs observed in Africans has no influence on Ewing 

sarcoma susceptibility but instead supports an enhanced oncogenic potential of affected 

cells, contributing to the lower survival rates observed in African populations. 

Polymorphisms of the NR0B1 GGAA microsatellite have been observed across the 

various Ewing sarcoma cell lines, ranging from 16 – 26 motifs, which approximates the 

distribution repeats observed in Europeans. NR0B1 mRNA levels in the various cell lines 

is tightly correlated with the number of GGAA motifs
133

. Based on this information, it is 

possible that EWS/FLI has preference for a narrow range of GGAA repeats in the NR0B1 

microsatellite, a so-called “sweet spot” with a GGAA-configuration conducive to 
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maximal EWS/FLI-mediated gene up-regulation. Given the highly polymorphic nature of 

the NR0B1 microsatellite within and across ethnically distinct populations, functional 

assessment of these massive repeats is needed. Correlating polymorphisms of the NR0B1 

GGAA microsatellite in tumor samples with clinical parameters such as overall survival, 

metastatic burden, anatomic location and chemosensitivity may provide valuable 

information and lend to the development of GGAA microsatellite polymorphisms as 

prognostic biomarkers in Ewing sarcoma.  

Conclusions  

Chromosomal translocations are common molecular events in cancer, often producing 

novel fusion proteins with oncogenic properties. EWS/ETS chimeras in Ewing sarcoma 

are prototypical fusion products with unique DNA binding and regulatory properties 

responsible for tumorigenesis. A fascinating emergent property of EWS/ETS chimeras is 

their ability to directly modulate gene expression and the local chromatin environment 

via a tetra-nucleotide, GGAA microsatellite. This not only highlights how chimerism 

vastly alters the biological attributes of involved ETS-members, but also brings to 

attention a completely unappreciated role of microsatellite DNA in oncogenic 

transcriptional regulation. GGAA microsatellites have enabled the identification of novel 

target genes and have become important molecular tools in Ewing sarcoma research. 

These GGAA microsatellites are also highly polymorphic in human populations, and 

given that EWS/ETS-mediated gene expression is highly dependent on the length of these 

repetitive elements, GGAA microsatellite polymorphisms may also provide a unique 
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opportunity to improve our mechanistic understanding of disease susceptibility and 

prognosis in Ewing sarcoma. Certainly, in Ewing sarcoma, elements once regarded as 

“genomic junk,” are proving to play a fundamental role in EWS/ETS-mediated 

oncogenesis. 
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Abstract 

Background: The genetics involved in Ewing sarcoma susceptibility and prognosis are 

poorly understood. EWS/FLI and related EWS/ETS chimeras upregulate numerous gene 

targets via promoter-based GGAA-microsatellite response elements. These 

microsatellites are highly polymorphic in humans, and preliminary evidence suggests 

EWS/FLI-mediated gene expression is highly dependent on the number of GGAA motifs 

within the microsatellite.  

Objectives: Here we sought to examine the polymorphic spectrum of a GGAA-

microsatellite within the NR0B1 promoter (a critical EWS/FLI target) in primary Ewing 

https://doi.org/10.1371/journal.pone.0104378
https://doi.org/10.1371/journal.pone.0104378
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sarcoma tumors, and characterize how this polymorphism influences gene expression and 

clinical outcomes.  

Results: A complex, bimodal pattern of EWS/FLI-mediated gene expression was 

observed across a wide range of GGAA motifs, with maximal expression observed in 

constructs containing 20-26 GGAA motifs. Relative to white European and African 

controls, the NR0B1 GGAA-microsatellite in tumor cells demonstrated a strong bias for 

haplotypes containing 21-25 GGAA motifs suggesting a relationship between 

microsatellite function and disease susceptibility. This selection bias was not a product of 

microsatellite instability in tumor samples, nor was there a correlation between NR0B1 

GGAA-microsatellite polymorphisms and survival outcomes.  

Conclusions: These data suggest that GGAA-microsatellite polymorphisms observed in 

human populations modulate EWS/FLI-mediated gene expression and may influence 

disease susceptibility in Ewing sarcoma. 

 

Introduction 

Ewing sarcoma is a prototypical chromosomal translocation-associated malignancy, in 

which virtually all cases harbor a balanced somatic translocation fusing the EWSR1 gene 

(EWS) to a member of the (E- twenty six) ETS-family of transcription factors, most 

commonly FLI1 (FLI)
5,113

. In fact, EWS/FLI and related EWS/ETS fusions are 

considered pathognomonic for the diagnosis of Ewing sarcoma. The EWS/FLI chimera 

product is a potent oncogenic transcription factor, characterized by fusion of a 

transcriptional-regulatory domain of EWS to the DNA binding domain of FLI
113

. 
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EWS/FLI is considered the master-regulator of oncogenesis in Ewing sarcoma, regulating 

numerous critical gene targets necessary for oncogenic transformation
114,129

.  

 

Genome-wide localizations studies utilizing ChIP-seq and ChIP-chip strategies have 

identified many direct EWS/FLI targets. A remarkable observation derived from these 

studies was a previously unrecognized affinity of the EWS/FLI chimera for a repetitive 

GGAA-microsatellite element embedded within promoter/enhancer regions of numerous 

upregulated gene targets
15,46,128,133

. Forty to fifty percent of genomic EWS/FLI binding 

sites are associated with these GGAA-microsatellites
128

 and EWS/FLI-mediated DNA 

binding and gene expression is dependent on these repetitive GGAA response 

elements
15,46,51

. These findings collectively demonstrate an unprecedented link between 

microsatellite DNA and transcriptional dysregulation in Ewing sarcoma. 

 

Microsatellite DNA tracts represent ~3% of the human genome and are commonly 

located in non-coding extra-genic regions
167

. The repetitive nature and non-coding 

position of these elements allows microsatellite DNA to experience a higher baseline 

mutational rate than coding DNA. Consequently, these genetic elements are highly 

polymorphic at both an individual and population level
168

. Recently it has been shown 

that the GGAA-microsatellites within two critical upregulated EWS/FLI-target genes 

(NR0B1 and CAV1) are highly polymorphic in healthy human subjects. Notably, 

significant length-dependent differences were observed comparing the NR0B1 GGAA-

microsatellite in white European and African populations
169

. This is significant as the 
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incidence of Ewing sarcoma is 10-fold less in African populations compared to white 

Europeans, irrespective of geographic location, suggesting a likely genetic influence
162

. 

Furthermore, NR0B1 is among the most highly upregulated EWS/FLI targets and is 

essential for oncogenesis in Ewing sarcoma
39,133

. 

 

Initial studies characterizing the biochemical properties of these GGAA-microsatellite 

response elements demonstrated EWS/FLI DNA binding and subsequent transcriptional 

activation is highly dependent on the number of GGAA motifs within in the 

microsatellite: A minimum of 4 GGAA motifs is required for initial DNA binding, and 

gene expression markedly increases in a length-dependent manner with additional GGAA 

motifs
15,51,170

. Importantly, these early biochemical studies only characterized the 

relationship of EWS/FLI DNA binding and gene expression over a small and narrow 

range of 1-11 GGAA motifs. It remains unclear how the substantially larger spectrum of 

GGAA-microsatellite polymorphisms, observed in human populations influences 

EWS/FLI-mediated transcriptional activity. The goal of the present study was to 

characterize the polymorphic spectrum of the NR0B1 GGAA-microsatellite in Ewing 

sarcoma tumors, define the biochemical properties of these GGAA length polymorphisms 

and to determine whether clinical outcomes are influenced by variations in these genetic 

elements. 
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Materials and Methods 

Ethics statement 

This study was approved by the University of Utah, Office for Research Integrity and 

Compliance prior to commencement. All patients enrolled in the Children’s Oncology 

Group (COG) study AEW0031 (or legal guardians) provided written informed consent 

prior to study enrollment, which included the use of patient samples and tissues for 

molecular studies. All patient samples analyzed in the present study were de-identified 

and re-identification of samples was strictly reserved for the COG Statistics and Data 

Center to perform the appropriate clinical outcomes analysis. This study was carried out 

in accordance with the Declaration of Helsinki. 

 

Patient samples 

Ewing sarcoma tissue samples were obtained from the Biopathology Center (Columbus, 

OH), which serves as the specimen bank for the Children’s Oncology Group. Patient 

demographics such as age, sex and race were self-reported by the patient (or legal 

guardians) at the time of study enrollment. Patients were instructed to identify their race 

as Caucasian, African American, Asian, Pacific Islander, American Indian or other. DNA 

from these tissue samples was extracted from OCT embedded tissue blocks or snap 

frozen tumors courtesy of Dr. Julie Bridge (University of Nebraska Medical Center, 

Omaha, NE). Approximately 20 nanograms of extracted genomic DNA also were 

commercially amplified using Qiagen’s REPLI-g service (Qiagen Genomic Services, 

Hilden, Germany) for whole genomic amplification (WGA).  
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A second cohort of 20 Ewing sarcoma tumor samples and matching bone marrow 

aspirates collected at our local institute were also obtained. Tissues were stored in FFPE 

blocks and 5-micron scrolls were cut from each block in triplicate. DNA was extracted 

using the RecoverAll
Tm

 Total Nucleic Acid Isolation Kit (Life Technologies, Carlsbad, 

CA). 

 

PCR sequencing 

Forward and reverse primers, flanking the NR0B1 GGAA-microsatellite loci were 

designed using promoter sequences obtained from the University of California Santa 

Cruz Human Genome Browser (http://genome.ucsc.edu/cgi-bin/hgGateway). All 

polymerase chain reaction (PCR) amplifications were performed using Pfx polymerase 

(Invitrogen, Grand Island, NY) in accordance with established laboratory protocols for 

microsatellite DNA. Each 25 mL PCR reaction consisted of 40-80 ng of genomic DNA, 

0.3 mM of forward and reverse primers, 1U of Pfx polymerase, 0.8 mM of each 

deoxyribonucleotide triphosphate, 1X Pfx buffer and 1X Pfx enhancer solution. PCR 

products were subcloned into competent DH5a E. coli, with each bacterial colony 

representing an individual PCR-amplification clone. Twelve clones for each subject were 

selected and commercially sequenced (Beckman Coulter Genomics, Danvers, MA). 

 

PCA analysis 
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NR0B1 GGAA-microsatellite sequence data for all samples were aligned using clustalx2.  

Because computational methods perform poorly on repetitive sequence, manual 

refinement was also necessary.  Alignments in the repetitive regions were anchored on 

eight different single nucleotide adenosine residues that partition the contiguous GGAA 

repeats from the largest observed GGAA-microsatellite.  The first 29 and last 50 bases of 

each raw sequence file were considered non-repetitive.  For each contiguous GGAA 

segment, the number of GGAA repeats was counted and the count of the base differences 

between each non-repetitive region and the consensus sequence was determined (gap 

weight = 0.25).  The pairwise distances between haplotypes were calculated as the 

squared Euclidian distance based on the 11 variable segments. Principal components 

analysis was performed using the MATLAB software package (The Mathworks, Natick, 

MA). 

 

Luciferase Experiments 

The pGL3 promoter luciferase vector (Promega, Madison, WI) was used for all 

experimental and control conditions. Human-derived NR0B1 GGAA-microsatellite 

polymorphisms or synthetic GGAA constructs were cloned directly upstream of the 

SV40 minimal promoter element. 293EBNA cells were transfected with experimental 

reporter plasmid constructs or control plasmids, the Renilla plasmid and plasmids with 

and without EWS/FLI cDNA. Firefly luciferase activity was normalized to Renilla 

luciferase activity to control for transfection efficiency. Each experimental condition was 

performed in triplicate. Two-tailed Student’s t tests were used for statistical comparisons. 



 

68 

 

 

Quantitative reverse-transcriptase polymerase chain reaction 

Total RNA from established Ewing sarcoma cell lines (A673, COG-E-352, RDES, TC71 

and SKES1)
171–174

 and 293EBNA cells was amplified and detected using SYBR green 

fluorescence for quantitative analysis
175

. Normalized fold NR0B1 expression in each of 

the Ewing sarcoma cell lines was calculated by determining the fold-change of each cell 

line relative to 293EBNA cells (negative control), with the data in each condition 

normalized to an internal housekeeping control gene RPL21. All experiments were 

performed in triplicate. Two-tailed Student’s t tests were used for statistical comparisons. 

 

Microarray data 

Total RNA was extracted from fresh-frozen tumor specimens using miRNAeasy columns 

(Qiagen). RNA was then processed and hybridized to Affymetrix HuEx 1.0 arrays in the 

Genome Core at Children’s Hospital Los Angeles according to standard Affymetrix 

protocols. Data for core probeset regions were quantile-normalized using robust multi-

chip averaging in the Partek Genomics Suite software platform (Partek, St. Louis, Mo). 

NR0B1 transcript level data were derived from normalized exon data using median 

summarization. Two-tailed Student’s t tests were used for statistical comparisons. 

 

Clinical outcomes analysis 

Biological specimens were obtained from tissue submitted with consent for banking from 

eligible patients enrolled on COG study AEWS0031
176

. The primary objective of that 
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trial was to compare two chemotherapy regimens with respect to risk for an analytic 

event (EFS).  Enrollment of 4.5 years with an additional year of follow-up provided for 

the detection of a hazard ratio (HR) of 0.64 in the failure rate with a probability of 0.80 

when using a two-sided test with size 0.05. Four instances of interim monitoring were 

planned.  

 

The primary study endpoint was event-free survival (EFS) defined as the time from entry 

into the study until the occurrence of an event (disease progression, second malignant 

neoplasm, or death) or until the last contact with the patient, whichever came first. 

Patients who did not experience an event by the time of last contact were considered 

censored for EFS-event.  The method of Kaplan and Meier was used to estimate the 

probability of an event as a function of time since enrollment. Equality of risk for EFS-

event across the various NR0B1 GGAA-microsatellite haplotypes was assessed using the 

log-rank test
177

.  All p-values are calculated using the chi-squared approximation and are 

therefore two-sided. EFS was assessed separately in males and females.  Patient sex was 

not associated with risk for events in AEWS0031
176

. 

 

Results 

Primary Ewing sarcoma tumor specimens 

Ewing sarcoma tissue samples were obtained from the Biopathology Center (Columbus, 

OH), which serves as the specimen bank for the Children’s Oncology Group (COG). All 

tumor samples were from patients with a pathologically confirmed diagnosis of primary 
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Ewing sarcoma who were enrolled in a large multicenter COG protocol, 

AEWS0031
176,178

.  AEWS0031 was opened for enrollment on May 2001 and closed in 

August 2005.  Data current through March 2009 (7.8 years after first enrollment) were 

used in this analysis. Patients presenting with clinically detectable metastatic disease 

were excluded. As part of protocol AEWS0031, enrolled patients were prospectively 

randomized into two different treatment arms: one group received the standard 

chemotherapy dosing schedule (cycles every 21 days) while the other group received 

interval compressed dosing (cycles every 14 days) of the same chemotherapeutic 

regimen, consisting of vincristine (2 mg/m
2
), doxorubicin (75 mg/m

2
), and 

cyclophosphamide (1.2 g/m
2
) alternating with ifosfamide (9 g/m

2
) and etoposide (500 

mg/m
2
). All other study protocols were standardized. Of 568 patients enrolled in 

AEWS0031, snap frozen (0.004-0.06 gram) or optimal cutting temperature (OCT) 

compound-embedded tissue (50-60 micron thickness) was available from 117 patients. 

Of this group, 5 patients were excluded: one patient was represented in duplicate, two 

patients were determined to have a final tissue diagnosis other than Ewing sarcoma, one 

patient presented with metastatic disease and one patient could not be properly identified 

due to a presumed clerical error. The final analytic data set included 112 patients (Figure 

3.1). Ninety-percent (101/112) of patients were identified as Caucasian and only 2% 

(2/112) were identified as African American. The demographic characteristics of the 

included and excluded AEWS0031 patients were comparable (Table 3.1). 
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 Evaluated Patients  Not Evaluated  

Demographic n(112) % n(456) % p value* 

Age     0.04 

< 9 38 34% 124 27%  

10-17 68 61% 271 59%  

>17 6 5% 61 14%  

Sex     0.8 

Male 62 55% 246 56%  

Female 50 45% 210 46%  

Race     0.9 

White European 101 90% 401 88%  

African American 2 2% 12 3%  

Other 3 3% 19 4%  

Missing 6 5% 24 5%  

Primary Tumor Site     0.4 

Appendicular 44 39% 151 33%  

Thoracic 16 14% 73 16%  

Pelvic 20 18% 70 15%  

Other Axial 9 8% 66 14%  

Extraosseous 23 21% 96 21%  

Table 3.1 Patient demographics of included and excluded AEWS0031 patients 

*Fisher’s exact test 
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Figure 3.1 Flow diagram of COG study AEWS0031 patient samples included for GGAA-

microsatellite sequencing and clinical analysis. 

 

The NR0B1 GGAA-microsatellite is highly polymorphic in Ewing sarcoma tumors and 

significantly different than white European controls 

We have previously evaluated the polymorphic spectrum of three GGAA-microsatellite 

containing direct EWS/FLI targets: NR0B1, CAV1 and GSTM4
169

. The GGAA 

microsatellites at these loci are polymorphic in human populations, although NR0B1 was 

the most polymorphic loci with significant differences observed between African and 

Caucasian populations. Given the markedly different incidence of Ewing sarcoma in 

these populations and the role of the NR0B1 protein in sustaining the oncogenic 

phenotype of Ewing sarcoma, we elected to focus on NR0B1 for this study. The NR0B1 
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GGAA-microsatellite, chrX:30328826 to chrX:30329008  (http://genome.ucsc.edu/cgi-

bin/hgTracks; GRCh37/hg19) was amplified, cloned and sequenced in all 112 primary 

tumor samples. A subcloning strategy was used to sequence all microsatellites, ensuring 

in heterozygous patients that both alleles were accurately identified. A total of 143 

haplotypes were identified, which was expected given 45% of the 112 patients were 

female. Sequence data were compared to a previously established data set of healthy 

African and white European controls
169

. It should be noted that in AEWS0031, white, 

non-Hispanic patients were classified as Caucasian and in the aforementioned data-set by 

Beck et al.
169

, white, non-Hispanic subjects of northern European decent are referred to as 

European. For the purpose of clarity, in the present report all white, non-Hispanic 

patients are reported as white Europeans. 

 

The NR0B1 GGAA-microsatellite is located within the promoter region, roughly 1.5kb 

upstream of the transcriptional start site. This polymorphic microsatellite ranges in length 

from 80-240bp and is located within a defined haplotype block (International HapMap 

project
179

, CEU reference population; Figure 3.2A). The GGAA-microsatellite is 

characterized by a series of contiguous GGAA motifs partitioned by a single adenosine 

base substitution (Figure 3.2B).  Variability exists not only in the total number of GGAA 

motifs, but also in the number of contiguous segments and the number of GGAA motifs 

in each contiguous segment. In Ewing sarcoma tumors, NR0B1 microsatellites ranged in 

size from small, two-segment repeats containing 16 GGAA motifs to larger multisegment 

repeats containing up to 61 GGAA motifs. The most frequent haplotype observed in 
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tumor samples was an intermediate sized, 3-segment microsatellite containing 24 GGAA 

motifs. A comparison of the pertinent microsatellite sequence characteristics in tumor 

samples and control white European and African populations is presented in Table 3.2. 

The descriptive statistical analyses demonstrate that the mean values for total number of 

GGAA motifs and longest consecutive GGAA segment in the tumor dataset were similar 

to that of the African data set. The white European dataset had lower mean values for the 

total number of GGAA motifs compared to both Africans and tumors. Raw sequence data 

of all included subjects is listed in supplemental Table 3.1 (published online
180

). 

 

Figure 3.2 GGAA-microsatellite organization at the NR0B1 locus.  
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Figure 3.2 GGAA-microsatellite organization at the NR0B1 locus.  

 

(A) Using available single nucleotide polymorphism (SNP) data from the CEU reference 

population (northern and western European decent) of the International HapMap 

Project
179

, the NR0B1 GGAA-microsatellite is identified within a defined haplotype 

block.  (B) For the NR0B1 locus, the GGAA-microsatellite is located approximately 

1.5kb upstream of the transcriptional start site (TSS) and is characterized a variable 

number of contiguous GGAA motifs, partitioned by single adenosine base substitutions. 

Sequence characteristics of interest include the total number of GGAA motifs, the total 

number of contiguous segments and longest consecutive GGAA segment. Figure panel 

adapted from
169

.  

 

 

Given that 90% of the Ewing sarcoma patients analyzed in this study were white 

Europeans, we sought to determine if the spectrum of NR0B1 GGAA-microsatellite 

haplotypes in tumor samples were similar to a previously established control white 

European data set. To assess this a principal components analysis (PCA) was performed 

combining the raw NR0B1 GGAA-microsatellite sequences from both tumor and control 
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white European data sets (Figure 3.3A). Repetitive regions of each sequence were 

manually aligned and GGAA repeat motifs were anchored by the single nucleotide 

adenosine residues that partition the contiguous GGAA repeat units observed in the 

largest haplotypes. For each GGAA track, the number of GGAA repeats units were 

counted. The counts of base differences between the flanking non-repetitive regions and 

the consensus sequence were also determined (gap weight = 0.25). Using this analysis, 

three distinct haplotype clusters were observed in tumors, which closely overlapped the 

distribution of haplotypes observed in the white European control data set.  

 

 

Average total 

number of  

GGAA 

motifs* 

Most common 

number of 

GGAA motifs 

Average longest 

consecutive GGAA 

segment* 

Most common 

longest 

consecutive 

GGAA 

segment 

Ewing 

sarcoma 

tumor 

samples 

30 ± 14 

         24 

11 ± 1 

    10 
Range: 16-61 Range: 8-16 

White 

European  

24 ± 11 
          24 

11 ± 1 
    11 

Range: 16-60 Range: 8-16 

African 
32 ± 15 

          24 
12 ± 1 

    11 
Range: 14-72 Range: 8-21 

Table 3.2 NR0B1 GGAA-microsatellite sequence characteristics in Ewing sarcoma 

tumors and healthy controls 

*Mean values  standard deviation 
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Figure 3.3 NR0B1 GGAA-microsatellites are polymorphic in Ewing sarcoma tumors with 

an allelic distribution different than that of white European and African controls.  

 

(A) Principal components analysis comparing unique microsatellite haplotypes in tumor 

samples and white European controls demonstrate three principal sequence clusters, with 

a high-degree of overlap between the two populations. (B) Histogram plots comparing 

the distribution frequency of NR0B1 GGAA-microsatellite haplotypes in tumors and 

white European and African controls. Despite the overlapping PCA analysis, an 

enrichment of haplotypes containing 21-25 and 56-60 GGAA motifs was observed in 

tumor samples. Relative to white Europeans, a depletion of haplotypes containing 16-20 

GGAA motifs was also noted in tumors. (C) Cumulative density plots for each study 

population similarly demonstrate the enrichment of haplotypes containing 21-25 and 56-

60 GGAA motifs in tumors. The distribution of these haplotypes in tumors is 

significantly different from both white Caucasian and African populations (KS test, 

p<0.001). (D) Stratifying haplotypes according to the major sequence types identified in 

the PCA demonstrates that intermediate (3 segment) GGAA-microsatellites are more 

enriched in tumors and larger multisegment haplotypes (>3 segments) were also more 

enriched compared to white Europeans, although markedly less than Africans. Control 

white European and African population data from
169

. 
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In contrast to the descriptive values reported in Table 3.2 and the PCA analysis, which 

examined relationships between unique haplotypes, when the frequency of GGAA-

microsatellite haplotypes was plotted as a function of the total number of GGAA motifs, 

striking differences were observed (Figure 3.3B). Most notably, a strong enrichment for 

haplotypes containing 21-25 GGAA motifs was observed in the tumor population: 81/143 

(58%) of tumor haplotypes, compared to 46/104 (44%) and 36/106 (34%) white 

European and African haplotypes, respectively, contained 21-25 GGAA motifs (p=0.03 

and p<0.001, Chi-square), respectively. A second enrichment was also observed for 

tumor haplotypes containing 56-60 GGAA motifs: 27/143 (19%) of tumor haplotypes, 

compared to 8/104 (8%) and 7/106 (7%) of white European and African haplotypes, 

respectively (p=0.03 and p=0.01, Chi-square). Additionally, relative to white European 

controls, a depletion of haplotypes containing 16-20 GGAA motifs was also observed in 

tumors. The enrichment of tumor haplotypes containing 21-25 GGAA motifs, and the 

depletion of haplotypes with 16-20 GGAA motifs, contributes to the similar descriptive 

statistics shown in Table 3.2, despite the statistically different distribution of these data 

when more sophisticated techniques are used. 

 

To circumvent some of the inherent bias associated with the arbitrary binning of data, a 

cumulative density function was performed for each population (Figure 3.3C). This 

figure recapitulates the trends observed in Figure 3.3B, showing a strong enrichment of 

haplotypes containing 23-26 GGAA motifs in tumor samples, while the European density 

function is represented by a larger shoulder at smaller GGAA haplotypes (16-20 GGAA 
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motifs) and a similar, although lower amplitude peak in the 23-26 GGAA range. The 

African density curve is more diffusely populated throughout the spectrum of GGAA 

motifs. Using a Kolmogorov-Smirnov test
181

 to evaluate the haplotype distributions based 

on the total number of GGAA motifs across all three populations, the tumor data set was 

statistically dissimilar from both white European (p< 0.001) and African (p<0.001) 

populations (Figure 3.3C).  

 

Using a slightly different approach, sequence data from all three populations was 

stratified based on the 3 major haplotype categories identified in the PCA analysis: 2 

segment repeats with 20 GGAA motifs, 3 segment repeats with 21-29 GGAA motifs 

and a larger segmental repeats (4-8 segments) with 30 GGAA motifs (Figure 3.3D). 

Relative to both white European and African control populations, haplotypes containing 

21-29 GGAA motifs were statistically over-represented, while haplotypes  20 GGAA 

motifs were under-represented in the tumor population (p = 0.03 and p<0.0001, 

respectively). These data demonstrate that the distribution of polymorphic NR0B1 

GGAA-microsatellite haplotypes in tumor samples were markedly different than white 

European populations, which is compelling given the higher incidence of Ewing sarcoma 

in white non-Hispanic patients of European descent. Such observations may represent a 

previously unidentified pattern of genetic susceptibility in Ewing sarcoma. 
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GGAA-microsatellites are genomically stable throughout oncogenesis and after whole 

genome amplification 

Given the non-overlapping distribution of the NR0B1 GGAA-microsatellite haplotypes in 

tumor samples compared to white European controls, we sought to determine if this 

difference could be attributable to microsatellite instability during the process of 

oncogenic transformation. Microsatellite instability has been observed in various other 

cancers, including sarcomas, although most commonly occurring at mono- and 

dinucleotide microsatellite loci
151,182,183

. To address this question, genomic DNA was 

extracted from 20 locally-archived primary or metastatic Ewing sarcoma FFPE tissue 

blocks, and the NR0B1 GGAA-microsatellite sequence characteristics were compared to 

matched germ line DNA isolated from bone marrow aspirates. There was no evidence of 

microsatellite instability in any sample (Table 3.3). Microsatellite DNA stability is 

inversely proportional to the length of the microsatellite tract
167

 and therefore it was 

important to assess the stability of the larger NR0B1 GGAA haplotypes. There was no 

evidence of microsatellite instability in any of the haplotypes containing 55-60 GGAA 

motifs (n=4). 
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Patient ID Tumor     Germline GGAA        Tumor GGAA Alignment 

EWS 17 Metastatic 25/57 25/57 Concordant 

EWS 19 Primary 17/25 17/25 Concordant 

EWS 22 Primary 25 25 Concordant 

EWS 24 Primary 17 17 Concordant 

EWS 29 Primary 24 24 Concordant 

EWS 36 Primary 25 25 Concordant 

EWS 41 Metastatic 25 25 Concordant 

EWS 43 Metastatic 24 24 Concordant 

EWS 44 Metastatic 25 25 Concordant 

EWS 45 Metastatic 24 24 Concordant 

EWS 46 Primary 17 17 Concordant 

EWS 58 Primary 24 24 Concordant 

EWS 59 Primary 24 24 Concordant 

EWS 61 Primary 25/57 25/57 Concordant 

EWS 62 Primary 24 24 Concordant 

EWS 106 Primary 24 24 Concordant 

EWS 107 Primary 58 58 Concordant 

EWS 115 Primary 23 23 Concordant 

EWS 116 Primary 57 57 Concordant 

EWS 119 Primary 24 24 Concordant 

Table 3.3 Comparison of germline and tumor NR0B1 GGAA-microsatellites 
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In a complementary series of experiments, we also sought to determine if the process of 

whole genome amplification (WGA) altered the composition of these GGAA-

microsatellites. Given the limited availability of tumor tissue, relatively small reserves of 

DNA are available for molecular studies in Ewing sarcoma; WGA provides an 

opportunity to amplify DNA from precious biological samples. Genomic DNA from all 

112 Ewing sarcoma samples was commercially amplified using Qiagen’s Repli-g WGA 

service (Qiagen Genomic Services, Hilden, Germany) and GGAA-microsatellite 

characteristics were compared to unamplified DNA. Repli-g WGA utilizes multiple 

displacement amplification technology and provides a highly unbiased and complete 

coverage of the genome
184

. A minimum of 10 WGA amplified tumor samples with an 

NR0B1 GGAA-microsatellite sequence for each major sequence category (<20, 20-30, 

50-60 GGAA motifs) were sequenced and compared to the unamplified, original DNA 

source. GGAA-microsatellite sequences were unaltered by the WGA process in 10/10 

(100%) and 13/13 (100%) of small (<20 GGAA motifs) and medium (20-30 GGAA 

motifs) microsatellites, respectively. In the largest microsatellites (50-60 GGAA motifs), 

sequences were a perfect match in only 4/12 (42%) cases. However, of the 5/7 discordant 

cases, the WGA sequence was incorrect by only a single GGAA motif. In 2/12 samples, 

the WGA product did not yield a sequencable amplicon (Figure 3.4). These data suggest 

that for small and medium sized GGAA-microsatellites, the WGA process yields highly 

concordant sequences, although it introduces minor sequence perturbations in larger 

repeats containing 50-60 GGAA motifs.  
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Figure 3.4 GGAA-microsatellites sequence characteristics after whole genome 

amplification (WGA). Microsatellites were sequences after WGA and compared to 

unamplified DNA.  

 

 

 

A narrow range of GGAA motifs facilitates maximal EWS/FLI-mediated gene expression 

Based on evidence from earlier studies, which initially characterized GGAA-

microsatellites as EWS/FLI-response elements, it appeared that after a critical threshold 

of 4 GGAA motifs, DNA binding and subsequent NR0B1 gene expression markedly 

increased with an increasing number of GGAA motifs. However, more recent data has 

demonstrated the polymorphic spectrum of these GGAA-microsatellites is well beyond 

the range tested in these earlier biochemical studies. To assess the potential length-

dependent relationship between EWS/FLI-mediated gene expression and GGAA-
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microsatellite polymorphisms, various polymorphic GGAA sequences identified in 

control populations ranging from 17-72 GGAA motifs were cloned into a luciferase 

reporter vector directly upstream of the SV40 minimal promoter element. 293 EBNA 

cells were co-transfected with the various experimental GGAA plasmids and a vector 

containing EWS/FLI or an empty vector control. All experiments were performed in 

triplicate and the luciferase data presented is a composite of two independent 

experiments. 

 

In human-derived sequences (Figure 3.5A), a bimodal relationship of EWS/FLI-mediated 

gene expression across the spectrum of GGAA constructs investigated was observed. 

Gene expression was maximal in microsatellites containing 20-25 GGAA motifs, and 

values precipitously dropped in constructs ranging from 29-40 GGAA motifs followed by 

a second lesser peak in constructs ranging from 50-60 GGAA motifs. Relative to the 24 

GGAA construct, the reduction in expression was maximal in constructs containing 17, 

29 and 72 GGAA motifs (3-fold, 4.5-fold and 4.5-fold; p< 0.0001), respectively. 

Expression levels using the 58 GGAA construct were 1.5-fold less than the 24 GGAA 

construct (p<0.001). 
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Figure 3.5 EWS/FLI-mediated gene expression is highly variable across various GGAA-

microsatellite length polymorphisms.  

 

(A) Polymorphic NR0B1 GGAA-microsatellites from white European and African 

subjects were cloned into luciferase reporter vectors and co-transfected with EWS/FLI 

into 293 EBNA cells. A bimodal pattern of gene expression was observed, with greatest 

expression in constructs with 24 GGAA motifs and a lesser peak in constructs with 58 

GGAA motifs. (B) A similar bimodal trend was observed using synthetic GGAA 

constructs identically cloned into the same luciferase reporter construct. (C) In patient 

derived Ewing sarcoma cell lines, RT-PCR quantified NR0B1 mRNA expression was 

also maximal in cell lines containing an NR0B1 microsatellite containing 24-26 GGAA 

motifs. (D) In primary Ewing sarcoma tumors, normalized NR0B1 transcript levels were 

lowest in tumors with NR0B1 GGAA-microsatellites containing 17-18 GGAA motifs, 

which was significant less than tumors with microsatellites containing 23-26 GGAA 

motifs (p=0.04). 

 

The human-derived sequences contained varying combinations of single-base insertions 

and contiguous GGAA sequences, thus complicating the interpretation of these data (see 
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Figure 3.2B). To focus the evaluation on the overall length of the GGAA-microsatellite, 

synthetic GGAA-microsatellites constructs were synthesized, ranging from 10-70 

contiguous GGAA motifs and cloned into the same luciferase vector in an identical 

fashion. Similar differences were observed in the assays using the synthetic constructs 

(Figure 3.5B). Additionally, average gene expression levels in the assays using the 

contiguous synthetic constructs were markedly elevated compared to the segmental 

constructs cloned from human DNA (458  330 vs. 107 62, respectively, p=0.02). These 

trends suggest contiguous GGAA-microsatellites afford more optimal gene expression 

than partitioned repeats. Exemplifying this, gene expression in the smallest synthetic 

construct (10 GGAA) was 2.5-fold greater than the maximal expression observed from 

the partitioned 24 GGAA construct. Interestingly, the third segment of the 24 GGAA 

construct contains 10 contiguous GGAA motifs. 

 

To assess the influence of these polymorphic GGAA-microsatellite response elements in 

a more native cellular context, NR0B1 mRNA levels were quantified from various 

patient-derived Ewing sarcoma cell lines confirmed to be polymorphic at the NR0B1 

GGAA locus. Given the position of NR0B1 on the X chromosome, to circumvent any 

issues associated with heterozygosity and potential X-linked inactivation, only cell lines 

either homozygous or hemizygous for a polymorphic NR0B1 GGAA-microsatellite locus 

were included. Unfortunately none of the investigated cell lines were hemizygous or 

homozygous for a larger 50-60 GGAA motif allele; two cell lines (EWS502 and TC32) 

were heterozygous (20/58 GGAA and 24/58 GGAA, respectively), but a clear pattern of 
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allelic activation (or inactivation) could not be established for these cell lines. Figure 

3.5C illustrates quantitative RT-PCR normalized expression levels of NR0B1 mRNA 

transcripts relative to the number of GGAA motifs measured. Similar to the luciferase 

experiments, maximal gene expression was observed in cell lines ranging from 24-26 

GGAA motifs. Negligible NR0B1 levels were observed in the RDES cell line, which is 

hemizygous for a 17 GGAA-microsatellite. These results using a native cellular context 

strongly support the trends observed in both patient-derived and synthetic luciferase 

experiments of maximal gene expression in constructs containing 20-25x GGAA motifs.  

 

When comparing the gene expression profiles (Figure 3.5) to the allelic distributions of 

the NR0B1 GGAA-microsatellite sequenced from tumor samples (Figure 3.3), striking 

similarities are observed. Notably, the bimodal pattern of maximal gene expression and 

the amplitude of these peaks in constructs ranging from 20-25x and 56-60x GGAA 

motifs parallels the frequency and distribution of NR0B1 GGAA-microsatellite in tumors.  

 

To investigate if GGAA-microsatellite polymorphisms influenced NR0B1 gene 

expression in Ewing sarcoma tumors, we quantified normalized NR0B1 expression using 

microarray data from 31 Ewing sarcoma samples from which both PCR sequencing data 

and RNA were available. Ten of the 31 samples were heterozygous at the NR0B1 

GGAA-microsatellite locus, leaving 21 hemi- or homozygous tumors for analysis (Figure 

3.5D). Consistent with the cell line data in Figure 3.5C, we observed lower normalized 

NR0B1 expression levels in tumors containing only 17-18 GGAA motifs in their NR0B1 
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microsatellite. This was a statistically-significant diminished level as compared to tumors 

containing 23-26 GGAA motifs (p=0.04).  Thus, the human tumor data is consistent with 

the cell line and in vitro luciferase studies. 

 

Polymorphisms of the NR0B1 GGAA-microsatellite are not predictive of event free 

survival 

Given the documented influence of GGAA length polymorphism on gene expression and 

mRNA levels, we next sought to determine if these polymorphisms influence tumor 

biology and clinical outcomes in patients with Ewing sarcoma. NR0B1 is one the most 

highly upregulated, direct EWS/FLI targets, and expression of this gene is essential for 

transformation in Ewing sarcoma cell lines
43,133

. Clinical outcome data for at least 5 years 

(in surviving patients)
176

 was available in all 112 samples used in the sequencing 

analysis. Of the 112 patients included in the analysis from AEWS0031, 69/112 were 

treated with the standard chemotherapy regimen as compared to 43/112 treated with 

compressed chemotherapy (Figure 3.1). It should be noted that the 5-year EFS was 

slightly improved in patients receiving compressed therapy (73% vs. 65%, p=0.048[21]). 

The aggregate outcome of patients who were considered in this analysis was similar to 

patients who were eligible for AEWS0031 but who were not included in the analysis (p = 

0.21). 

 

Given the biochemical data favoring optimal gene expression over a narrow range of 

GGAA motifs and the distribution of these haplotypes in Ewing sarcoma tumors, Kaplan-
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Meier survival analyses were performed stratifying patients based on the presence or 

absence of NR0B1 alleles containing 22-27 GGAA motifs (Figure 3.6). The presence of 

one or more NR0B1 alleles containing 22-27 GGAA motifs did not influence EFS 

compared to patients without these alleles (Figure 3.6A and 3.6B). Given that females 

represented 45% of our cohort, numerous patients heterozygous for different length 

alleles were identified. Whether one or both of these alleles is active in tumor cells 

remains unclear; therefore, EFS was assessed separately in males and females (Figure 

3.6C and 3.6D). In male and female patients, EFS was also not influenced by allele type. 

Furthermore, stratifying the patients based on assignment to standard vs. compressed 

chemotherapy arms also did not influence EFS survival based on allele type (Figure 3.6E 

and 3.6F). These results clearly demonstrate that despite biochemical data showing a 

strong relationship between GGAA-microsatellite length and gene expression levels, 

polymorphisms of the NR0B1 GGAA-microsatellite do not influence clinically relevant 

outcomes. 
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Figure 3.6 NR0B1 GGAA-microsatellite polymorphisms do not influence event free 

survival (EFS) in Ewing sarcoma patients.  

 

(A) EFS was compared in 112 patients from AEWS0031 based on the presence of 

absence of at least one NR0B1 GGAA-microsatellite allele containing 22-27 GGAA 

motifs. This allele type was chosen based on the pattern of alleles present in tumor 

samples and the maximal EWS/FLI-mediated gene expression supported by alleles of this 

length category. (B) EFS was similarly assessed based on the presence of one or both 

alleles containing 22-27 GGAA motifs. Additional subgroup analyses were also 

performed in males (C) and females (D) and in patients receiving standard (E) or 

compressed (F) therapy. 
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Discussion 

Transcriptional dysregulation via microsatellite DNA in Ewing sarcoma represents a 

fascinating and novel property of the EWS/FLI chimera. Microsatellite DNA is not 

subject to the same evolutionary pressures as coding DNA, rendering these sequences 

highly polymorphic across individuals and populations
165,168,169

. Furthermore, given that 

40-50% of genomic EWS/FLI occupancy occurs at GGAA-microsatellites
128

, these 

EWS/FLI-responsive elements provide a unique opportunity to examine Ewing sarcoma 

susceptibility and pathogenesis from an alternative genetic basis. In particular, our 

research group is interested in whether polymorphisms at transcriptionally important 

GGAA-microsatellites are biologically relevant in this context. In the present study, we 

have demonstrated that the NR0B1 GGAA-microsatellite in primary Ewing sarcoma 

tumors is highly polymorphic, with an allelic distribution dissimilar from white European 

controls. Here we report the first series of biochemical experiments detailing the effect of 

GGAA-microsatellite polymorphisms on EWS/FLI-mediated transcriptional regulation 

demonstrating that the distribution of these NR0B1 haplotypes in tumors is strongly 

biased towards a narrow range of microsatellite alleles that facilitate maximal EWS/FLI-

mediated gene expression.  

 

Traditionally viewed as “junk” DNA, microsatellite DNA is becoming increasingly 

recognized as an important cis-regulating genetic element
108,185

. The discovery of 

GGAA-microsatellites as a direct EWS/FLI-mediated transcriptional response element in 

Ewing sarcoma identified a novel function of microsatellite DNA in human cancer 
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development and a previously unrecognized ETS factor binding site
49

. We have 

demonstrated that across a large numeric range of GGAA motifs, EWS/FLI-mediated 

gene expression is highly variable. However, contrary to our preliminary understanding 

of these EWS/FLI-responsive elements, we did not observe a simple linear relationship of 

increasing gene expression as a function of an increasing number of GGAA motifs
15

. 

Instead, a bimodal relationship was observed. A mechanistic explanation for this bimodal 

relationship was not assessed in the present study, although similar findings have been 

observed in other model systems. For instance, in Neisseria meningitides, expression of a 

virulence factor, NadA is regulated by a polymorphic, promoter-based tetranucleotide 

microsatellite element with a similar pattern of transcript periodicity to that observed in 

our study
186,187

. The variations in NadA transcript levels were attributed to altered binding 

abilities of transcriptional cofactors across the various microsatellite polymorphisms
188

.  

 

The EWS/FLI chimera requires a minimum of 4 contiguous GGAA motifs (16bp) to 

effectively bind microsatellite DNA. Furthermore, EWS/FLI occupies these 

microsatellites in a ratio of 2 protein molecules for every DNA molecule in synthetic 

microsatellite constructs comprised of 4, 5, 6 and 7 contiguous GGAA motifs
51

. A 

potential explanation for the bimodal biochemical expression patterns observed in this 

study is that the stoichiometric occupancy of EWS/FLI and associated co-factors is most 

optimal across microsatellites containing 21-25 or 55-60 GGAA motifs. Another 

possibility is that certain GGAA-microsatellite polymorphisms are more (or less) likely 

to form inhibitory secondary DNA structures. Guanine-rich DNA sequences can 
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predispose to the formation of non-B-form DNA structures and G-quadruplexes
108,188

, 

which may influence EWS/FLI and associated co-factor occupancy. Certainly, the results 

of the luciferase, cell line, and primary human tumor data detailed in the present study are 

compelling and warrant further investigations into the biochemical effects of GGAA 

content on EWS/FLI-mediated DNA binding in a native cellular and chromatin context. 

 

The incidence of Ewing sarcoma in African populations is 10-fold less than that of white 

Europeans
162

, but as of yet there is no concrete explanation for this difference
163,164,189

. 

The GGAA-microsatellite of two critical upregulated EWS/FLI-targets in Ewing sarcoma 

(NR0B1 and CAV1) have been shown to be highly polymorphic in African and white 

European populations, with a predisposition for significantly larger GGAA-

microsatellites in Africans, especially at the NR0B1 locus
169

. This finding prompted 

further inquiry into the makeup of these elements in Ewing sarcoma tumor samples. 

Indeed, our results demonstrate that these GGAA elements are highly polymorphic in 

tumors, although the distribution of these haplotypes within primary tumors demonstrated 

compelling differences compared to both African and white European controls. The 

dissimilar distribution of tumor and white European control haplotypes is an important 

observation, given that 90% of the AWES0031 cohort was identified as white European. 

Our preliminary hypothesis was that the NR0B1 GGAA-microsatellite sequence data set 

from white European controls would be very similar to the patient-derived tumor 

samples. 
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Compared to white European controls, a strong enrichment for NR0B1 microsatellite 

haplotypes containing either 21-25 or 56-50 GGAA motifs and a bias against smaller 

alleles containing 17-20 GGAA motifs was observed in patient samples. Given the 

stability of these GGAA sequences as determined by the comparison of tumor and 

germline DNA sequences, the predilection for those two allele ranges does not appear to 

be a product of sequence evolution within tumor cells during the process of oncogenesis.  

 

Given that NR0B1 is among the most upregulated direct EWS/FLI targets, and is essential 

for maintenance of oncogenic transformation
15,39,133

, two alternative hypotheses were 

proposed: the predilection for the selection bias of specific NR0B1 GGAA-microsatellite 

haplotypes in tumors is a consequence of either superior oncogenic potential in tumors 

harboring 21-25 or 56-50 GGAA motifs at the NR0B1 locus or conversely, these 

principal GGAA-microsatellite haplotypes observed in tumors are important for Ewing 

sarcoma susceptibility and transformation in progenitor cells harboring the EWS/FLI 

translocation. The luciferase assays and qRT-PCR data from human-derived cell lines 

clearly show that the most common GGAA-microsatellite allele observed in tumors also 

facilitates maximal EWS/FLI-mediated gene expression. The results from these 

experiments are further supported by patterns of NR0B1 gene expression observed in 

tumor microarray data, wherein tumors harboring small GGAA microsatellites (<20 

GGAA repeats, Figure 3.5D) are those that have the lowest levels of NR0B1 gene 

expression. Although interpretation of tumor microarray experiments is limited by the 

small number of samples included, the limited number of samples available with smaller 



 

95 

 

numbers of GGAA repeats further supports the hypothesis that Ewing sarcoma tumor 

development is restricted by lower levels of NR0B1expression in the setting of these 

small GGAA-microsatellites.  Thus, these results provide additional supportive data in a 

more biologically relevant context.  Likewise, the clinical analysis of AEWS0031 

patients demonstrates that EFS is not influenced by these NR0B1 GGAA polymorphisms, 

which we believe also supports the latter hypothesis.  

 

Assessing the clinical impact of these NR0B1 GGAA polymorphisms was an important 

outcome measure in this study and consequently various statistical approaches were 

employed to sufficiently address this association. However, when subgroup analyses 

were performed to address potential confounding influences such as patient sex, zygosity, 

and chemotherapy our results clearly demonstrate that disease behavior in Ewing 

sarcoma is not influenced by GGAA-microsatellite polymorphisms at the NR0B1 locus. 

 

Integrating the results of this study we propose that in Ewing sarcoma, GGAA-

microsatellite polymorphisms play an important role in disease susceptibility. It is 

generally accepted that the EWS/FLI translocation event is the driver oncogenic mutation 

in Ewing sarcoma. We suggest that in precursor cells exposed to the EWS/FLI chimera, 

cells with a more ‘permissive’ genetic constitution of GGAA-microsatellite 

polymorphisms are more likely to transform when exposed to the EWS/FLI chimera than 

cells with a non-permissive GGAA genotype (Figure 3.7). Further supporting this model 

is that Ewing sarcoma is believed by many experts to be exclusively a human condition; 
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spontaneous cases of Ewing sarcoma have not been observed in any other animal species 

(except for a single case report in a camel
190

), and inducible Ewing sarcoma models in 

murine progenitor cell and transgenic mice do not recapitulate the molecular hallmarks of 

disease
191–194

. Interestingly, the mouse orthologs of NR0B1, CAV1, GSTM4, and FCGRT 

(4 microsatellite-containing upregulated EWS/FLI targets in humans) do not possess a 

GGAA-microsatellite in their respective promoter/enhancer regions. Additionally, 

ectopic EWS/FLI expression in murine-derived NIH3T3 cells does not upregulate Nr0b1, 

further supporting observation that GGAA-microsatellites are necessary for regulation of 

Nr0b1 in Ewing sarcoma
195

. Additional sequencing efforts are underway to better 

characterize a more comprehensive cohort of EWS/FLI-enriched GGAA-microsatellites 

in African, white Europeans and Ewing sarcoma patients. 

 

 
Figure 3.7 Model of GGAA-microsatellite polymorphism contributions to Ewing 

sarcoma susceptibility in African and white European populations. 
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In a recent genome-wide association study three candidate Ewing sarcoma susceptibility 

loci were identified using a comprehensive single nucleotide polymorphism (SNP) 

analysis
189

. The authors demonstrated a greater frequency of these susceptibility loci in 

white Europeans as compared to Africans. However, the oncogenic contribution of these 

identified susceptibility loci in the pathogenesis of Ewing sarcoma has yet to be clarified.  

 

Furthermore, it does not appear that the observed differences in the frequency of these 

susceptibility loci will fully account for the 10-fold increase in Ewing sarcoma in white 

Europeans compared to Africans.  EWS/FLI-responsive GGAA-microsatellites provide a 

complementary genetic approach to understand these discrepant patterns of disease 

incidence. These GGAA-microsatellites are highly polymorphic and are also direct 

genetic targets of the EWS/FLI chimera. Additionally, compared with white European 

and Asian populations, African populations are known to have increased genetic diversity 

for many microsatellite loci
166

. Based on our biochemical data, a greater diversity of 

GGAA motifs at important microsatellite loci may actually negatively impact EWS/FLI-

mediated gene expression, which appears optimal over a narrow range of GGAA motifs.  

Additional work will be needed to discern the relative contributions of microsatellite 

polymorphisms and SNPs in the susceptibility to Ewing sarcoma development. 

 

An additional important finding gleaned from this study is that GGAA-microsatellites are 

genetically stable during the process of oncogenic transformation. Consequently, tumor 

tissues are not required to obtain DNA for GGAA-microsatellite genotyping in 
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individuals with Ewing sarcoma. Given the current practice of CT-guided core biopsies 

and neoadjuvant chemotherapy, Ewing sarcoma tissue is infrequently available for 

genetic studies. Germline sources of DNA such as blood, bone marrow aspirates, saliva 

and buccal swabs are more readily available and based on the results presented here, can 

be used in future GGAA-microsatellite genotyping experiments. Additionally, our data 

also demonstrates that commercial WGA of tumor DNA does not erroneously expand or 

contract small or medium sized GGAA-microsatellites. Even in extremely large 

microsatellites (50-60 GGAA motifs) discordance was minimal (1 GGAA motif). 

Importantly, together these findings provide valuable insight into the stability of GGAA-

microsatellites in Ewing sarcoma, providing an opportunity for prospective genotyping 

studies to progress beyond the barriers of limited tissue supplies. 

 

In conclusion, this report is the first detailed examination of EWS/FLI-responsive 

GGAA-microsatellite polymorphisms in Ewing sarcoma. At the NR0B1 locus, we have 

demonstrated that in primary Ewing sarcoma tumor samples, there is strong 

overrepresentation of a narrow range of GGAA haplotypes, which was discordant from 

healthy white European controls. We further demonstrated that maximal EWS/FLI-

mediated gene expression is also highly dependent on a comparably narrow range of 

GGAA motifs. At the NR0B1 locus, these polymorphisms do not influence clinical 

outcomes, favoring a model in which these GGAA polymorphisms may contribute to the 

elusive permissive cellular and genetic environment necessary for EWS/FLI-mediated 

transformation.  
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Abstract 

Ewing sarcoma usually expresses the EWS/FLI fusion transcription factor oncoprotein. 

EWS/FLI regulates myriad genes required for Ewing sarcoma development.  EWS/FLI 

binds GGAA-microsatellite sequences in vivo and in vitro. These sequences provide 

EWS/FLI-mediated activation to reporter constructs, suggesting that they function as 

EWS/FLI-response elements.  We now demonstrate the critical role of an EWS/FLI-

bound GGAA-microsatellite in regulation of the NR0B1 gene, as well as for Ewing 

sarcoma proliferation and anchorage-independent growth.  Clinically, genomic GGAA-

microsatellites are highly variable and polymorphic.  Current data suggest that there is an 

optimal “sweet-spot” GGAA-microsatellite length (of 18-26 GGAA repeats) that confers 
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maximal EWS/FLI-responsiveness to target genes, but the mechanistic basis for this 

remains unknown.  Our biochemical studies, using recombinant Δ22 (a version of 

EWS/FLI containing only the FLI portion) demonstrate a stoichiometry of one Δ22-

monomer binding to every two consecutive GGAA-repeats on shorter microsatellite 

sequences.  Surprisingly, the affinity for Δ22 binding to GGAA-microsatellites 

significantly decreased, and ultimately became unmeasureable, when the size of the 

microsatellite was increased to the “sweet-spot” length.  In contrast, a fully-functional 

EWS/FLI mutant (Mut9, which retains approximately half of the EWS portion of the 

fusion) showed low affinity for smaller GGAA-microsatellites, but instead significantly 

increased its affinity at “sweet-spot” microsatellite lengths.  Single-gene ChIP and 

genome-wide ChIP-seq and RNA-seq studies extended these findings to the in vivo 

setting.  Together, these data demonstrate the critical requirement of GGAA-

microsatellites as EWS/FLI activating response elements in vivo and reveal an 

unexpected novel role for the EWS portion of the EWS/FLI fusion in binding to “sweet-

spot” GGAA-microsatellites. 

 

Introduction 

Ewing sarcoma is an aggressive bone malignancy of children, adolescents, and young 

adults
3
. Disease pathogenesis is mediated by a t(11;22)(q24;q12) chromosomal 

translocation that creates the EWS/FLI fusion oncoprotein. This fusion protein functions 

as a transcription factor and master regulator of oncogenic transformation by activating 

and repressing thousands of target genes
34,38

. The amino-terminal EWS portion is a low-
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complexity/intrinsically disordered domain that is indispensable for both transcriptional 

regulation and oncogenic transformation, but is not thought to contribute to DNA 

binding
8,44

. The carboxyl-terminal FLI portion contains the conserved ETS-type DNA-

binding domain and binds with high affinity to the ETS consensus sequence 

ACCGGAAGTG
54,121

. The DNA binding domain is likewise necessary for EWS/FLI-

induced oncogenesis. FLI and EWS/FLI each bind this high-affinity motif as a monomer 

with similar affinity and specificity
37

. 

 

We, and others, previously demonstrated the enrichment of GGAA-microsatellites near 

EWS/FLI-regulated target genes
15,46

. Our early studies found GGAA-microsatellites 

associated with genes transcriptionally activated, but not repressed, by EWS/FLI
15

. Many 

of these GGAA-microsatellites are bound by EWS/FLI in vivo and there is a correlation 

between EWS/FLI binding and EWS/FLI-mediated gene activation.  Furthermore, 

introduction of GGAA-microsatellite sequences confer EWS/FLI-responsiveness to 

reporter constructs
16

. These data suggest GGAA-microsatellites serve as EWS/FLI-

response elements in vivo, but this has not been definitively shown. 

 

The human genome contains thousands of GGAA-microsatellites. These display a great 

deal of sequence variability arising from base transitions and transversions, indels, and 

variation in number of GGAA repeats. GGAA-microsatellites studied in detail 

demonstrate a high degree of polymorphism in populations
14

. For example, NR0B1 is a 

critical EWS/FLI-regulated target gene required for oncogenesis in Ewing sarcoma
43

. 
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NR0B1 contains a GGAA-microsatellite approximately 1500 bp upstream of the 

transcriptional start site that shows significant length-polymorphism across populations 

and between individuals
14

. Perhaps most interestingly, Ewing tumors demonstrate 

marked enrichment of a narrow-range of GGAA-microsatellite lengths in the NR0B1-

associated microsatellite, with most containing 18-26 GGAA-repeats, suggesting a 

relationship between NR0B1 microsatellite length and tumor development
16

. 

 

Our original biochemical studies focused on short microsatellite constructs containing 0-7 

GGAA-repeats, and we found there was increasing EWS/FLI-mediated reporter gene 

activation as the number of GGAA-motifs increased
15

. However, subsequent work found 

this effect was maximal between 18-26 GGAA-repeats, and longer microsatellite lengths 

showed diminished EWS/FLI-responsiveness
16

. This led us to propose there is an optimal 

“sweet-spot” length of GGAA-microsatellite that provides maximal levels of EWS/FLI-

mediated gene activation. The molecular basis for this “sweet-spot” maximal activity is 

not currently known. 

 

To discover the mechanistic basis underlying optimal “sweet-spot” GGAA-microsatellite 

function, we combined in vivo studies of gene expression and oncogenic phenotype with 

in vitro biochemical evaluation of DNA-binding by EWS/FLI mutant alleles. We show 

EWS/FLI transcriptionally activates NR0B1 through its associated GGAA-microsatellite. 

Additionally, this particular microsatellite is required for EWS/FLI-mediated Ewing 

sarcoma oncogenic transformation, as measured by anchorage-independent colony 
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formation. We also found smaller GGAA-microsatellites are only able to bind in vitro to 

versions of EWS/FLI that have near-complete deletions of the EWS portion of the fusion; 

in contrast, optimal “sweet-spot” microsatellites bind with higher affinity to versions of 

EWS/FLI that retain the EWS portion. Taken together, these data demonstrate an 

important and novel role for the transcriptional regulatory EWS-domain of EWS/FLI in 

contributing to binding of “sweet-spot” GGAA-microsatellites, and thus provide a 

biochemical basis for the enrichment of these microsatellite lengths in Ewing sarcoma. 

 

Materials and Methods 

Constructs and Retroviruses 

Mammalian expression constructs included the following: Lentiviral vectors containing 

CRISPR/Cas9 cDNA and sgRNA (See Supplementary Methods); Retroviral vectors 

encoding Luc-RNAi and EF-2-RNAi and cDNAs for EWS/FLI, Δ22, R2L2, Mut9, and 

NR0B1 are previously described
43,44,114,175

; the Mut9/R2L2 construct was ordered as a 

gene block (IDT) and cloned into the pMSCV hygro vector between EcoRI and HindIII 

restriction sites. Luciferase reporter constructs included human-derived NR0B1 GGAA-

microsatellite polymorphic or synthetic GGAA constructs cloned upstream of the pGL3-

promoter SV40 minimal promoter element (Promega Corporation), as described 

previously
15,16

. Bacterial expression constructs included cDNAs for 6xHis-Δ22 and Halo-

Tagged-Mut9 in pET28a and pFN18K, respectively (EMD Chemicals; Promega 

Corporation). 
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Cell culture 

HEK 293EBNA and Ewing sarcoma cell lines were grown as previously described
43,175

. 

Cells were infected with CRISPR/Cas9 lentiviral constructs for NR0B1 microsatellite 

knockout experiments as previously described
114

. A673 cells were used for EWS/FLI 

knockdown/rescue experiments. Growth assays were performed on the IncucyteZoom 

live cell imager. Soft agar assays were performed as described previously
175

. 

 

CRISPR/Cas9  

Two lentiviruses expressing Cas9 and distinct CRISPR sgRNAs (see Table 4.1 for 

sequences) and either puromycin and blastocidin resistance markers were used to infect 

target cells.  Vectors were provided by the University of Utah MGD Core 

(http://cores.utah.edu/mutation-generation-detection/). A ~700bp region containing the 

NR0B1 GGAA-microsatellite was deleted, and was the smallest that could be targeted 

with high-quality sgRNAs due to the region’s repetitive nature. Control lentiviruses 

lacked the sgRNA sequences. Genomic DNA from drug-selected polyclonal cell 

populations was isolated within 10 days of infection, PCR amplified (using primers listed 

in Table 4.1), and sequenced to verify NR0B1 microsatellite deletion (Figure S4.1). 

Results were validated by gel electrophoresis (Figure 4.1A). RNA and protein were 

collected within 2-3 weeks of CRISPR/Cas9 infection. A673 genomic DNA was 

collected weekly for 3 weeks to assess stability of CRISPR/Cas9-mediated knockout 

(Figure S4.2C).  

 

http://cores.utah.edu/mutation-generation-detection/
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Immunodetection 

Antibodies used for immunodetection: anti-FLI (Abcam ab15289), anti-α-Tubulin 

(Calbiochem CP06), and anti-NR0B1 (Abcam ab97369). 

Quantitative reverse-transcriptase polymerase chain reaction (qRT-PCR) 

RNA was collected using an RNeasy Kit (Qiagen). Total RNA from cells was amplified 

and detected using SYBR green fluorescence for quantitative analysis
175

. Primer 

sequences are listed in Table 4.1. 

 

FLI ChIP and ChIP-seq 

FLI ChIP experiments were performed as previously described
118

 using the anti-FLI 

antibody (sc-356X Santa Cruz Biotechnology, Inc.) and chromatin prepared from A673 

and HEK 293 EBNA cells. ChIP DNA and input controls were sequenced with the Hi-

Seq Illumina Genome Analyzer, and data was analyzed following the procedures 

previously described
198–200

. See Supplementary Methods for additional information. 

 

RNA-seq Data Collection and Analysis 

See Supplementary Methods for RNA-seq data collection and analysis. 

 

Protein Purification 

Recombinant proteins were expressed in BL21 competent cells from pET28a or pFN18K 

(EMD Chemicals, Promega) expression plasmids encoding Δ22 and Mut9, respectively. 

Batch purification conditions are available in the Supplementary methods.  



 

107 

 

Fluorescence Polarization 

Fluorescein-labeled DNA duplexes were obtained from IDT (Integrated DNA 

Technologies). Sequences are listed in Table 4.2. Fluorescence polarization was 

performed using a BioTek Synergy2 fluorometer (Winooski, VT). Recombinant protein 

preparation is described in Supplementary Methods. DNA duplex (I) (containing a high-

affinity ETS binding site) was used as a control for monomeric protein binding.  Binding 

and stoichiometry assays were performed as before
51

. Affinity plots and curve fits were 

generated using the GraphPad Prism program (GraphPad Software). See detailed 

procedures in the Supplementary Methods. 

 

Luciferase Assays 

Luciferase reporter assays were performed by transfecting reporter constructs, as well as 

appropriate EWS/FLI expression constructs into HEK 293 EBNA cells. Luminescence 

was measured after 24 hours as described previously
16

. See Supplementary Methods for 

details. 

 

 

Results 

The NR0B1 GGAA-microsatellite is required for EWS/FLI-mediated transcriptional 

activation, Ewing sarcoma proliferation and oncogenic transformation 
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NR0B1 encodes an orphan nuclear receptor whose expression is necessary for oncogenic 

transformation of Ewing sarcoma cells
43

. There is a highly-polymorphic GGAA-

microsatellite at approximately 1500 bp 5’ to the NR0B1 transcriptional start site which is 

bound by EWS/FLI in Ewing cells
15

. Knock-down of EWS/FLI expression causes a 

concomitant reduction in NR0B1 RNA and protein expression, suggesting NR0B1 is 

regulated by direct binding of EWS/FLI to its microsatellite
43

. 

 

To explicitly test whether the GGAA-microsatellite is necessary for EWS/FLI-mediated 

activation of NR0B1, we utilized CRISPR/Cas9 to delete the region containing the 

NR0B1 microsatellite in A673 Ewing cells. Genomic PCR and Sanger sequencing of 

isolated polyclonal cell populations demonstrated successful deletion of the GGAA-

microsatellite in approximately 80% of the polyclonal population (Figures 4.1A, 

Supplementary Figure 4.5). 

 

To determine the effects of microsatellite loss on NR0B1 expression, we next evaluated 

mRNA and protein levels. Deletion of the microsatellite reduces NR0B1 expression at 

both the RNA and protein level by 80% or more as compared to control cells (Figure 

4.1B).  Remaining NR0B1 expression is likely due to residual cells in the polyclonal 

population that did not undergo microsatellite excision, but we cannot exclude persistent 

low-level gene expression after microsatellite deletion. These data indicate the GGAA-

microsatellite is required for full-level NR0B1 expression in Ewing sarcoma cells. 
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A 

 
B 

 
C 

Figure 4.1 Deletion of the NR0B1 microsatellite reduces NR0B1 expression, impairs 

A673 cell growth and inhibits colony formation  

 

(A) Sequencing results validating knock-out of the NR0B1 GGAA-microsatellite about 

1.5kb upstream of the NR0B1 TSS in A673 cells. The sgRNAs targeted to either side of 

this region are underlined. GGAA-microsatellite is highlighted red and CRISPR/Cas9 

deleted region is highlighted blue. Gel shows deletion of NR0B1 microsatellite region 

compared to control (non-deleted), with densitometry quantification on the right (p < 

0.01). Data represented as mean ± SEM (n=2) (B) NR0B1 mRNA (p < 0.05) and protein 

expression levels in control and CRISPR/Cas9-mediated knock-out of NR0B1 

microsatellite in A673 Ewing sarcoma cells, with western blot densitometry 

quantification on the right. Control CRISPR/Cas9 plasmids do not contain sgRNAs. Data 

represented as mean ± SEM (n=3) (C) Growth and colony formation assay quantification 
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of CRISPR/Cas9 control vs. NR0B1 microsatellite knock-out in A673 cells (p < 0.05). 

Data represented as mean ± SEM (n=3). 

 

 

We next evaluated the role of the NR0B1 microsatellite on Ewing sarcoma cell behavior.  

Growth curves and anchorage-independent growth were determined for control, and 

microsatellite-deleted cells, using live cell imaging and soft-agar assays, respectively. We 

found cells harboring deletion of the NR0B1 microsatellite exhibited impaired 

proliferation rate and near-complete loss of colony formation (Figure 4.1C). Similar 

results were observed using TC71 and EWS502 Ewing sarcoma cells (Supplementary 

Figures 4.6A-B). The effect was more subtle in these latter cells likely because of less-

complete microsatellite deletion coupled with a propensity for non-deleted cells to 

outgrow CRISPR knock-out cells over time (Supplementary Figure 4.6C). In contrast to 

these Ewing sarcoma cells, deletion of the GGAA-microsatellite containing region in 

non-Ewing HEK293 cells did not cause a decrease in NR0B1 mRNA or protein levels; 

instead, there was a non-statistically significant minor increase in mRNA levels following 

microsatellite excision (Supplementary Figure 4.6D). 

 

To determine if loss of oncogenic transformation of A673 cells following GGAA-

microsatellite excision was due to loss of NR0B1 protein expression, we performed 

“rescue” experiments. We introduced an NR0B1 cDNA into A673 cells by retroviral 

infection and drug selection, and followed this by deletion of the GGAA-microsatellite 

using the lentiviral system described above. Enforced NR0B1 expression rescued both 
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NR0B1 protein levels and colony formation in soft agar (Supplementary Figure 4.6E), 

suggesting loss of transformation resulted from loss of NR0B1 protein expression, and 

not from an off-target or other non-specific effect. Collectively, these data indicate the 

GGAA-microsatellite is required for full-level expression of the NR0B1 gene, tissue-

culture proliferation, and anchorage-independent growth of Ewing sarcoma cells.  

 

The FLI domain of EWS/FLI interacts with short GGAA-microsatellites as monomers via 

independent binding events 

Our prior studies evaluating interactions between EWS/FLI and short GGAA-

microsatellite sequences containing 0-7 consecutive GGAA repeats suggested that FLI 

exhibits homodimeric binding on elements containing 4 or more GGAA-repeats with a 

dissociation constant (KD) of ~70 nM
51

. These data were based on a combination of 

electrophoretic mobility shift assays and fluorescence anisotropy studies using two 

recombinant mutants of EWS/FLI: the isolated 101 amino-acid FLI ETS domain, and the 

∆22 mutant, containing all of the FLI portion of EWS/FLI and 6 amino acids from the 

EWS portion
15,51

. These studies did not evaluate larger microsatellite sequences and thus 

were unable to address the stoichiometry and potential for cooperative binding on longer 

GGAA-microsatellites. 

 

To determine the stoichiometry of EWS/FLI binding on GGAA-microsatellites of more 

relevant lengths (i.e., longer microsatellites), we conducted fluorescence anisotropy 

studies using the same Δ22 construct (Supplementary Figure 4.7A) used in our earlier 
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studies
34

. Using fluorescein-labeled DNA duplexes containing increasing numbers of 

consecutive GGAA-motifs, ranging from 2-16 repeats, we found a highly consistent 

stoichiometric ratio of one Δ22 monomer binding for every two GGAA repeats (R
2
 

0.9881; Figure 4.2A, Supplementary Figure 4.7B). Additional evaluation revealed one 

Δ22 monomer binds two GGAA-repeats, and two monomers binds three repeats, the only 

ratio inconsistent with the established 1:2 pattern (Figure 4.2A, Supplementary 4.7C). 

These data differ slightly from our previous studies, which suggested Δ22 is unable to 

bind 3 or fewer GGAA-repeats
15

. The reason for this discrepancy is unknown, but may be 

related to differing sensitivities of EMSA (used in prior studies) and fluorescence 

anisotropy (used in this study). Overall, the stoichiometry experiments suggest a “head-

to-tail” binding model whereby single molecules of Δ22 can “anchor” to Δ22 molecules 

already bound on the microsatellite, and extend a “chain” of bound Δ22 one molecule at a 

time. 



 

113 

 

 

 

 
Figure 4.2 Characterization of Δ22 binding on DNA sequences of increasing GGAA-

microsatellite numbers  

(A) Fluorescence polarization (FP) was used to determine the stoichiometry of 

recombinant Δ22 protein binding fluorescein-labeled DNA probes from 2-16 consecutive 

GGAA repeats. Data represents mean of 2 independent experiments (each with 3 

technical replicates) for each GGAA-repeat length. R
2 

=
 
0.9881 (B) FP was used to assay 

binding affinity of recombinant Δ22 protein bound to fluorescein-labeled oligonucleotide 

probes of 4-16 consecutive GGAA motifs. KD was determined to be approximately 

70nM. Data represents mean ± SEM (n=3). (C) Summary of KD (binding affinity) 

determined by fluorescence anisotropy for recombinant Δ22 vs. Mut9 proteins binding to 

fluorescein-labeled DNA oligonucleotides of increasing GGAA-microsatellite numbers. 

Data represent the mean of 2 independent experiments for each GGAA-repeat length. R
2 

= 0.9425 and 0.8795 for Δ22 and Mut9, respectively. 
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EWS sequences are required for EWS/FLI binding to “sweet-spot” GGAA-microsatellite 

lengths in vitro 

The analysis we performed above included GGAA-microsatellite sequences ranging from 

2-16 consecutive GGAA-repeats. We next considered the possibility that “sweet-spot” 

microsatellite lengths might be optimal for gene expression because of improvements in 

affinity of the FLI DNA-binding domain for these longer repeat lengths. To test this 

possibility, we again used fluorescence anisotropy to evaluate binding of Δ22 to GGAA-

microsatellites containing 18-22 consecutive GGAA-repeats. Unexpectedly, we found the 

affinity of Δ22 progressively worsened as the microsatellite length increased, and was 

unmeasureable at the longest microsatellite tested (22 repeats; Supplementary Figure 

4.8A). It is known Δ22 is unable to rescue oncogenic transformation of Ewing sarcoma 

cells in which endogenous EWS/FLI has been knocked down
8
. This has been assumed to 

be due to the absence of a transcriptional regulatory domain contributed by the EWS 

portion of the fusion. The current data suggest an additional possibility:  that Δ22 also 

fails to bind GGAA-microsatellites in vivo. 

 

It is clear full-length EWS/FLI binds “sweet-spot” GGAA-microsatellites in vivo, and 

rescues oncogenic transformation of Ewing sarcoma cells
44,51

. We therefore sought to 

determine whether the inclusion of EWS sequence would change the binding 

characteristics of the fusion in vitro. Full-length EWS/FLI is challenging to purify as a 

recombinant protein in a fully-functional form as the low-complexity/intrinsically-

disordered EWS portion tends to cause aggregation of the protein in vitro
196

. To 
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circumvent this challenge, we instead purified a mutant form (Mut9) containing an 

internal deletion of 164 amino acids that comprise much of the intrinsically disordered 

domains of the EWS portion of the EWS/FLI fusion. Mut9 fully rescues oncogenic 

transformation in Ewing sarcoma and regulates the limited number of genes tested in a 

manner nearly identical to full-length EWS/FLI (see below for Mut9 global 

transcriptional analysis)
44

. This construct is, however, readily purified as a recombinant 

protein, and we therefore used it in place of full-length EWS/FLI. 

 

We analyzed recombinant Mut9 binding to a series of GGAA-microsatellite sequences 

using fluorescence anisotropy. In the case of suboptimal/shorter GGAA-repeat 

sequences, we found Mut9 binds with poor affinity (KD in the 3-6 μM range for 8-12 

GGAA-repeats; Figure 4.2C). Interestingly, the KD significantly improves as the number 

of GGAA-motifs is increased into “sweet-spot” lengths: at 22 GGAA-repeats the KD 

decreased to 805 nM (Supplementary Figure 4.8B). These data demonstrate a significant 

change in binding capacity to GGAA-microsatellites that is dependent on the EWS-

portion of the EWS/FLI fusion: Δ22 binds well to short, but not “sweet-spot” 

microsatellites, while Mut9 binds to “sweet-spot,” but not shorter, microsatellites (Figure 

4.2C). Taken together, these data demonstrate the transcriptional regulatory EWS-domain 

plays an unanticipated, but critical role in binding of the EWS/FLI fusion to “sweet-spot” 

GGAA-microsatellite regulatory elements. 
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EWS sequences are required for EWS/FLI binding to “sweet-spot” GGAA-microsatellite 

lengths in vivo 

The work we presented on GGAA-microsatellite binding thus far used recombinant 

proteins and DNA duplexes in an in vitro setting. These in vitro studies are limited by 

their inability to account for the more complicated intracellular milieu and additional 

protein-protein interactions present in living Ewing sarcoma cells. To address this issue, 

we next performed in vivo experiments to test our model. 

 

We previously demonstrated EWS/FLI activation of luciferase reporters containing 

GGAA-microsatellites reveals a “sweet-spot” of approximately 20-30 GGAA-repeats. To 

test whether Mut9 demonstrates a similar “sweet-spot” preference, we performed 

luciferase reporter assays using GGAA-repeat lengths from 10-70 repeats 

(Supplementary Figure 4.9A). We found peak Mut9 responsiveness at 40 repeats, and 

evidence of a second peak in the 70-repeat range (generally similar to what was 

previously observed with full-length EWS/FLI). These data indicate Mut9 functions in an 

analogous manner to wild-type EWS/FLI in this reporter system. In contrast, a 

Mut9/R2L2 mutant, which contains a two-amino acid substitution in the DNA-binding 

domain of the FLI portion (Supplementary Figure 4.7A)  and cannot bind DNA
34

, does 

not induce transcriptional activation, regardless of GGAA-repeat length (Supplementary 

Figure 4.9A). Thus, our data suggest a requirement for both the EWS and FLI portions of 

the fusion for DNA binding and transcriptional activation. 
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We next extended these findings to endogenous genes in patient-derived A673 Ewing 

sarcoma cells. We “knocked-down” EWS/FLI with a retrovirally-expressed shRNA (EF-

2-RNAi), or used a control RNAi targeting luciferase (Luc-RNAi), and “rescued” 

expression with RNAi-resistant cDNAs expressing either wild-type EWS/FLI, Mut9 or 

Δ22, or an empty-vector control. As previously reported
34

, both wild-type EWS/FLI and 

the Mut9 mutant rescue oncogenic transformation, while the Δ22 and empty-vector 

controls did not (Supplementary Figure 4.9B). RNA-seq was next performed on these 

polyclonal populations of cells. Unsupervised hierarchical clustering revealed that Mut9-

rescued cells clustered (and intermixed) with the wild-type EWS/FLI-rescued cells 

(Figure 4.3A). These had gene expression patterns that were highly-similar to cells 

treated with the Luc-RNAi control. In contrast, the Δ22-rescued cells clustered (and 

intermingled) with empty-vector rescue cells (Figure 4.3A). These data indicate Mut9 

shares a nearly-identical gene expression pattern with wild-type EWS/FLI, and therefore 

validates its use as an “EWS/FLI-equivalent” version. 

 

To determine whether GGAA-microsatellite repeat number affects EWS/FLI- and Mut9-

mediated gene activation, we next selected a handful of EWS/FLI-regulated genes 

containing nearby microsatellites of varying lengths (range: 6-38 GGAA-repeats) and 

plotted their EWS/FLI-induced gene expression from our RNA-seq data. Genes 

associated with microsatellites containing 18-26 GGAA-repeats had high levels of 

EWS/FLI- and Mut9-mediated gene activation (Figure 4.3B). In contrast, those with 
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fewer or greater numbers of repeats showed diminished EWS/FLI- and Mut9-mediated 

activation.  As anticipated, Δ22 showed little if any gene regulatory activity. 

 

 
A 

 
B 

Figure 4.3 EWS/FLI mediated differential gene expression in Mut9 vs. Δ22 rescue of 

EWS/FLI knock-down in A673 cells at different microsatellite lengths.  
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(A) Heat map of hierarchical clustering of the 500 most EWS/FLI up- and down 

regulated genes across cells expressing varying knockdown/rescue constructs. Each row 

represents one gene and each column represents one biological sample. Values used to 

determine differential expression were normalized count matrices (scale represents 

normalized counts). (B) Results comparing differential gene expression from RNA-seq 

data (Fig. 3A) of EWS/FLI-regulated genes in the context of rescue with wild type, Mut9, 

and Δ22 constructs. The number of GGAA motifs (according to UCSC hg19 reference 

genome) contained in their respective gene-associated microsatellites is indicated. Data 

represents mean ± SD (n=3). 

 

We next asked whether the EWS portion of EWS/FLI is critical for binding “sweet-spot” 

GGAA-microsatellites in vivo. We performed directed ChIP-PCR experiments using an 

anti-FLI antibody. We used the A673 knock-down/rescue approach described above, and 

rescued expression with cDNAs expressing either wild-type EWS/FLI, Mut9, Δ22, or the 

R2L2 DNA-binding mutant
75

. Schematics of the EWS/FLI mutants are shown in Figure 

S4.3A. Following ChIP, we performed qPCR for the NR0B1 microsatellite as an example 

“sweet-spot” microsatellite (containing 25 GGAA-repeats). We found wild-type 

EWS/FLI and Mut9 both demonstrate binding enrichment at this site, whereas Δ22 and 

R2L2 do not (Supplementary Figure 4.10A). Similarly, when introduced into the non-

Ewing sarcoma cell line HEK293, both wild-type EWS/FLI and Mut9 show enrichment 

at the NR0B1 GGAA-microsatellite while Δ22 and R2L2 do not (Supplementary Figure 

4.10B).  

 

We next compared the genomic localization of Mut9 to Δ22 using the knock-

down/rescue strategy in A673 Ewing sarcoma cells. ChIP-seq demonstrated that Mut9 

was globally-enriched at EWS/FLI binding sites across the human genome, while Δ22 
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binding was not significantly enriched over control cells expressing an empty-vector 

rescue construct (Figure 4.4, Supplementary Figure 4.10C). Residual FLI binding present 

in the empty-vector and Δ22 rescue samples reflects the incomplete knock-down 

observed with our EWS/FLI shRNA. Overall, these data extend our in vitro findings: the 

EWS-portion of EWS/FLI is required for in vivo DNA binding. 

 

 
Figure 4.4 Genome-wide FLI-ChIP binding of Mut9 vs. Δ22. Heat map of genome-wide 

FLI-ChIP-seq data from A673 cells with EWS/FLI knock-down vs. Mut9 or Δ22 rescue 

compared to input and A673 wild-type EWS/FLI cells. See Supplementary methods for 

additional sorting information. 

 

Taken together, these data highlight a previously-unrecognized requirement for 

sequences contributed by the EWS-portion of the EWS/FLI fusion in DNA binding and 
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gene activation. Furthermore, these data localize the portion of EWS required for this 

activity to the portion retained in the Mut9 construct (amino-acids 1-82 and 246-264 of 

the EWS portion of full-length EWS/FLI). 

 

Discussion 

EWS/FLI is a modular transcription factor containing an ETS-type DNA binding domain 

in the FLI-portion of the fusion, and a transcriptional activation/repression domain in the 

EWS-portion of the fusion
44

. We now demonstrate an unanticipated critical modulatory 

role for the EWS-portion in EWS/FLI binding to GGAA-microsatellites: at shorter 

microsatellite lengths the EWS-portion inhibits binding, and at longer “sweet-spot” 

lengths the EWS-portion enables binding. This finding has important implications for our 

understanding of transcriptional regulation and Ewing sarcoma development. 

 

We and others first identified GGAA-microsatellites as potential EWS/FLI response 

elements using ChIP-chip, luciferase reporter, and in vitro DNA binding assays
15,16,46

. 

However, the data implicating GGAA-microsatellites as requisite EWS/FLI-response 

elements was circumstantial at best. In the current report, we demonstrate the region 

containing the GGAA-microsatellite adjacent to the NR0B1 gene is required for 

activation of that gene in Ewing sarcoma, and genetic deletion of that region disrupts 

normal Ewing sarcoma cell growth and colony formation in soft agar. These studies are 

the first to explicitly link EWS/FLI-bound GGAA-microsatellites to cancerous 

phenotypes in Ewing sarcoma. These data support the notion that alterations in GGAA-
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microsatellite function (for example, through microsatellite-length polymorphisms) can 

have significant effects on Ewing sarcoma development. This is important because we 

have shown significant population differences in GGAA-microsatellite length 

polymorphisms between African and European populations: Europeans have a significant 

enrichment in “sweet-spot” length GGAA-microsatellites at the NR0B1 locus as 

compared to Africans, who have greater numbers of larger microsatellites (>30 GGAA-

repeats)
16

. These data correlate with the incidence of Ewing sarcoma in these two 

populations: Europeans have a 10-fold higher incidence of Ewing sarcoma as compared 

to Africans
14

. Furthermore, patients who develop Ewing sarcoma have an even higher 

level of enrichment of “sweet-spot” microsatellites
16

. These data were certainly 

suggestive of a contribution of the NR0B1 microsatellite polymorphisms in Ewing 

sarcoma susceptibility, but our current demonstration of the necessity for the adjacent 

GGAA-microsatellite in NR0B1 gene expression provide an explicit linkage between 

these findings. These data also support a recent study suggesting a Ewing sarcoma-

susceptibility locus creates a “sweet-spot” microsatellite in the risk allele and this leads to 

increased expression of the EGR2 gene and Ewing sarcoma development
32

. 

 

The in vitro and in vivo studies presented in this report strongly corroborate one-another 

and indicate the EWS-portion of the EWS/FLI fusion is critical for binding of EWS/FLI 

to “sweet-spot” microsatellites. These data provide a mechanistic rationale for the 

presence of “sweet-spot” microsatellites: if GGAA-microsatellites are too short, 

EWS/FLI is not able to bind well. Thus, EWS/FLI binding and associated gene activation 
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is only possible at microsatellites exhibiting at least “sweet-spot” numbers of GGAA-

repeats. We do not currently have the capability to assess microsatellite lengths longer 

than “sweet-spot” lengths in our in vitro studies, but we anticipate that longer 

microsatellite lengths would be inefficient at binding EWS/FLI. 

 

Interestingly, recent published data indicate EWS/FLI-bound GGAA-microsatellites in 

Ewing sarcoma are in an open chromatin state, while knock-down of EWS/FLI results in 

a closed chromatin configuration at these loci
69

. Conversely, introduction of EWS/FLI 

into mesenchymal stem cells converts closed chromatin into an open state
69,128

. These 

data suggest an important role of EWS/FLI at GGAA-microsatellites is to convert closed 

chromatin to an open state to enable transcriptional activation.  The implication is 

EWS/FLI might function at these loci as a “pioneer factor,” binding DNA and recruiting 

chromatin-modifying complexes to induce an open-chromatin configuration
197

. An 

intriguing interpretation of our data is EWS/FLI may induce this chromatin-opening at 

GGAA-microsatellites via a “mechanical” biophysical mechanism: initial binding of 

EWS/FLI at “sweet-spot” microsatellites might facilitate the binding of additional 

EWS/FLI molecules, and essentially open the chromatin through a “coating” mechanism. 

Our data therefore implicate the EWS-portion of the fusion as critical in facilitating DNA 

accessibility. 

 

Our data do not speak to the detailed mechanism by which the EWS-portion of EWS/FLI 

participates in fusion binding to “sweet-spot” microsatellites. It is tempting to speculate a 
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polymerization process, mediated by the EWS-portion, is involved. FUS, a paralog of 

EWS, is also involved in chromosomal translocations leading to oncogenic fusion 

transcription factors. FUS is capable of polymerizing and forming hydrogels under 

certain conditions
78

.  When the amino-terminus of FUS is joined to the FLI DNA binding 

domain, addition of GGAA-microsatellite sequences appears to trigger polymerization of 

the fusion. This is thought to occur at a series of [G/S]Y[G/S] amino acid repeats
78

. 

Similar [G/S]Y[G/S] repeats are present in the amino-terminal portion of EWS that is 

included in the EWS/FLI fusion protein
78

. Future studies will be required to determine if 

polymerization, via the EWS-portion, is required for binding to “sweet-spot” GGAA-

microsatellites. 

 

In addition to GGAA-microsatellite binding, a significant portion of the EWS/FLI fusion 

is bound to high-affinity ETS sites
15,69

. One limitation of the current study is we did not 

evaluate the role of the EWS portion of the fusion on binding to these high-affinity sites. 

Studies addressing this question may shed additional light on the mechanism of EWS/FLI 

binding to, and activation of, its target genes. 

 

In summary, we provide strong evidence for a critical role of the NR0B1 GGAA-

microsatellite in Ewing sarcoma development, and provide new mechanistic details for 

the ability of EWS/FLI to bind to GGAA-microsatellites at “sweet-spot” lengths. These 

data indicate the role of the EWS-portion of the fusion protein is not simply to interact 

with transcriptional co-regulators to mediate gene expression, but it is also required for 
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binding to GGAA-microsatellites. Furthermore, this work suggests new opportunities in 

targeting of the fusion: approaches that disrupt the DNA-binding modulatory role of the 

EWS-portion of EWS/FLI may be sought out as new therapeutic approaches for patients 

with Ewing sarcoma. 
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Supplementary Information 

Supplemental Materials and Methods 

Cell culture 

HEK 293EBNA cells and Ewing sarcoma cell lines (A673, TC71, EWS/502) were 

infected with CRISPR/Cas9 lentivirus and A673 cells were retrovirally infected as 

previously described for EWS/FLI knockdown/rescue experiments
43,118

. Polyclonal cell 

populations were grown in the appropriate selection media for at least 4 days before any 

cells were seeded for collection
43,118

. Growth assays were performed in 96-well plates on 

the IncucyteZoom live cell imager within 7-10 days of lentiviral infection. Briefly, 8000 

cells/well were seeded in triplicate and imaged every 4-6 hours for 7-10 days. 
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IncucyteZoom software pre-calibrated for Ewing sarcoma cells measured cell confluence 

levels as a percentage to assess cell growth over time.  

 

Quantitative reverse-transcriptase polymerase chain reaction (qRT-PCR) 

Total RNA from cells was amplified and detected using SYBR green fluorescence for 

quantitative analysis in triplicate for each sample
118

. Normalized fold enrichment was 

calculated by determining the fold-change of the mean of each condition relative to the 

control mean, with the data in each condition normalized to an internal housekeeping 

control gene GAPDH. Primer sequences used for qRT-PCR analysis for all target genes 

are included in supplementary Table 4.1. Two-tailed t tests were used for statistical 

comparison. 

 

FLI ChIP and ChIP-seq 

ChIP assays were carried out on A673 and HEK293 cultures of approximately 3 - 10 × 

10
6
 cells per sample and per epitope, following the procedures previously described

199,200
. 

Chromatin from formaldehyde-fixed cells was fragmented to a size range of 200-700 

bases with a Misonix Sonicator. Solubilized chromatin was immunoprecipitated with 

antibodies against FLI (Santa Cruz, sc-356X Santa Cruz Biotechnology, Inc.) or IgG 

(Santa Cruz, sc-2027 Santa Cruz Biotechnology, Inc.). Antibody-chromatin complexes 

were pulled down with M-280 sheep anti-rabbit IgG Dynabeads (Thermo Scientific), 

washed (8 minutes each in 20mM Tris-Cl (pH 8.0) buffers containing 250mM NaCl, 

500mM NaCl, and 250mM LiCl respectively) and then eluted (50mM Tris-Cl (pH 8.0), 
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50mM NaHCO3, 1% SDS and 1mM EDTA). After crosslink reversal, RNAse A and 

Proteinase K treatment, immunoprecipitated DNA was extracted with the Mini-Elute 

PCR purification kit (Qiagen). ChIP DNA was quantified with Qubit. Quantitative RT-

PCR was performed with NR0B1 primers and normalized with 1% of starting chromatin, 

used as input, for each sample. ChIP analysis was performed using the % input method, 

and the fold enrichment method normalized to mock (IgG) control for each sample 

(Thermo Fisher Scientific). Remaining ChIP DNA samples were used to prepare 

sequencing libraries, and ChIP DNA and input controls were sequenced with the Hi-Seq 

Illumina Genome Analyzer. Peak calling was performed using USeq software (28). Heat 

maps and the profile plot were generated by individual sorting of the ChIP-seq signal 

from lowest to highest for each mutant rescue construct, and centered on FLI peaks 

demonstrated in previous A673 cell FLI ChIP-seq data. Integrated Genome Browser 

(IGB) was used to visualize individual FLI enrichment at specific genomic loci, such as 

at NR0B1. Raw sequence reads can be found in NCBI’s Gene Expression Omnibus and 

are accessible through GEO SuperSeries accession number GSE94503. 

 

RNA-seq Data Collection and Analysis 

A673 cells were stably infected and selected for expression of a control Luc-RNAi or the 

EF-2-RNAi. Following 4 days of selection, cells were infected with either an empty 

pMSCV-hygro vector or vector expressing full length type IV EWS/FLI, the Δ22 

EWS/FLI mutant, or Mut9 EWS/FLI mutant. Knock-down and rescue were verified by 

seeding cells in soft agar in duplicate for each condition. RNA was extracted with an 
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RNAeasy kit (Qiagen) using an on-column DNAse digestion protocol. Libraries for deep-

sequencing were prepared according to the manufacturer’s instructions (Illumina) and 

sequenced on an Illumina Hi-Seq 4000 to generate 150 bp paired-end reads. Sequences 

were aligned to the human genome build hg19 using version 2.5.0c of the aligner STAR. 

Raw sequence reads can be found in NCBI’s Gene Expression Omnibus and are 

accessible through GEO SuperSeries accession number GSE94503. Raw read counts 

were generated using htseq-count with intersection-strict mode. Raw counts were 

normalized in DESeq2 with rlog. The 500 genes most up and down-regulated by 

EWS/FLI were used to generate the heatmap in pheatmap with default column clustering 

settings and row clustering off. Differential expression was calculated using DEseq2 for 

each pairwise comparison of each EWS/FLI construct expressed over EWS/FLI 

knockdown as compared to rescue with an empty vector. Genes selected for GGAA-

repeat number vs. mRNA expression level comparison were selected from a panel of 

microsatellite-associated genes (TSS of gene nearest to the center of the GGAA-

microsatellite) that represented a spectrum of GGAA-repeat lengths. The TSS of nine of 

the 13 genes selected are within 7kb of a GGAA-microsatellite. The fold change values 

in Figure 4.3B represent the mean of at least 3 biological replicates for each condition, 

derived from our RNA-seq data (Figure 4.3A).  

 

Recombinant Protein Purification  

Recombinant Δ22 and Mut9 proteins were prepared from E. Coli BL21(DE3) cells 

transformed with pET28a or pFN18K (EMD Chemicals, Promega) expression plasmids, 
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respectively. Cultures were auto-induced in low-phosphate ZY-media at 37˚C for 7 

hours, and then 24˚C for 20-22 hours. Harvested cells were lysed with 0.2mg/ml 

lysozyme in a lysis buffer containing a protein inhibitor cocktail (Roche, USA), 10% 

glycerol, 50mM Tris-HCl pH 8.0 (HEPES pH7.5 for Mut9), 500mM NaCl, 0.5mM BME, 

and 0.1mM PMSF for 45 min on ice, and then sonicated. The cell lysate was centrifuged 

at 45,000 RPM for 45min. The supernatant was then mixed for 2 hours at 4˚C with either 

Ni-NTA resin (Qiagen, USA) for His-tagged Δ22, or Halo-link resin (EMD Chemicals, 

Promega) for Halo-tagged Mut9. Resin-bound Δ22 was washed over a column (Fisher, 

USA) by gravity flow with 50mM Tris-HCl pH 8.0, 100mM NaCl, 10% glycerol, 

imidazole (40mM for 1
st
 wash, 20mM for 2

nd 
and 3

rd
 wash), and 20mM BME. Resin-

bound Mut9 was washed with buffer containing 50mM HEPES pH 7.5, 150mM NaCl, 

0.5Mm EDTA, and 10% glycerol. TEV protease (EMD Chemicals, Promega) was added 

to Halo-tagged Mut9 for 1hr at room temperature. TEV protease was removed via mix 

with Ni-NTA resin for 30min at 4˚C, followed by 5min centrifugation. Supernatant was 

collected and concentrated with Amicon Ultra centrifugal filters (Millipore, USA). Bound 

Δ22 was eluted from the resin with a buffer containing 20mM Tris-HCl (pH 8.0), 500mM 

NaCl, 200mM imidazole, 20mM BME, and 0.1mM PMSF. Mut9 was eluted from the 

resin with buffer containing 50mM HEPES pH 7.5, 150mM NaCl, 0.5Mm EDTA, and 

10% glycerol. Purified proteins were concentrated with Amicon Ultra centrifugal filters 

(Millipore, USA) and concentrations were determined by absorbance at UV280. Purified 

protein purities were assessed by SDS-PAGE.  
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Fluorescence Polarization 

Fluorescence polarization was performed in 384-well format using a BioTek Synergy2 

fluorometer (Winooski, VT) with fluorescein-labeled probes containing 0-22 consecutive 

GGAA motifs and 1x Gel Shift binding buffer (Promega Corporation, Madison, WI). 

Sequences of the consecutive GGAA motifs harboring probes and control sequences used 

in these assays are listed in Table 4.2. Recombinant proteins were prepared as described 

above. 

For binding assays, recombinant Δ22 or Mut9 protein concentrations were varied in 

individual wells in triplicate for each concentration, and mixed with DNA at a final 

concentration at least 10-fold below the expected KD. Samples were incubated at room 

temperature for at least 25 minutes prior to measuring polarization. Polarization values 

(mP) were measured and plotted as a function of Δ22 or Mut9 protein concentrations. 

The free and total protein concentrations were assumed to be equal because the DNA 

concentration is at least 10-fold lower than the KD. The total fluorescence intensities were 

conserved across all protein concentrations tested, indicating that the characteristics of 

the probe were stable across different protein concentrations. The affinity plots and curve 

fits were performed using the GraphPad Prism program, using the one-site total binding 

equation (GraphPad Software, LaJolla, CA). Each probe was tested in at least two 

independent experiments.  

For stoichiometry experiments, polarization measurements were performed as 

above. DNA was mixed in binding buffer solution at a concentration 20-fold above the 
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determined KD. Δ22 protein was added to the DNA solution in triplicate in 384-well plate 

format at different final molar ratios and equilibrated for at least 25 minutes before 

measuring polarization. Each probe was tested in at least two independent experiments. 

Polarization values were plotted as a function of the concentration ratio of protein versus 

DNA. The protein:DNA ratio at which an inflection in the data occurs represents the 

binding stoichiometry, as this is the point at which DNA is saturated by protein and 

polarization values change minimally as protein concentration increases.  

 

Luciferase Assays 

The pGL3-promoter luciferase vector (Promega, Madison, WI) was used for all 

experimental and control conditions. HEK 293EBNA cells were transfected with 

experimental reporter plasmid constructs or control plasmids, the Renilla plasmid and 

plasmids with Mut9, empty vector, or Mut9/R2L2 cDNA as previously described
16

. 

Firefly luciferase activity was normalized to Renilla luciferase activity to control for 

transfection efficiency and is reported in figures as “relative luciferase activity.” Each 

experimental condition was performed in triplicate. Two-tailed t test was used for 

statistical comparison. 
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Supplemental Figures 

 

 
Figure 4.5 Sequencing results of the NR0B1 microsatellite deletion. Sanger sequencing 

chromatogram of genomic DNA demonstrating deletion of the NR0B1 GGAA-

microsatellite region in A673 cells  
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Figure 4.6 Deletion of the NR0B1 microsatellite in other cell lines 
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Figure 4.6 continued 

 

(A) NR0B1 mRNA and protein expression levels in control and CRISPR/Cas9-mediated 

knock-out of the NR0B1 microsatellite in TC-71 and EWS/502 Ewing sarcoma cells (p < 

0.05). Data is represented as mean ± SEM (n=3) (B) Growth curves and soft agar assay 

quantification for NR0B1 microsatellite deletion in two other Ewing sarcoma cell lines 

(TC-71 cells and EWS/502 cells). Growth curve data is represented as mean ± SEM 

(n=4). Control vs. CRISPR for TC-71 and EWS/502 cells are each statistically significant 

(p < 0.05), denoted by asterisks. Soft agar data is represented as mean ± SEM (n=2) (C) 

Densitometry quantification of PCR-amplified NR0B1-microsatellite containing region 

for A673 control (wild type NR0B1-microsatellite) allele vs. CRISPR-Cas9 knock-out 

(deleted NR0B1-microsatellite) allele at different time points for up to 3-weeks post-

lentiviral infection (D) NR0B1 mRNA and protein expression levels in control and 

CRISPR/Cas9-mediated knock-out of the NR0B1 microsatellite in non-Ewing sarcoma 

HEK293 cells. Data is represented as mean ± SEM (n=3) (n.s. = not statistically 

significant) (E) NR0B1 protein levels and colony formation assay quantification for 

A673 cells with NR0B1 cDNA rescue in CRISPR/Cas9 control vs. microsatellite knock-

out (n.s. = not statistically significant). Data represented as mean ± SEM (n=2). 
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Figure 4.7 Stoichiometry of Δ22 binding on DNA sequences of increasing GGAA-

microsatellite numbers.  
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Figure 4.7 continued 

 

(A) Schematic of EWS/FLI constructs used in these studies (B) Fluorescent anisotropy 

results of recombinant Δ22 protein binding to fluorescein-labeled DNA probes containing 

8, 12, and 16 consecutive GGAA-repeats, respectively. The inflection points represent 

stoichiometric ratios and are indicated by dashed lines (exact values indicated on graphs 

as n=3.9 for 8 repeats, n=5.8 for 12 repeats, etc.). Data is represented as mean ± SEM 

(n=3) (C) Stoichiometry of recombinant Δ22 protein binding at the conserved ETS high-

affinity sequence (one ‘GGAA’), 2, and 3 consecutive GGAA-repeats, respectively, to 

characterize minimal binding of Δ22. Dashed lines and n-values on graphs represent 

inflection points, or stoichiometric ratios. Data is represented as mean ± SEM (n=3). 

 

 
Figure 4.8 Mut9 vs. Δ22 binding at increasing GGAA-microsatellite lengths. 

Fluorescence anisotropy binding of recombinant (A) Δ22 or (B) Mut9 proteins on 

fluorescein-labeled DNA oligonucleotides containing 12 vs. 22 (“sweet-spot”) 

consecutive GGAA repeats. Data is represented as mean ± SEM (n=3). 
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Figure 4.9 Mut9 transcriptional activation of increasing consecutive GGAA repeats 

(A) Luciferase assay results showing transcriptional activity of Mut9 and Mut9/R2L2 vs. 

empty vector at microsatellites of increasing GGAA repeat numbers. Mut9 induced 

activity is significantly greater than Mut9/R2L2 and the empty vector control (p < 0.01), 

and are denoted by asterisks. Data is represented as mean ± SEM (n=3). (B) 

Quantification of colony formation assays for EWS/FLI knock-down and rescue cells 

used in RNA-seq experiments. Data represents mean ± SD (n=2). Paired 2-tailed t-tests 

were performed between constructs that rescue anchorage independent growth (Luc-

RNAi, EWS/FLI, and Mut9) and those that do not (iEF-2-RNAi, Δ22, and R2L2). 

Asterisks denote statistical significance (p < 0.05). 
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Figure 4.10 Mut9 and Δ22 binding at NR0B1 microsatellite.  
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Figure 4.10 continued 

 

qPCR shows binding enrichment expressed as % input and fold change normalized to 

IgG mock control at the NR0B1 microsatellite following ChIP using an antibody against 

FLI vs. IgG in: 

 

(A) A673 cells with control (Luc-RNAi) or EWS/FLI knockdown (“iEF-2-RNAi”) 

rescued with the indicated EWS/FLI mutant constructs or empty-vector (“EF-2-RNAi”) 

and (B) non-Ewing sarcoma HEK 293 EBNA cells infected with mutant EWS/FLI 

constructs. Data is represented as mean ± SEM (n=3). Asterisks denote statistical 

significance (p < 0.05) as assessed by paired two-tailed t-tests, between EWS/FLI wild 

type, Mut9, and Luc-RNAi respectively vs. iEF-2-RNAi, Δ22, and R2L2 respectively (C) 

A representative example from ChIP-seq data, showing FLI binding enrichment at the 

NR0B1 microsatellite in EWS/FLI-depleted cells A673 cells rescued with empty vector, 

Mut9, or Δ22. 

 

 

Supplementary Tables 

 

 
Table 4.1 Sequences for primers used in ChIP and qRT-PCR, and sgRNA sequences used 

in CRISPR/Cas9 experiment 

 

 
Table 4.2 Sequences for fluorescently-labeled oligos used in FP experiments 
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Chapter 5: Identification of two types of GGAA-microsatellites and their roles in 

EWS/FLI binding and gene regulation in Ewing sarcoma  

 

Kirsten M. Johnson*, Cenny Taslim*, Ranajeet S. Saund, Stephen L. Lessnick. (2017) 

PLoS ONE. 12(11): e0186275. Doi: 10.1371/journal.pone.0186275. * These authors 

contributed equally to this work. 

 

KMJ and CT designed and performed experiments, and wrote the document. RSS 

performed the ChIP-seq experiment. SLL helped design the experiments and reviewed 

the document. 

 

Abstract 

Ewing sarcoma is a bone malignancy of children and young adults, frequently harboring 

the EWS/FLI chromosomal translocation. The resulting fusion protein is an aberrant 

transcription factor that uses highly repetitive GGAA-containing elements 

(microsatellites) to activate and repress thousands of target genes mediating oncogenesis. 

However, the mechanisms of EWS/FLI interaction with microsatellites and regulation of 

target gene expression is not clearly understood. Here, we profile genome-wide protein 

binding and gene expression. Using a combination of unbiased genome-wide 

computational and experimental analysis, we define GGAA-microsatellites in a Ewing 

sarcoma context. We identify two distinct classes of GGAA-microsatellites and 



 

141 

 

demonstrate that EWS/FLI responsiveness is dependent on microsatellite length. At close 

range “promoter-like” microsatellites, EWS/FLI binding and subsequent target gene 

activation is highly dependent on number of GGAA-motifs. “Enhancer-like” 

microsatellites demonstrate length-dependent EWS/FLI binding, but minimal correlation 

for activated and none for repressed targets. Our data suggest EWS/FLI binds to 

“promoter-like” and “enhancer-like” microsatellites to mediate activation and repression 

of target genes through different regulatory mechanisms. Such characterization 

contributes valuable insight to EWS/FLI transcription factor biology and clarifies the role 

of GGAA-microsatellites on a global genomic scale. This may provide unique 

perspective on the role of non-coding DNA in cancer susceptibility and therapeutic 

development. 

 

Introduction 

Ewing sarcoma is the second most common pediatric bone malignancy, initiated by a 

chromosomal translocation t(11;22)(q24;q12), creating the fusion protein and oncogenic 

driver EWS/FLI. As an aberrant transcription factor, EWS/FLI plays a critical role in 

regulating genes involved in tumorigenesis
38

. Typically, FLI and other ETS family 

members bind DNA via their conserved DNA binding domain at the consensus sequence 

‘ACCGGAAGTG’
48,63

. This high affinity DNA binding site containing a single GGAA 

core motif is necessary for oncogenesis
6,64,66

,
 
with FLI and EWS/FLI displaying similar 

DNA binding affinity and specificity
37

. In Ewing sarcoma, however, EWS/FLI displays a 
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“gain-of-function” in its ability to also bind ‘GGAA’-containing microsatellite (repeat) 

regions to regulate some of its targets, such as key oncogenic target NR0B1
15,74

. 

 

Microsatellites are tandem, or sequentially repeated DNA motifs, frequently found in or 

near gene promoters
105,108

. In Ewing sarcoma, repetitive “microsatellite” regions 

comprised of the motif “GGAA” have been identified as highly enriched EWS/FLI-

bound sequences near transcription start sites of EWS/FLI up-, but not down-regulated 

genes
15,46

. We and others confirmed that these putative binding sites specifically confer 

EWS/FLI-mediated activation of their adjacent target
15,46,69,70

. Additionally, we recently 

demonstrated a relationship between the number of repeats in these regions and their 

ability to function as EWS/FLI-response elements: an 18-26 GGAA-motif “sweet-spot” 

repeat length provides maximal transcriptional function, and is significantly enriched in 

patients with Ewing sarcoma
33

. How polymorphisms of GGAA-microsatellites in Ewing 

sarcoma affect EWS/FLI binding and transcriptional regulation across the genome, 

however, remains unclear. 

 

Although these GGAA-containing regions fall under the traditional definition of 

“microsatellites,” this term has been loosely applied in a Ewing sarcoma context to 

include a wide-range of “GGAA” sequences and is somewhat arbitrary, especially given 

their polymorphic nature
16

. Clearly defining GGAA-microsatellites in a Ewing sarcoma 

relevant context is needed to understand their mechanistic role in EWS/FLI transcription 

factor regulation. Additionally, delineating a clear relationship between microsatellite 
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length, location and transcriptional regulation across the genome is essential. Together, 

these disparities represent a significant void in our understanding of EWS/FLI 

transcriptional biology, and remain a powerful barrier to potential therapeutic 

amelioration. Our previous demonstration of GGAA-microsatellites as EWS/FLI 

response elements, coupled with in vitro and clinical data indicating a “sweet-spot” 

length, suggest a relationship between EWS/FLI and these unique binding sites in 

transcriptional activation
15,16

. Here, we sought to define GGAA-microsatellites in a 

Ewing sarcoma context, and to understand their role across the genome. 

 

To accomplish this, we use bioinformatics analysis of experimental data to first 

characterize GGAA-microsatellites, setting pre-determined parameters for an unbiased 

genome-wide approach. Once described, we then computationally link bound 

microsatellites to adjacent EWS/FLI regulated genes. Our data reveal two distinct types 

of GGAA-microsatellites: close-range (“promoter-like”) and long-range (“enhancer-

like”), and suggest differing mechanisms of EWS/FLI-mediated activation and repression 

at these elements. Classification of these clarifies the genome-wide presence of GGAA-

microsatellites in Ewing sarcoma and their role in transcriptional regulation. 

 

 

Materials and Methods 

Cell culture 
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The Ewing sarcoma cell line A673 from ATCC was cultured, and retroviruses packaged 

in HEK293-EBNA cells, using standard procedures described previously
175,201

. For RNA 

interference experiments, cells were infected with pMSCV-puro retrovirus harboring 

shRNA constructs against luciferase (control) or EWS/FLI. 

 

Searching for GGAA repeat regions  

Human reference genome (hg19) was scanned to find the occurrences of GGAA and 

TTCC using Biostrings
202

 and BSgenome
203

 R packages. An in-house script was used to 

find a region that contains multiple GGAA-motifs not separated by more than 20 non-

GGAA nucleotides. The region has to start and end with GGAA. The same procedure 

was used to find repeat regions with TTCC-motifs. Each region was then annotated with 

its nearest gene (pseudo genes were filtered from annotation database) using 

ChIPpeakAnno
204

 R package.  

 

ChIP-seq analysis  

Chromatin immunoprecipitation (ChIP) was performed as previously described
205

 using 

anti-FLI-1 (Santa Cruz, sc-356X Santa Cruz Biotechnology, Inc.). Briefly, chromatin 

from formaldehyde-fixed A673 cells was fragmented to a size range of 200-700 bases 

with a Misonix Sonicator. Solubilized chromatin was immunoprecipitated with anti-FLI-

1 and antibody-chromatin complexes were pulled down with M-280 sheep anti-rabbit 

IgG Dynabeads (Thermo Scientific), washed and then eluted. After crosslink reversal, 

RNAse A and Proteinase K treatment, immunoprecipitated DNA was extracted with the 
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Mini-Elute PCR purification kit (Qiagen). ChIP DNA was quantified with Qubit, libraries 

prepared and sequenced with Illumina HiSeq 2500. Raw sequence reads can be found in 

NCBI’s Gene Expression Omnibus database under GSE99959. Sequence reads were 

aligned to the human reference genome (hg19) using Novoalign (http://novocraft.com). 

Duplicate reads were removed using samtools
206

. Peaks were identified using MACS2
207

 

at FDR cut-off of 5%. To assess whether GGAA-repeat regions overlap with EWS/FLI 

binding sites more than one would expect by chance, we used permutation tests 

implemented in regioneR R library
208

. Overlap is defined as region with ≥ 1 bp overlap. 

Specifically, we compared the number of overlap in the actual EWS/FLI binding sites 

and GGAA-repeat regions (with at least 3 consecutive repeats) to that seen in a random 

sample of universe regions (i.e. resampleRegions strategy in regioneR library). Since 

GGAA-repeat regions with at least three consecutive motifs are a subset of all repeat 

regions in the genome, we used all repeat regions as the universe regions. This 

randomization strategy maintained the internal structure of GGAA-repeats. A different 

randomization strategy (i.e. randomizeRegions) which randomly places repeat regions 

along the mappable regions of the genome was also performed with similar results (data 

not shown). Although significant, the association between EWS/FLI binding sites and 

GGAA-repeat regions with at least three consecutive motifs might be indirect and based 

on the fact that both regions tend to cluster around gene-rich regions. In order to check 

whether this association is specifically linked to the relative position of these two regions 

with each other, we shifted the regions and evaluated the z-score for every shifted 

position. The sharp peak, as shown in S1C Fig, indicates this association is highly 

http://novocraft.com/
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dependent on the relative position of the two regions with each other, and the association 

is not regional. In order to do a correlation test, we associated each microsatellite with its 

nearest EWS/FLI peak binding sites (distance is calculated from the middle of the 

microsatellite to EWS/FLI peak summit location). Correlation coefficients (r) were 

calculated using Spearman’s correlation.  

 

RNA-seq analysis  

The RNA-seq data set used in this work was previously published
209

. Briefly, RNA 

collected from A673 cells stably infected and selected for expression of a control Luc-

RNAi or the EF-2-RNAi was extracted using the RNAeasy kit (Qiagen) with an on-

column DNAse digestion protocol. Libraries for deep-sequencing were prepared 

according to the manufacturer’s instructions (Illumina) and sequenced on an Illumina Hi-

Seq 2000 with 50-bp single end reads. Sequences were aligned to the human genome 

build hg19 using Novoalign (http://novocraft.com). Raw sequence reads can be found in 

the NCBI SRA under SRA059239. Gene model used for counting reads/fragments were 

from Ensembl GRCh37 (release 75) GTF
210

. R packages GenomicAlignments
30

, 

GenomicFeatures
30

 and BiocParallel
211

 were used to count the number of reads/fragments 

assigned to genomic features in each sample. Genomic features with total counts less than 

2 across samples were removed. Data quality was assessed by clustering all samples. 

Normalized rlog (regularized log transformation) counts
212

 and pheatmap
213

 R package 

were used to do hierarchical clustering. Supplementary Figure 16 shows a heatmap of 

sample-to-sample distance. Differential gene analysis was done using DESeq2, which 

http://novocraft.com/
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uses negative binomial modeling and the empirical Bayes shrinkage method for fold-

change estimation
212

. 

 

Correlations between EWS/FLI binding intensities, EWS/FLI-regulated gene expressions 

and microsatellites  

All correlations were calculated using Spearman’s rank correlation. LOESS regression 

(Local Polynomial regression fitting) line and its t-based approximation of 95% 

confidence bands were drawn using R library ggplot2
214

. We used Loess regression 

because of its advantage as robust to outliers and its ability to show non-linear 

association
215

. 

 

Data availability  

RNA-seq raw sequence reads can be found in the NCBI SRA under SRA059239. ChIP-

seq raw sequence reads can be found in NCBI’s Gene Expression Omnibus database 

under GSE99959 

 

Results 

GGAA-motifs in a microsatellite occur on the same strand 

EWS/FLI, the aberrant transcription factor in Ewing sarcoma, modulates gene expression 

by binding to GGAA-containing repetitive regions
15

. However, genome-wide 

characterization of these repeat regions is lacking, including whether microsatellites with 

GGAA-motifs are present on both strands of DNA. We first scanned the human reference 
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genome (hg19) on both strands for GGAA-motifs. We defined a repeat region as a 

sequence that starts and ends with a GGAA-motif and which has no more than 20 

insertions (non-motif nucleotides) between two adjacent motifs (Figure 5.1A). Nearly 5 

million repeat regions span the genome. Although the total number of motifs in any given 

region ranges from 2 to 266 motifs, 3.7 million regions contain less than 3 motifs 

(Figures 5.1B-C). These sparse repeat regions have an average GGAA content, or 

density, of around 50% (Figures 5.1D-E). Additionally, most of these repeat regions have 

no consecutive motifs (93.2%) and less than 0.6% has at least 3 consecutive motifs. 

 

Given typical FLI binding within the major groove of DNA at GGAA-containing 

regions
55

, we considered the possibility of GGAA-motifs existing on both strands of 

DNA within the same repeat region. Multiple EWS/FLI molecules could conceivably 

bind adjacent motifs on alternating strands of DNA and thereby avoid steric hindrance in 

binding
66

. We classified repeat regions that contain GGAA-motifs on the same strand as 

pure repeat regions, while regions that include GGAA on both forward and reverse 

strands are referred to as mixed repeat regions (Figure 5.1A). We determined more than 

half of the 5 million GGAA-repeat regions across the genome (55%) contain GGAA-

motifs on the same strand (Figure 5.1F).  
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Figure 5.1 Schema and characteristics of repeat regions across genome  

(A) Schema of repeat regions. Regions with only one type of motif are called pure repeat 

region while those with both GGAA and TTCC are called mixed repeat regions. Each 

repeat region (purple box) is separated by at least 20-bp consecutive non-motifs. (B) 

Histogram of maximum number of consecutive motifs. (C) Histogram of total number of 

motifs. (D) Histogram of motif density of repeat regions. 

        (
                          

                 
)      . Bin width is 5%. (E) Histogram of  
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Figure 5.1 continued 

length of repeat regions. Each bin is 100bp width (e.g., first bin is 0-100bp length). Bins 

with zero repeat regions are not shown. (F) The characteristics of repeat regions for pure 

and mixed repeat regions across the genome. Red line indicates the mean for each 

characteristic. 

 

To determine whether a microsatellite can contain mixed motifs, we looked specifically 

at mixed repeat regions with at least 3 or more consecutive motifs. We found more than 

81% of them contain only a single GGAA-motif on the opposite strand. While only 32 

regions (1.2% of 2,589) have 2 or more consecutive GGAA-motifs on both strands in the 

same region, even in these rare examples motifs cluster together on the same strand. 

Additionally, only one region has more than 2 consecutive GGAA-motifs on both strands 

(Supplementary Table 5.2). Based on these observations, we deduced bona fide 

microsatellites with GGAA-motifs on both strands may not exist in the same region. This 

finding prompted us to re-process mixed repeat regions, separating clusters of GGAA-

motifs as two distinct regions if they are on opposite strands. Thus we discounted repeat 

regions with only one GGAA-motif on each strand, leaving 3,321,889 repeat regions. We 

focus our downstream analysis solely on these homogenous (i.e. same strand) repeat 

regions. For ease of reading, henceforth we will refer to these GGAA-motifs simply as 

repeat regions. 

 

Longer GGAA-regions are located near genes while shorter GGAA-regions are 

ubiquitous across the genome 
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Of the more than 3 million repeat regions in the genome, we found 99% of them contain 

only two consecutive motifs. In many of these regions, these motifs likely happen by 

chance and consequently have no function. A subset of these regions, however, may act 

as EWS/FLI response elements, driving regulation of critical oncogenic gene targets such 

as NR0B1
15

.  To facilitate functional analysis of these repeat regions in an unbiased 

approach, we started by annotating each repeat region with its nearest genes and 

observing the distribution of these repeat regions in terms of both their nearest genes and 

genomic location. The nearest gene is the gene with the shortest distance from the center 

of the GGAA-microsatellite to the transcription start site (TSS), regardless of strand 

direction (Figure 5.2A). Most GGAA-regions occur within 3Mb of a gene. Notable 

exceptions include 1,355 regions with 1 or 2 consecutive motifs and a single 3-

consecutive motif region that are greater than 30Mb away from a gene (Figure 5.2B). 

 

Although many repeat regions with two or less consecutive motifs reside near the TSS, 

on average most are farther away from genes compared to regions with longer 

consecutive motifs (t-tests, p < 0.05) (Figure 5.2C). Conversely, we found that repeat 

regions with 10-11 consecutive motifs are closer on average to genes than other 

consecutive motifs and are slightly enriched in promoter regions of genes 2 to 3kb from 

the TSS (Figures 5.2C-D). This enrichment of repeat regions with 10-11 consecutive 

motifs near genes suggests possible preferential binding of EWS/FLI at these 

microsatellites. 
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Figure 5.2 Nearest gene schema and genomic location of repeat regions  

 

(A) Schema showing the nearest gene (orange) which is the gene with the shortest 

distance calculated from its TSS to the middle of the repeat region. (B) Distribution of 

distances to nearest genes for each repeat region grouped by number of consecutive 

motifs. The sum of percentages for each consecutive motif is 100%. (C) Comparisons of 

distance-to-nearest-gene for longer consecutive motifs to repeat regions with one to two 

consecutive motifs (i.e. ‘1-2’). * indicates the repeat regions are significantly closer to a 

gene than repeat regions with 1-2 consecutive motifs (p < 0.05). Red line represents the 

median distance-to-nearest gene for repeat regions with 1-2 consecutive motifs. (D) 

Feature distribution for each consecutive motif category. (E) Proportions of repeat 

regions in each chromosome grouped by the number of consecutive motifs.  
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Looking by individual chromosome, we demonstrated that repeat regions with 1-2 

consecutive motifs account for 99% of GGAA-containing regions (Figure 5.2E). 

Interestingly, chromosome 19 has a higher proportion of longer consecutive motifs (more 

than 3 consecutive motifs) than the other chromosomes. We later found chromosome 19 

also has a greater number of EWS/FLI peaks (see later discussion on EWS/FLI binding).  

Overall, our data indicate that short consecutive repeat regions (less than 3 consecutive 

motifs) may not have any EWS/FLI related function as they are ubiquitously scattered 

throughout the genome. We therefore investigated whether a GGAA-microsatellite needs 

to have a minimum number of motifs to allow EWS/FLI binding in a Ewing sarcoma 

context.   

 

EWS/FLI bound GGAA-microsatellites contain three or more GGAA-repeats 

Our previous in-vitro data indicated a minimum of three consecutive GGAA-motifs is 

required for EWS/FLI binding
170

. To test this requirement computationally across the 

genome, we addressed the following question: Does significant overlap exist between 

repeat regions with certain lengths and EWS/FLI binding sites? We investigated these 

relationships using ChIP-seq experiments in the A673 Ewing sarcoma cell line. Four 

paired-end ChIP-seq samples immunoprecipitated with a FLI-specific antibody were 

analyzed using Model Based Analysis for ChIP-seq (MACS2)
216

. 22,744 EWS/FLI 

binding sites were identified at a False Discovery Rate (FDR) cut-off of 0.05. 

Chromosome 19, which has more repeat regions at three or more consecutive motifs, also 

has an increased number of EWS/FLI binding sites per Mb compared to the other 
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chromosomes (Supplementary Figure 5.6A). This further supports defining repeats of 3 

or more consecutive motifs as EWS/FLI response elements. The total repeat regions that 

overlap with EWS/FLI binding sites are 26,922 (Table 5.1).  

 

 

EWS/FLI   no EWS/FLI Total 

GGAA-motifs n %  n % 

 All Repeat Regions 26,922 0.81%  3,294,967 99.19% 3,321,889 

1 motif 15,615 0.51%  3,023,699 99.49% 3,039,314 

2 consecutive motifs 3,051 1.19%  252,809 98.81% 255,860 

3 consecutive motifs 1,570 12.14%  11,359 87.86% 12,929 

4 consecutive motifs 1,536 28.29%  3,894 71.71% 5,430 

5 consecutive motifs 978 38.76%  1,545 61.24% 2,523 

≥ 6 consecutive motifs 4,172 71.52%  1,661 28.48% 5,833 

Table 5.1 Number of GGAA-repeat regions by number of consecutive GGAA-motif and 

EWS/FLI binding sites across the genome. 

 

To evaluate whether the amount of overlap between repeat regions and EWS/FLI binding 

sites occurs by chance, we assessed statistical significance with a permutation test. We 

observed repeat regions with  three or more consecutive motifs overlap significantly with 

EWS/FLI binding sites (p < 0.001, Figure 5.3A), while repeat regions with two or less 

consecutive motifs do not overlap significantly (p = 1, Supplementary Figure 5.6B). This 

finding is consistent with our experimental observation that a minimum of three 

consecutive GGAA-motifs is required for EWS/FLI binding
170

.When we randomly move 

the locations of repeat regions with longer consecutive motifs across the genome, we 

observe a sharp decrease in the statistical significance of overlap with EWS/FLI binding 

sites. This decrease in overlap indicates that the association is not regional but is highly 
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dependent on motif location (Supplementary Figure 5.6C). Based on the combination of 

these observations, we now define GGAA-microsatellites as repeat regions with 3 or 

more consecutive motifs. Downstream analyses focus on GGAA-microsatellites 

according to this definition. 

 

Increasing number of GGAA-motifs correlates with increased EWS/FLI binding intensity 

Having defined GGAA-microsatellites, we next investigated EWS/FLI binding at these 

regions to determine whether GGAA-motif enrichment in a given microsatellite region 

affects binding of EWS/FLI at that genomic loci. We defined the closest microsatellite to 

the center of the EWS/FLI binding site as the putative EWS/FLI-bound microsatellite. 

We grouped the 6,031 EWS/FLI-bound microsatellites (Supplementary Table 5.3) by 

number of consecutive motifs (Supplementary Figure 5.1D). Since we found only 11 

EWS/FLI-bound microsatellites with more than 20 consecutive motifs, statistical 

evaluation and inclusion of these data points were difficult and uninformative. We 

therefore excluded microsatellites with more than 20 consecutive motifs in this analysis.  

 

Overall, we demonstrate a positive correlation between EWS/FLI binding intensity and 

the number of consecutive motifs contained by these EWS/FLI-bound microsatellites (r = 

0.46, p < 2.210
-16

) (Figures 5.3B and Supplementary Figure 5.7). This genome-wide 

trend of overall increasing EWS/FLI binding enrichment with increasing number of 

consecutive motifs is consistent with our previous in-vitro study
51

.  
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Figure 5.3 Characteristics of EWS/FLI-bound microsatellites  

 

(A) Permutation test shows that the number of EWS/FLI binding sites that overlap with 

repeat regions (n = 8,256) with minimum of 3 consecutive motifs is significantly higher 

than random chance (p < 0.001). Red line denotes the significance limit (α = 0.05). Gray 

bars represent the number of overlaps in the random regions with EWS/FLI binding sites 

in 1,000 permutations. The black line represents the mean of overlaps in random regions 

(EVperm) and the green bar is the actual number of overlaps observed in repeat regions 

(Obs). (B) Boxplot of EWS/FLI fold-enrichment (relative to genomic background) and 

number of consecutive motifs in EWS/FLI-bound microsatellites showing statistically 

significant increasing trend (p < 2.2  10
-16

). The blue line is the estimated LOESS 
regression line of the mean with the estimated 95% confidence bands (shaded region). 

(C) Boxplot of EWS/FLI fold-enrichment and total number of motifs in EWS/FLI-bound 

microsatellites showing a positive correlation (p = 1.9  10
-10

) and a non-linear trend (p < 

0.05). The blue line is the estimated LOESS regression line of the mean with the 

estimated 95% confidence bands (shaded region). (D) Boxplot of EWS/FLI fold-

enrichment and Density ( 
               

                        
     ) showing statistically 

significant positive correlation (p < 2.2  10
-16

). The blue line is the estimated LOESS 
regression line of the mean with the estimated 95% confidence bands (shaded region). 
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Most EWS/FLI-bound microsatellites have 11 to 19 total motifs with a maximum of 195 

motifs (Supplementary Figure 5.8). We see a similar positive correlation between 

EWS/FLI binding and total motifs (r = 0.23, p = 1.9  10
-10

) as with consecutive motifs 

(Figure 5.3C). We also observe a non-linear relationship between EWS/FLI fold-

enrichment and total motifs, with the EWS/FLI fold-enrichment increasing from 3 to 

about 16 total motifs, then decreasing again around 24-25 total motifs (LOESS 

regression) (Figure 5.3C and Supplementary Figure 5.9).  

 

These data are in agreement with our recent finding that 18-26 motifs are the optimal 

length for EWS/FLI binding
16

. To see whether overall GGAA content within a 

microsatellite affects EWS/FLI binding, we then evaluated the relationship between 

GGAA-motif density within a microsatellite and EWS/FLI binding enrichment. We 

found that EWS/FLI fold-enrichment demonstrates a statistically significant positive 

correlation with GGAA-motif density (r = 0.29, p < 2.210
-16

) (Figure 5.3D). These 

EWS/FLI-bound microsatellite densities range from 30% to 90%, with most EWS/FLI-

bound microsatellites (>1,500) having a density of 90% (Supplementary Figure 5.10). 

 

Overall, our analysis shows a positive correlation between number of motifs and overall 

GGAA content, which increases with increased EWS/FLI binding. There is also a non-

linear trend between EWS/FLI fold-enrichment and total motifs, implicating an optimal, 

or “sweet-spot”, microsatellite length for EWS/FLI binding similar to our recent study
217

 

.  
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EWS/FLI gene regulation at associated GGAA-microsatellites 

In the previous section, we established the global correlation between microsatellite motif 

number and EWS/FLI binding intensities. Though this correlation allowed us to define 

GGAA-microsatellites in terms of length based on bound EWS/FLI, transcription factor 

binding is not always indicative of transcriptional regulation
217

. To determine whether 

GGAA-microsatellite characteristics are predictive of EWS/FLI responsiveness at a given 

genomic loci, we evaluated both the expression of EWS/FLI target genes and binding 

intensity associated with these microsatellites. We and others previously showed that 

EWS/FLI regulates its activated, but not repressed targets through binding at GGAA-

microsatellites
170

. Prior analysis of these regions, however, has primarily focused on 

microsatellites located within about 5kb of associated EWS/FLI target promoters
15

. We 

therefore separately evaluated EWS/FLI activated and repressed targets associated with 

microsatellites both near (within 5kb) and distal (greater than 5kb) to the TSS of these 

genes. Differential gene expression profiles grouped based on these distinct categories of 

activated vs. repressed and close-range vs. distal microsatellites were integrated and 

stratified by distance of each GGAA-microsatellite to the nearest gene. Gene expression 

profiles were derived from six independent RNA-seq experiments on wild type vs. 

EWS/FLI knock-down A673 cells. DESeq2
212

 identified 9,323 differentially expressed 

(4,278 activated and 5,045 repressed) genes between control and treatment cell lines at a 

FDR of 5%.  
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EWS/FLI binding and gene activation at promoter-like microsatellites is highly 

dependent on the length of GGAA-motifs 

There are 114 microsatellites within 5kb of activated genes. To see if EWS/FLI binding 

at these close-range, promoter-like, microsatellites confer gene activation, we looked at 

EWS/FLI binding enrichment and gene expression for these microsatellites. As 

anticipated based on our previous studies, we found increased EWS/FLI binding 

correlates with expression of activated target genes (Figure 5.4A and Supplementary 

Figure 5.11) (r = 0.46, p = 3.310
-7

). Furthermore, increasing number of consecutive 

GGAA-motifs correlates with increased EWS/FLI binding intensity (r = 0.43, p = 1.510
-

6
) and also increases in subsequent gene activation (r = 0.23, p = 0.01) (Figure 5.4B-C). 

EWS/FLI binding and total GGAA-motif number and density, demonstrate a trend 

toward positive correlation, though not significant for these microsatellites (Figures 

Supplementary Figure 5.12A-C).  
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Figure 5.4 Correlation between EWS/FLI-bound microsatellites, GGAA-motif and gene 

expression.  

 

(A) Scatter plot of expression of activated genes and EWS/FLI fold-enrichment at 

promoter-like microsatellites showing a positive correlation (r = 0.46, p = 3.35  10
-7

). 
(B) Boxplot of EWS/FLI fold-enrichment and number of consecutive motifs of 

EWS/FLI-bound at promoter-like microsatellites for activated genes showing a non- 
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Figure 5.4 continued 

 

linear trend. Blue line is the estimated LOESS regression line of the mean with the 

estimated 95% confidence interval (shaded region). Overall, there is statistically 

significant positive correlation (r = 0.43, p = 1.5  10
-6

). (C) Boxplot of EWS/FLI-
activated gene expression and number of consecutive motifs at promoter-like EWS/FLI-

bound microsatellites for gene activation showing a non-linear trend as seen in EWS/FLI 

binding intensities and a statistically significant positive correlation (r = 0.23, p = 0.01). 

The blue line is the estimated LOESS regression line of the mean with the estimated 95% 

confidence bands (shaded region). (D) Scatter plot of expression of activated genes and 

EWS/FLI fold-enrichment at enhancer-like microsatellites showing a positive correlation 

(r = 0.15, p = 3.5  10
-4

). (E) Boxplot of EWS/FLI fold-enrichment and number of 

consecutive motifs at EWS/FLI-bound enhancer-like microsatellites showing a positive 

correlation (r = 0.53, p = 2.2  10
-16

). Blue line is the estimated LOESS regression line of 
the mean and the standard error of the prediction shown as shaded region. (F) Boxplot of 

EWS/FLI fold-enrichment and number of consecutive motifs at EWS/FLI-bound 

enhancer-like microsatellites associated with gene repression showing positive 

correlation (r = 0.40, p < 2.2  10
-16

). The blue line is the estimated LOESS regression 

line of the mean with the estimated 95% confidence bands (shaded region). 

 

We also observe, however, a non-linear pattern, with an increasing trend of EWS/FLI 

binding as consecutive motifs increase from 3 to 11, followed by a sharp decrease in 

binding at 12 consecutive motifs (Figure 5.4B). Binding then increases again at 13-14 

consecutive motifs before a final overall decreasing trend (LOESS regression). 

Interestingly, we observe a similar non-linear pattern with the expression of genes 

activated by EWS/FLI (i.e. an increase in the activated gene expressions as the 

consecutive motifs increases from 3 to 11 and a decrease in gene expression from 11-12) 

(Figure 5.4C, LOESS regression).  

 

We next sought to validate these findings using publically-available data from a different 

Ewing sarcoma cell line, SK-N-MC. The publically-available SK-N-MC data contained a 
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single ChIP-seq replicate and had significantly fewer EWS/FLI-bound peaks than we 

found in the A673 cell line (~3,900 versus ~22,000)
69

. Nevertheless, we found a low, but 

statistically significant correlation between consecutive GGAA-microsatellite length and 

EWS/FLI binding (Supplementary Figure 5.12D). Interestingly, we saw the same dip in 

EWS/FLI binding at 12-repeats as we observed in the A673 data, perhaps indicating an 

underlying biological mechanism worthy of future study. We also sought to correlate 

gene expression with microsatellite length and EWS/FLI occupancy; however, an 

insufficient number of genes passed the significance threshold used for our A673 data 

and so these correlations could not be performed. Overall, there is a positive correlation 

between EWS/FLI binding, activated gene expression, and microsatellite characteristics 

(i.e. consecutive motifs, total motifs and densities), though the correlation of 

microsatellite characteristics with EWS/FLI binding enrichment is consistently stronger 

than with gene expression (Supplementary Table 5.3). These observations demonstrate 

that as promoter-like microsatellite length (number of GGAA-motifs) increases, the 

EWS/FLI binding enrichment and expression of genes activated by EWS/FLI also 

increases. This finding also supports the “sweet-spot” model, suggesting there may be an 

optimal length of promoter-like microsatellites mediating EWS/FLI regulation of 

transcriptional gene activation. 

 

At enhancer-like microsatellites, increased numbers of GGAA-motifs positively correlate 

with EWS/FLI binding but only minimally with gene activation 
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To determine whether longer-range, enhancer-like microsatellites also confer EWS/FLI 

activation associated with motif length, we next looked at the 580 microsatellites that are 

more than 5kb away from EWS/FLI activated genes. We observe a minimal (significant) 

positive linear correlation between EWS/FLI binding enrichment and gene expression for 

these long-range potential response elements (r = 0.15, p = 3.510
-4

) (Figure 5.4D). 

Evaluating total number of motifs in these microsatellites, we observe a significant 

positive correlation with EWS/FLI binding enrichment (r = 0.25, p = 1.2810
-9

), and a 

minimal positive correlation with EWS/FLI activated gene expression (r = 0.10, p= 0.02) 

(See Supplementary Figure 5.13A-B and Supplementary Table 5.3). We also observe a 

significant positive linear correlation between EWS/FLI enrichment and the number of 

consecutive motifs of these microsatellites (r = 0.53, p < 2.210
-16

) (Figure 5.4E), and a 

minimal, non-significant positive trend with EWS/FLI activated gene expression (r = 

0.07, p = 0.08) (Supplmentary Figure 5.13C). These observations suggest that although 

longer GGAA-motifs enhance EWS/FLI binding, it only minimally translates to an 

increase in the expression of activated gene targets. This is likely due to the complexity 

of long-range regulatory mechanisms. 

 

At promoter-like microsatellites, number of GGAA-motifs demonstrates no length-

dependency with EWS/FLI responsiveness for gene repression 

To test whether GGAA-microsatellite characteristics affect EWS/FLI-mediated 

repression, we first looked at the 52 promoter-like microsatellites that are within 5kb of 

EWS/FLI-repressed genes. In contrast to EWS/FLI-activated genes, there is no 



 

164 

 

significant correlation between microsatellite characteristics (i.e. number of consecutive 

motifs and total number of motifs) and EWS/FLI binding enrichment or EWS/FLI-

mediated gene repression. The correlation between EWS/FLI binding enrichment and 

EWS/FLI-regulated genes is 0.12 (p = 0.41) (Supplementary Figure 5.14A). Correlation 

of EWS/FLI binding enrichment with number of consecutive motifs is 0.18 (p = 0.19) 

and with total number of motifs is 0.06 (p = 0.66) (Supplementary Figures 5.14B-C). We 

also observed no correlation between EWS/FLI-repressed genes with the number of 

consecutive motifs (r = -0.22, p = 0.12) and total number of motifs (r = -0.04, p = 0.79) 

(See Supplementary Table 5.4 and Supplementary Figures 5.14D-E). Overall, promoter-

like GGAA-microsatellites don’t enhance either EWS/FLI binding or expression of 

repressed genes, supporting the model that EWS/FLI represses gene targets through an 

alternate regulatory mechanism.  

 

At enhancer-like microsatellites, number of GGAA-motifs positively correlates with 

EWS/FLI binding but not gene repression 

To test whether enhancer-like microsatellites confer EWS/FLI-mediated repression, we 

investigated EWS/FLI responsiveness at the 425 microsatellites that are more than 5kb 

away from EWS/FLI-repressed genes. Our data demonstrates increasing number of 

consecutive motifs positively correlates with EWS/FLI binding enrichment (r = 0.40, p < 

2.210
-16

) (Figure 5.4F). Increased EWS/FLI binding enrichment is also shown to be 

positively correlated with total number of motifs (r = 0.22, p = 3.010
-6

) at these 

microsatellites (Supplementary Figure 5.15A). We found, however, there is no significant 
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correlation between EWS/FLI binding and expression of repressed genes more than 5kb 

from their associated microsatellite (r = -0.05, p = 0.33) (Supplementary Figure 5.15B). 

Accordingly, there is also no correlation between gene expression and number of 

consecutive motifs or total number of motifs (p = 0.43 and p = 0.68) for these EWS/FLI-

repressed gene associated microsatellites (Supplementary Table 5.4 and Supplementary 

Figure 5.15C). In summary, EWS/FLI binding increases with increasing GGAA-motif 

length at long-range, enhancer-like microsatellites, however, there is no effect on 

concomitant gene repression of these EWS/FLI targets.  

 

Discussion 

Gene-associated GGAA-microsatellites serve as DNA response elements for EWS/FLI to 

bind and mediate transcriptional activation of its up-regulated targets
16,46,51,170

. In this 

study we describe microsatellites on a global genomic scale, and use ChIP-seq and RNA-

seq analysis to computationally investigate EWS/FLI responsiveness at these repetitive 

elements. Overall, our genome-wide characterization of GGAA-microsatellites identifies 

two distinct classes of EWS/FLI-bound GGAA-microsatellites, demonstrating the 

integral relationship of microsatellite length and gene proximity to facilitate EWS/FLI 

binding and transcriptional activity in Ewing sarcoma (Figure 5.5). 
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Figure 5.5 Schema of correlative associations between GGAA motifs in EWS/FLI-bound 

microsatellites for gene activation and repression. Schematic illustrating EWS/FLI 

responsiveness at given loci across the genome  

 

(A) Promoter-like (close-range) GGAA-microsatellites positively correlate with 

EWS/FLI binding and activation of genes in a length dependent manner. (B) Enhancer-

like (long-range) GGAA-microsatellites positively correlate with EWS/FLI binding but 

correlation with transcriptional regulation is only minimal for activated genes. (C) 
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Promoter-like GGAA-microsatellites display no correlation with EWS/FLI binding and 

transcriptional repression. (D) Enhancer-like GGAA-microsatellites positively correlate 

with EWS/FLI binding; however, they do not confer gene expression. 

 

While we and others have previously described these GGAA-microsatellites, we 

recognized a paucity of definitive parameterization required for mechanistic 

understanding of EWS/FLI transcriptional modulation at these response elements. 

Pursuing an unbiased genome-wide approach, we found microsatellites of fewer than 

three consecutive GGAA-motifs do not significantly overlap with EWS/FLI binding 

sites, suggesting a minimum length of consecutive motifs is required for binding. This 

was in line with our previous experimental finding of multimeric EWS/FLI binding at a 

minimum of three consecutive GGAA-repeats
170

. Thus, our genome-wide description of 

GGAA-microsatellite regions in this study lays an unprejudiced groundwork upon which 

actual ChIP-seq and RNA-seq data can be overlain. For example, in describing genome-

wide GGAA-microsatellite regions, we found an enrichment of longer consecutive 

GGAA-repeats on chromosome 19. When FLI-ChIP-seq data was applied to the analysis, 

we found a corresponding enrichment of EWS/FLI binding sites on the same 

chromosome. In this work we present, to our knowledge, the first attempt to 

determinately define GGAA-microsatellites across the genome in a Ewing sarcoma-

relevant context.  

 

We and others previously showed that EWS/FLI regulates its activated, but not down-

regulated targets using GGAA-microsatellites as response elements 
170

. The present 
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genome-wide analysis provides further support for length-dependency of EWS/FLI 

responsiveness near activated, promoter-like and enhancer-like microsatellites. 

Interestingly, we observe a significant correlation of GGAA-repeats associated with 

repressed targets and binding enrichment of EWS/FLI at enhancer-like microsatellites, 

illuminating a novel class of microsatellites with a potentially distinct function.  

Transcriptional activation and repression are both critical for EWS/FLI-mediated 

oncogenic function, yet, the mechanism by which EWS/FLI differentiates these functions 

remains unknown. The association of EWS/FLI-bound microsatellites with only activated 

genes supports a likely molecular mechanistic difference in transcriptional modulation of 

EWS/FLI up vs. down-regulated targets. This model is further supported by our recent 

data that members of the chromatin remodeling NuRD complex interact with EWS/FLI 

near its repressed, but not activated targets
34

. 

 

Our findings in this study suggest the additional possibility that distance and overall 

chromatin landscape may be contributing factors in transcription factor activating vs. 

repressive functions. For example, recent studies have demonstrated evidence for super-

enhancers, which function in long-range regulation and are associated with an enrichment 

of activating histone marks
219,220

. EWS/FLI binding in Ewing sarcoma cells has been 

shown to be bound in these super-enhancer regions
69,70,72

. To our knowledge, it has not 

yet been evaluated whether repressive regulatory domains exist on a similar genomic 

scale. The data from the present study suggests GGAA-microsatellites found in promoter-

like regions convey EWS/FLI-mediated gene activation, while those found in enhancer-
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like regions likely require more complex regulatory factors such as chromatin remodeling 

complexes to establish long-range interactions. Specifically, in association with gene 

repression, EWS/FLI may displace endogenous transcription factors disrupting enhancer 

activity, a mechanism proposed by Riggi et al.,
69

 or these regions may naturally be more 

nucleosome-depleted to allow EWS/FLI binding. 

 

An additional explanation for the mechanism by which EWS/FLI modulates activation or 

repression of its targets could be sequence specificity upon binding to length-dependent 

microsatellites
47

. We recently conducted a biochemical study to investigate the molecular 

reasoning behind EWS/FLI binding at “sweet-spot” microsatellites. We found that 

EWS/FLI binding affinity improves at “sweet-spot” microsatellites, and unexpectedly 

requires the EWS portion of the fusion to bind these optimal numbers of GGAA-

motifs
217

. Our stoichiometric data further supports a model in which multiple EWS/FLI 

molecules bind across these GGAA-microsatellites. The “sweet-spot” finding evidenced 

in both our clinical and biochemical data implicate 18-26 GGAA repeats (“sweet-spot”) 

as the length of GGAA-microsatellites that allow an optimal configuration of EWS/FLI 

binding at these sites. Our current study suggests EWS/FLI-responsive GGAA-

microsatellites are enriched near activated, but not repressed EWS/FLI targets. Taken 

together, it is likely that our “sweet-spot” observation is due to the aforementioned 

biochemical mechanism, and that this multimeric EWS/FLI binding at repeat regions may 

facilitate EWS/FLI differentiation between activation and repression of its targets.   
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FLI, which contains the DNA-binding domain through which EWS/FLI directly 

associates with the DNA, is an ETS family member. ETS factor binding studies have 

demonstrated that small differences in transcription factor binding specificity contribute 

significantly to site selectivity
52

. While our “sweet-spot” finding supports this model of 

transcription factor binding site selectivity, it is not known whether total microsatellite 

number (microsatellite “length”), or number of consecutive GGAA-motifs confers this 

specificity. Guillon et al. determined that EWS/FLI shows a binding preference for 9 or 

more contiguous GGAA repeats, and postulated that binding at greater than 9 repeats is 

required for EWS/FLI-mediated activation of its up-regulated targets
46

. This is interesting 

in light of our present data demonstrating a peak in EWS/FLI DNA-binding and gene 

activation at 10-11 and 13-14 consecutive GGAA-motifs. Although minimal, due to few 

microsatellites longer than 20 consecutive repeats across the genome, our overall data 

nevertheless suggests that microsatellites with numbers of GGAA-motifs greater than the 

“sweet-spot” are not associated with EWS/FLI-mediated differential gene expression.  

 

Further investigation will be required to also determine the role of consecutive motif 

number in relation to our “sweet-spot” finding. For example, EWS/FLI regulates NR0B1 

through a “sweet-spot” microsatellite of 24 total motifs in the A673 cell line, but this 

microsatellite region contains 11 consecutive motifs as its longest contiguous segment. 

As cited in the above results, we found this same repeat length enriched near genes 

compared to other consecutive motifs lengths in our genome-wide microsatellite 

characterization.   
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Our study should be considered in light of some limitations that may potentially mask the 

magnitude of EWS/FLI association with particular microsatellite characteristics. The first 

relates to the use of the human reference (hg19) genome instead of the A673 Ewing 

sarcoma genome as a reference. To evaluate the appropriateness of using the human 

reference genome, we selected a number of our favorite EWS/FLI activated genes, 

amplified the associated GGAA-microsatellites, and sequenced these regions. We found 

that some are very similar to the human reference genome (i.e. NR0B1 and FIBCD1), 

while others demonstrate significant alterations in GGAA-motif number (i.e. PINK1) 

(Johnson and Taslim, unpublished observation). Interestingly, FCGRT is a highly up-

regulated EWS/FLI target, yet contains 12 consecutive motifs according to the human 

reference genome. This motif length was observed as the unexpected dip in our 

microsatellite-defining analysis for both EWS/FLI binding and gene-expression.  

 

Sequencing the FCGRT microsatellite from A673 genomic DNA, however, revealed an 

FCGRT-associated microsatellite that is actually 9-consecutive GGAA-motifs in length. 

Together, these findings give us confidence that our data reflects the appropriate general 

trends in EWS/FLI responsiveness at microsatellites, but suggests a more accurate 

correlation will require A673 whole genome sequencing for reference. This concept may 

also be applied for consideration more broadly in other fields where the human reference 

genome has been used instead of relevant disease genomes.  
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Overall, our results reveal and characterize two classes of GGAA-microsatellites, 

suggesting EWS/FLI interacts with these unique binding sites via distinct regulatory 

mechanisms for distance-dependent activation and repression of its gene targets. Defining 

and characterizing GGAA-microsatellites is critical for understanding and prediction of 

EWS/FLI responsiveness across the genome. We also demonstrate the value of 

synergizing experimental and computational evaluation to better delineate the underlying 

molecular mechanisms of EWS/FLI transcription factor function and oncogenic re-

programming. 
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Supporting Information 

Supplementary Figures 

 
A              B 

 
C             D 

Figure 5.6 Characterization of GGAA-repeat regions across the genome  

 

(A) Histogram of number of EWS/FLI peaks per Mb (normalized by chromosome length) 

in each chromosome. (B) Permutation test shows that the number of EWS/FLI binding 

sites that overlap with repeat regions with 2 or less consecutive motifs is not significantly 

higher than random chance (p = 1). The red line denotes the significance limit (α = 0.05). 

Gray bars represent the number of overlaps of the random regions with EWS/FLI binding 

sites. The black line represents the mean and in green the number of overlaps of repeat 

regions with 2 or less consecutive motifs. EVperm is the expected value of the 

permutation (number of overlaps in random samples). Obs is the observed number of 

overlap. (C) Plot of shifted z-score for the association between EWS/FLI repeat regions ≥ 

3 consecutive motifs and EWS/FLI binding sites showing that this association is highly 

dependent on the location of the regions. (D) Number of EWS/FLI-bound microsatellites 

and the number of consecutive motifs in these microsatellites. 



 

174 

 

 

 
Figure 5.7 Boxplot showing the number of consecutive motifs of all EWS/FLI-bound 

microsatellites with the EWS/FLI fold-enrichment. The blue line is the estimated LOESS 

regression line of the mean with the estimated 95% confidence bands (shaded region). 

 

 

 

 
Figure 5.8 Histogram showing the number of EWS/FLI-bound microsatellites grouped by 

the total number of motifs 
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Figure 5.9 Boxplot showing the total motifs of all EWS/FLI-bound microsatellites with 

the EWS/FLI fold-enrichment. The blue line is the estimated LOESS regression line of 

the mean with the estimated 95% confidence bands (shaded region). 

 

 

 

 

 
Figure 5.10 Histogram showing number of EWS/FLI-bound microsatellites with their 

densities 
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Figure 5.11 EWS/FLI responsiveness at promoter-like microsatellites near activated gene 

targets.  
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Figure 5.11 continued 

Scatter plot showing activated gene names (False Discovery Rate (FDR) ≤ 5%) that are 

within 5kb of microsatellites with their EWS/FLI fold-enrichment and their 

corresponding gene expression (log2). Note: some gene names are adjusted for 

readability. 

 

 

Figure 5.12 Promoter-like microsatellites association with gene activation  

 

A  

B  
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Figure 5.12 continued 

 

C  

D  

 

(A) Trend toward positive correlation between total motifs of EWS/FLI-bound 

microsatellites and EWS/FLI fold-enrichment (log2). (B) Trend toward positive 

correlation between densities of EWS/FLI-bound microsatellites and EWS/FLI fold-

enrichment (log2). (C) No significant correlation between total motifs of EWS/FLI bound 

microsatellites and activated gene expression (log2). LOESS regression line is shown in 

blue. Shaded region is the estimated 95% confidence bands.(D) Trend toward positive 

correlation between EWS/FLI fold-enrichment (log2) and number of consecutive motifs 

in SK-N-MC cells (r = 0.06, p = 0.02). 

 



 

179 

 

 
A                     B 

 
C 

Figure 5.13 Enhancer-like microsatellites association with EWS/FLI activated genes. 

 

(A) EWS/FLI fold-enrichment has a significant positive correlation with total number of 

motifs (r = 0.25, p = 1.28  10
-9

). (B) Gene expression has significant but minimal 

positive correlation with total number of motifs (r = 0.10, p = 0.02). (C) Trend toward 

minimal positive correlation between activated gene expression and number of 

consecutive motifs (r = 0.07, p = 0.08). 
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A  

 

 
B          C 

 
D                      E 

Figure 5.14 Promoter-like microsatellites association with gene repression.  

 

(A) No correlation between EWS/FLI fold-enrichment and gene expression (r = 0.12, p = 

0.41). (B) No correlation between EWS/FLI fold-enrichment and number of consecutive 

motifs (r = 0.18, p = 0.19). (C) No correlation between EWS/FLI fold-enrichment and 

total motifs (r = 0.06, p = 0.66). (D) No correlation between gene expression and number 

of consecutive motifs (r = -0.22, p = 0.12). (E) No correlation between gene expression 

and total number of motifs (r = -0.04, p = 0.79). Shaded region is the 95% confidence 

interval. 
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A          B 

 

 
C 

Figure 5.15 Enhancer-like microsatellites associated with gene repression. 

 

(A) Significant positive correlation between EWS/FLI fold-enrichment and number of 

consecutive motifs (r = 0.40, p < 2.210
-4

). (B) No correlation between EWS/FLI fold-

enrichment and gene expression (r = -0.05, p = 0.33). (C) No correlation between 

repressed genes’ expression and number of consecutive motifs (r = -0.04, p = 0.43). 

LOESS regression line is shown in blue. Shaded region is the estimated 95% confidence 

bands. 
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A 

 
B 

Figure 5.16 RNA-seq normalization and samples similarities.  

 

(A) Comparison of two different normalization methods. Left panel, counts normalized 

by sequencing depth. Right panel, counts normalized by rlog transformation. Sequencing 

depth normalization still showing bias toward highly expressed genes (i.e. high variance 

for low expressed genes), while rlog transformation no longer shows such bias (i.e. 

variances are stabilized across genes). (B) Heat map of sample-to-sample similarities 

using rlog transformed counts. Color represents distance between samples with dark blue 

indicating samples with high similarities.  
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Supplementary Tables 

 

Table 5.2 Examples of mixed repeat regions (repeat regions that contain both GGAA and 

TTCC motifs). 
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Table 5.3 Correlation between microsatellites and EWS/FLI binding enrichment and 

EWS/FLI-activated genes. 
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Table 5.4 Correlation between microsatellites, EWS/FLI binding enrichment and 

EWS/FLI-repressed genes. 
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Chapter 6:  Allelic specificity in EWS/FLI-microsatellite binding 

 

Introduction: 

Allele-specific expression is a recently described phenomenon in which one of two 

heterozygous alleles is preferentially expressed compared to the other
221

. In gene 

regulatory regions, the presence of variants in the sequence (i.e. polymorphisms among 

individuals) may affect both protein binding and epigenetic regulation at that site
222

. 

Some classically noted examples are genomic imprinting and X-chromosome 

inactivation, both epigenetic processes. In each of these examples, epigenetic 

heterogeneity arises as a result of transcriptional silencing at affected genomic loci
221

. It 

is reasonable to surmise that transcription factors may play an important role in the 

mechanism underlying such intrinsic expression bias. 

 

The incidence of Ewing sarcoma in Europeans is 10 fold greater than in Africans, 

independent of geographical location
11

. Reminiscent of allele-specific expression, critical 

EWS/FLI target NR0B1 contains a GGAA-microsatellite upstream of its promoter whose 

length is genetically polymorphic
43

. These variable-lengths of non-coding DNA sequence 

are found upstream from the promoter region of NR0B1 and other transcriptionally active 

targets where EWS/FLI preferentially binds. Interestingly, NR0B1 GGAA-microsatellites 

in the African population are dispersed and often composed of larger repeats (16-72 
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repeats), while Europeans tend to have shorter repeats, typically 16-25
14

. Conversely, our 

clinical data demonstrates Ewing sarcoma patients have NR0B1 microsatellites 

containing 20-25 GGAA-repeats in their germline and tumor cells (Chapter 3)
16

. This 

clinical “sweet-spot” observation of 20-25 GGAA-repeats has proven an optimal length 

for EWS/FLI mediated transcriptional activity in subsequent biochemical evaluation
16,217

. 

Thus, patients with this inherited length of GGAA-repeats appear to have a heightened 

preponderance for developing Ewing sarcoma. 

 

This inherent transcriptional advantage of binding at particular GGAA-microsatellite 

lengths, coupled with the polymorphic nature of these response element regions within 

the population, suggests a potential for EWS/FLI allele specific binding. Characterizing 

EWS/FLI preferential binding at particular lengths of GGAA-microsatellites is important 

to achieving a better understanding of the specific mechanism by which EWS/FLI 

modulates transcriptional activity. However, experimentally assessing binding 

preferences of transcription factors, like EWS/FLI, remains a challenge. 

 

Our recent bioinformatics study supplied a critical step forward in our characterization of 

GGAA-repeat regions in a Ewing sarcoma context (Chapter 5)
223

. Despite the helpful 

contribution of our analysis, an important limitation to consider is our use of the hg19 

human reference genome, rather than bona fide Ewing sarcoma cells, such as A673 cells. 

This patient-derived Ewing sarcoma cell line is widely used in the field
34,43,69,70,114

. The 
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experiments in this chapter sought to evaluate this limitation prerequisite to advancing the 

study of EWS/FLI allelic specificity. 

 

Materials and Methods 

FLI ChIPseq data 

See methods and supplementary methods of Chapter 4. Raw sequence reads can be found 

in NCBI’s Gene Expression Omnibus and are accessible through GEO SuperSeries 

accession number GSE94503. 

 

RNAseq data 

See methods and supplementary methods of Chapter 4. Raw sequence reads can be found 

in NCBI’s Gene Expression Omnibus and are accessible through GEO SuperSeries 

accession number GSE94503. 

 

Variant calling verification 

We performed variant calling using the GATK best practices principle pipeline, to detect 

alterations between our ChIPseq reads and the hg19 human reference genome to which 

the data is aligned. Six EWS/FLI bound regions with sequence changes detected by our 

algorithm were chosen. Primers were designed within the sequences flanking these 

regions. Primer sequences are listed in Table 1. PCR amplification from A673 genomic 

DNA and purification of the expected DNA product size were performed. These were 
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commercially sequenced and manually compared with the hg19 and variant calling 

sequences, respectively.  

 

Locus Forward Primer Reverse Primer 

chr1:1886019-

1887019 

GTGCACTGGCAGAAGGA

C 

CCACATACGCATCGAGATC

CAG 

chr5:105352851-

105353851  

CCTGACCTAGTTCTGACT

AGGC GCTCAGCGCTATCCGCTTC 

chr5:105352875-

105353875  

CTA GTT CTG ACT AGG 

CCA CAT GAG 

GTCCAGGGTGATTAAGCTC

TGG 

chr7:147993757-

147994757  

CAGACACTATGAGCACTG

C 

CTCCTAGTGGTCAGTGGCT

G 

chr20:17372051-

17373051 

GCTGAGTCATGAGCTACT

AGTGG 

CCTGAAGGATGAGCTACAT

GAGAC 

chr20:17148414-

17149414  

GAG ATG TCT TAA CGG 

GCT CAG GTGAACCACACTGTTGCC 

Table 6.1 Variant calling validation primers 

 

PCR-based microsatellite amplification and sequencing 

Ten EWS/FLI genes were selected at random (including genes studied extensively in our 

lab, as well as microsatellites spanning the repeat number spectrum according to hg19). 

Primers were designed within the sequences flanking these microsatellites. Primer 

sequences are listed in Table 2. PCR amplification from A673 genomic DNA and 

purification of the expected DNA product size were performed. These were commercially 

sequenced and numbers and patterns of GGAA repeats were compared with 

corresponding microsatellite sequences of the hg19 human reference genome. 
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Associated 

Gene Forward Primer Reverse Primer 

PNMA2 

GCCACTGCACTCTAGCCTG

G  

CACAGCCAGTGGGCTAAGAC

C 

FIBCD1 

CACAGAGACAGAGACACA

CGG 

CAGGCAGGTGCTTTCTTAAG

AATGG 

PKP1 

CAGGATATGTCGGTGTGGA

CC 

GGGAACTAGATGCAATTACA

CAGC 

FCGRT 

GCAGTGAGCCATGATCGCT

C 

CCCTGGCAACCATTCATCTG

C 

GSTM4 

GATCGCACCATTGCACTCC

AG CCTTCCTGGATGGTCCACC 

PINK1 

GCCATGAGGAGCGCTTGA

AC 

CTAATGCCCCAGCCTGGAGA

C 

TCERG1L 

GCCGGACATCAAGCTTGTC

TG 

GTCATCTGCATTCTTGTGAGT

TCC 

PCSK2 CAGACACTATGAGCACTGC CTCCTAGTGGTCAGTGGCTG 

CTD-

2078B5.2  

CACCGTGTTAGCCAGGATG

GTC GACTGCACCACTGCACTGC 

Table 6.2 PCR amplification Sequence Validation Primers 

 

Results 

Because of the long length of many GGAA-microsatellites, a sequencing platform 

capable of accurately tiling across such repetitive regions requires longer than average 

read lengths, such as with the PacBio system. The expensive nature of this approach 

presents a further, though not insurmountable limitation. As such, our bioinformatician 

looked to utilize our existing data, and overlay the hg19 version of the human reference 

genome with our ChIP-seq results. An algorithm was developed to call variants between 

the two sequences.  
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To evaluate whether this computational algorithm provides accurate microsatellite 

sequence information through variant calling, we chose six microsatellite-containing 

regions with called variants. We designed primers and PCR-amplified these regions in 

genomic DNA isolated from A673 Ewing sarcoma cells. We then compared the resulting 

sequence to both the reference genome, and sequence predicted from our variant calling 

algorithm (Figure 6.1). As an example, we amplified and sequenced the nearest GGAA-

microsatellite to PCSK2, which our variant calling suggests adds four consecutive 

GGAA-repeats to the ten indicated in the hg19 version of the human reference genome. 

Our validation sequencing matched exactly with the variant calling, adding four repeats 

for a total of 14 GGAA motifs in the A673 PCKS2 GGAA-microsatellite (Figure 6.1).  

 

 

 
Figure 6.1 Sequencing validation of the PCKS2 GGAA-microsatellite 

 

 

Interestingly, one of the other variant regions we examined predicted an addition of two 

more Ets consensus, or “high affinity” site sequences to only two tandem consensus 

sequences reported in the hg19 version. Our sequence validation for this variant call also 



 

192 

 

matched exactly, suggesting unexpectedly there may be tandem repeats of the Ets high 

affinity sites in addition to GGAA-microsatellites in Ewing sarcoma cells (Table 6.3).  

Our variant call algorithm was also able to predict zygosity, with two of our six sample 

variant regions predicting heterozygous alleles with differing GGAA-repeat numbers. 

Our limited PCR-based methodology was able to verify the variant called for one, but not 

both alleles, as an exact match, for both heterozygous variant regions (Table 6.3).  

 

 

Zygosity 

Genomic 

location 

# GGAA 

repeats in 

hg19 

genome 

# GGAA 

repeats in 

variant call 

# GGAA 

repeats in 

sequencing 

validation 

Variant 

call match 

validation 

Homozygous 

chr1: 

1886487-

1886559 

2 High 

affinity 

sites 

4 High 

affinity 

sites 

4 High 

affinity 

sites Yes 

Homozygous 

chr5: 

105353332-

105353420 13 18 9 No 

Homozygous 

chr5: 

105353332-

105353420 13 16 10 No 

Homozygous 

chr7: 

147994226-

147994325 10 14 14 Yes 

Heterozygous 

chr20:173724

99-17372630 17 21 21 Yes 

  2nd allele   22 23 No 

Heterozygous 

chr20: 

17148855-

17149002 11 10 10 Yes 

  2nd allele   14   No 

Table 6.3 Variant calling validation 
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Though these preliminary results indicate the relative robustness of our variant calling 

algorithm, we recognize the inherent bias in only evaluating regions called by this 

method. If the algorithm was unable to predict all the regions where microsatellite 

characteristics differ between the hg19 and A673 genomes, this approach would be 

unable to detect variants missed by our computational method. To test differences 

between microsatellite lengths in the hg19 versus A673 genomes, we chose ten well-

characterized EWS/FLI regulated genes. After identifying the nearest microsatellite to 

these genes, we PCR-amplified and sequenced these regions. We then compared GGAA-

repeat numbers between the hg19 genome and our sequencing results (Table 6.4).  

 

Sequencing results were undeterminable for four of the genes, but the six that worked 

showed some differences in GGAA-repeat number. For each of these microsatellites we 

also included the ChIP peak binding fold change of EWS/FLI, as well as the log2 fold 

change of differential gene expression for the gene nearest to this microsatellite (Table 

6.4). Importantly, both of these ChIP-seq and RNA-seq experiments were conducted in 

A673 Ewing sarcoma cells. 
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Gene 

Microsatellite 

Location 

# GGAA 

repeats in 

hg19 

genome 

# GGAA 

repeats in 

seq 

validation 

FLI 

binding 

peak 

Fold 

Change 

RNA 

expression 

log2 Fold 

Change 

PNMA2 

chr8: 26365042-

26365070 6 ------- 3.29 -1.02 

FIBCD1 

chr9: 133846346-

133846444 14 14 4.44 2.6 

PKP1 

chr1: 201235502-

201235577 17 ------- 35.45 -1.69 

FCGRT 

chr19: 50014759-

50014875 23 20 19.43 -3.07 

GSTM4 

chr1: 110196838-

110196930 18 ------- 16.19 -2.58 

NR0B1 

chrX: 30328875-

30328976 25 25 31.47 -2.58 

PINK1 

chr1: 20952451-

20952680 45 9 4.95 2.16 

TCERG1L 

chr10: 133145119-

133145548 44 30 6.94 -2.59 

CTD-

2078B5.2 

chr5: 39610634-

39611090 68 ------- 3.49 0.9 

PCSK2 

chr20: 17372553-

17372661 17 21 15.8 -1.5 

Table 6.4 PCR amplification sequence validation 

 

To determine whether accurate GGAA-repeat length is a better predictor of FLI binding 

and EWS/FLI-mediated gene expression than using the human reference genome, we 

assessed binding and gene expression with respect to number of GGAA-repeats for each 

of these genes (Figure 6.2). FLI binding comparisons showed a “sweet-spot” of binding 

within the previously determined 20-26 GGAA-repeat range (Figure 6.2A). Notably, five 
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of the six genes remained in their respective “sweet-spot” or non-“sweet-spot” category, 

despite changing between the hg19 and A673 genomes. This suggests that although our 

microsatellite characterizing data as predictors of EWS/FLI responsiveness is limited by 

using the hg19 reference genome sequences, the correlations we observed are largely 

accurate trends
223

. PCSK2, however, was one gene whose peak binding fold change was 

similar to binding values of genes associated with “sweet-spot” microsatellite lengths, 

despite having only 17 GGAA repeats according to the hg19 sequence. Sequence 

validation at this site, however, demonstrated an actual GGAA-motif number of 21 in 

A673 sequence, falling within the “sweet-spot” repeat range (Figure 6.2A). The gene 

expression data for this gene fits the overall GGAA-microsatellite length-dependency 

model better with the accurate (A673) sequence length of microsatellite. This further 

supports the need for a reference A673 genome to provide more accurate correlations in 

our bioinformatics analysis.  

 

To test whether this same pattern exists with microsatellite length as a predictor of gene 

expression, we examined hg19 versus A673 GGAA-repeat number for this same subset 

of genes, compared with their differential gene expression from our RNA-seq dataset 

(Figure 6.2B). We found expression changes vs. motif number between the two genomic 

sources paralleled our binding data (Figure 6.2C). Interestingly, the PINK1-associated 

microsatellite contains 45 repeats in the hg19 genome, but only 9 repeats in A673 cells. 

This drastic sequence difference has since been validated with two additional sequencing 

methods. Regardless of the change, these repeat numbers fall far on either side of the 
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“sweet-spot” range microsatellite length, reflected in poor FLI binding at the 

microsatellite (Figure 6.2A) and a significant loss of PINK1 expression (Figure 6.2B-C).  

 

 
A 

 
B  

 
C 

Figure 6.2 EWS/FLI-mediated binding and gene expression based on GGAA-repeat 

number  

 

(A) GGAA-microsatellite repeat length as a predictor of FLI binding for the hg19 vs. 

A673 genome (B) GGAA-microsatellite length as a predictor of EWS/FLI-mediated gene 

expression for the hg19 vs. A673 genome (C) Comparison FLI binding and gene 

expression by increasing GGAA-repeat number for the hg19 and A673 genomes 
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Discussion 

The implied significance of polymorphic heterozygous sequences is highly reminiscent of 

our studied GGAA-microsatellite response elements in Ewing sarcoma
16

. In chapters 3, 4, 

and 5, we demonstrated the importance of “sweet-spot” length in EWS/FLI binding, both 

in vitro, and in vivo
16,217,223

. In chapter 3, our clinical observation strongly supported the 

heritability of these sequence length polymorphisms, suggesting a significant role in 

Ewing sarcoma patient susceptibility
16

. After defining microsatellites and evaluating 

whether EWS/FLI responsiveness correlates with particular microsatellite characteristics, 

however, we recognized an important limitation in our study (chapter 5)
223

. Our data 

comparing microsatellite lengths, total repeat numbers, and maximum number of 

consecutive motifs, are comprised of microsatellite sequences pulled from the human 

reference genome. While we still saw significant, though minimal, correlations
223

, we 

considered whether these might be more accurate using genomic sequences derived from 

a Ewing sarcoma patient.  

 

The preliminary analysis presented in this chapter demonstrates that data using hg19 

human reference genome sequences to test whether GGAA-microsatellite length 

correlates with EWS/FLI responsiveness at particular genomic loci is sufficient to 

represent the appropriate trends. However, the data also suggest re-evaluation of these 

correlations using A673 microsatellite sequences would make the correlations more 

accurate and stronger, as predicted. These computational studies of molecular 
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mechanisms provide valuable and unique insight into potential correlations at the 

mechanistic root of EWS/FLI-mediated Ewing sarcoma development. 

 

To this end, there is a sufficient need for an A673 Ewing sarcoma reference genome. In 

collaboration with a genomics group, we recently made strides towards this using the 10x 

genomics sequencing platform. Preliminary data, however, while exciting, suggests a 

coverage disparity between 10x genomics, our ChIP-seq variant calling algorithm, and 

PCR-amplified sequencing limitations. In other words, our future directions include a 

need for the PacBio sequencing platform for longer read coverage, and therefore more 

reliably accurate sequence information.  

 

Once this reference genome is obtained, it can be used to help determine whether 

EWS/FLI demonstrates allelic specificity. Earlier studies contained in this thesis (Chapter 

3) presented clinical data suggesting at least on a population level, “sweet-spot” 

microsatellite length may be associated with increased disease susceptibility
16

. 

Furthermore, the EGR2-regulated microsatellite has been identified as a specific 

susceptibility locus in patients with Ewing sarcoma
32

. To test allelic specificity in 

EWS/FLI binding at microsatellites, we plan to combine genomic ChIP-seq FLI binding 

data with RNA-seq expression data to differentiate alleles through a SNP-based 

approach. Additional methodologies may also be adopted based on recent advances in the 

field linking bioinformatics and empirical evidence to test similar models.  
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For example, a number of groups have used ChIP-seq and a bioinformatics approach to 

test whether transcription factors exhibit binding preferences at particular allelic 

sequences. Specifically, differential distribution of sequence reads in ChIP-seq peaks 

across a heterozygous sample can be used to identify potential allele-specific bias of 

protein binding
222

. Kasowski et al. analyzed ChIP-seq data mapping RNA Polymerase II 

and NFkB binding in several humans and in one chimpanzee. They observed that 

differences in binding of these factors, and subsequent gene expression variation, were 

frequently associated with SNPs and other genomic variants
224

. Another group looked at 

genome-wide transcription factor binding in liver (HePG2) and cervical cancer (HeLa-

S3) cell lines in association with GWAS-SNP identification
225

. They identified 3713 AS 

(allele-specific)-SNPs representing candidates of functional regulatory variants that could 

cause the observed expression differences.  

 

The frequent association of SNPs with transcription factor binding suggests that cis 

elements, such as GGAA-microsatellites in Ewing sarcoma, are a critical heritable 

element of allelic-specific expression
16,224

. Given differential binding, two possibilities 

arise: that one allele provides more favorable binding for that specific protein, thereby 

enabling a gain-of-function effect, or, two, that the other allele disrupts or in some way 

interferes with binding
222

. Analyzing such specificity in protein-DNA binding contributes 

valuable insight to the possible functional consequences associated with binding at 

particular alleles.  
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While a valuable approach to address the question of allele-specific binding, most ChIP-

seq variant methods for detecting allelic imbalance assume diploid genomes. This is not 

generally accurate for assessing transcription factor binding in cancer genomes, which 

frequently demonstrate copy number variation. Such a disparity generates a huge 

statistical limitation in detection of these specific alterations. A Bayesian statistical 

approach (BaalChIP) was recently developed to mitigate this limitation by jointly 

analyzing multiple ChIP-seq samples across a single variant
226

. A combination of ChIP-

seq and FAIRE-seq samples were used as a proof of concept and demonstrate the power 

and effectiveness of their method.  

 

An alternate method to address the allelic imbalance bias was developed with similar 

rationale. Known as the ABC method, it applies a binomial probability test for variant 

calling of allele-specific biases detected in ChIP-seq reads via comparison with the 

genomic allele ratio (gAR), or number of reads expected to evenly match to each allele, 

assuming no bias
227

. Two strand-specific read piles are generated around the genomic 

loci where the transcription factor binds and the Fisher’s exact test is performed to 

compare strand distribution for both alleles, taking into account the SNV’s position. 

Other statistical tests are also applied to account for potential read position bias.  

 

Another interesting observation to come out of these studies is examples of allele-specific 

expression within non-coding DNA regulatory regions that give rise to differential gene 

expression
221

. In the ChIP-seq study of RNA Polymerase II and NFkB, both displayed 
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sequence variation differences in non-coding regulatory regions as significantly higher 

than in coding regions
224

. In contrast to EWS/FLI-regulated GGAA-microsatellites, 

similarly present in non-coding regions, however, it is not known whether these variants 

are heritable
221

.   

 

In conclusion, the purpose of the work and ideas presented in this chapter is to determine 

to what extent the GGAA-microsatellite sequences in the hg19 human reference genome 

differ from those in the A673 Ewing sarcoma cell line, and to evaluate how those 

differences affect the binding enrichment and differential gene expression correlations 

seen in our computational analysis. Our current data to this end is preliminary, yet 

provides strong evidence for continued investigation of these aims. Such analysis will 

allow us to expand on recent bioinformatics methodologies to computationally 

investigate whether EWS/FLI exhibits allelic-specific binding of GGAA-microsatellites. 

Such analysis would provide insight not only for Ewing sarcoma genetics and 

oncogenesis, but more broadly for our understanding of transcription factor gene 

regulation. 
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Chapter 7: Advances and new approaches to study EWS/FLI DNA binding at 

GGAA-microsatellites 

 

Introduction 

Normally, ETS family members like FLI bind a conserved sequence containing a single 

GGAA core motif by a monomeric DNA binding domain
63,48,52

. This DNA binding 

domain is necessary for oncogenesis
6,64,66

, with FLI and EWS/FLI displaying similar 

DNA binding affinity and specificity
37

. In Ewing sarcoma, however, EWS/FLI 

preferentially binds low-affinity GGAA-microsatellite (repeat) regions upstream of the 

genes it directly activates rather than the normal conserved high affinity consensus 

sequence
121

. Previously thought of as “junk DNA,” these microsatellites serve as 

response elements for EWS/FLI DNA binding with interesting genetic correlations and 

possible clinical implications. Characterizing EWS/FLI binding at length-dependent 

GGAA-microsatellites is important to achieving a better understanding of the specific 

mechanism by which EWS/FLI modulates transcriptional activity. 

 

A main focus of the data and models presented within this work has been to determine 

whether microsatellite length facilitates biochemical properties of DNA-protein binding 

that engender EWS/FLI target specificity. The purpose of this section is to present new 

approaches and advances in investigation of the overall EWS/FLI-DNA binding 

objective. Our current data to this end highlights progress in the following areas: 
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 Immuno-precipitation assays to study the binding properties of EWS/FLI and 

EWS/FLI mutant constructs on various lengths of GGAA-microsatellites. 

 Fluorescence polarization studies using full-length EWS/FLI recombinant protein 

to determine its binding affinity on increasing lengths of GGAA-microsatellites. 

 Continued CRISPR/Cas9 studies with homologous recombination using donor 

templates of various GGAA-microsatellite lengths to determine the length-

dependency of EWS/FLI microsatellite binding and oncogenic function in vivo. 

 Molecular modeling of FLI binding on GGAA-microsatellites to computationally 

evaluate the structural binding mechanism of this protein-DNA interaction. 

 

Materials and Methods 

BioDIP Assay 

For this IP, 20ul/sample of streptavidin beads (Dynabeads M-280 Streptavidin, 

Invitrogen) were pre-washed 3x with wash buffer consisting of 5mM Tris pH 8.0, 1M 

NaCl, and 0.5mM EDTA. After final wash, beads were resuspended in 100ul 2x wash 

buffer, followed by addition of 1uM annealed, biotinylated DNA oligo. Bead-DNA 

solution was rotated at room temperature for 30 minutes. 3x 5minute washes were then 

performed using 1x wash buffer, with a final resuspension in 300ul TE buffer. For the 

pull-down assay, 20ul of each oligo/bead mixture were aliquoted in separate tubes for 

each condition to be performed (time series, protein concentration variation, etc.). A 

200ul 1% biotin/1%BSA solution was added to each sample, with rotation at room 

temperature for 30min to reduce non-specific binding. Bead/oligo mixtures were then 
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resuspended a total volume of 100ul binding buffer (10mM Tris pH 8.0, 50mM NaCl, 

1mM MgCl2, 0.5mM EDTA, 4% glycerol, 1% BSA, 4ug/ul poly-didc) plus recombinant 

protein, and rocked at room temperature for 1 hour (or different time points depending on 

experiment). 3x 5minute washes were performed with 1% BSA, 1% NP40, 1mM DTT, 

and 2mM EDTA in 1x PBS. After a final wash in TE buffer to remove residual 

detergents, the bead mixtures were resuspended in 20ul TE buffer. SDS was added and 

western blot performed for IP analysis, using FLI antibody (Abcam, USA).  

 

ChIP-DIP Assay 

Briefly, streptavidin beads (Dynabeads M-280 Streptavidin, Invitrogen) were washed in 

Dilution Buffer (1M Tris pH 8.0, 5M NaCl, 0.5M EDTA, 20% NP40, 1 PI tablet). Anti-

FLI antibody was added (Santa Crus sc356x) and rotated at 4°C for a minimum of 6 

hours. When the beads are ready, 2ul of 50uM DNA is added to 1uM of recombinant 

protein in 100ul of Binding Buffer (10mM Tris pH 8.0, 1mM EDTA, 2M NaCl). Binding 

reaction proceeds at room temperature for 15 minutes. Protein/DNA mix is then added to 

the bead/antibody mixture in Binding Buffer, with 500ul total volume). This reaction 

rotates at 4°C for 2-6 hours. Three, 5min washes are then performed with Wash Buffer 

(1% NP40, 2mM EDTA, 1mM DTT, 1% BSA, PBS). Protein is then eluted by adding 

150ul fresh elution buffer (50mM Tris pH 8.0, 1% SDS, 50mM NaHCO3, 1mM EDTA) 

and nutating at 37°C for one hour. Elution (containing desired product) is removed from 

beads, the salt concentration is brought to 200mM, and nutated overnight at 67°C. 
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Proteinase K and RNAse A are added. DNA is then purified (PCR purification kit, 

Qiagen) and electrophoresis performed to assess DNA product size.  

 

Immunodetection 

The following antibodies were used for immunodetection: anti-FLI (Abcam ab15289), 

anti-α-Tubulin (Calbiochem CP06). 

 

Cell culture and CRISPR/Cas9 experiments 

HEK 293EBNA cells and Ewing sarcoma cell lines (A673, TC71, EWS/502) were 

infected with CRISPR/Cas9 lentivirus and A673 cells were retrovirally infected as 

previously described for EWS/FLI knockdown/rescue experiments
43,114

. Single-stranded 

oligos of various lengths of GGAA-microsatellites used as donor templates were 

transfected or electroporated into the cells 2-4 hours following lentivirus infections. 

Polyclonal cell populations were grown in the appropriate selection media
43,114

. Growth 

assays were performed in 96-well plates on the IncucyteZoom live cell imager. Briefly, 

8000 cells/well were seeded in triplicate and imaged every 4-6 hours for 7-10 days. 

IncucyteZoom software pre-calibrated for Ewing sarcoma cells measured cell confluency 

levels as a percentage to assess cell growth over time. Genomic DNA was harvested 

following antibiotic selection and used in PCR assays. The deleted region was detected 

with primers designed around the NR0B1 microsatellite (Table 4.1).  

 

Fluorescence Polarization 
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Fluorescence polarization was performed in 384-well format using a BioTek Synergy2 

fluorometer (Winooski, VT) with fluorescein-labeled probes containing either 12 or 22 

consecutive GGAA motifs and 1x Gel Shift binding buffer (Promega Corporation, 

Madison, WI). Sequences of the consecutive GGAA motifs harboring probes and control 

sequences used in these assays are listed in Table 4.1. Recombinant proteins were 

prepared as described above. 

 

Results  

Studying EWS/FLI-microsatellite binding via protein immunoprecipitation and detection 

Our biochemical assays thus far have measured EWS/FLI binding kinetics at GGAA-

microsatellites of increasing length (Chapter 4)
217

, and transcriptional activity via reporter 

assays (Chapter 3)
16

. To test whether we could visually assess EWS/FLI binding at 

GGAA-microsatellites, we sought to develop an in vitro binding assay. Our immuno-

precipitation-based approach, called BioDIP, utilizes streptavidin-coated beads incubated 

with biotin-labeled DNA oligos to specifically pull-down protein that binds these 

sequences. Following IP, protein denaturation and immuno-blotting are used for 

detection.  

 

As a proof of concept, we first tested our EWS/FLI deletion construct Δ22, to see 

whether we could successfully pull-down recombinant protein using this method (data 

not shown). Though we achieved protein expression, we recognized the need for protein 

concentration optimization for each respective mutant. To optimize protein 
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concentrations required to visualize binding saturation, we performed the assay using 

increasing concentrations of Δ22 and Mut9, respectively (Figure 7.1A). We found the 

Mut9 construct required a nearly ten-fold higher micromolar concentration than Δ22 to 

achieve saturation with immunoblotting. This could be explained by a number of factors, 

such as the purity of our respective protein preps. An additional possibility is based on 

the inherent aggregate nature of the EWS-containing mutant, Mut9. Such a propensity to 

aggregate significantly increases the likelihood of purifying incompletely functional 

protein. For example, if only ten percent of the subsequent Mut9 protein prep was fully 

functional, it follows that ten-fold less protein would be capable of binding the DNA. As 

a result, though identical original starting concentrations were used for Δ22 and Mut9, the 

latter would appear ten times less saturated upon immunodetection. The possibility of this 

concentration discrepancy emphasizes the crucial role of careful optimization required for 

accurate interpretation of these experiments. 

 

We next considered the possibility of non-specific protein binding to the streptavidin 

beads in our assay. To address this confounding factor, we sought to optimize the 

washing steps of our assay. Testing a variety of variables including salt stringency, time, 

and addition of molecules to saturate beads incompletely bound with biotinylated DNA, 

we determined the optimal wash conditions to give minimal background, or non-specific 

binding. This included incubation of the bead-DNA oligo mixture with 1-2.5% BSA prior 

to addition of recombinant protein (Figure 7.1B).  
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A 

 
B 

 
C 

 
D 

 
E 

Figure 7.1 BioDIP assay trials testing Δ22 and Mut9 pull-down  
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Figure 7.1 continued 

 

(A) Optimization of protein concentration for Δ22 and Mut9 (B) BSA concentration 

optimization for background reduction (C) Time course experiment to detect Δ22 on and 

off rate binding to GGAA-microsatellites (D) Competition assay with unlabeled (“cold”) 

high affinity ETS DNA sequence (E) Competition assay with Mut9 protein to compete 

off Δ22 binding of microsatellites 

 

 

A protein-DNA binding assay has a number of obvious potential applications, including 

kinetic experiments and binding specificity. Our previously conducted FP experiments to 

test binding affinity (KD) for Δ22 and Mut9 were reproducible, yet lacked the visual 

assessment afforded by our BioDIP method. Having found Mut9 required a different 

concentration of protein to illicit the same binding saturation, we sought to use this assay 

as an alternate means of calculating KD. This requires kinetic experiments to measure the 

on and off rate for protein binding to the DNA. Starting with a time point of 4 hours for 

protein and DNA binding, we collected a series of additional time points to measure the 

on-rate for Δ22 binding the DNA. We found Δ22 binding to GGAA-microsatellites is 

detectable at as early as 5 minutes post-incubation (Figure 7.1C). As such, shorter time 

points will be required to optimize this method of on-rate detection. Measurement of the 

off-rate requires knowing the definitive time point at which protein binding of the DNA 

is just saturated. Though we conducted a preliminary experiment to measure off-rate 

using a time point of 30 minutes based on our on-rate trial, more precise measurement of 

the on-rate will be prerequisite to further optimization for this application of our assay 

(data not shown).  
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To determine whether this assay can assess binding specificity, we added increasing 

concentrations of cold competitor DNA to Δ22 incubated with GGAA-microsatellites. 

We used unlabeled high affinity Ets consensus sequence as competitor DNA, as this is 

reported to bind FLI with at least ten-fold higher affinity than GGAA-microsatellites
37

. 

We found Δ22 binding at the high affinity site appeared to compete off GGAA-

microsatellite binding starting at a 1:1 competitor to microsatellite ratio (Figure 7.1D). 

Having successfully competed off microsatellite binding, we next asked whether similar 

experiments could be conducted with protein competitors.  

 

While Δ22 binds shorter microsatellites with higher affinity than Mut9, we previously 

found the lack of the EWS portion results in failure to bind “sweet-spot” microsatellites 

while its inclusion significantly improves binding at this length (Chapter 4)
217

. To test 

whether this difference between Mut9 and Δ22 binding of “sweet-spot” microsatellites 

enables competitive binding between these EWS/FLI mutants, we performed a 

competition assay. Increasing concentrations of recombinant Mut9 protein were added to 

Δ22 binding of a 22-repeat GGAA-microsatellite. Our preliminary results show a 

decrease in Δ22 binding saturation with increasing Mut9 (Figure 7.1E). The extent of this 

competitive binding, however, is currently limited by the maximum concentration of 

Mut9 protein we are able to purify, considering the previously discussed limitation of 

Mut9 functionality. Taken together, this assay provides several useful applications for 

study of EWS/FLI binding at GGAA-microsatellites, however, further optimization of the 

technique is required.  
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Studying EWS/FLI-microsatellite binding via DNA pull-down and detection 

An intriguing model of EWS/FLI binding at microsatellites in vivo is the hypothesis of 

allelic specificity (discussed in Chapter 6). To see whether this model can be tested in an 

in vitro setting, we adapted our ChIP experiments. Opposite of BioDIP, this assay (called 

ChIP-DIP) relies on antibody-coated proteins to pull down the DNA, for a final detection 

that is nucleic acid-based (Figure 7.2A). In our preliminary trial, we added both 12 and 

22 GGAA-repeat DNA oligos to Δ22 vs. EWS/FLI recombinant protein. These were 

combined with FLI antibody-coated beads. Following washes, elution, and protein 

digestion, the remaining DNA was assessed by gel electrophoresis. We hypothesized that 

if EWS/FLI does exhibit preferential binding for length-specific alleles, then we would 

detect more 22 GGAA-repeat DNA binding.  

 

Our FP results of Δ22 demonstrated optimal binding at shorter (such as 12 repeats) with 

significantly reduced binding affinity at the sweet-spot range (Chapter 4)
217

. As such we 

predicted ChIP-DIP results for Δ22 binding would detect preferential 12-repeat, rather 

than 22 GGAA-repeat binding. Our first pass at this experiment was unsuccessful, 

showing nothing more than non-specific nucleic acid detection by electrophoresis across 

all samples (Figure 7.2B). If appropriately optimized, however, this technique would 

provide a valuable tool to assess EWS/FLI binding preferences on microsatellites in a 

length-dependent manner. An in vitro approach is expedient to verify the computational 

analysis and predictions of whether EWS/FLI truly displays allelic specificity in GGAA-

microsatellite binding (Chapter 6).  
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A 

 
B 

Figure 7.2 ChIP-DIP assay (A) Work flow of assay (B) Assay preliminary trial 

 

Binding affinity by fluorescence polarization 

While Mut9 and Δ22 are invaluable constructs that enable isolation of key EWS/FLI 

components contributing to different aspects of its structural and functional behavior, 
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EWS/FLI is still best understood through study of its full-length protein. Because of a 

variety of informative studies comparing Mut9 and Δ22 (Chapter 4)
217

, we anticipated 

that full-length EWS/FLI would display similar binding behavior to Mut9. To see 

whether EWS/FLI binds shorter GGAA-microsatellites with poor affinity, which 

improves with binding microsatellites of “sweet-spot” length, we repeated our 

fluorescence polarization (FP) studies using recombinant full-length EWS/FLI. We found 

that, as predicted, length-dependent EWS/FLI binding affinity appears to recapitulate 

Mut9 at microsatellites. The KD for EWS/FLI binding improved from a poor affinity of 

1.57uM on 12 GGAA-repeats, to a ten-fold tighter binding of 134nM KD on 22 GGAA-

repeats (Figure 7.3). This result is highly repeatable. Taken with previous studies in 

multiple types of assays (Chapter 4), this data validates Mut9 as an acceptable minimal 

construct for study of full-length EWS/FLI
217

.  

 

 

   
Figure 7.3 Fluorescence polarization assays measuring EWS/FLI binding on 12 vs. 22-

repeat GGAA-microsatellites 
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Additionally, this data presents, to our knowledge, the first assessment of KD for full-

length EWS/FLI microsatellite binding. In addition to providing valuable quantifiable 

data about protein-DNA binding, fluorescence polarization assays can also be used as a 

marker of protein functionality. Testing protein preps that have lost functionality due to 

sample age, flawed prep, etc. demonstrates non-readable binding affinities, with any 

detectable KD’s measured at several micromolar (data not shown). As such, the binding 

affinity readability and reproducibility for full-length EWS/FLI supports our achievement 

of functional, bona fide recombinant protein. This new, crucial tool in our arsenal will 

prove an invaluable contribution to future biochemical assays. 

 

Genome-editing to evaluate EWS/FLI binding at GGAA-microsatellites 

Though in vitro data suggests EWS/FLI exhibits binding preference for a particular 

length of GGAA-microsatellite, the translational value of this finding has yet to be 

explicitly evaluated in a Ewing sarcoma cell context (Chapter 3-5)
16,217,223

. We have 

shown in this thesis work through CRISPR/Cas9-mediated knock-out of the NR0B1-

associated microsatellite, that EWS/FLI requires this region to transcriptionally activate 

the NR0B1 gene (Chapter 4)
217

. Additionally, because NR0B1 is required for EWS/FLI-

mediated oncogenesis, deletion of this GGAA regulatory region also disrupts normal 

Ewing cell proliferation and colony formation ability, providing a helpful phenotypic 

manifestation of genome-editing
43,217

.  
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The CRISPR/Cas9 system provides an ideal means for evaluating the length-dependent 

effect of microsatellites on EWS/FLI gene regulation in Ewing sarcoma cells. To 

determine whether in vivo EWS/FLI transcriptional regulation of NR0B1 changes with 

GGAA-microsatellite length, we knocked out this microsatellite as before, but also 

supplied a single-stranded oligo donor template of particular GGAA-microsatellite 

lengths to prompt homology directed repair (Figure 7.4A). We hypothesized that peak 

NR0B1 gene expression would result from microsatellites of sweet-spot length, whereas 

GGAA-repeat donor templates shorter or longer than the sweet-spot would demonstrate 

reduced gene expression.  

 

Figure 7.4 CRISPR/Cas9 strategy to induce HDR-mediated replacement of the deleted 

NR0B1 microsatellite region with specific lengths of GGAA-microsatellite DNA 

template 

 

 
A 
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Figure 7.4 continued 

 

 
B          C 

 
D 

 

(A) Schema of GGAA-microsatellite length-replacement strategy by CRISPR/Cas9 (B) 

PCR amplification of microsatellite deletion and donor template replacement (C) Growth 

curve of proliferation assay results for each of these conditions (D) Images from 

proliferation assay 
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We first tried different concentrations of high-affinity site DNA template vs. 20 GGAA-

repeat DNA template, and assessed for deletion and repair using PCR-amplified genomic 

DNA from each condition. We found that while this polyclonal cell population 

demonstrated deletion of the microsatellite region, we were not able to visualize whether 

the cells had incorporated the appropriate donor template supplied (Figure 7.4B). 

Because NR0B1 is on the X chromosome, we performed these experiments in the male 

Ewing patient-derived TC-71 cell line, so as to increase the likelihood of successful 

recombination by only dealing with one allele. Proliferation assays showed complete 

growth inhibition, as seen in deletion of the NR0B1 microsatellite, suggesting that our 

donor sequence was not incorporated (Figure 7.4C-D). Additional attempts in A673 

Ewing sarcoma cells have also yielded similar results.  

 

In general, HDR (homology-directed repair) is an extremely inefficient pathway, leaving 

non-homologous end-joining (NHEJ) as the default means of DNA repair. To combat this 

issue, there are a number of different methods that may improve HDR efficiency, 

including using a donor plasmid with 800bp homology arms instead of a single-stranded 

(ss)-oligo, linearizing said plasmid, inhibiting DNA ligase IV to block the NHEJ pathway 

(via shRNA or drug inhibition), and addition of Ad4 expression plasmids to increase the 

likelihood of HDR. Though these other strategies may prove helpful for CRISPR/Cas9-

HDR broadly, some studies have suggested defects in DNA repair pathways in Ewing 

sarcoma
228,229

. Such defects may prove prohibitive to HDR-induced genome editing for 

study of this particular disease. 
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A recent study showed that Cas9 takes approximately 6 hours to dissociate from the DNA 

after making its enzymatic cut
230

. It may be that Cas9 is blocking the donor template from 

being incorporated into homology repair, as we have thus far introduced the Crispr/Cas9 

plasmid and donor template simultaneously or within 2-4 hours of each other. Future 

attempts at this technique could try increasing the time between CRISPR/Cas9 knockout 

of the microsatellite and provision of the donor template. Inhibition of the NHEJ pathway 

and delayed addition of the donor template may also improve HDR efficiency. Though a 

difficult technique, successful HDR-induced GGAA-microsatellite replacement would 

significantly contribute to further elucidating the biology of both gene and allele-specific 

transcriptional activation mediated by EWS/FLI. 

 

Molecular Modeling of EWS/FLI-GGAA-microsatellite binding 

As discussed in chapters 5 and 6 of this thesis, computational approaches contribute 

informative and frequently unique insight to build on molecular studies
223

. In a brief 

exploratory collaboration, we examined a number of predicted FLI-DNA structural 

interactions using a molecular dynamics computational approach. To test if FLI is 

predicted to interact with DNA in a sequence-dependent manner, we modeled FLI 

binding on the Ets high-affinity site compared with GGAA-microsatellites of four repeats 

(as this was believed to be the minimal repeat-length required for EWS/FLI microsatellite 

binding)
51

. Though merely preliminary, our modeling results demonstrate that FLI bound 

to a GGAA-microsatellite appears to adopt a more bent configuration than when bound to 

the high affinity site (Figure 7.5A). This implies the likelihood that increased numbers of 
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GGAA-repeats lead to altered DNA structural configurations that may be essential for the 

curious observations of optimal EWS/FLI binding at “sweet-spot” GGAA-

microsatellites.  

 

 

 
A 

 
B 

Figure 7.5 Molecular modeling of FLI binding (A) Ets high-affinity site vs. 4-repeat 

GGAA-microsatellite DNA (B) 4 spaced vs. consecutive GGAA-repeats  

 



 

220 

 

One of the questions to arise from our bioinformatics analysis of EWS/FLI binding at 

microsatellites was whether number or consecutiveness of GGAA-repeats permitted 

optimal binding (Chapter 5)
223

. To computationally evaluate whether FLI binding at four 

spaced GGAA-repeats differs from binding at consecutive repeats, we ran simulations for 

each of these as well (Figure 7.5B). We found binding at these different sequences appear 

similar, however, this is only for monomeric FLI binding. It would be highly informative 

to model EWS/FLI, and even multimers of EWS/FLI binding to these same, and longer 

GGAA-repeat DNA sequences. Unfortunately, this requires a known crystal or NMR-

based protein structure, which currently doesn’t exist for EWS/FLI.  

 

Discussion 

Though now well established that GGAA-microsatellites function in Ewing sarcoma as 

EWS/FLI response elements, the mechanism by which EWS/FLI regulates transcriptional 

activation at these sites remains elusive
15,16,46,51,69,217

. Very recent advances in the field 

have demonstrated a neomorphic role for EWS/FLI in recruiting chromatin remodeling 

complexes to GGAA-microsatellites
47

. However, little progress has been made to explain 

the molecular reasoning behind both our clinical and biochemical observations of “sweet-

spot” microsatellites enabling optimal EWS/FLI binding and effector function at these 

sites
16,217,223

.  

 

This chapter details new approaches and our latest advances in study of EWS/FLI-

microsatellite binding. The variety of molecular methods utilized includes 
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immunoprecipation using both protein and DNA pull-down, fluorescence polarization, 

genome-editing, and even molecular modeling. Specifically, we developed a working 

DNA-protein assay that provides an alternate means of visually and quantifiably 

assessing EWS/FLI binding to GGAA-microsatellites. Additionally, we have begun work 

on a CRISPR/Cas9-mediated technique to look at GGAA-microsatellite length-specific 

binding in vivo. Though challenging, progress in this area would provide tremendous 

insight into the actual cellular mechanism of EWS/FLI-mediated transcriptional 

regulation. Extensive work is still needed in each of these areas of investigation. 

 

Notably, the diversity of techniques described in this chapter also demonstrates the 

unique value of seeking molecular understanding through a multiplicity of experimental 

approaches. Synergizing data obtained from IP, genome-editing, FP, and computational 

modeling will inform on the mechanism of EWS/FLI binding at length-dependent 

GGAA-microsatellites. Further advances in each of these areas will also contribute 

significantly not only to our knowledge of EWS/FLI in Ewing sarcoma, but also broadly 

to the mechanisms by which transcription factors interact with and regulate DNA.  
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Chapter 8: Advances in understanding the biophysical mechanism of homotypic 

EWS interactions on GGAA-microsatellites 

 

Introduction 

As previously discussed, the EWS portion of the oncogenic fusion is critical for both the 

activation and repressive functions of EWS/FLI 
8
. The LC (low-complexity) domain of 

EWS is enriched in [G/S]Y[G/S] repeats, which have been shown to be important for 

high-density-induced polymerization of other EWS paralogs, like TLS/FUS
78

. These 

prion-like, N-terminal SYQG-rich domains are intrinsically aggregation prone 

sequences
76

. The field’s current hypothesis is that polymerization of these IDRs 

(intrinsically disordered regions) precipitates formation of higher-order assemblies that in 

turn enable transcriptional activation. Some groups believe these triplet repeats are 

critical for transcriptional activation, some think for polymerization, and others 

hypothesize both
76,79

. 

 

Full-length EWS/FLI contains 12 of these [G/S]Y[G/S] repeats, our Mut9 construct has 5 

repeats, and Δ22 has none (Table 8.1). It is believed the tyrosine within these repeats is 

the most important residue for facilitating the hypothesized biochemical interactions.  

 

Again, the aforementioned RNA-binding protein FUS is a paralog of EWS. In a landmark 

paper in the field, Steve McKnight’s group pioneered hydrogel assays to look at possible 
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FET proteins binding to the RNA-Polymerase II C-terminal domain (RNA-pol II CTD), 

which contains SYS triplet repeats that correspond with the [G/S]Y[G/S] triplet repeats of 

EWS
79

. Additionally, when 25-repeat GGAA-microsatellite DNA is incubated with the 

FUS LC-domain fused to the FLI-DNA binding domain, spontaneous fiber formation is 

visualized by TEM. This same synthesized fusion protein was incapable of elongated 

fiber formation in the absence of DNA. Though FUS/FLI is not an endogenous fusion, 

and despite the homology of FUS and EWS, these studies were not also conducted for 

EWS/FLI.  

 

 

 Number of 

[G/S]Y[G/S] repeats 

Number of Tyrosine 

(Y) residues 

Transcriptional 

Activity? 

EWS/FLI 12 37 Yes 

Δ22 0 1 No 

Mut9 5 15 Yes 

Table 8.1 Number of triplet repeats for EWS/FLI deletion constructs 

 

A distinct, though not mutually exclusive, hypothesis of FET protein aggregation upon 

DNA binding is phase separation
80

. Phase separation is essentially a phenomenon where 

membrane-less organelles form liquid-like droplets. This state enables continued entropy 

within the phase-separated state, while also ensuring maximum energy preservation and 

efficacy
231

. Such compartmentalization may be the mechanism of intracellular biological 

functions requiring membrane-less components. These membrane-less organelles are 

often RNA/protein-rich bodies roughly spherical in shape, which are viscous and respond 
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to liquid-properties like wetting, dripping, & flow when sheer stress is applied
232

. 

Spontaneous formation of these droplets occurs following molecular supersaturation due 

to high concentration, charge state, temperature or salt concentration
233

. 

  

Computational and in vitro recapitulation of this droplet formation have shown that 

interaction domains of biopolymers are in several cases sufficient to drive phase 

separation, suggesting that multivalent motifs are important for signaling network 

regulation and organization
234

. LC (low-complexity), intrinsically disordered sequences 

enriched in polar side chains (G, Q, N, & S), positive or negatively charged side chains, 

or aromatic side chains (F & Y) often drive these intracellular phase transitions. This has 

been observed for all three FET proteins: FUS, EWS, and TAF15
80

. Further, FUS 

requires high concentration, low temperature conditions to condense in solution to form 

amyloid-like fiber containing hydrogels, as in the McKnight polymerization experiments 

(discussed above)
78

.  

 

FUS has additionally been shown to coalesce into liquid-like droplets, both in vitro and in 

vivo
235

. This process is accelerated in disease states, such as ALS and other 

neurodegenerative diseases, where aggregation propensity seems to directly correlate 

with the likelihood of disease
236

. The low-complexity domain has been demonstrated to 

stabilize this phase separation
237

. Overall, it seems that conformational heterogeneity, 

degree of sequence complexity, and charge patterning interplay to allow phase separation 

of particular protein sequences, like FUS.  
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We hypothesize that the aggregate nature of EWS gives rise to homotypic interactions 

that result in polymerization on “sweet-spot” microsatellites, and that enable optimal 

biochemical configuration to promote transcriptional activity at these sites. To 

characterize the nature of potential EWS-EWS homotypic interactions in Ewing sarcoma, 

we have begun to investigate whether EWS/FLI can polymerize on GGAA-

microsatellites, and whether EWS/FLI binding at GGAA-microsatellites results in phase 

separation. Evaluation of the biophysical properties that govern the interplay of 

multimeric EWS/FLI molecules on GGAA-microsatellites may clarify the mechanism of 

binding to these response elements.  

 

Materials and Methods 

Constructs and Retroviruses 

Bacterial expression constructs included cDNA’s for the LC (low-complexity) domain 

FUS/FLI and EWS in the pHis-parallel1-mCherry vector (a generous gift from Steven 

McKnight’s laboratory at UT Southwestern), in addition to Δ22, Mut9, and EWS/FLI 

constructs ordered as a gene block (IDT) and cloned within the multiple cloning sites of 

the pHis-parallel1-mCherry vector between EcoRI and HindIII restriction sites. 

 

Protein Purification 

His/mCherry FUS/FLI, His/mCherry LC domain recombinant proteins were expressed in 

E. Coli BL21(DE3) competent cells from pHis-parallel1-mCherry expression plasmids 

encoding Δ22, Mut9, EWS/FLI, LC domain FUS/FLI, and LC EWS, respectively. Batch 
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purification was performed according to previously published protocols, with Ni-NTA 

(QIAGEN, USA) resin.
78,85

 Briefly, a single colony picked from each protein respectively 

transformed in BL21 cells was inoculated into an overnight LB/Amp culture at 37°C. 6 x 

1L LB/Amp cultures each were inoculated with 8ml of pre-culture the next morning, 

shaking at 37°C until the OD reached 0.6-0.8 (~3-4 hours). Cultures continued to shake at 

20°C for 45min, whereupon 0.5 mL of 1M IPTG is added to each culture for overnight 

shaking. Cells were harvested and lysed the following morning in lysis buffer containing 

0.4mg/ml lysozyme, 50 mM Tris-HCl pH7.5, 500 mM NaCl, 20 mM BME, 1% Triton X-

100 and protein inhibitor cocktail (Roche, USA) for 30 min on ice, and then sonicated. 

The cell lysate was centrifuged at 35,000 RPM for 1 hr. The supernatant was mixed for 

1hr at 4°C with Ni-NTA resin (Qiagen, USA). The resin-bound protein was packed in a 

glass column, washed, and eluted.
78

 Purified proteins were concentrated in Amicon Ultra 

centrifugal filters (Millipore, USA), and stored at -80°C until ready for biochemical 

assays.  

 

Hydrogel Formation 

Hydrogel droplets of mCherry tagged proteins were prepared as described before.
78,79

 

Briefly, concentrated mCherry fusion proteins were dialyzed in gelation buffer containing 

20mM Tris-HCL pH7.5, 200mM NaCl, 20mM BME, 0.5mM EDTA, 0.1mM PMSF 

overnight. Dialyzed protein solution was sonicated at low power 3-5 times for 3 seconds 

using a micro probe. Centrifugation was used to eliminate precipitates. The protein was 

pipetted in 0.5ul drops onto a glass-bottomed dish (MatTek, USA) in triplet for each 
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protein sample. Damp Whatman filter paper (Sigma-Aldrich, USA) strips were used to 

line the dish edges, and dishes were sealed with parafilm to prevent the hydrogel drying 

out. Hydrogels were incubated at room temperature for 2-4 days. After taking initial 

confocal images of the droplets, hydrogel stability was tested by slow pipetting of 100ul 

gelation buffer proximal to the hydrogel, and observing whether the mCherry-tagged 

droplet remained intact or diffused into solution. 

 

Turbidity Assay 

Single-stranded DNA oligos containing GGAA-microsatellites of various lengths were 

ordered (IDT) and annealed. Sequences are listed in Table 8.2. Recombinant protein 

preparation was performed as described previously (Chapter 4)
217

. Turbidity assays were 

performed by making 200ul solutions of 1uM recombinant protein and 0.5uM DNA oligo 

in 1x Gel Shift binding buffer (10mM Tris pH 8.0, 50mM NaCl, 1mM MgCl2, 0.5mM 

EDTA, 4% glycerol). Δ22 and Mut9 were tested with 8-repeat, 16-repeat, and 24-repeat 

GGAA-microsatellite oligos, respectively, as well as no-DNA controls. 100ul of each 

protein-DNA solution were added in duplicate wells to a clear 96-well plate (Corning, 

USA). The plate was incubated at room temperature for 15 minutes. OD measurements 

were taken on the spectrophotometer and images were taken on the confocal microscope. 

For competition assays, various reagents were added to respective wells, according to 

experiment conditions (ie. increased salt concentration or addition of high-affinity DNA 

oligo).  
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Transmission Electron Microscopy (TEM) 

Annealed GGAA-repeat oligos were described previously (Chapter 4, 7)
217

, with 

sequences included in Supplementary Table 8.2. Briefly, recombinant protein of 

EWS/FLI constructs (EWS/FLI, Mut9, and Δ22, respectively) were purified, and used in 

combination with GGAA-repeat oligos for DNA visualization. Following production 

(Chapter 4)
217

, purified protein was sonicated on low power 4x (1 second on/5 seconds 

off). DNA was added and incubated with protein in 1x Gel binding buffer (described 

above) at room temperature for 2 hours. Formvar carbon 300 mesh copper TEM grids 

(Electron Microscopy Sciences, USA) were prepared by adding 10ul of protein-DNA 

solution to a new grid, suspended by tweezers, for 2 minutes. Excess liquid was blotted 

dry with a Kim wipe, followed by 2x 30 second washes with 10ul of RNAse free water. 

The grid was stained with 10ul of 1% uranyl acetate for no more than 5 seconds before 

also blotting dry. Grids were allowed to air dry for 30 minutes and then stored in TEM 

grid cassettes until microscope viewing. TEM grids were visualized using the 

transmission electron microscope (Hitachi, Germany) at 30-80kV resolution. Ten fields 

were randomly selected and imaged for each grid sample. Polymer/fiber lengths for each 

sample were quantified using Image J software (NIH, USA), and graphed in Microsoft 

Excel.  
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Results 

EWS polymerization on GGAA-microsatellites 

To test whether EWS/FLI can polymerize on GGAA-microsatellites, we have begun to 

conduct hydrogel assays, similar to the McKnight group. Using mCherry-tagged 

recombinant proteins, we tested the ability of EWS/FLI and FUS/FLI to form hydrogels 

with and without GGAA-microsatellite DNA. FUS/FLI droplets appeared to contain a 

concentrated ring of mCherry surrounding the droplet, which became observably less 

structured with addition of microsatellite DNA. In contrast, EWS/FLI formed more 

diffuse mCherry droplets (Figure 8.1). The EWS/FLI hydrogels appeared tighter and 

more spherical upon addition of “sweet-spot” vs. shorter GGAA-repeat or high affinity 

site DNA, compared with protein only hydrogels (Figure 8.1). These preliminary 

observations suggest EWS/FLI binding to microsatellite DNA of “sweet-spot” length 

may enhance hydrogel formation. 

 

 
Figure 8.1 Hydrogel formation assays for EWS/FLI and FUS/FLI with and without DNA 
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To verify the stability of the observed hydrogel formation, buffer was added to pre-

formed hydrogel droplets of protein-only samples. We then captured images pre and post 

addition of the liquid to measure stability, or conversely dispersion, of the hydrogels over 

time. Following addition of gelation buffer, the FUS/FLI droplets dispersed, suggesting 

instability in hydrogel formation (data not shown). Conversely, the FUS LC domain 

hydrogel remained intact for at least 5 minutes after addition of gelation buffer (Figure 

8.2). This result recapitulates that observed by the McKnight group for this same 

construct, validating we have a working assay
78,79,85

. The EWS/FLI hydrogel also 

remained stable, though for just over 1 minute before diffusing into solution (Figure 8.2).  

 

One explanation for this stability difference may be reflected in the respective protein 

concentrations achieved for this experiment. Recombinant FUS LC domain is much 

easier to purify than full-length EWS/FLI protein, and we were able to obtain much 

higher concentrations for the former. Based on our preliminary hydrogel observations 

with DNA (Figure 8.1), it may be that adding increasing GGAA-repeat microsatellites 

may improve EWS/FLI hydrogel stability. 
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Figure 8.2 Hydrogel formation assay for EWS/FLI versus the FUS LC domain. Images 

demonstrate a time lapse before, and 0.5 to 5 minutes following addition of wash buffer 

to the hydrogel droplets.   

 

Hydrogel formation assays assess whether a particular protein possesses the necessary 

biophysical properties to self-associate and form a stable multimeric structure. Though 

this hydrogel formation ability is suggestive of polymerization, substantiating this 

implication could be achieved through higher powered visual means, such as 

transmission electron microscopy (TEM). As mentioned previously, in the presence of 

sweet-spot length GGAA-repeat DNA, high concentrations of the FUS/FLI construct will 

spontaneously form fibers, visualized by TEM
79

. Given our preliminary hydrogel 

formation results, coupled with data from a number of other biochemical assays, we 

sought to determine whether the distinctions we previously observed for EWS/FLI 

constructs binding different lengths of GGAA-microsatellites is predictive of their 

respective abilities to form fibers in vitro on these same repeat lengths.  

To test whether high concentrations of EWS/FLI recombinant protein spontaneously 

form fibers in the presence of sweet-spot GGAA-microsatellite DNA, we performed 
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TEM on EWS/FLI protein in the absence vs. presence of 22-repeat GGAA DNA oligos. 

We recognized the limitation that this assay would only be informative if we were able to 

achieve sufficiently high concentrations of recombinant EWS/FLI protein. Our initial 

trials demonstrated some evidence of disorganized aggregates for our EWS/FLI protein 

only samples (Figure 8.3), similar to that seen for FUS/FLI only samples by McKnight’s 

group
79

. When 22 GGAA-repeat DNA was added to the EWS/FLI protein, however, we 

observed long, branching fibers at low magnification that appeared as more organized, 

fibrous clusters and strands with increasing magnification (Figure 8.3). This result was 

highly reproducible, permitting us to conclude that EWS/FLI displays spontaneous fiber 

formation in the presence of sweet-spot GGAA-microsatellite DNA in vitro.  

 

 
Figure 8.3 DNA-dependent enhancement of fiber formation of EWS/FLI   
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Given these results and our previous biochemical data, we considered utilizing TEM as a 

means of visually assessing the contribution of the EWS portion of the fusion to 

microsatellite binding (Chapter 4)
217

. Because our Δ22 construct does not contain EWS, 

and therefore the EWS LC domain, we expected little if any fiber formation for this 

EWS/FLI deletion construct. However, Δ22 is capable of binding with relatively high 

affinity to shorter GGAA-microsatellites (Chapter 4)
217

. This suggests some form of 

multimeric or cooperative Δ22 (FLI) binding at these microsatellites in vitro, that might 

manifest in some structurally visible effect. In contrast, Mut9 and EWS/FLI were 

predicted to demonstrate fiber formation that increases with increasing GGAA-repeat 

length.  

To test whether EWS/FLI, Mut9, and Δ22 spontaneously form fibers in the presence of 

GGAA-microsatellites in a length-dependent manner, we combined high concentrations 

of each of these recombinant protein constructs with no DNA, 12-repeat, or 22-repeat 

GGAA DNA, respectively. As expected, TEM of Δ22 only showed no fiber formation 

(Figure 8.4A). When added to 12 GGAA-repeat DNA, some stochastic nucleation was 

observed in most visual fields. Strikingly, a few fields contained branching fiber-like 

structures (Figure 8.4A). In contrast, when Δ22 was combined with 22 GGAA-repeat 

DNA, no long, definitive fibers were observed; most fields contained the short, dispersed 

nucleation structures observed in most visual fields for 12-repeats (Figure 8.4A). Though 

fiber formation was not expected for any of the Δ22 conditions, it is interesting to note 

the fibers observed with binding at 12-repeat microsatellites, which are absent at 22-

repeats. This result is reminiscent of our prior fluorescence polarization data 
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demonstrating optimal Δ22 binding at 8-16 GGAA-repeats, which unexpectedly falls off 

in the sweet-spot range (Chapter 4)
217

. 

 
 
 

Figure 8.4 TEM images of fiber formation for (A) Δ22, (B) Mut9, and (C) EWS/FLI 

binding of GGAA-microsatellites 

 
A 



 

235 

 

 
B 

 
C 
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In contrast to our TEM results for Δ22, Mut9 protein exhibited aggregate clustering and 

minimal fiber formation in a few fields, with mostly unidentifiable background 

particulates (Figure 8.4B). These random clusters were not overly surprising as the 

intrinsically disordered region of Mut9 substantially increases the potential for this 

protein to aggregate, compared with the mostly FLI-only composition of Δ22. With 

addition of DNA, however, Mut9 spontaneous nucleation and fiber formation increased 

with increasing length of GGAA-microsatellite (Figure 8.4B). Further, Mut9 binding to 

22 GGAA-repeat DNA displayed concentrated clusters of intertwining fibers, though 

none as robust as those fibers observed for full-length EWS/FLI (Figure 8.3, 8.4C).  

Although Mut9 is a fully functional EWS/FLI construct in vivo
34,217

, the missing low 

complexity domain components of Mut9 versus full-length EWS/FLI may give rise to 

differences in their biophysical properties. Nonetheless, TEM images observed for 

EWS/FLI displayed the same overall trends as for Mut9, notwithstanding markedly 

enhanced fiber formation for EWS/FLI binding of 12 and 22 GGAA-repeats (Figure 

8.4C). Quantification of fiber length showed an overall increase with increasing GGAA-

repeats for EWS/FLI and Mut9, while Δ22 fiber length decreased at the sweet-spot length 

(Figure 8.5). These trends support our prior biochemical data comparing binding of these 

EWS/FLI constructs on increasing GGAA-repeat DNA (Chapter 4, 7)
217

.   
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Figure 8.5 Quantification of fiber length for EWS/FLI, Mut9, and Δ22 binding of no 

DNA, 12-repeat, and 24-repeat GGAA DNA, respectively 

 

Phase separation properties of EWS/FLI 

Phase separation is a recently popular area of study, describing a liquid-like biophysical 

property that enables isolated biochemical reactions to occur via compartmentalization at 

liquid-liquid interphases
231–234

. These membrane-less organelles are dynamic structures, 

and are generally formed via concentration-dependent mechanisms
233

. Intrinsically 

disordered proteins (IDPs), like EWS, tend to have LC domains, contributing structural 

flexibility and inherent dynamism through constant rearrangements of multivalent weak 

interactions
80

. Our stoichiometric data provides evidence for multimeric binding of 

EWS/FLI at GGAA-microsatellites (Chapter 4)
217

. It reasonably follows that the 
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subsequent high density of EWS/FLI molecules brought into proximity with one another 

through this microsatellite binding may induce a phase separated state.  

 

To determine whether EWS/FLI binding at GGAA-microsatellites results in phase 

separation, we conducted turbidity assays on recombinant protein incubated with various 

DNA oligos. Phase separation was undetectable for protein only samples, in the presence 

of DNA (Figure 8.6A). As GGAA-microsatellite DNA of increasing repeat number was 

added to recombinant Δ22, however, increasing degrees of phase separation were 

observed (Figure 8.6A). Consistent with previous FP studies conducted in this thesis, Δ22 

binding appeared to “fall apart” at 24 GGAA-repeats, or “sweet-spot” lengths, as 

indicated by an inability to phase separate in one trial, and a reduction of phase separation 

in a second. Scramble-sequence controls (non-GGAA microsatellite repetitive sequence) 

of the same lengths, as well as the high affinity Ets site, also displayed no phase 

separation. This suggests the possibility that FLI, and perhaps EWS/FLI binding at 

microsatellites may undergo phase separation, however, additional trials and further 

characterization is required.  

 

To test whether the observed phase separation likely caused by Δ22 binding the DNA 

could be disrupted, high salt was added to Δ22 binding at 24 GGAA-repeats. We 

observed dispersion of the phase separated “bubbles” under these conditions, however, 

no reduction in the number observed (Figure 8.6B). Addition of high affinity site DNA to 

compete for binding displayed a similar effect as with increasing the salt concentration 
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(Figure 8.6C). Most of these initial experiments were conducted using Δ22 recombinant 

protein; however, we also wanted to test our Mut9 construct.  

 

Figure 8.6 Turbidity assays to evaluate whether recombinant Δ22 and Mut9 incubated 

with increasing lengths of GGAA-microsatellite DNA exhibits phase separation in vitro 

 
A 

 
B      C         D 
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Figure 8.6 continued 

 

 
E 

 

(A) Δ22 incubated with increasing lengths of GGAA-microsatellite DNA (except where 

indicated for the protein only and DNA only) (B) Addition of high salt concentration to 

phase-separated Δ22 binding of 24-repeat DNA (C) Addition of Ets high-affinity site 

DNA to phase-separated Δ22 binding of 16-repeat DNA (D) Increased Mut9 

concentration for Mut9 binding of 24-repeat DNA (E) OD405 turbidity assay 

measurements for Δ22 and Mut9 binding increasing lengths of GGAA-repeat DNA 

 

 

Our initial trials with Mut9 yielded little to know phase separation formation. Notably, 

however, our starting yields of recombinant Mut9 protein are not particularly high. From 

our Mut9 trials in previous experiments discussed in this work (Chapter 4)
217

, we 

considered that Mut9 may not be as pure or fully functional as our Δ22 protein preps, 

thereby requiring “higher” concentrations than the latter to test the same amount of actual 

purified, functional protein (Chapter 7). To test whether higher concentrations of Mut9 

display phase separation, we added 5-fold higher Mut9 protein to 24 GGAA-repeat DNA. 

As anticipated, we observed some phase separation at the higher Mut9 concentration 
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(Figure 8.6D). This emphasizes the effect of protein concentration on the ability of 

EWS/FLI binding at microsatellites to undergo phase separation. Optical density 

quantification of these turbidity assays demonstrated increased density with increasing 

GGAA-repeat number for Δ22, but with a decrease at 24 repeats (Figure 8.6E). No 

change in optical density, however, was observed for Mut9 binding to increased lengths 

of GGAA-microsatellites. This uninformative result for Mut9 may be clarified by 

increased overall concentrations of Mut9 protein.  

 

Discussion 

Taken together, these data demonstrate promising evidence to support our hypothesis that 

EWS/FLI participates in homotypic interactions via the EWS portion to facilitate “sweet-

spot” GGAA-microsatellite binding. We have shown success in our ability to purify 

recombinant full-length mCherry-tagged EWS/FLI for our hydrogel binding assays. 

Additionally, our TEM data demonstrates reproducible evidence for EWS/FLI fiber 

formation that increases in length with increasing number of GGAA-microsatellite 

repeats. Further, these results bolster our previous data showing the necessity of the EWS 

domain for EWS/FLI binding to GGAA-microsatellites (Chapter 4)
217

. Our TEM imaging 

presents, to our knowledge, the first attempt to assess EWS/FLI fiber formation, and 

offers visual evidence for EWS/FLI polymerization as the mechanism of GGAA-

microsatellite binding.  
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Overall, we submit a model that EWS-EWS interactions facilitate EWS/FLI 

polymerization on GGAA-microsatellites, bending the DNA in such a conformation as to 

allow EWS-interaction with transcriptional machinery (such as RNA polymerase II). This 

optimal structural configuration and subsequent recruitment of transcription-associated 

factors precipitates transcriptional activation of the genes associated with these EWS/FLI 

bound microsatellites. A schema of this model is shown in Figure 8.7.  

 

 

Figure 8.7 Schema of Cooperative model for EWS/FLI binding “sweet-spot” GGAA-

microsatellites, allowing recruitment of transcriptional machinery for activation of its 

targets 

 

The ensuing high density of EWS/FLI molecules interacting with GGAA-microsatellites 

corroborates the phase separation hypothesis. Our attempts at examining phase 
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separation, although preliminary, have already demonstrated visually discernible 

differences in length-dependent GGAA-microsatellites for our Δ22 vs. Mut9 recombinant 

proteins. This model is additionally strengthened by recent evidence proving EWS/FLI 

recruitment of the BAF chromatin remodeling complex to GGAA-microsatellites
47

. This 

complex is known to facilitate gene accessibility for transcriptional machinery.  

 

Future directions for this project include testing whether [G/S]Y[G/S] repeats are 

necessary and sufficient for transcriptional activation, and for the ability of EWS/FLI to 

aggregate or polymerize. Understanding the mechanism of EWS/FLI interactions with 

DNA to facilitate binding and optimal effector function at “sweet-spot” microsatellites is 

critical. Such knowledge may elucidate means to disrupt these protein-protein and 

protein-DNA interactions, propounding promising therapeutic potential.   

 
 

 

 

Supplementary Information 

 

DNA 

Oligo Sequence (Forward Strand of Duplex) 

High 

Affinity TT TAC CGG AAG TGT TT 

8 

Repeats GGAAGGAAGGAAGGAAGGAAGGAAGGAAGGAA 

16 

Repeats 

GGAAGGAAGGAAGGAAGGAAGGAAGGAAGGAAGGAAGGAAGGAAGGAAGGAA

GGAAGGAAGGAA 

24 

Repeats 

GGAAGGAAGGAAGGAAGGAAGGAAGGAAGGAAGGAAGGAAGGAAGGAAGGAA

GGAAGGAAGGAAGGAAGGAAGGAAGGAAGGAAGGAAGGAAGGAA 

Flr12 

Repeats 

56-FAM/TTGGAAGGAAGGAAGGAAGGAAGGAAGGAAGGAAGGAAGGAAGGAA 

GGAA 

Flr22 

Repeats 

56-FAM/TTGGAAGGAAGGAAGGAAGGAAGGAAGGAAGGAAGGAAGGAAGGAA 

GGAAGGAAGGAAGGAAGGAAGGAAGGAAGGAAGGAAGGAAGGAA 

Table 8.2 Sequences for DNA oligos used in TEM and in turbidity assays 
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Chapter 9: Conclusion 

 

Discussion 

Ewing sarcoma is a pediatric bone malignancy initiated by a t(11;22) chromosomal 

translocation that produces the EWS/FLI oncoprotein. An aberrant transcription factor, 

EWS/FLI binds and transcriptionally regulates its target genes to mediate oncogenic 

reprogramming. GGAA-microsatellites are now well-established as heritable 

polymorphic EWS/FLI response elements unique to and critical for Ewing sarcoma 

oncogenesis. Studies over the last few years within and concurrent to this thesis have 

demonstrated a role for length-dependent GGAA-microsatellites in Ewing sarcoma as not 

only DNA binding sites, but also as regions of chromatin regulation and remodeling, 

enhancers to enable EWS/FLI-mediated activation, markers of Ewing sarcoma 

susceptibility, and as a scaffolding sequence for aggregation-induced phase separation to 

facilitate recruitment of transcriptional regulatory machinery. Here, each of these roles 

for GGAA-microsatellites is discussed. Additionally, we posit future directions requisite 

to further advance the field.  

 

GGAA-microsatellites as EWS/FLI DNA binding sites 

Our review article in this thesis (Chapter 2) provides the first reference in the literature to 

a “sweet-spot” GGAA configuration conducive to maximal EWS/FLI-mediated gene up-

regulation
33

. The “sweet-spot” (20-26 repeats) microsatellite facilitates maximal 
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EWS/FLI-mediated gene expression, evidenced upon cloning polymorphic GGAA 

sequences into a luciferase reporter vector in the absence versus presence of EWS/FLI 

(Chapter 2)
16

. We saw the same bimodal pattern of maximal gene expression as in our 

clinical observation, with peak amplification in constructs from 20-25 and 60-65 GGAA-

motifs. We also looked at NR0B1 gene expression in 21 hemi- or homozygous patient 

Ewing tumors, and found a significant difference in gene expression for those tumors 

with 17-18 as opposed to 23-26 GGAA-motifs. A similar result was observed in Ewing 

sarcoma cell lines with various NR0B1-associated GGAA-repeat numbers
16

. 

 

Given the epidemiological differences previously demonstrated between NR0B1 GGAA-

microsatellite lengths in African vs. Caucasian populations
14

, we sought to compare these 

control populations to individuals with Ewing sarcoma (Chapter 3). Data consisted of 112 

tumor specimens (90% Caucasian vs. 2% African). Though the NR0B1 microsatellite is 

also highly polymorphic among Ewing tumors, the length range for tumor patients 

represented a significantly more narrow range from that observed in white European 

controls. This held true for both primary and metastatic tumor samples
16

.   

 

Considering reasons for the “sweet-spot” length led us to evaluate the possibility of 

microsatellite instability (MSI) in GGAA-microsatellite polymorphisms. We decided this 

is unlikely, due to the large African microsatellites that appear stable and in non-disease 

individuals vs. the observed 20-26 GGAA-repeat lengths associated with Ewing sarcoma 

patients
33

. If there were evidence for MSI in Ewing sarcoma, we argue that the ~70x 
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GGAA-repeats found in both African and European individuals would be much more 

intrinsically unstable and linked to disease susceptibility or clinical outcome than the 20-

26 repeat patients, as seen in a number of neurodegenerative diseases. Additionally, we 

found GGAA-repeats in patients are ubiquitous in length in both germline and tumor cell 

microsatellites
33

.  

 

Plausible explanations for the “sweet-spot” length then, include optimal stoichiometric 

occupancy of EWS/FLI at these lengths. Alternatively, certain GGAA polymorphisms 

might be more (or less) likely to form inhibitory secondary DNA structures. These 

include non-B-form DNA structures such as G-quadraplexes (G-rich DNA sequences) or 

triplex DNA. Alternatively, EWS/FLI-mediated non-canonical DNA structure formation 

could enable transcriptional regulation by bio-mechanical means. Evaluation of these 

possibilities will require in-depth biophysics methodology and possibly visual 

characterization via atomic force microscopy. Additionally, a solved NMR structure of 

EWS/FLI bound to a number of GGAA-repeats would enhance our understanding of why 

EWS/FLI seems to preferentially bind “sweet-spot” length GGAA-repeat DNA.  

 

EWS/FLI acts as a pioneer factor at GGAA-microsatellites  

Riggi et al. demonstrated that EWS/FLI-bound GGAA-microsatellites in Ewing sarcoma 

are in an accessible open chromatin state. EWS/FLI knockdown results in a closed 

chromatin state at these loci, while EWS/FLI introduction into mesenchymal stem cells 

(MSCs) converts closed chromatin into an open state
69

. Interestingly, Ewing sarcoma 
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cells are the only cell type with open chromatin at EWS/FLI-bound GGAA-

microsatellites, and EWS/FLI actively depletes nucleosome occupancy of these 

regions
238

. This and other data suggest that EWS/FLI may function as a pioneer factor at 

GGAA-microsatellites to open chromatin and enable transcriptional activation at these 

response elements. However, it was not known whether FLI, which contributes the 

binding function of this chimeric fusion, is sufficient to open chromatin, or whether the 

EWS portion also plays a key role. 

 

In Chapter 4 we examined the biochemical characteristics governing the binding of 

different aspects of the EWS/FLI fusion to various lengths of GGAA-microsatellites 

(Chapter 4)
217

. These studies began with the FLI-only portion of the fusion, and 

demonstrated a stoichiometry of one FLI molecule bound for every two GGAA-motifs in 

a microsatellite. As discussed in Chapter 1, studies foundational to this work suggested a 

cooperative binding model, with homodimeric interactions between the FLI domains of 

multiple EWS/FLI molecules, resting on the DNA in a Lego-like linking manner 
51

. We 

expected to measure increasing binding affinity with increasing GGAA-repeat length, in 

accordance with this cooperativity. Contrary to this original model, however, binding 

affinity was identical for increasing repeats, suggesting independent FLI binding.  

 

Moreover, we observed an even more unexpected phenomenon when testing “sweet-

spot” microsatellite lengths. The FLI-only portion deletion construct (Δ22) failed to bind 

at “sweet-spot” lengths, while our EWS/FLI mutant with a sufficient portion of EWS to 
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rescue oncogenic transformation (Mut9), improved binding significantly. This suggested 

the EWS portion of the fusion is critical for EWS/FLI binding at “sweet-spot” lengths 

and prompted further studies, including RNA-seq and ChIP-seq using the same mutant 

constructs. These genome-wide binding and expression analyses lent further support to 

our biochemical findings. Overall, this study provides the first evidence for the necessity 

of the EWS portion of the EWS/FLI fusion for both in vitro binding of GGAA-

microsatellites and for EWS/FLI binding targets genome-wide in Ewing sarcoma cells
218

.  

 

This data also reinforces the Riggi et al. study suggesting EWS/FLI may act as a pioneer 

factor
69

. As our work demonstrates an unexpected role for EWS in interacting with DNA, 

it may be that EWS interacts with the chromatin at GGAA-microsatellite regions to open 

the DNA at these sites. Reciprocal evidence for this model was concurrently published 

with our study (Chapter 4) by the Rivera group, demonstrating the physical properties of 

the EWS low-complexity (LC) domain are necessary for chromatin remodeling, complex 

retargeting, and EWS/FLI-mediated activation at these microsatellites
47

. Specifically, 

conserved [G/S]Y[G/S] repeat sequences within the LC domain contribute to the 

biophysical properties that enable multi-dimeric EWS/FLI binding at these sites (see 

below for further discussion).  

 

This proven role for EWS in interacting with the DNA and facilitating critical EWS/FLI 

functions may prove a therapeutically targetable process. Conceivably, disruption of 
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EWS’s ability to aggregate and access the DNA would inhibit the downstream chain of 

events mediating EWS/FLI’s role as an oncogenic driver.  

 

GGAA-microsatellites are EWS/FLI activating response elements 

Multiple studies, including the ones discussed previously
16,217

, provide convincing 

evidence of the association of GGAA-microsatellites with EWS/FLI up-regulated 

targets
15,46,51

. Additionally, we show these GGAA-motifs are sufficient for EWS/FLI-

mediated activation in transcriptional reporter assays (Chapter 3)
16

. Despite mounting 

confirmation, no one had definitively proven the necessity of GGAA-microsatellites as 

EWS/FLI activating response elements in bona fide Ewing sarcoma cells prior to this 

work. We sought to accomplish this via the CRISPR/Cas9 system, using the NR0B1 gene 

as an ideal model of EWS/FLI mediated activation
43

. We show for the first time, the 

direct need for these GGAA-microsatellites in EWS/FLI binding and subsequent 

activation of its associated up-regulated targets in Ewing sarcoma cells
218

. This was 

contemporaneously proven by others in the field through demonstration of EWS/FLI-

mediated recruitment of the BAF chromatin remodeling complex to GGAA-

microsatellites to transcriptionally activate EWS/FLI targets
47

.  

 

Having established GGAA-microsatellites as EWS/FLI-specific enhancer response 

elements, we sought to define these unique repetitive regions in a Ewing sarcoma 

context. Using FLI ChIP-seq and RNA-seq data of Ewing sarcoma cell lines, we utilized 

a computational approach to accomplish two major objectives. First, we performed an 
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unbiased genome-wide screen of GGAA-microsatellites to characterize and define these 

in an EWS/FLI-regulatory context. We then used our established definition and asked 

whether particular characteristics of these microsatellites, such as consecutive motif 

number, total length, or gene proximity, are predictive of EWS/FLI responsiveness at 

specific genomic loci. This turned out to be intricately complex and does not take into 

account a variety of factors, including other proteins and genomic interactions EWS/FLI 

may encounter in vivo. However, we successfully instituted a working definition of a 

GGAA-microsatellite. Further, we showed evidence of a minimal correlation for both 

binding and transcriptional regulation of EWS/FLI at “promoter-like” microsatellites for 

activated targets (Chapter 5)
223

.  

 

We also identified a category of GGAA-microsatellites dubbed “enhancer-like” 

microsatellites, characterized by GGAA-repeat regions located further than 5kb from the 

nearest gene (Chapter 5)
223

. Interestingly, there was no correlation between EWS/FLI 

activated targets and microsatellite length, though there was a correlation with EWS/FLI 

binding at these distant enhancer regions. This finding exposes the complexity of 

studying long-range transcription factor binding and regulation, and suggests additional 

factors (i.e. other transcription factors, protein complexes, etc.) are likely involved.  

 

Epigenetic examination of similar long-range interactions led to proposal of a “super-

enhancer” model in the field a of couple years ago, with complex regulatory mechanisms 

involving chromatin remodeling and cooperative epigenetic regulators
70

. For example, 
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chromatin conformation capture (3C) demonstrated long-distance physical interaction via 

DNA looping between a particular EWS/FLI-bound GGAA-microsatellite and the distant 

NKX2.2 promoter
69

. Structurally, these homo-purine elements of a particular sequence 

length may offer the optimal function for EWS/FLI binding, potential DNA-looping for 

super-enhancer function, and even sequence inhibition near EWS/FLI-repressed 

targets
219,234

. Further clarification of this model could provide helpful insight not only for 

EWS/FLI regulatory mechanisms, but also broader transcriptional biological means of 

long-range gene regulation.  

 

Our bioinformatics study especially highlights the significant value of combining 

biophysical, computational, and molecular investigation (Chapter 5-6). Many recent 

studies have produced large volumes of genome-wide datasets using Ewing sarcoma cell 

lines with genetic manipulation of EWS/FLI, as well as treatment with numerous 

epigenetic and novel targeted inhibitors
47,69,70

. Though computational approaches can’t 

mechanistically elucidate every aspect of EWS/FLI’s driving role in Ewing sarcoma, 

such rich and readily available datasets should be exploited for patterns, predictive 

models, and to generate previously unconsidered queries in Ewing sarcoma research. 

Concomitant molecular studies will continue to validate these computational models and 

to advance the field at an ever-increasing rate.  

 

One such area that could be computationally exploited using existing datasets is the 

question of whether EWS/FLI exhibits allelic specificity in GGAA-microsatellite 
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binding
239

. In light of EWS/FLI in vitro binding preference for “sweet-spot’ length 

microsatellites, EWS/FLI could conceivably exhibit allelic preference in binding 

heterozygous alleles, when one allele-containing microsatellite more closely resembles 

the “sweet-spot” length. Our preliminary bioinformatics analyses of data from the A673 

Ewing sarcoma cell line are agreement with this hypothesis (Chapter 6). We have clearly 

shown multiple examples of EWS/FLI allele-specific binding, with one allele much more 

highly expressed than the other (Chapter 6). Complexities of this approach include a 

reliable Ewing sarcoma reference genome (currently in process of sequencing), in 

addition to the need to identify SNPs (single nucleotide polymorphism) associated with 

differentially expressed genes that are near enough to heterozygous GGAA-microsatellite 

alleles to enable linkages between our gene expression data. Such established connections 

are necessary to identify which allele contains the EWS/FLI bound GGAA-microsatellite 

associated with the observed differential gene expression.  

 

GGAA-microsatellites as markers of Ewing sarcoma susceptibility 

As GGAA-microsatellites appear to be uniquely regulated by EWS/FLI in Ewing 

sarcoma, it is conceivable that these polymorphic genetic elements could serve as clinical 

markers. However, our preliminary patient analysis to determine whether microsatellite 

length correlates with patient survival demonstrated that polymorphisms of the NR0B1 

GGAA-microsatellite are not predictive of event-free survival (Chapter 3)
16

. As an 

alternative, we postulated that GGAA-microsatellites might be more suited as diagnostic 

rather than prognostic markers of disease. While having a sweet-spot length GGAA-
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microsatellite at the NR0B1 locus doesn’t imply an individual will develop Ewing 

sarcoma, patients with Ewing sarcoma tend to have the sweet-spot length. Therefore, 

individuals with sweet-spot GGAA-microsatellites have a heightened preponderance for 

developing Ewing sarcoma. 

 

Grunewald et al. later identified a SNP within the EGR2-associated GGAA-microsatellite 

that links two adjacent runs of GGAA-repeats to create a risk allele found significantly 

more often in Ewing sarcoma patients
32

. This susceptibility locus supports our clinical 

observation of a length-dependent GGAA-microsatellite association with risk of disease 

development (Chapter 3)
16

. Also in accordance with our clinical findings and observed 

Ewing sarcoma epidemiology, sequence analysis using the 1000 Genomes Project 

revealed this EGR2 risk allele is found at a significantly higher frequency in non-African 

populations
32

. As GGAA-microsatellites are response elements unique to Ewing sarcoma, 

these findings suggest identification of a disease-specific risk allele.  

 

A scaffolding model for GGAA-microsatellites in enabling EWS/FLI-mediated 

transcriptional activation 

The LC domain of EWS is enriched in [G/S]Y[G/S] repeats, which have been shown to 

be important for high-density-induced polymerization in other EWS paralogs, like FUS 

and TAF-15 (collectively known as FET proteins). Prion-like N-terminal SYQG-rich 

domains are intrinsically aggregation prone sequences. In a particularly landmark study, 

the McKnight group pioneered hydrogel assays to look at possible FET proteins binding 
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to the RNA-pol II CTD, which contains SYS triplet repeats that correspond with the 

[G/S]Y[G/S] triplet repeats previously mentioned present in EWS
78,85

. In a follow-up 

study, they visually demonstrated spontaneous fiber formation when 25-repeat (“sweet-

spot”) GGAA-microsatellite DNA is incubated with the FUS LC-domain fused to the 

FLI-DNA binding domain
79

. In the absence of microsatellite DNA, this fiber formation 

was significantly reduced. We have recently repeated these studies with different lengths 

of GGAA-microsatellite DNA and observed similar results (Chapter 8).  

 

The field’s current hypothesis is that polymerization of these intrinsically disordered 

regions (IDRs) enables formation of higher-order assemblies that spontaneously form 

spherical structures, via liquid de-mixing, at high concentrations
80

. This phase separation 

then enables the association of the necessary transcriptional machinery requisite for gene 

activation at a given promoter region
234

. EWS/FLI was recently shown to exhibit phase 

separation properties through sedimentation experiments demonstrating EWS/FLI, but 

not wild type FLI precipitates spontaneously at sufficient concentrations
47

. Moreover, a 

punctate vs. diffuse pattern staining of protein was observed by confocal imaging 

following GFP-tagged EWS/FLI vs. wild type FLI lentiviral expression, respectively, in 

mesenchymal stem cells (MSCs).  

 

One explanation for the observed polymerization properties of FET proteins is the seed-

model, where multiple FET proteins cooperatively bind along a particular sequence of 

DNA. This protein-nucleic acid complex then forms a “seed,” capable of organizing non-
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nucleic acid bound proteins (i.e. additional FET or other related proteins) into fibers 

capable of binding transcriptional machinery, such as the C-terminal domain (CTD) of 

RNA polymerase II
79,93

. This hypothesis is especially intriguing in light of recent 

evidence that EWS/FLI recruits the BAF chromatin remodeling complex to GGAA-

microsatellites to activate associated target genes
47

. Both the aforementioned conserved 

tyrosine residues of the EWS LC-domain, and the domain’s phase-transition capabilities, 

are necessary for this recruitment and activation process.  

 

We have also explored the requirement for the conserved tyrosine residues found within 

the aforementioned [G/S]Y[G/S] triplet repeats for polymerization, through creating a 

series of tyrosine mutants. Our mutants include the regions mutated by the Rivera group, 

and similarly demonstrate the need for particular tyrosine residues
47

. Interestingly though, 

the Rivera group described some evidence of possible functional redundancy within the 

highly repetitive EWS LC-domain.  

 

The length-dependent nature of GGAA-microsatellites suggests both inherent structural 

and functional mechanisms by which these repetitive elements may play an essential role 

in Ewing sarcoma. Given the aggregative propensity of EWS/FLI attributable to specific 

amino acid repeats in the EWS LC-domain, multimeric EWS/FLI binding at GGAA-

microsatellites likely facilitates phase separation. Subsequent compartmentalization of 

EWS/FLI proteins, capable of inducing chromatin accessibility and recruiting specific 

activation complexes such as BAF, foments a conceivable model that EWS/FLI is a 
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master organizer of a veritable transcription factory (Figure 8.7). In providing conditions 

conducible to polymerization, “sweet-spot” GGAA-microsatellites may serve as a 

scaffold for EWS/FLI to bind and allow recruitment of critical transcriptional machinery, 

such as RNA polymerase II. Such a model implicates GGAA-microsatellites as 

fundamentally requisite for recruitment and initiation of EWS/FLI-mediated 

transcriptional activation in Ewing sarcoma. 

 

Conclusion 

The overall objective of this research was to investigate the biochemical properties that 

dictate how EWS/FLI regulates activation of its targets. This thesis has successfully 

elucidated the mechanism by which EWS/FLI transcriptionally activates direct target 

genes that mediate Ewing sarcoma oncogenesis 1) through in vivo demonstration of 

microsatellites as bona fide DNA response elements for EWS/FLI –mediated gene 

activation, 2) by biochemical and reporter assay demonstration of a particular GGAA-

microsatellite length (the “sweet-spot”), as critical for maximal EWS/FLI responsiveness, 

and 3) via bioinformatics characterization of these GGAA-microsatellites showing 

computational predictability of EWS/FLI binding and transcriptional regulation based on 

distinguishing microsatellite features.  

 

It is hoped that the work herein provides insight that will enable better understanding of 

Ewing sarcoma biology. Such mechanistic understanding of EWS/FLI-mediated 

regulation of this disease is critical to uncovering therapeutic means of targeting this 
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pathognomonic oncogenic driver. Furthermore, these insights will expand our knowledge 

of pediatric sarcoma biology more broadly, hopefully inciting new advances in other 

translocation or microsatellite-driven malignancies.  
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