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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 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.
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1. 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 [1,2]. 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 [3,4]. 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 1). Ewing sarcoma is an aggressive malignancy, with significant metastatic potential. Roughly 20% of patients present clinically with 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 [3,5].

Figure 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) 400× 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 [6]). 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). 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 [7,8,9]. 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.

Figure 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 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.
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2. 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 [10]). Given these important functions, it is of 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 [11,12]. 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 [11]. 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 [7,13,14].

Twenty-eight distinct ETS-family members have been identified in humans, which are further categorized into four ETS-subfamilies of more highly related members [15,16]. 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 [17]. 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 [16,18,19]. Two general categories of ETS binding sites have been characterized, which include a high-affinity ETS consensus site located 20–40 bp upstream of the transcriptional start site and a lower affinity consensus site further upstream in the promoter/enhancer element [15,16]. 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 [15,16,20].



3. EWS/FLI in Ewing Sarcoma

EWS/FLI and EWS/ERG fusions compromise 80–85% and 5–10% of translocations observed in Ewing sarcoma, respectively [6,13]. 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 [7,21]. Both function as important regulators of hematopoiesis, B-cell development and vasculogenesis [22,23,24]. 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 [25,26,27].

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 [7,14]. Additionally, ectopic expression of EWS/FLI in NIH 3T3 fibroblasts induces oncogenic transformation whereas wild-type FLI does not [14]. Silencing of EWS/FLI expression in patient-derived Ewing sarcoma cell lines reverses the oncogenic phenotype [8,28]. Interestingly, wild-type FLI is not expressed in Ewing sarcoma cells [8]. Furthermore, the transcriptional signature and genomic targeting of EWS/FLI in Ewing sarcoma is markedly different from wild-type FLI [29], despite a shared affinity for ETS consensus sites [14,30].



4. 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 [8,28,31]. 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 [29,32,33]. 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) [8,28,33]. 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 [34,35]. 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 [29,36]. 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 [28,32,33,36,37].

Genome-wide localization studies have established that EWS/FLI highly occupies the NR0B1 promoter. Mutational experiments have further demonstrated that a 500 bp region, roughly −1.6 kb upstream from the NR0B1 transcriptional start site is required for EWS/FLI-mediated DNA binding and gene activation [32]. Within this 500 bp region is a 102 bp 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 [32,33,37]. Interestingly, the highly enriched NR0B1 promoter does not contain the traditional high-affinity ETS consensus site (ACCGGAAGT) [32,33]. Luciferase reporter constructs and electrophoretic mobility shift assays (EMSA) have further validated the in vitro specificity and affinity of EWS/FLI for both the 102 bp NR0B1 GGAA microsatellite and similar synthetic GGAA microsatellite constructs [30,32]. 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 102 bp NR0B1 GGAA microsatellite and activate gene expression [30,32]. Wild-type ETS-members can also bind the GGAA microsatellite; however, unlike EWS/ETS fusions, binding to these elements does not activate gene expression [30].



5. 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 14–15 bp, although only 9–10 bp are required for sequence specificity [38]. 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 [16]. In Ewing sarcoma, EWS/FLI appears to bind to GGAA microsatellites as a homodimer and requires a minimum of 4 consecutive GGAA motifs (16 bp) for binding and gene activation [30,32]. 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 3) [29,30,32,33,36,37]. 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 [29,33].

Figure 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 102 bp 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 [30].
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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 4).

Figure 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 preferencefor 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.
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6. GGAA Microsatellites Identify Other Potential EWS/FLI Targets and Epigenetically Regulated Enhancer Loci

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 [29,32,33,39]. For examples, in ChIP-chip experiments, a promoter microarray was used to assess ~17000 promoters spanning −5.5. kb to 2.5 kb 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 [32]. 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 [40]. Dysregulation of CAV1 has been associated with the metastases in other cancer models [41] and expression of CAV1 is necessary for maintenance of oncogenic transformation in patient-derived Ewing sarcoma cell lines [42]. 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 [39]. Overexpression of this protein also increases chemoresistance to a chemotherapeutic agent commonly used in Ewing sarcoma, etoposide [39]. Additionally, in a small clinical series, increased expression of GSTM4 in primary Ewing tumors was associated with a lower overall survival [39]. 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 [32,33].

In the ChIP-seq data-set reported by Guillon et al. [33] 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 2 Mb 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 [33]. In a more recent genome-wide localization study by Patel et al. [29] 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-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 [29].

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.



7. 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 [29,30,32,33,36,37]. 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-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 [43,44,45]. Since the precise cell of origin in Ewing sarcoma remains obscure (reviewed in ref [46]), 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).



8. Microsatellite DNA in Cancer Pathogenesis

Microsatellite DNA constitutes roughly 3% of the human genome, mostly in non-coding regions [47]. 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 (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 [48,49,50]. 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 [49,50,51]. 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 [52,53]. 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 [54,55,56]. 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 [57,58]. A dinucleotide CA-microsatellite within intron 1 of EGFR has been identified and length-polymorphisms of this microsatellite have been shown to correlate with basal transcription levels of EGFR [59]; 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 [60]. 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 [61,62]. 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 [63,64].



9. 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 [65]. 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 [66,67]. This discrepancy is independent of geographic location, suggesting a strong genetic influence for these observations [66]. Additionally, a recent database of >1,700 patients with Ewing sarcoma demonstrated lower overall survival rates in African and Asian populations [68]. To date, no studies have conclusively explained these epidemiological patterns [65,69,70].

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 [47,71]. Microsatellite polymorphisms are routinely used in the assessment of heredity, and phylogenetic mapping of ethnically distinct human populations [72]. 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 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 [73]. 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 [37]. 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 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.



10. 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 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.






Conflict of Interest

All listed authors declare no conflict of interest with the research presented in this manuscript.



Acknowledgments

All listed authors acknowledge support from the Huntsman Cancer Institute via P30CA042014 and the Terri Anne Perine Sarcoma fund. MJM acknowledges support from the Orthopaedic Research and Education Fund (OREF); AHG is supported by the R.L. Kirschstein NRSA (2T32HL007576-26) from the NHLBI; and SLL acknowledges support from the NIH/NCI via R01 CA140394.



References


	1. 
Helman, L.J.; Meltzer, P. Mechanisms of sarcoma development. Nat. Rev. Cancer 2003, 3, 685–694. [Google Scholar] [CrossRef]

	2. 
Martens, J.H.; Stunnenberg, H.G. The molecular signature of oncofusion proteins in acute myeloid leukemia. FEBS Lett. 2010, 584, 2662–2669. [Google Scholar]

	3. 
Maheshwari, A.V.; Cheng, E.Y. Ewing sarcoma family of tumors. J. Am. Acad. Orthop. Surg. 2010, 18, 94–107. [Google Scholar]

	4. 
Balamuth, N.J.; Womer, R.B. Ewing’s sarcoma. Lancet Oncol. 2010, 11, 184–192. [Google Scholar] [CrossRef]

	5. 
Grier, H.E.; Krailo, M.D.; Tarbell, N.J.; Link, M.P.; Fryer, C.J.; Pritchard, D.J.; Gebhardt, M.C.; Dickman, P.S.; Perlman, E.J.; Meyers, P.A.; et al. Addition of ifosfamide and etoposide to standard chemotherapy for ewing’s sarcoma and primitive neuroectodermal tumor of bone. N. Engl. J. Med. 2003, 348, 694–701. [Google Scholar]

	6. 
Sankar, S.; Lessnick, S.L. Promiscuous partnerships in ewing’s sarcoma. Cancer Genet. 2011, 204, 351–365. [Google Scholar] [CrossRef]

	7. 
May, W.A.; Gishizky, M.L.; Lessnick, S.L.; Lunsford, L.B.; Lewis, B.C.; Delattre, O.; Zucman, J.; Thomas, G.; Denny, C.T. Ewing sarcoma 11;22 translocation produces a chimeric transcription factor that requires the DNA-binding domain encoded by fli1 for transformation. Proc. Natl. Acad. Sci. USA 1993, 90, 5752–5756. [Google Scholar]

	8. 
Smith, R.; Owen, L.A.; Trem, D.J.; Wong, J.S.; Whangbo, J.S.; Golub, T.R.; Lessnick, S.L. Expression profiling of ews/fli identifies nkx2.2 as a critical target gene in ewing’s sarcoma. Cancer Cell 2006, 9, 405–416. [Google Scholar] [CrossRef]

	9. 
Kinsey, M.; Smith, R.; Iyer, A.K.; McCabe, E.R.; Lessnick, S.L. Ews/fli and its downstream target nr0b1 interact directly to modulate transcription and oncogenesis in ewing’s sarcoma. Cancer Res. 2009, 69, 9047–9055. [Google Scholar] [CrossRef]

	10. 
Hsu, T.; Trojanowska, M.; Watson, D.K. Ets proteins in biological control and cancer. J. Cell Biochem. 2004, 91, 896–903. [Google Scholar] [CrossRef]

	11. 
Tomlins, S.A.; Rhodes, D.R.; Perner, S.; Dhanasekaran, S.M.; Mehra, R.; Sun, X.W.; Varambally, S.; Cao, X.; Tchinda, J.; Kuefer, R.; et al. Recurrent fusion of tmprss2 and ets transcription factor genes in prostate cancer. Science 2005, 310, 644–648. [Google Scholar] [CrossRef]

	12. 
Clark, J.; Attard, G.; Jhavar, S.; Flohr, P.; Reid, A.; De-Bono, J.; Eeles, R.; Scardino, P.; Cuzick, J.; Fisher, G.; et al. Complex patterns of ets gene alteration arise during cancer development in the human prostate. Oncogene 2008, 27, 1993–2003. [Google Scholar]

	13. 
Delattre, O.; Zucman, J.; Plougastel, B.; Desmaze, C.; Melot, T.; Peter, M.; Kovar, H.; Joubert, I.; de Jong, P.; Rouleau, G.; et al. Gene fusion with an ets DNA-binding domain caused by chromosome translocation in human tumours. Nature 1992, 359, 162–165. [Google Scholar]

	14. 
May, W.A.; Lessnick, S.L.; Braun, B.S.; Klemsz, M.; Lewis, B.C.; Lunsford, L.B.; Hromas, R.; Denny, C.T. The ewing’s sarcoma ews/fli-1 fusion gene encodes a more potent transcriptional activator and is a more powerful transforming gene than fli-1. Mol. Cell Biol. 1993, 13, 7393–7398. [Google Scholar]

	15. 
Hollenhorst, P.C.; Shah, A.A.; Hopkins, C.; Graves, B.J. Genome-wide analyses reveal properties of redundant and specific promoter occupancy within the ets gene family. Genes Dev. 2007, 21, 1882–1894. [Google Scholar] [CrossRef]

	16. 
Hollenhorst, P.C.; McIntosh, L.P.; Graves, B.J. Genomic and biochemical insights into the specificity of ets transcription factors. Annu. Rev. Biochem. 2011, 80, 437–471. [Google Scholar] [CrossRef]

	17. 
Nye, J.A.; Petersen, J.M.; Gunther, C.V.; Jonsen, M.D.; Graves, B.J. Interaction of murine ets-1 with gga-binding sites establishes the ets domain as a new DNA-binding motif. Genes Dev. 1992, 6, 975–990. [Google Scholar] [CrossRef]

	18. 
Seth, A.; Watson, D.K. Ets transcription factors and their emerging roles in human cancer. Eur. J. Cancer 2005, 41, 2462–2478. [Google Scholar] [CrossRef]

	19. 
Szymczyna, B.R.; Arrowsmith, C.H. DNA binding specificity studies of four ets proteins support an indirect read-out mechanism of protein-DNA recognition. J. Biol. Chem. 2000, 275, 28363–28370. [Google Scholar] [CrossRef]

	20. 
Wei, G.H.; Badis, G.; Berger, M.F.; Kivioja, T.; Palin, K.; Enge, M.; Bonke, M.; Jolma, A.; Varjosalo, M.; Gehrke, A.R.; et al. Genome-wide analysis of ets-family DNA-binding in vitro and in vivo. EMBO J. 2010, 29, 2147–2160. [Google Scholar] [CrossRef]

	21. 
Mao, X.; Miesfeldt, S.; Yang, H.; Leiden, J.M.; Thompson, C.B. The fli-1 and chimeric ews-fli-1 oncoproteins display similar DNA binding specificities. J. Biol. Chem. 1994, 269, 18216–18222. [Google Scholar]

	22. 
Zhang, X.K.; Moussa, O.; LaRue, A.; Bradshaw, S.; Molano, I.; Spyropoulos, D.D.; Gilkeson, G.S.; Watson, D.K. The transcription factor fli-1 modulates marginal zone and follicular b cell development in mice. J. Immunol. 2008, 181, 1644–1654. [Google Scholar]

	23. 
Hart, A.; Melet, F.; Grossfeld, P.; Chien, K.; Jones, C.; Tunnacliffe, A.; Favier, R.; Bernstein, A. Fli-1 is required for murine vascular and megakaryocytic development and is hemizygously deleted in patients with thrombocytopenia. Immunity 2000, 13, 167–177. [Google Scholar] [CrossRef]

	24. 
Loughran, S.J.; Kruse, E.A.; Hacking, D.F.; de Graaf, C.A.; Hyland, C.D.; Willson, T.A.; Henley, K.J.; Ellis, S.; Voss, A.K.; Metcalf, D.; et al. The transcription factor erg is essential for definitive hematopoiesis and the function of adult hematopoietic stem cells. Nat. Immunol. 2008, 9, 810–819. [Google Scholar]

	25. 
Ohno, T.; Ouchida, M.; Lee, L.; Gatalica, Z.; Rao, V.N.; Reddy, E.S. The ews gene, involved in ewing family of tumors, malignant melanoma of soft parts and desmoplastic small round cell tumors, codes for an rna binding protein with novel regulatory domains. Oncogene 1994, 9, 3087–3097. [Google Scholar]

	26. 
Bertolotti, A.; Lutz, Y.; Heard, D.J.; Chambon, P.; Tora, L. Htaf(ii)68, a novel rna/ssdna-binding protein with homology to the pro-oncoproteins tls/fus and ews is associated with both tfiid and rna polymerase ii. EMBO J. 1996, 15, 5022–5031. [Google Scholar]

	27. 
Paronetto, M.P.; Minana, B.; Valcarcel, J. The ewing sarcoma protein regulates DNA damage-induced alternative splicing. Mol. Cell 2011, 43, 353–368. [Google Scholar]

	28. 
Kinsey, M.; Smith, R.; Lessnick, S.L. Nr0b1 is required for the oncogenic phenotype mediated by ews/fli in ewing’s sarcoma. Mol. Cancer Res. 2006, 4, 851–859. [Google Scholar] [CrossRef]

	29. 
Patel, M.; Simon, J.M.; Iglesia, M.D.; Wu, S.B.; McFadden, A.W.; Lieb, J.D.; Davis, I.J. Tumor-specific retargeting of an oncogenic transcription factor chimera results in dysregulation of chromatin and transcription. Genome Res. 2011, 22, 259–270. [Google Scholar]

	30. 
Gangwal, K.; Close, D.; Enriquez, C.A.; Hill, C.P.; Lessnick, S.L. Emergent properties of ews/fli regulation via ggaa microsatellites in ewing’s sarcoma. Genes Cancer 2010, 1, 177–187. [Google Scholar] [CrossRef]

	31. 
Prieur, A.; Tirode, F.; Cohen, P.; Delattre, O. Ews/fli-1 silencing and gene profiling of ewing cells reveal downstream oncogenic pathways and a crucial role for repression of insulin-like growth factor binding protein 3. Mol. Cell Biol. 2004, 24, 7275–7283. [Google Scholar] [CrossRef]

	32. 
Gangwal, K.; Sankar, S.; Hollenhorst, P.C.; Kinsey, M.; Haroldsen, S.C.; Shah, A.A.; Boucher, K.M.; Watkins, W.S.; Jorde, L.B.; Graves, B.J.; et al. Microsatellites as ews/fli response elements in ewing’s sarcoma. Proc. Natl. Acad. Sci. USA 2008, 105, 10149–10154. [Google Scholar]

	33. 
Guillon, N.; Tirode, F.; Boeva, V.; Zynovyev, A.; Barillot, E.; Delattre, O. The oncogenic ews-fli1 protein binds in vivo ggaa microsatellite sequences with potential transcriptional activation function. PLoS One 2009, 4, e4932. [Google Scholar]

	34. 
Niakan, K.K.; McCabe, E.R. Dax1 origin, function, and novel role. Mol. Genet. Metab. 2005, 86, 70–83. [Google Scholar] [CrossRef]

	35. 
McCabe, E.R. Dax1: Increasing complexity in the roles of this novel nuclear receptor. Mol. Cell Endocrinol. 2007, 179-182, 265–266. [Google Scholar]

	36. 
Mendiola, M.; Carrillo, J.; Garcia, E.; Lalli, E.; Hernandez, T.; de Alava, E.; Tirode, F.; Delattre, O.; Garcia-Miguel, P.; Lopez-Barea, F.; et al. The orphan nuclear receptor dax1 is up-regulated by the ews/fli1 oncoprotein and is highly expressed in ewing tumors. Int. J. Cancer 2006, 118, 1381–1389. [Google Scholar]

	37. 
Garcia-Aragoncillo, E.; Carrillo, J.; Lalli, E.; Agra, N.; Gomez-Lopez, G.; Pestana, A.; Alonso, J. Dax1, a direct target of ews/fli1 oncoprotein, is a principal regulator of cell-cycle progression in ewing’s tumor cells. Oncogene 2008, 27, 6034–6043. [Google Scholar] [CrossRef]

	38. 
Graves, B.J.; Gillespie, M.E.; McIntosh, L.P. DNA binding by the ets domain. Nature 1996, 384, 322. [Google Scholar]

	39. 
Luo, W.; Gangwal, K.; Sankar, S.; Boucher, K.M.; Thomas, D.; Lessnick, S.L. Gstm4 is a microsatellite-containing ews/fli target involved in ewing’s sarcoma oncogenesis and therapeutic resistance. Oncogene 2009, 28, 4126–4132. [Google Scholar] [CrossRef]

	40. 
Martins, A.S.; Ordonez, J.L.; Amaral, A.T.; Prins, F.; Floris, G.; Debiec-Rychter, M.; Hogendoorn, P.C.; de Alava, E. Igf1r signaling in ewing sarcoma is shaped by clathrin-/caveolin-dependent endocytosis. PLoS One 2011, 6, e19846. [Google Scholar]

	41. 
Williams, T.M.; Lisanti, M.P. Caveolin-1 in oncogenic transformation, cancer, and metastasis. Am. J. Physiol. Cell Physiol. 2005, 288, C494–C506. [Google Scholar] [CrossRef]

	42. 
Tirado, O.M.; Mateo-Lozano, S.; Villar, J.; Dettin, L.E.; Llort, A.; Gallego, S.; Ban, J.; Kovar, H.; Notario, V. Caveolin-1 (cav1) is a target of ews/fli-1 and a key determinant of the oncogenic phenotype and tumorigenicity of ewing’s sarcoma cells. Cancer Res. 2006, 66, 9937–9947. [Google Scholar] [CrossRef]

	43. 
Grohar, P.J.; Woldemichael, G.M.; Griffin, L.B.; Mendoza, A.; Chen, Q.R.; Yeung, C.; Currier, D.G.; Davis, S.; Khanna, C.; Khan, J.; et al. Identification of an inhibitor of the ews-fli1 oncogenic transcription factor by high-throughput screening. J. Natl. Cancer Inst. 2011, 103, 962–978. [Google Scholar] [CrossRef]

	44. 
Grohar, P.J.; Griffin, L.B.; Yeung, C.; Chen, Q.R.; Pommier, Y.; Khanna, C.; Khan, J.; Helman, L.J. Ecteinascidin 743 interferes with the activity of ews-fli1 in ewing sarcoma cells. Neoplasia 2011, 13, 145–153. [Google Scholar]

	45. 
Erkizan, H.V.; Scher, L.J.; Gamble, S.E.; Barber-Rotenberg, J.S.; Sajwan, K.P.; Uren, A.; Toretsky, J.A. Novel peptide binds ews-fli1 and reduces the oncogenic potential in ewing tumors. Cell Cycle 2011, 10, 3397–3408. [Google Scholar]

	46. 
Kovar, H. Context matters: The hen or egg problem in ewing’s sarcoma. Semin. Cancer Biol. 2005, 15, 189–196. [Google Scholar] [CrossRef]

	47. 
Lander, E.S.; Linton, L.M.; Birren, B.; Nusbaum, C.; Zody, M.C.; Baldwin, J.; Devon, K.; Dewar, K.; Doyle, M.; FitzHugh, W.; et al. Initial sequencing and analysis of the human genome. Nature 2001, 409, 860–921. [Google Scholar]

	48. 
Aaltonen, L.A.; Peltomaki, P.; Leach, F.S.; Sistonen, P.; Pylkkanen, L.; Mecklin, J.P.; Jarvinen, H.; Powell, S.M.; Jen, J.; Hamilton, S.R.; et al. Clues to the pathogenesis of familial colorectal cancer. Science 1993, 260, 812–816. [Google Scholar]

	49. 
Thibodeau, S.N.; Bren, G.; Schaid, D. Microsatellite instability in cancer of the proximal colon. Science 1993, 260, 816–819. [Google Scholar]

	50. 
Ionov, Y.; Peinado, M.A.; Malkhosyan, S.; Shibata, D.; Perucho, M. Ubiquitous somatic mutations in simple repeated sequences reveal a new mechanism for colonic carcinogenesis. Nature 1993, 363, 558–561. [Google Scholar]

	51. 
Popat, S.; Hubner, R.; Houlston, R.S. Systematic review of microsatellite instability and colorectal cancer prognosis. J. Clin. Oncol. 2005, 23, 609–618. [Google Scholar]

	52. 
Pinol, V.; Castells, A.; Andreu, M.; Castellvi-Bel, S.; Alenda, C.; Llor, X.; Xicola, R.M.; Rodriguez-Moranta, F.; Paya, A.; Jover, R.; et al. Accuracy of revised bethesda guidelines, microsatellite instability, and immunohistochemistry for the identification of patients with hereditary nonpolyposis colorectal cancer. JAMA 2005, 293, 1986–1994. [Google Scholar]

	53. 
Guastadisegni, C.; Colafranceschi, M.; Ottini, L.; Dogliotti, E. Microsatellite instability as a marker of prognosis and response to therapy: A meta-analysis of colorectal cancer survival data. Eur. J. Cancer 2010, 46, 2788–2798. [Google Scholar] [CrossRef]

	54. 
Alldinger, I.; Schaefer, K.L.; Goedde, D.; Ottaviano, L.; Dirksen, U.; Ranft, A.; Juergens, H.; Gabbert, H.E.; Knoefel, W.T.; Poremba, C. Microsatellite instability in ewing tumor is not associated with loss of mismatch repair protein expression. J. Cancer Res. Clin. Oncol. 2007, 133, 749–759. [Google Scholar] [CrossRef]

	55. 
Ebinger, M.; Bock, T.; Kandolf, R.; Sotlar, K.; Bultmann, B.D.; Greil, J. Standard mono- and dinucleotide repeats do not appear to be sensitive markers of microsatellite instability in the ewing family of tumors. Cancer Genet. Cytogenet. 2005, 157, 189–190. [Google Scholar] [CrossRef]

	56. 
Ohali, A.; Avigad, S.; Cohen, I.J.; Meller, I.; Kollender, Y.; Issakov, J.; Goshen, Y.; Yaniv, I.; Zaizov, R. High frequency of genomic instability in ewing family of tumors. Cancer Genet. Cytogenet. 2004, 150, 50–56. [Google Scholar] [CrossRef]

	57. 
Tzaida, O.; Gogas, H.; Dafni, U.; Kyroudi, A.; Papaspyrou, I.; Kyriakou, V.; Malamou-Mitsi, V.; Alamani, M.; Skopa, C.; Kostopoulos, I.; et al. Evaluation of the prognostic and predictive value of her-1/egfr in breast cancer patients participating in a randomized study with dose-dense sequential adjuvant chemotherapy. Oncology (Williston Park) 2007, 72, 388–396. [Google Scholar]

	58. 
Nogi, H.; Kobayashi, T.; Suzuki, M.; Tabei, I.; Kawase, K.; Toriumi, Y.; Fukushima, H.; Uchida, K. Egfr as paradoxical predictor of chemosensitivity and outcome among triple-negative breast cancer. Oncol. Rep. 2009, 21, 413–417. [Google Scholar]

	59. 
Gebhardt, F.; Zanker, K.S.; Brandt, B. Modulation of epidermal growth factor receptor gene transcription by a polymorphic dinucleotide repeat in intron 1. J. Biol. Chem. 1999, 274, 13176–13180. [Google Scholar]

	60. 
Chamberlain, N.L.; Driver, E.D.; Miesfeld, R.L. The length and location of cag trinucleotide repeats in the androgen receptor n-terminal domain affect transactivation function. Nucleic Acids Res. 1994, 22, 3181–3186. [Google Scholar]

	61. 
Stanford, J.L.; Just, J.J.; Gibbs, M.; Wicklund, K.G.; Neal, C.L.; Blumenstein, B.A.; Ostrander, E.A. Polymorphic repeats in the androgen receptor gene: Molecular markers of prostate cancer risk. Cancer Res. 1997, 57, 1194–1198. [Google Scholar]

	62. 
Giovannucci, E.; Stampfer, M.J.; Krithivas, K.; Brown, M.; Dahl, D.; Brufsky, A.; Talcott, J.; Hennekens, C.H.; Kantoff, P.W. The cag repeat within the androgen receptor gene and its relationship to prostate cancer. Proc. Natl. Acad. Sci. USA 1997, 94, 3320–3323. [Google Scholar]

	63. 
Contente, A.; Dittmer, A.; Koch, M.C.; Roth, J.; Dobbelstein, M. A polymorphic microsatellite that mediates induction of pig3 by p53. Nat. Genet. 2002, 30, 315–320. [Google Scholar] [CrossRef]

	64. 
Kotsinas, A.; Aggarwal, V.; Tan, E.J.; Levy, B.; Gorgoulis, V.G. Pig3: A novel link between oxidative stress and DNA damage response in cancer. Cancer Lett. 2011. in press. [Google Scholar]

	65. 
Randall, R.L.; Lessnick, S.L.; Jones, K.B.; Gouw, L.G.; Cummings, J.E.; Cannon-Albright, L.; Schiffman, J.D. Is there a predisposition gene for ewing’s sarcoma? J. Oncol. 2010, 2010, 397632. [Google Scholar]

	66. 
Polednak, A.P. Primary bone cancer incidence in black and white residents of new york state. Cancer 1985, 55, 2883–2888. [Google Scholar] [CrossRef]

	67. 
Jawad, M.U.; Cheung, M.C.; Min, E.S.; Schneiderbauer, M.M.; Koniaris, L.G.; Scully, S.P. Ewing sarcoma demonstrates racial disparities in incidence-related and sex-related differences in outcome: An analysis of 1631 cases from the seer database, 1973-2005. Cancer 2009, 115, 3526–3536. [Google Scholar] [CrossRef]

	68. 
Worch, J.; Matthay, K.K.; Neuhaus, J.; Goldsby, R.; DuBois, S.G. Ethnic and racial differences in patients with ewing sarcoma. Cancer 2010, 116, 983–988. [Google Scholar]

	69. 
Zucman-Rossi, J.; Batzer, M.A.; Stoneking, M.; Delattre, O.; Thomas, G. Interethnic polymorphism of ews intron 6: Genome plasticity mediated by alu retroposition and recombination. Hum. Genet. 1997, 99, 357–363. [Google Scholar] [CrossRef]

	70. 
Dubois, S.G.; Goldsby, R.; Segal, M.; Woo, J.; Copren, K.; Kane, J.P.; Pullinger, C.R.; Matthay, K.K.; Witte, J.; Lessnick, S.L.; et al. Evaluation of polymorphisms in ewsr1 and risk of ewing sarcoma: A report from the childhood cancer survivor study. Pediatr. Blood Cancer 2011, 59, 52–56. [Google Scholar]

	71. 
Eckert, K.A.; Hile, S.E. Every microsatellite is different: Intrinsic DNA features dictate mutagenesis of common microsatellites present in the human genome. Mol. Carcinog. 2009, 48, 379–388. [Google Scholar] [CrossRef]

	72. 
Jorde, L.B.; Rogers, A.R.; Bamshad, M.; Watkins, W.S.; Krakowiak, P.; Sung, S.; Kere, J.; Harpending, H.C. Microsatellite diversity and the demographic history of modern humans. Proc. Natl. Acad. Sci. USA 1997, 94, 3100–3103. [Google Scholar]

	73. 
Beck, R.; Monument, M.J.; Watkins, W.S.; Smith, R.; Boucher, K.M.; Schiffman, J.D.; Jorde, L.B.; Randall, R.L.; Lessnick, S.L. EWS/FLI-responsive GGAA microsatellites exhibit polymorphic differences between European and African populations. Cancer Genet. 2012, 205, 304–312. [Google Scholar] [CrossRef]





© 2012 by the authors; licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution license (http://creativecommons.org/licenses/by/3.0/).







nav.xhtml


  genes-03-00444


  
    		
      genes-03-00444
    


  




  





media/file3.png
High-affinity, ETS-redundant DNA sites

Basal gene expression
—‘J :

Low-affinity, ETS-divergent DNA sites

ETS and co-factor specific transcription
—-—l i

EWSI/FLI upregulated targets
Oncogenic transformation

Enhanced gene expression
Increased oncogenic potential






media/file0.png





media/file1.png
ETS members in Ewing sarcoma

<5%
DBD
DBD
DBD

e X

TAD

Oncogenic Transcription Factor





media/file2.png
>

70, -NROB1 microsatelite B =
.
:, i
50
g HES
g $
2 15.
2
£ é‘ 10
4 control vector o5 ¢
10 8 .

0 2 4 [ 8 10 12
number of consecutive GGAA repeats

2SI LTI
Q2
&5 L8

Kl

S





