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Foreword

Ewing sarcoma, first described in 1921 by James Ewing, is the second most commonly occurring pediatric bone tumor with median peak incidence at age 15 [START_REF] Gurney | Cancer Incid. Surviv. Child. Adolesc. United States SEER Program[END_REF] .

Ewing sarcoma primarily occurs in bone, especially in the pelvis, the diaphyseal regions of the long bones and bones of the chest wall, but a small part of primary tumors arises in extra skeletal soft tissue. Ewing sarcoma is aggressively treated with a combination of surgery and chemotherapy and while the overall survival rate of Ewing patients is around 70-75%, the survival rate for metastatic cases remains low (35%) [START_REF] Bacci | Pattern of relapse in 290 patients with nonmetastatic Ewing's sarcoma family tumors treated at a single institution with adjuvant and neoadjuvant chemotherapy between 1972 and 1999[END_REF][START_REF] Esiashvili | Changes in incidence and survival of Ewing sarcoma patients over the past 3 decades: surveillance epidemiology and end results data[END_REF][START_REF] Gupta | Clinical outcome of children and adults with localized Ewing sarcoma: impact of chemotherapy dose and timing of local therapy[END_REF][START_REF] Ladenstein | Primary disseminated multifocal Ewing sarcoma: results of the Euro-EWING 99 trial[END_REF][START_REF] Paulussen | Ewing's tumors with primary lung metastases: survival analysis of 114 (European Intergroup) Cooperative Ewing's Sarcoma Studies patients[END_REF] .

Ewing sarcoma is associated with chromosomal translocations leading to the formation of a fusion protein between the EWS RNA binding protein and an ETS transcription factor. In about 85% of the cases, the translocation involves the EWSR1 and FLI1 genes, leading to the expression of the chimeric protein EWS-FLI1 [START_REF] Delattre | Gene fusion with an ETS DNA-binding domain caused by chromosome translocation in human tumours[END_REF] . Other translocation leading to the expression of fusion proteins such as EWS-ERG, EWS-ETV1, EWS-EIAF and EWS-FEV are observed in the remaining cases [START_REF] Sorensen | A second Ewing's sarcoma translocation, t(21;22), fuses the EWS gene to another ETS-family transcription factor, ERG[END_REF][START_REF] Peter | A new member of the ETS family fused to EWS in Ewing tumors[END_REF][START_REF] Jeon | A variant Ewing's sarcoma translocation (7;22) fuses the EWS gene to the ETS gene ETV1[END_REF] . EWS-FLI1 is a transforming oncogene as shown by tumorigenic properties of EWS-FLI1-expressing NIH3T3 cells and by knockdown experiments in Ewing sarcoma cell lines [START_REF] Thompson | Divergent Ewing's sarcoma EWS/ETS fusions confer a common tumorigenic phenotype on NIH3T3 cells[END_REF][START_REF] Prieur | EWS/FLI-1 silencing and gene profiling of Ewing cells reveal downstream oncogenic pathways and a crucial role for repression of insulinlike growth factor binding protein 3[END_REF][START_REF] May | 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[END_REF] . The chimeric protein acts as an aberrant transcription factor and regulates cell growth and differentiation, which is regarded as a strong indicator that it induces transformation.

Additionally, this oncogene is expected to aberrantly regulate hundreds of genes, which may finally contribute to tumor growth and/or metastasis.

For a long time, it has been known that metabolism in tumors is different from normal tissues, with the Warburg effect, the concept that tumors prefer anaerobic glycolysis even in the abundance of oxygen, as its most known phenomenon [START_REF] Ward | Metabolic reprogramming: a cancer hallmark even Warburg did not anticipate[END_REF][START_REF] Warburg | Uber den Stoffwechsel der Carcinomzelle[END_REF] .

Recently this concept has regained more and more attention, being described as one of the new cancer hallmarks [START_REF] Hanahan | Hallmarks of cancer: the next generation[END_REF] . There are several reasons to investigate this aspect in the context of Ewing sarcoma; first, it has long been known that Ewing sarcomas are small round tumor cells that have a very high content of glycogen. EWS-FLI1 has been shown to down-regulate IGF-1 and to impair the IGF-1/IGF-1R signaling pathway [START_REF] Herrero-Martín | Stable interference of EWS-FLI1 in an Ewing sarcoma cell line impairs IGF-1/IGF-1R signalling and reveals TOPK as a new target[END_REF] .

Finally, previous unpublished data from expression profiling of Ewing tumors indicated that EWS-FLI1 directly regulates some members of the glycolysis pathway. Therefore, studying the EWS-FLI1 gene fusion becomes an essential step in understanding the metabolism of Ewing sarcoma.

Fortuitously, such the experimental environment to perform such a study are available, as Tirode et al. previously developed in the lab of Olivier Delattre a tetracycline-inducible cell line model that conditionally regulates the expression of the EWS-FLI1 fusion gene [START_REF] Tirode | Mesenchymal stem cell features of Ewing tumors[END_REF] . This model allows performing EWS-FLI1 inhibition/reactivation experiments from which transcriptomic expression time series profiles were generated.

Additionally, in the lab, there is a vast amount of transcriptomic data available for both Ewing sarcoma cell lines and Ewing sarcoma tumors, allowing for a better investigation of the biology related to this tumor. Taking advantage of the above described tetracycline inducible cell line, the metabolic impact of EWS-FLI1 was investigated, using mass spectrometry-analysis with cells of Ewing sarcoma in shEWS-FLI1 on and off conditions.

A parallel avenue of investigation that will be described in this thesis is the search for new therapeutic targets in EWS-FLI1 fusion protein-carrying Ewing sarcomas. In recent years, the search for a better therapeutic target for Ewing sarcoma as for many other cancers has focused on the development of personalized therapy, driven by the premise that it will increase therapeutic efficacy and reduce toxicity. However, the development of drugs for these targets that selectively kills tumor cells, without causing damage to the normal cells of the body remains challenging. In these challenging cases, the concept of synthetic lethality has been advanced as a potential approach.

Synthetic lethality refers to the phenomenon of cell death caused by two mutations acting together, where each mutations alone does not contribute to a decrease in cell viability. Synthetic lethality in cancer research has shown some striking examples, such as Poly (ADP-ribose) Polymerase I (PARP1) inhibition in breast cancers where both alleles of Breast cancer 1 or Breast cancer 2 (BRCA1/2) were inactivated. Using a highthroughput shRNA approach, we investigated whether it is possible to identify synthetic lethal genes in the context of Ewing sarcoma.

Before setting down the results of the study that are presented in this dissertation, an introduction will be presented to establish a structural template for the discussion of set results. The introduction can be broadly categorized in three parts. Firstly, a general overview on Ewing sarcoma will be presented. The second part will discuss metabolism in the setting of cancer research. Finally, the concept of synthetic lethality and highthroughput genetic screenings will be presented and discussed.

Introduction

General aspects of Ewing sarcoma A. Clinical aspects

A.1 Historical context

The American pathologist James Ewing, named "Cancer Man" by Times magazine in 1931, first described a new bone tumor, "diffuse endothelioma of bone," in 1921, two years after he published the first edition of his cancer textbook, in which he classified many different cancer types [START_REF] Unknown | Medicine: cancer crusade[END_REF][START_REF] Ewing | Diffuse endothelioma of bone[END_REF] . He reported a 14-year-old girl with a tumor of the radius, the pathology of which was distinctly different from, at that time already well know, osteosarcoma. He described the tumor with the somewhat ambiguous term "round cell sarcoma," as the cells appeared to resemble blood vessels of the bone and he consequently called it endothelioma of bone. In the same report he described six other cases, which he had come to observed in a period of four months. In the years following this publication several other case reports were published concerning the topic using different names, none of which agreed on the origin of the tumor, kick starting a still unresolved debate [START_REF] Lin | Mesenchymal stem cells and the origin of Ewing's sarcoma[END_REF] . Eventually, the French pathologist Oberling eponymously christened the tumor as Ewing sarcoma, thus the tumor becoming James Ewing's eponym [START_REF] Oberling | Les réticulosarcomes et les réticulo-endothéliosarcomes de la moelle osseuse (sarcome d'Ewing)[END_REF] .

A.2 Histogenesis

Ewing sarcomas are a group of mostly undifferentiated, highly aggressive, small round cells tumors, that mostly affect the long bones and the soft tissues [START_REF] Bernstein | Ewing's sarcoma family of tumors: current management[END_REF] . They are defined by a chromosomal translocation between chromosomes 11 and 22, leading to a fusion protein between the EWS RNA binding protein and an ETS transcription factor [START_REF] Aurias | Translocation of chromosome 22 in Ewing's sarcoma[END_REF][START_REF] Aurias | Translocation involving chromosome 22 in Ewing's sarcoma. A cytogenetic study of four fresh tumors[END_REF] . This translocation characterizes about 85% of the cases, leading to the fusion gene EWS-FLI1. It is this genetic marker comprised of a group of tumors with variable status and physical location that defines Ewing sarcoma [START_REF] Angervall | Extraskeletal neoplasm resembling Ewing's sarcoma[END_REF][START_REF] Askin | Malignant small cell tumor of the thoracopulmonary region in childhood: a distinctive clinicopathologic entity of uncertain histogenesis[END_REF][START_REF] Jaffe | The neuroectodermal tumor of bone[END_REF] .

A.3 Epidemiology

Ewing sarcoma, a malignancy of childhood and adolescence, is the second most commonly occurring bone tumor [START_REF] Ushigome | Pathol. Genet. Tumours Soft Tissue Bone[END_REF] . This tumor can be considered "rare" with a yearly incidence of about 1.3 per million [START_REF] Jawad | Ewing sarcoma demonstrates racial disparities in incidence-related and sex-related differences in outcome[END_REF] . The average age of diagnosis is around 15 years of although 20-30% of cases are diagnosed in the first decades of life, 20% of cases are discovered in the third decade and cases continue to be diagnosed at a later age, although with a lesser frequency [START_REF] Gurney | Cancer Incid. Surviv. Child. Adolesc. United States SEER Program[END_REF] . There is a slight male predominance, with males being slightly more affected then females, with a ratio of 1.3:1 [START_REF]WHO Classification of Tumours of Soft Tissue and Bone[END_REF] . Despite very low incidence rates, some familial cases have been described, however the disease is not linked to any hereditary syndrome [START_REF] Hutter | s Sarcoma in Siblings: Report of the Second Known Occurrence[END_REF][START_REF] Joyce | Ewing's sarcoma in female siblings. A clinical report and review of the literature[END_REF][START_REF] Hartley | Cancer incidence in the families of children with Ewing's tumor[END_REF] . Ewing sarcoma primarily occurs in the Caucasian population, with very few described cases of African or Asian origin [START_REF] Jawad | Ewing sarcoma demonstrates racial disparities in incidence-related and sex-related differences in outcome[END_REF][START_REF] Linden | Ewing's sarcoma in Negroes[END_REF][START_REF] Jensen | Rarity of Ewing's tumour in Negroes[END_REF][START_REF] Li | Rarity of Ewing's sarcoma in China[END_REF][START_REF] Worch | Racial differences in the incidence of mesenchymal tumors associated with EWSR1 translocation[END_REF] .

A.4 Clinical characteristics

Ewing sarcoma most commonly occurs in bones, more specifically in the long or the flat bones of the axial skeleton. They tend to arise from the diaphyseal rather than the metaphysial portion of the bone [START_REF] Bernstein | Ewing's sarcoma family of tumors: current management[END_REF] . Even though Ewing sarcoma can be found in any part of the body, the most affected are the large bones such as the pelvic bone, the femur, the tibia, the humerus and the scapula (Figure 1). Most common symptoms are loco-regional pain, followed by a palpable mass [START_REF] Potratz | Ewing sarcoma: clinical state-of-the-art[END_REF] . Generally, the duration of symptoms prior to diagnosis can be between weeks to months, with a median of 3-9 months [START_REF] Widhe | Initial symptoms and clinical features in osteosarcoma and Ewing sarcoma[END_REF][START_REF] Sneppen | Presenting symptoms and treatment delay in osteosarcoma and Ewing's sarcoma[END_REF][START_REF] Craft | Challenges in the management of bone tumors--1996[END_REF] .

Fever or weight loss is observed in about one third of patients, often correlated with metastatic disease [START_REF] Widhe | Initial symptoms and clinical features in osteosarcoma and Ewing sarcoma[END_REF][START_REF] Sneppen | Presenting symptoms and treatment delay in osteosarcoma and Ewing's sarcoma[END_REF][START_REF] Craft | Challenges in the management of bone tumors--1996[END_REF][START_REF] Ferrari | Ewing's sarcoma of bone: relation between clinical characteristics and staging[END_REF] . About one fourth of patients has a detectable metastasis at diagnosis, which is often (35%) related to the lung, as well as isolated bone/bone marrow involvement, combined lung-and bone metastases and rarer sites [START_REF] Paulussen | Ewing's tumors with primary lung metastases: survival analysis of 114 (European Intergroup) Cooperative Ewing's Sarcoma Studies patients[END_REF][START_REF] Bernstein | Ewing's sarcoma family of tumors: current management[END_REF] .

Ewing sarcomas are presented at a macroscopic level as solid, greyish, often necrotic and hemorrhagic. More common histological features include undifferentiated uniform small round cells, with hyperchromatic nuclei, inconspicuous nuclei and scant cytoplasm [START_REF] De Alava | Molecular biology of the Ewing's sarcoma/primitive neuroectodermal tumor family[END_REF] . Mitotic activity is low. Cells are usually (90%) positive for CD99 antigen (MIC2) and vimentin (VIM), however this antigen is non entirely specific for Ewing sarcoma [START_REF] Kovar | Overexpression of the pseudoautosomal gene MIC2 in Ewing's sarcoma and peripheral primitive neuroectodermal tumor[END_REF] .

A.5 Treatment

The standard of care is neo-adjuvant chemotherapy, followed by surgery and radiation. The standard protocol of treatment in Europe requires 6 cycles of chemotherapy consisting of a combination of 5 different chemotherapeutic agents: vincristine, doxorubicin, ifosfamide, etoposide and cyclophosphamide (Euro-E.W.I. N.G 1999). Disease can respond drastically to treatment, with initial response being a marker of better outcome [START_REF] Baldini | Adults with Ewing's sarcoma/primitive neuroectodermal tumor: adverse effect of older age and primary extraosseous disease on outcome[END_REF] . However, despite a good initial response and the intensive treatment, Ewing sarcoma holds a propensity for deadly recurrence for both local and metastatic disease [START_REF] Baldini | Adults with Ewing's sarcoma/primitive neuroectodermal tumor: adverse effect of older age and primary extraosseous disease on outcome[END_REF][START_REF] El Weshi | Extraskeletal Ewing's sarcoma family of tumours in adults: analysis of 57 patients from a single institution[END_REF] . Several prognostic factors have been identified, the disease stage i.e. the presence or absence of metastasis at diagnosis, being the most important one. Other factors include the response to chemotherapy, tumor site and volume, the age of the patient and the extent and site of metastasis [START_REF] Cotterill | Prognostic factors in Ewing's tumor of bone: analysis of 975 patients from the European Intergroup Cooperative Ewing's Sarcoma Study Group[END_REF][START_REF] Paulussen | Localized Ewing tumor of bone: final results of the cooperative Ewing's Sarcoma Study CESS 86[END_REF][START_REF] Bacci | Prognostic factors in nonmetastatic Ewing's sarcoma of bone treated with adjuvant chemotherapy: analysis of 359 patients at the Istituto Ortopedico Rizzoli[END_REF] . The average 5-year overall survival rate of patients with Ewing sarcoma is approximately 70-75% [START_REF] Bacci | Pattern of relapse in 290 patients with nonmetastatic Ewing's sarcoma family tumors treated at a single institution with adjuvant and neoadjuvant chemotherapy between 1972 and 1999[END_REF][START_REF] Esiashvili | Changes in incidence and survival of Ewing sarcoma patients over the past 3 decades: surveillance epidemiology and end results data[END_REF][START_REF] Gupta | Clinical outcome of children and adults with localized Ewing sarcoma: impact of chemotherapy dose and timing of local therapy[END_REF] . Nevertheless, the long-term survival for patients with metastatic, refractory or relapsed disease is significantly reduced being around 35%, indicating the need for novel therapeutic targets [START_REF] Ladenstein | Primary disseminated multifocal Ewing sarcoma: results of the Euro-EWING 99 trial[END_REF][START_REF] Paulussen | Ewing's tumors with primary lung metastases: survival analysis of 114 (European Intergroup) Cooperative Ewing's Sarcoma Studies patients[END_REF] .

B. Molecular genetics of Ewing sarcoma

B.1 Characterization of the fusion gene EWS-FLI1

The unifying genetic event of Ewing sarcoma, the chromosomal translocation, t (11; 22)(q24; q12), was first described more than 30 years ago [START_REF] Aurias | Translocation involving chromosome 22 in Ewing's sarcoma. A cytogenetic study of four fresh tumors[END_REF] . The resulting fusion is a combination between the N-terminal region of EWS RNA-Binding Protein 1 (EWSR1), an RNA binding protein and the C-terminus of an ETS transcription factor, Friend leukemia virus integration (FLI1) [START_REF] Delattre | Gene fusion with an ETS DNA-binding domain caused by chromosome translocation in human tumours[END_REF] . This fusion has its expression under the control of the EWSR1 promoter, which is ubiquitously expressed. The reciprocal FLI1-EWS fusion is rarely expressed and the der ( 11) is even lost in certain cases. There are at least 12 different types of the fusion EWS-FLI1, containing different combinations of exons from EWSR1 and FLI1 51 . However the most common ones are type 1, a fusion between EWSR1 exon 7 to FLI1 exon 6 and type 2, a fusion between EWSR1 exon 7 to FLI1 exon 5 [START_REF] Zucman | Cloning and characterization of the Ewing's sarcoma and peripheral neuroepithelioma t(11;22) translocation breakpoints[END_REF] . Type 1 accounts for about 60% of EWS-FLI1 fusions, whereas type 2 does for 25% [START_REF] Zoubek | Does expression of different EWS chimeric transcripts define clinically distinct risk groups of Ewing tumor patients?[END_REF] .

Clinically, no significant prognostic value of the fusion type on the risk of progression or relapse was found as reported by the recent prospective Euro-E.W.I.N.G [START_REF] Zoubek | Does expression of different EWS chimeric transcripts define clinically distinct risk groups of Ewing tumor patients?[END_REF][START_REF] De Alava | EWS-FLI1 fusion transcript structure is an independent determinant of prognosis in Ewing's sarcoma[END_REF][START_REF] Zoubek | Variability of EWS chimaeric transcripts in Ewing tumours: a comparison of clinical and molecular data[END_REF][START_REF] Deley | Impact of EWS-ETS fusion type on disease progression in Ewing's sarcoma/peripheral primitive neuroectodermal tumor: prospective results from the cooperative Euro-E.W.I.N.G. 99 trial[END_REF] .

B.2 Other fusion types

In the 15 % of remaining cases of Ewing sarcoma that do not harbor an EWS-FLI1 translocation, the EWSR1 gene is most often fused with other genes of the ETS family.

In a majority (10%) of the cases v-ets erythroblastosis virus E26 oncogene like (ERG) is implicated in a translocation t (21;22)(q22;q12), however other genes of the ETS family implicated with EWSR1 are ETV1, ETV4, E1AF and FEV, or more exceptionally ZSG 8-10,57- 59 (Figure 2). In the remaining rare cases another member of the TET family, Fused in Sarcoma/Translocated in Sarcoma (FUS) is implicated, forming the fusion FUS-ERG or FUS-FEV [START_REF] Shing | FUS/ERG gene fusions in Ewing's tumors[END_REF][START_REF] Ng | Ewing sarcoma with novel translocation t(216) producing an in-frame fusion of FUS and FEV[END_REF] . Recently, a group of round cell tumors have been identified that harbor morphologic commonalities and certain degree of biologic overlap with Ewing sarcoma, that have been defined as Ewing-like tumors. In this group EWSR1 can be merged with a non-ETS family member, of which EWS-NFATc2 is an example, as the even more exceptional EWS-SP3, EWS-POUF5F1 and EWS-SMARCA5 [START_REF] Szuhai | The NFATc2 gene is involved in a novel cloned translocation in a Ewing sarcoma variant that couples its function in immunology to oncology[END_REF][START_REF] Wang | Undifferentiated small round cell sarcomas with rare EWS gene fusions: identification of a novel EWS-SP3 fusion and of additional cases with the EWS-ETV1 and EWS-FEV fusions[END_REF][START_REF] Yamaguchi | EWSR1 is fused to POU5F1 in a bone tumor with translocation t(6;22)(p21;q12)[END_REF][START_REF] Sumegi | A novel t(4;22)(q31;q12) produces an EWSR1-SMARCA5 fusion in extraskeletal Ewing sarcoma/primitive neuroectodermal tumor[END_REF] . Additionally, a small number of cases negative for EWSR1 have been characterized carrying BCOR-CCNB3 or CIC-DUX4 fusions [START_REF] Pierron | A new subtype of bone sarcoma defined by BCOR-CCNB3 gene fusion[END_REF][START_REF] Richkind | (4;19)(q35;q13.1): A recurrent change in primitive mesenchymal tumors?[END_REF][START_REF] Specht | Distinct transcriptional signature and immunoprofile of CIC-DUX4 fusion-positive round cell tumors compared to EWSR1-rearranged ewing sarcomas: Further evidence toward distinct pathologic entities[END_REF] . EWSR1 gene fusions are thought to be the initiating oncogenic event and are critical for proliferation and tumorigenesis [START_REF] Chaturvedi | The EWS/FLI oncogene drives changes in cellular morphology, adhesion, and migration in Ewing sarcoma[END_REF] .

B.3 Secondary alterations

Ewing sarcoma is characterized by a relatively simple karyotype with a few numerical and structural aberrations. Secondary chromosomal alterations are a common phenomenon in Ewing sarcoma, with more then 75 to 80% of cases being affected [START_REF] Lynn | High-resolution genome-wide copy-number analyses identify localized copy-number alterations in Ewing sarcoma[END_REF][START_REF] Armengol | Recurrent gains of 1q, 8 and 12 in the Ewing family of tumours by comparative genomic hybridization[END_REF] .

Most common alterations are trisomy 8 and 12 and a deletion of 16q as a result of an unbalanced translocation t(1;16) [START_REF] Hattinger | Fine-mapping of cytogenetically undetectable EWS/ERG fusions on DNA fibers of Ewing tumors[END_REF][START_REF] Fejes | FindPeaks 3.1: a tool for identifying areas of enrichment from massively parallel short-read sequencing technology[END_REF] . In additional cases, other aneuploidies have been identified; structural chromosome 1 aberrations resulting in gains of chromosome 1q or relative losses of 1p, as well as a loss of chromosome 16q [START_REF] Hattinger | Fine-mapping of cytogenetically undetectable EWS/ERG fusions on DNA fibers of Ewing tumors[END_REF] . Although several studies have been published on this topic, there is a disagreement concerning the correlation of chromosomal alterations with clinical parameters [START_REF] Kullendorff | Cytogenetic aberrations in Ewing sarcoma: are secondary changes associated with clinical outcome?[END_REF][START_REF] Tarkkanen | Clinical correlations of genetic changes by comparative genomic hybridization in Ewing sarcoma and related tumors[END_REF][START_REF] Brisset | CGH analysis of secondary genetic changes in Ewing tumors: correlation with metastatic disease in a series of 43 cases[END_REF][START_REF] Ozaki | Genetic imbalances revealed by comparative genomic hybridization in Ewing tumors[END_REF][START_REF] Hattinger | Prognostic impact of chromosomal aberrations in Ewing tumours[END_REF] . Common mutations in human malignancies are infrequent in Ewing sarcoma; mutations in Tumor protein p53 (TP53) and cyclin dependent kinase inhibitor 2A (CDKN2A), encoding for the proteins p14 and p16, have been identified in 10 up to 20% of cases and generally carry an unfavorable outcome [START_REF] Kovar | Narrow spectrum of infrequent p53 mutations and absence of MDM2 amplification in Ewing tumours[END_REF][START_REF] Huang | Ewing sarcomas with p53 mutation or p16/p14ARF homozygous deletion: a highly lethal subset associated with poor chemoresponse[END_REF][START_REF] De Alava | Prognostic impact of P53 status in Ewing sarcoma[END_REF] .

C. The ETS family

C.1 The ETS transcription factors

The ETS family of transcription factors, initially derived from the name of the erythroblastosis virus, E26, which carries the v-ets oncogene, is one of the largest, conserved gene families of transcription factors and is unique to metazoans [START_REF] Nunn | Tripartite structure of the avian erythroblastosis virus E26 transforming gene[END_REF][START_REF] Leprince | A putative second cell-derived oncogene of the avian leukaemia retrovirus E26[END_REF] . So far 28 genes have been identified in humans whereas 27 mouse homologues have been listed [START_REF] Sharrocks | The ETS-domain transcription factor family[END_REF][START_REF] Hollenhorst | Genomic and biochemical insights into the specificity of ETS transcription factors[END_REF] . ETS family of transcriptions factors are characterized by sequence homology within their ETS DNA binding domain, a domain of 85 amino acids that is localized most often in the C-terminus region (therefore conserved in Ewing sarcoma). The ETS domain, highly conserved in evolution, forms a winged helix-turn-helix structural motif that binds to the consensus sequence GGAA/T 84 .

A further sub-classification of ETS family members is possible on the basis of high amino acid conservation of the ETS domain and the presence of other conserved domains [START_REF] Sharrocks | The ETS-domain transcription factor family[END_REF][START_REF] Graves | Specificity within the ets family of transcription factors[END_REF] . A subset of the ETS transcription factors additionally has a pointed (PNT) domain in the N-terminus. This domain is also organized in a helix-turn-helix motif and allows for homo-oligomerization, hetero-dimerization and transcriptional repression [START_REF] Klämbt | The Drosophila gene pointed encodes two ETS-like proteins which are involved in the development of the midline glial cells[END_REF][START_REF] Lacronique | A TEL-JAK2 fusion protein with constitutive kinase activity in human leukemia[END_REF][START_REF] Kim | Polymerization of the SAM domain of TEL in leukemogenesis and transcriptional repression[END_REF][START_REF] Baker | Mae mediates MAP kinase phosphorylation of Ets transcription factors in Drosophila[END_REF][START_REF] Fenrick | Both TEL and AML-1 contribute repression domains to the t(1221) fusion protein[END_REF] . Additionally, certain ETS family members contain two possible transcriptional activation domains, at both their N-and C-terminus regions [START_REF] Rao | Analysis of the DNAbinding and transcriptional activation functions of human Fli-1 protein[END_REF] .

Family members can act either as transcriptional regulators or repressors, of which activity is regulated by phosphorylation and protein-protein interactions 94,95 . These interactions between the different members of the ETS family as well as with other transcription factors allows for transcriptional regulation depending on the cellular context.

C.2 The ETS biological functions

ETS transcription factors are involved in regulating a variety of biological pathways.

They regulate gene expression by functional interaction with other transcription factors and co-factors on composite DNA-binding sites. Well-known ETS interactions are the interaction between the ETS and the Jun family proteins, the mitogen-activated protein kinase (MAPK) signaling proteins, extracellular-signal-regulated kinases (ERK), POU domain, class 1, transcription factor 1 (PIT-1) and P38 mitogen-activated protein kinases (P38) SAPK [START_REF] Li | Regulation of Ets function by protein -protein interactions[END_REF][START_REF] Imler | A Harvey-ras responsive transcription element is also responsive to a tumour-promoter and to serum[END_REF][START_REF] Bradford | The Pit-1 homeodomain and beta-domain interact with Ets-1 and modulate synergistic activation of the rat prolactin promoter[END_REF][START_REF] Yordy | Signal transduction and the Ets family of transcription factors[END_REF] . For the precise transcriptional regulation, ETS is thereby is dependent on interaction with other factors 100 . ETS thus interacts with several other transcription factors such as SAP-1a, activator protein 1 (AP-1), Runt-related transcription factor 1 (AML1), Lymphoid enhancer-binding factor 1 (LEF1), Transcription factor Sp1 (SP1), transcriptional activator Myb (c-MYB), Paired box protein (Pax-5), nuclear factor κB (NF-κB), Stat-5 and V-maf musculoaponeurotic fibrosarcoma oncogene homolog B (MAFB) [START_REF] Li | Regulation of Ets function by protein -protein interactions[END_REF]101 .

C.3 The TET family

TLS/FUS, EWS, TAF15 are part of a family called the TET family of proteins and they perform various roles in gene expression. The TET family members are predominantly localized in the nucleus and they are expressed in all human tissues [102][103][104] . These proteins are highly related and characterized by an amino terminus rich in Gln, Gly, Ser and Tyr, as well as by a conserved RNA-binding domain (RBD), a arginine-glycine-glycine rich (RGG) regions that may affect RNA binding and a Cys2-Cys2 zinc finger that may bind nucleic acids, although some variation exists between the TET proteins 105 . EWS contains several copies of a hexapeptide repeat of Ser-Tyr-Gly-Gln-Gln-Ser, where the second amino acid is always a Tyr and the fourth always a Gln [START_REF] Ng | Ewing sarcoma with novel translocation t(216) producing an in-frame fusion of FUS and FEV[END_REF] . It is suggested that the multiple Tyr residues are needed for transcription activation, however with the region being vastly anarchic, it seems likely that organization is not a key element [START_REF] Ng | Ewing sarcoma with novel translocation t(216) producing an in-frame fusion of FUS and FEV[END_REF]106 .

The secondary structure of TET proteins is defined by the RBD, which folds into a sheet of parallel β-strands perpendicular to two α-helices 107 . In the RBD, RNA recognition motif (RNP)-1 and RNP-2 bind to the RNA directly via hydrogen bonds and ring stacking 105 . Additionally, single strand DNA can also bind to the RBD. The RBD domain is the most conserved domain of the TET family of proteins. Additionally, the TET proteins may bind to nucleic acid via their zinc finger 108 . Furthermore, TET proteins contain three RGG, that may be responsible for an increased affinity of RNA to TET's RBD or zinc finger 107 .

Full-length EWS associates with members of the transcriptional machinery, including RNA polymerase II, Transcription factor II D (TFIID) and CREB-binding protein/ E1A binding protein p300 (CBP)/(p300), indicative of a role in transcription activation 109,110 .

The expression profile of ETS family members is variable. In normal cells, EWS is expressed ubiquitously; it localizes generally in the nucleus and exceptionally in the cytoplasm and various subcellular compartments 104,111 . Localization of EWS in different subcellular compartments reflects its dynamic distribution during cell cycle.

C.4 The TET biological functions

The TET proteins have a large variety of biological functions, being involved in several aspects of cell growth control, in addition they also have been shown to have roles in transcription and splicing, DNA repair and RNA transport in neurons. TET proteins directly associate with members of the transcriptional machinery, such as RNA Polymerase II, TFIID and CBP/p300, but they also regulate transcription through contacting activators and repressors 105,109,110,112 . The reverse is also true, in that TET also represses transcription by RNAP II 113 . TET proteins do not work alone, but work together with a variety of other proteins, to play a regulatory role in different cellular processes.

TET proteins have been thought to be important in pre-mRNA splicing, by interacting with SR proteins [114][115][116] . TET proteins also play a role in the DNA repair pathway. It was shown that TET proteins homologously pair DNA, an exclusive activity to TET and PSF, a splicing factor 117 .

C.5 EWS-FLI1

The EWSR1 gene codes for the EWS protein, a member of the TET family of proteins, whereas the FLI1 gene, a member of the ETS family of proteins, codes for the FLI1 protein (Figure 3). The fusion protein EWS-FLI1 contains the amino-terminus of EWS and the carboxy-terminus of FLI1. This resulting fusion protein works as an oncogene through its function as aberrant transcription factor, but can also work as a transcriptional repressor [START_REF] May | 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[END_REF][118][119][120][121] .

The amino-terminus part of EWS in the fusion protein contains several serinetyrosine-glycine-glutamate repeats, resembling a transcriptional activation domain [START_REF] Sankar | Promiscuous partnerships in Ewing's sarcoma[END_REF] .

The transcriptional activator function of EWS-FLI1 is thus due to binding of this domain with a heterologous DNA-binding domain [START_REF] May | 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[END_REF]119,122 . The carboxy-terminus domain of FLI1 in the EWS-FLI1 fusion protein contains the ETS DNA binding domain and recognizes a GGAA/T core motif, equal to other ETS family members or a specific (GGAA) n>7 microsatellite repeat that is specific to this oncogene [START_REF] Sharrocks | The ETS-domain transcription factor family[END_REF][START_REF] Graves | Specificity within the ets family of transcription factors[END_REF]100,[123][124][125] . The fusion protein between EWS and FLI1 is constitutively expressed, due to the EWSR1 promoter [START_REF] Delattre | Gene fusion with an ETS DNA-binding domain caused by chromosome translocation in human tumours[END_REF][START_REF] May | 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[END_REF][126][127][128] .

Several activatory and repressive mechanisms by EWS-FLI1, such as proteinprotein interactions and post-translational modifications have been described in literature 129 . Examples of post-translational modifications of EWS-FLI1 have been shown by the phosphorylation of Ewing sarcoma cell lines, which modulates DNA binding and transcriptional activity. Additionally, it was shown that EWS-FLI1 undergoes O-GlcNAcylation, which may alter the protein's intracellular half-life, thus altering of the transcriptional function of EWS-FLI1 129,130 .

Where normal EWS directly associates with the general transcriptional machinery, EWS-FLI1 does not appear to be stably associated with the RNA polymerase II complex 109 . However, EWS-FLI1 does interact with the RNA polymerase II subunit RPB7 110 . EWS-FLI1 also interacts with RNA helicase A 131 . Another component of the transcriptional apparatus of EWS-FLI1 is CBP 121,132 .

C.6 EWS-FLI1 targets

EWS-FLI1 acts as an aberrant transcription factor that targets a number of downstream genes, contributing to the process of oncogenesis in Ewing sarcoma.

EWS-FLI1 binds to GGAA microsatellites to activate down-stream targets. Several techniques have been used to identify and visualize the variety of downstream targets of EWS-FLI1, most notably RNAi, followed by microarray or ChIP-analysis, allowing for identification of up-regulated and down-regulated targets. A variety of target genes of EWS-FLI1 are necessary for different processes of tumorigenesis, being cell proliferation, evasion of apoptosis, drug-resistance, cell cycle control, evasion of growth inhibition, immortalization, angiogenesis, adhesion and maintenance of pluripotency, such as cyclin D1 (CCND1), Insulin-like growth factor-binding protein 3 (IGFBP3), Glutathione S-transferase Mu 4 (GSTM4), cyclin-dependent kinase inhibitor 1 (p21), transforming growth factor β receptor II (TGFBRII), Telomerase reverse transcriptase (hTERT), vascular endothelial growth factor (VEGF), Caveolin (CAV), dosage-sensitive sex reversal, adrenal hypoplasia critical region, on chromosome X, gene 1 (NR0B1), NKX2.2, Glioma-Associated Oncogene Homolog 1 (GLI1), Histone-lysine N-methyltransferase (EZH2) and protein kinase PKC-ß (PRKCB) respectively [120][121][122][125][126][127][129][130][131][132][133][134][135][136][137][138][139][140][141][142] . Among the EWS-FLI1 regulated genes, some represent direct targets of EWS-FLI1, others function as indirect targets 143 . In addition to up-regulated genes, EWS-FLI1 thus also down-regulates a variety of genes; EWS-FLI1 may repress as many, if not more, genes than it up-regulates.

In comparison to the up-regulated genes, the mechanism of repression by EWS-FLI1 is still indefinable 144,145 . The down-regulated genes are also involved in a variety of cellular processes and oncogenesis, signifying that this part of EWS-FLI1 targets is equally important for tumorigenesis [START_REF] Prieur | EWS/FLI-1 silencing and gene profiling of Ewing cells reveal downstream oncogenic pathways and a crucial role for repression of insulinlike growth factor binding protein 3[END_REF]120,121 . Examples of proteins which expression is downregulated by EWS-FLI1 are Lysyl oxidase (LOX) and TGFBR2, that function as tumor suppressors in Ewing sarcoma 120,146 .

Summary and directions for introductory section on Ewing sarcoma

-Ewing sarcoma, the second most commonly occurring pediatric bone tumor, is most often caused by a translocation of EWS-FLI1.

-EWS-FLI1 represses and activates a network of target genes.

-Ewing sarcoma is treated with conventional chemotherapy, radiation and localized surgery, but despite aggressive treatment, survival rates in recurrent and metastasized cases remain especially low.

Characterizing the downstream events of EWS-FLI1 has added to the growing knowledge about Ewing sarcoma. However, with the characterization of downstream signaling cascades below EWS-FLI1, the question arises of the role of metabolics in the tumor. Metabolic changes are more and more seen as an essential driving process in tumor biology and an integrated part of cell biology. It might therefore be of great interest to visualize the metabolic network of EWS-FLI1, in order to integrate metabolic pathways with available genetic data and therefore allow for a better general understanding of the disease.

Additionally, a high need for the identification of new therapeutic targets in the treatment of Ewing sarcoma remains, as survival rates in Ewing sarcoma in metastatic and relapse cases are low. Making use of the concept of synthetic lethality, the idea that two combined mutations lead to cell death while both alone do not alter cell viability, might be an interesting concept and a way forward to find those new therapeutic targets.

Cancer metabolism A. Historical aspects

It is generally believed that the field of cancer cell metabolism was started by Otto Warburg's observations. This process involves the intracellular chemical reactions that convert nutrients and endogenous molecules into the energy and matter that sustain the cancer cell. Otto Warburg, a German truly interdisciplinary scientist with a PhD in chemistry and a degree in medicine, had supposedly set himself the goal to cure cancer 147 . In the golden age of biochemistry (roughly the 1920s till 1960s), Otto Warburg sought out several ways to improve quantification of biological research, such as the use of thin tissue slices for physiological research, improved manometric techniques and the single-beam spectrophotomer, which allowed him to make several major contributions to the research on metabolism and cancer research [148][149][150][151] . He carried out one of the pioneering studies of cancer cell metabolism, with slices of living tissue where he observed a pattern specific to cancer cells: while in normal tissues lactate production occurs almost exclusively during oxygen deprivation, it was not ablated in the slices of cancer cells in the presence of oxygen [START_REF] Warburg | Uber den Stoffwechsel der Carcinomzelle[END_REF] . This phenomenon, named the Pasteur effect after the work from Louis Pasteur by Warburg and later called the Warburg effect, attracted the attention of other scientists and was followed by several other publications validating and continuing upon his experiments [152][153][154][155] .

Although Warburg won the Nobel Prize for a different study on respiration, he is best remembered for his research on metabolic research in cancer and most specifically the Warburg effect. About 90 years later, the concept of cancer cell metabolism is still a remarkably exciting issue in many ways. Over the last decade, researchers have started to unravel the precise biological nature behind metabolic changes and shown that these altered metabolic processes can be a necessary factor in tumor development, rather than just being a consequence of cancer.

A. Metabolic pathways in the cell

B.1 Metabolism: catabolism, anabolism, waste disposal

Metabolism is commonly defined as the entire of biochemical processes in living organisms that either produce or consume energy 156 . The entire of the cell's metabolism in eukaryotes is rather complex with about 10000 metabolic reactions currently known in the Kyoto Encyclopedia of Genes and genomes, catalyzed by more then 16000 enzymes 156,157 . Generally, the metabolism can be divided into three different parts: anabolism, catabolism and waste disposal, essential for energy homeostasis and macromolecular synthesis in humans. Several major nutrients, such as glucose, amino acids and fatty acids are used via anabolism to create all macromolecules, needed for cell growth (lipids, proteins, nucleic acids and polyamines) and energy storage (glycogen, lipids, proteins), requiring the input of energy. When needed, these macromolecules are broken down in a series of degradative chemical into smaller units, mostly releasing energy, a process called catabolism. As complex chemical units are broken down in smaller units via catabolism, waste products such as ammonia, carbon dioxide and reactive oxygen species, are produced.

B.2 Metabolism as integrated part of cell biology and disease

In our current on-going exploration of cell biology and disease, the revelation of more and more metabolic pathways and metabolites has urged us to no longer see metabolism just as independent series of pathways, but as an integrated world.

Metabolism influences and is influenced by almost every process in the cell 156 . Numerous regulatory mechanisms connect cell signaling to the orchestration of metabolic pathways, most noticeably in cell growth, where metabolism helps to implement cell growth programs.

B.3 Roles of "metabolic" genes in cell signaling

Cell growth and proliferation are promoted and controlled by extracellular ligands (Figure 4). Most of these ligands bind to the cell surface receptors and initiate signal transduction cascades. Activation of these, but also numerous other pathways, alter the phosphorylation states of numerous targets, eventually leading to the coordination of cellular activity which leads to cell growth and division. However, tight control of metabolism is absolutely essential for the transition from a resting state to a dividing state of the cell. In order to maintain a bioenergetics state permissive for cell growth, growth factor signaling is effectively increasing the surface expression of transporters of essential nutrients such as glucose 156,158 . This provides energy and metabolic precursors to produce molecules. The phosphatidylinositol triphosphate kinase/ Protein Kinase B/ mammalian target of rapamycin (PI3K/ AKT/ mTOR) pathway is an example of such a pathway that stimulates surface receptors to allow for a rapid increase in nutrient uptake and the appropriate distribution of these nutrients in the corresponding anabolic and catabolic pathways 159 . The balance between the corresponding anabolism and catabolism pathways are dynamically regulated by diverse cell signaling pathways that are also involved in sensing the energy status of the cell. The previously indicated PI3K/ AKT/ mTOR pathway promotes anabolism and suppresses catabolism, whereas AMP-Activated protein kinase (AMPK) does the reverse, providing a negative feedback loop for those pathways. AMPK acts as energy sensor for nutrient availability, at times when the bioenergetics state of a cell is compromised. Adenosine monophosphate (AMP) and Adenosine diphosphate (ADP) promotes activation of AMPK by enhancing the phosphorylation of one of its kinase domains, promoting phosphorylation of a number of downstream targets, thus inactivating energy consuming and growth promoting pathways as lipid synthesis 160 .

B.4 Essential metabolic pathways

Cell signaling pathways thus dynamically influence and control several metabolic pathways in order to influence the cell's growth processes and energy balance.

Alternatively, the metabolism also affects cell signaling in a variety of ways providing substrates for posttranslational modifications that modulate protein trafficking, localization and enzymatic activity 156 . A systematic understanding of a variety of pathways by which metabolism influences cellular signaling can be performed by broadly dividing the set pathways into the following three pathways:

• Energy metabolism pathways (such as glycolysis, the Krebs cycle (TCA cycle or citric acid cycle) and the oxidative phosphorylation) • Cellular redox status pathways (such as the methionine-glutathione pathway, the taurine pathway and the cysteine pathway) • Biosynthesis pathways (such as the biosynthesis of nucleotides via the pentose phosphate pathway, lipid and fatty acid synthesis, the urea cycle and gluconeogenesis).

The different pathways will be described in more detail in the following paragraphs.

B.5 Energy metabolism

Energy metabolism is the common process by which cells obtain and consume the energy needed to stay alive, to grow and to reproduce. Adenosine triphosphate (ATP) is a universal energy carrier. Glucose is the preferred source of energy in all organisms. For the breakdown of glucose and the synthesis of ATP, there are two major metabolic processes, either anaerobic or aerobic, being anaerobic glycolysis and oxidative phosphorylation.

Glycolysis, which occurs exclusively in the cytosol, a molecule of glucose is converted into 2 molecules of pyruvate, a process that requires 2 molecules of ATP to get started. The released energy after this step are 4 molecules of ATP, thus a net release of 2 molecules of ATP and electrons, which are trapped in the reduction of 2 molecules of NAD+ to NADH. In the absence of oxygen, pyruvate is subsequently reduced to lactate which is excreted to the bloodstream. However, in the presence of oxygen, a more complex energy-yielding process, called oxidative phosphorylation, takes place. After glycolysis, a carbon is removed from pyruvate as CO 2 , resulting in 2 remaining original carbons, attached to Coenzyme-A and the production of a molecule of NADH. The complex that is formed is called Acetyl Co-A.

These molecules then enter into the Krebs cycle inside mitochondria and yield 1 ATP and traps high-energy electrons in 3 NADH and 1 FADH. In several previous steps, electrons have been trapped in either NADH or FADH, which are consequently used to produce ATP through chemiosmosis. Oxidative phosphorylation has a much higher energy yield than glycolysis, resulting in a total of 30 net ATP molecules, but it thus requires oxygen as an electron acceptor. ATP is one of the main substrates for phosphorylation in kinase cascades, thus influencing cell signaling. Alternative metabolic pathways involved in energy synthesis are gluconeogenesis, glycogen metabolism, fatty acid metabolism and amino acid metabolism.

B.6 Redox status

An important pathway involved in maintaining the redox status of a cell is the glutathione pathway. Reduced glutathione (GSH) has traditionally been considered as an antioxidant that protects cells against oxidative stress. So, when a loss of GSH and formation of glutathione disulfide occurs, this is considered a classical parameter of oxidative stress that is increased in diseases. In most cells, GSH is synthesized through a two-step reaction; first, γ-glutamylcysteine is formed from cysteine and glutamate, catalyzed by the enzyme glutamate cysteine ligase (GCL) 161 . Following this reaction, glycine is added by glutathione synthase and becomes GSH. The availability of cysteine and the activity of the enzyme GCL are the two rate limiting aspects of the formation of GSH.

Glutathione exists in two forms, the thiol-reduced form, GSH and the disulfideoxidized form (GSSG) 162 . In cells, GSH is the predominant and accounts for > 98% of total GSH [163][164][165] . Cells have three major storage spaces of GSH, being the cytosol, which accounts for most GSH, the mitochondria and for a very small part the endoplasmic reticulum (ER) [105][106][107] . The ratio between GSH and GSSG is extremely important to maintain redox homeostasis and the ratio between both metabolites is tightly controlled. The cell uses three different ways to tighten the ratios: firstly, GSSG can be reduced back to GSH by glutathione reductase (GSR) or exported out of the cell, secondly, cells control the import and export of cysteine, one of the rate limiting steps of the glutathione pathway and thirdly, cells can up-regulate an enzyme called γ-glutamyl transpeptidase (GGT), an enzyme that transfers the glutamate from GSH to an acceptor amino acid 161,[169][170][171] . Next to its role in the redox homeostasis, GSH is also of vital importance in detoxification of xenobiotics and has roles in cell proliferation, apoptosis, immune function and fibrogenesis 172 .

B.7 Biosynthesis

De novo fatty acid synthesis is the formation of fatty acids from acetyl-CoA and malonyl-CoA precursors through a series of enzymatic reactions. This process usually takes place in the liver. The enzymes of fatty acid synthesis are packed together in a complex called fatty acid synthases (FAS). FAS takes place in the cytosol from Acetyl-CoA.

Acetyl-CoA, derived from pyruvate in the mitochondria, has to be transported to the cytosol via a citrate shuttle. In this shuttle, acetyl-Coa is condensed with oxaloacetate by citrate synthase, to form citrate. Citrate is then transported to the cytosol and broken down into the two individual components. Oxaloacetate in the cytosol is reduced to malate by malate dehydrogenase (MDH) and malate is transported back into the mitochondria to participate in the Krebs cycle. Acetyl-CoA is turned into malonyl-CoA, at which point malonyl-CoA is destined to feed into the fatty acid chain tail. In reverse, in fatty-acid β-oxidation fatty acid molecules are broken down in the mitochondria to generate acetyl-coA, which enters the citric acid cycle, when fatty acids are needed as energy source 173 . Acetyl-CoA is thus an essential metabolite for the dynamic balance between carbohydrate metabolism, fatty acid synthesis and fatty acid β-oxidation, feeding into the citric acid cycle, participating to the cell's energy supply, or when more biosynthesis is necessary, participating to fatty acid synthesis.

All in all, looking at three groups of metabolites, in the energy metabolism pathways, the redox pathways and the biosynthesis pathways, it becomes clear that metabolites are omnipresent in every aspect of cell biology. Cellular functions cannot be seen as separate from cellular metabolism; for the correct functioning of the cells the balance between different cellular, genetic and metabolic pathways is of utmost importance. Disturbances of the metabolites and the metabolic pathways can thus be foreseen to be necessary for the development and growth of tumors.

C. Hallmarks of cancer: metabolic reprogramming

C.1 Cancer: altered cellular metabolism

Cancer is marked by altered cellular metabolism, recently defined as an emerging hallmark, contributing to the malignant transformation, initiation, growth and maintenance of tumors [START_REF] Hanahan | Hallmarks of cancer: the next generation[END_REF] . The increased cell proliferation, a well-defined trademark of cancer development, due to a deregulation of the control of cell proliferation falls together with a vast amount of changes in metabolism, to keep up with the neoplastic progression [START_REF] Hanahan | Hallmarks of cancer: the next generation[END_REF] . The aggressive tumor growth is hypothesized to need a metabolic and genetic reorganization to meet the new demands in energy supply, cellular redox status to protect the cells from oxidized stress from the microenvironment and the increase of biosynthetic demands caused by the fast tissue growth (Figure 5) [174][175][176] .

C.2 Alterations in metabolism: Cause and effect?

One of the major questions concerning the metabolic programming is what drives this metabolic switch in cancer cells, seeing that some of the metabolic changes seem somewhat counterintuitive at first sight. By now, numerous cancer mutations have shown to be of influence for the reprogramming of tumor metabolism, more specifically mutations in oncogenes (such as Myc Proto-Oncogene Protein (MYC) and RAS) and mutant tumor suppressors that regulate glucose metabolism 174,177 . Additionally, several oncogenic mutations have been discovered in metabolic enzymes, such as isocitrate dehydrogenase 1 and 2 (IDH1 and IDH2) in gliomas and acute myelogenous leukemia (AML) [178][179][180] . Cancer mutations are thus found in specific enzymatic and metabolic pathways, direct linking to the cellular metabolism, but also other oncogenic mutations affect a high amount of signaling pathways and processes for tumorigenesis, directly linked to the cellular metabolism.

In looking at both the intrinsic and extrinsic molecular mechanisms of cellular cancer metabolism, we see that support is needed to provide a basis for the increasingly dividing and altering cancer cells, being a fast and efficient ATP generation to maintain the tumor's energy level, an increased biosynthesis of the four major classes of macromolecules, carbohydrates, proteins, lipids and nucleic acids and a intensified continuation of the redox status. Some of the changes are seen as well in fast proliferating cells, however if their supply of intracellular nutrients becomes spares, these cells adapt by slowing down their proliferation or switching back to alternative metabolic pathways. There are several ways that the tumor benefits from the switch in alternative metabolic pathways; first, by making switches in metabolism the tumor cells ensure themselves by having a constant supply of nutrients required for macromolecule synthesis. Secondly, by making switches to their energy metabolism, they use an excessive amount of nutrients from their environment, so they starve their neighbors and gain place for the growth of the tumor. Thirdly, the excessive nutrient feeding from normal tissue to tumor cells can promote the generation of ROS. By acting on growth inhibiting phosphatase enzymes, this can promote the proliferation of the cancer cell and additionally enhance the mutation rate by inducing DNA damage 181 .

D. Changes in energy status

D.1 Energy status and the Warburg effect

The best-characterized metabolic shift observed in tumor cells is the Warburg effect, a shift from ATP generation through oxidative phosphorylation and the Krebs cycle to glycolysis, even when enough oxygen is present (Figure 6). Tumor cells thus convert most of the glucose to lactate rather then further metabolizing the pyruvate in the mitochondria in the Krebs cycle. The advantage of ATP production through glycolysis is that it is far more rapid, although the net energy outcome is far less efficient. The tumor cells therefore need to implement an extremely high rate of glucose transport into the cell, to meet the increased energy needs.

The question arises what are the exact reasons behind this metabolic shift, that despite its speed of ATP production is nevertheless a lot less efficient. Currently, four consequences have been hypothesized to be of importance in this shift. First, cells that rely on oxidative phosphorylation to generate their energy supply require a relative constant quantity of oxygen to be present. However, in cancer cells, the oxygen tensions are fluctuating due to the inconstant hemodynamics of distant blood vessels, so in using glycolysis cells are not dependent on oxygen and are thus able to stand these fluctuations 182 .

Second, when cancer cells rely on glycolysis rather then oxidative phosphorylation, cells produce rather a lot of lactate, the end product of anaerobic glycolysis. These acid conditions favor tumor invasion and suppress a number of anticancer immune effectors [183][184][185] .

As a third reason, tumors have the additional option to metabolize glucose through the pentose phosphate pathway (PPP), which generates a supply of nicotinamide adenine dinucleotide phosphate (NADPH) that allows the cells antioxidant defenses against both the microenvironment and chemotherapeutic agents, but NADPH can also contribute to fatty acid synthesis. 186,187 Fourthly, cancer cells use the intermediates of the glycolytic pathway for anabolic reactions, more specifically for biosynthesis of fatty acids, cholesterol and isoprenoids.

The tumor cells can derivate pyruvate towards a truncated Krebs cycle, where the acetyl-CoA is exported from the mitochondria via the citrate shuttle to become available for fatty acid synthesis [186][187][188] .

D.2 Changes in energy & signaling pathways

Several cell-signaling pathways are known to be involved in the regulation of the metabolic shift from the Krebs cycle to anaerobic glycolysis, being PI3K, HIF, p53, MYC, AMPK and liver kinase B1 (LKB1). The PI3K pathway is one of the most frequent altered pathways in cancer. Proteins involved in this pathway are subject to a number of common oncogenic mutations, for example in PTEN, but also mutations in the PI3K complex, or by aberrant signaling from receptor tyrosine kinases (RTKs) 189 . The PI3K pathway thus plays a dual role in the cancer metabolism, by providing growth, survival and proliferation signals to the cancer cell, but also influencing the cells metabolism, thus being crucial for the oncogenic effects of this signaling pathway 190 . AKT, downstream of PI3K, activates the hypoxia induced factor (HIF) and MYC transcription factors, stimulates the expression and membrane translocation of glucose transporters 1 and 4 (GLUT1 and GLUT4 respectively) and phosphorylates glycolytic enzymes (hexokinase and 6-Phosphofructo-2-Kinase/Fructose-2,6-Biphosphatase 3 (PFKFB3)) 181,188,[191][192][193] .

AKT also activates fatty acid synthesis through the phosphorylation of ATP citrate lyase, joined by the derivation of pyruvate by HIF from the Krebs cycle 181,194 . Some of these actions can be reinforced by p53 181 . AMPK is known to oppose the effect of AKT, functioning as a metabolic checkpoint. Tumor cells need to overcome this checkpoint, in order to continue their massive proliferation; by suppressing AMPK signaling fuel signals are uncoupled from growth signals, allowing the tumor cells to divide under abnormal nutrient conditions [194][195][196][197] .

E. Changes in biosynthesis and redox status

E.1 Cancer and increased biosynthesis

Metabolic changes in the cancer cell go beyond the Warburg effect and adaptations in the energy dynamics. Cancer cells have an abnormal increase in biomass, essential for their increased cell proliferation; hence have an important need for macromolecular biosynthesis. No matter how big the supply of ATP, without sufficient precursors of fatty acids, lipids, nucleotides and amino acids (AA), cells cannot proliferate. Pyruvate kinase M2 (PKM2), an isozyme that is present in limited types of normal proliferating cells, but present in high levels in cancer cells, slows down glycolysis. Even though this seems counterintuitive, this allows for carbohydrate metabolites to enter other subsidiary pathways, such as the hexosamine pathway, the UDP-glucose synthesis, glycerol synthesis and PPP. These pathways generate the required macromolecule precursors necessary for cell proliferation [198][199][200] .

E.2 Cancer and altered redox status

PKM2 also reduces the level of NADPH, a metabolite resulting from the promotion of oxidative PPP 194 . NADPH is an essential cofactor for many enzymatic reactions in the macromolecular biosynthesis, but is also a crucial antioxidant. At moderate levels, reactive oxygen species (ROS) induce stress-responsive genes such as hypoxia induced factor 1 alfa (HIF1A), which in turn increases pro-survival genes such as GLUT1 and VEGF 201,202 . However, when ROS levels become too high, they can among many effects create major damage to the macromolecule biosynthesis [203][204][205][206] . Here, NADPH and GSH play a major role, by controlling the increased level of ROS and repair ROS induced damage 207 .

Many tumors are addicted to glutamine, the most common AA 208,209 . Glutamine is used in a large variety of reactions and thus of high importance. After glutamine has entered the cell, it is turned into glutamate by the glutaminase enzymes, which could then be turned directly into GSH, but it can also be converted to α-ketoglutarate (αKG), from which it enters the Krebs cycle. From here, a part of the glutamine-derived carbon can exit the Krebs cycle as malate and serve as a substrate for Malic enzyme 1 (MEI), which produces additional NADPH 210 . Glutamine is also a critical metabolite for lipid synthesis, in that it supplies carbon to maintain citrate production at the start of the Krebs cycle, from which it supports the production of acetyl-CoA and NADPH for fatty acid synthesis 210 . The excess carbon is efficient as it allows for faster incorporation into biomass, facilitating the increase in cell proliferation 200 . Cancer cells generally engage widely in net lipid synthesis to create phospholipids for membrane assembly and lipidderived signaling intermediates 181 .

F. The study of cancer metabolism

F.1 Metabolomics: Large scale metabolic studies

Metabolic pathways are numerous, with a high variety of metabolites present.

To get a better grasp of cancer cell metabolism, one can make use of metabolomics analysis, which has the potential to prove insight into metabolic pathways in specific cells, cell types or tissues. Metabolomics is the study of the identification, quantification and characterization of the different metabolites simultaneously within a biologic system 211 . It takes into account genetic regulation, altered enzymatic activity and changes in metabolic reactions and metabolites. It therefore reflects changes in phenotype and function of the cells 212,213 . Metabolism varies extensively between populations, individuals and different tissues of the human body, but also in disease processes and medical treatment.

F.2 Metabolomics: different ways of metabolic profiling

Metabolic profiling is a systematic analytical tool used to identify different metabolites from cellular processes. There are several types of analytical tools available, such as nuclear magnetic resonance spectroscopy (NMR), mass spectrometry (MS), Capillary electrophoresis-mass spectrometry (CEMS), tracer-based studies and metabolic foot-printing 213 . While all methods have their advantages and disadvantages, the tool most commonly used to determine the composition of diverse sample types as well as changes to that composition following perturbation is MS. After the ion peaks of the different metabolites are organized by mass, retention time and peak area, which allows for the identification of the different metabolites, the spectra is compared to a standard reference library to allow for identification of the specific metabolite 214 .

Usually, metabolic studies use non-targeted approaches where the analytical conditions are optimized to detect as many metabolites as possible, however, targeted metabolic analysis are also possible, which are optimized for the detection of a specific metabolite or set of metabolites 214 . When looking at metabolomics studies performed, more and more studies have picked up an interest in metabolics as a translational tool for the identification and treatment of cancer in a clinical setting 212,215,216 . Different body fluids and tissues of individuals can be "metabotyped," a phenotyping involving the comprehensive analysis of the metabolic state of biological fluids or tissues that are sampled in the clinic 217 .

G. Metabolic targeting as cancer therapy G.1 Metabolics as a way of targeted therapy?

Cancer therapy has long targeted the increased cell proliferation of tumor cells for treatment. However, with the current growing interest in cancer metabolics, the question arises whether there could be a way for new drugs to target the cancer's metabolic pathways and thus specifically target the cancer cells. Hereby one aims to turn the cancers' adaptive metabolic mechanisms against the tumor, as being superman's kryptonite. Metabolic targeting for cancer is currently investigated, in an effort to identify molecules that specifically inhibit key metabolic steps in different tumors. There are three ways the cancer's metabolism is currently targeted; by means of indirect inhibition of tumor metabolism, by means of targeting nucleotide synthesis and by targeting glycolysis and PPP. When inhibiting enzymes in metabolic pathways, it is preferential to inhibit those that are primarily expressed in the tumor of interest.

Several therapeutic targets are currently being used to indirectly inhibit the tumor, but targeting upstream regulators of metabolic pathways. 218 Generally, theses genes include PI3K, AKT, mTOR, AMPK, HIF and insulin growth factor receptor 1 (IGF1R) (see B, metabolic pathways of the cell). Targeting these pathways can be clinically beneficial, by means of metabolic inhibition. IGF1R, one of the signaling receptors upstream of AKT and PI3K, has shown potential in the treatment of many different cancers, pediatric cancers included, but nevertheless resistance is a common phenomenon 219 .

G.2 Examples of metabolic drugs in cancer

Targeting the nucleotide biosynthesis is not a new phenomenon, with the first anticancer drugs aimed at inhibiting DNA synthesis, which have been used as chemotherapeutic agents in the clinic 218 . Nevertheless, as this target has proven to be rather unspecific, attention has nowadays shifted towards inhibiting pathways that supply intermediates to be used in nucleotide biosynthesis, namely the PPP, glutaminolysis, the TCA cycle and fatty acid synthesis 218 . For example, C75, a small compound specifically inhibits the increased tumor associated fatty acid synthase (FASN), thereby inhibiting FAS, which has proven to be of interest for specific tumors 220 .

C75 inhibition has been tested in both human prostate and breast cancer xenografts and has led to a significant antitumor effect in these xenografts 221,222 .

Glycolysis can be blocked by the inhibition of several enzymes, being hexokinase (HK), phosphofructokinase (PFK) and pyruvate kinase (PK), all of which are rate-limiting steps in glycolysis 223 . The goal is to block the enzymatic activity of these enzymes and thereby compromise the increased glycolysis in cancer. One of the available HK inhibitors, 2-deoxyglucose (2-DG), competitively inhibits HK, so that the access of glucose to the enzyme is blocked 223 . This drug and others are currently in pre-clinical studies. Due to the accumulation of 2-DG in the cell, there is a depletion of ATP production 224 . PFK, one of the other enzymes, is very sensitive to pH changes and therefore, Na+/ H+ exchanger-1 (NHE-1) inhibitors, a Na+/H+ exchanger that increases the pH in cancer cells, thereby decreasing PFK activity and thus glycolysis [225][226][227][228][229] . PKM2, an enzyme that is primarily expressed in cancer cells but rarely in normal proliferating cells, can be inhibited to limit the generation of ATP in cancer cells by limiting the glycolytic flux 230,231 . One of the PKM2 inhibitors, Shikonin, a active small-molecule chemical, inhibits PKM2 activation, thereby restoring mitochondrial respiration and diminishing the levels of lactate as a glycolysis marker 232 . A variety of the above described and other drugs is currently in clinical trials, either alone as monotherapy or as addition to conventional therapy.

Summary and directions of metabolomics and cancer

-Metabolomics, the study of all biochemical pathways in a living organism, has gained more and more attention over the last years, with several methods of analysis being available, such as NMR and MS.

-Metabolomic research in cancer has prevailed that most metabolic alterations fall into three groups, being changes in the energy metabolism, changes in the cellular redox status and changes in the biosynthesis.

-Metabolomic research in cancer has seen an increase in popularity over the last decade, a revival around 90 years after the Warburg' effect was first described.

It is more then likely that the metabolism of Ewing sarcoma is altered in comparison to the normal cell (of origin). EWS-FLI1 regulates the IGF1R pathway, an important molecular player in the glucose metabolism, located upstream of PI3K and

AKT and has been shown to be efficiently inhibited by IGF1R inhibitors in some pediatric tumors. However, a better understanding of the metabolism of Ewing sarcoma and its regulation by EWS-FLI1 will lead to an overall better understanding of the tumor mechanism and discovery of novel targets for intervention.

Synthetic lethality A. The concept of synthetic lethality

Synthetic lethality occurs when two otherwise non-lethal mutations together result in an unviable cell (Figure 7A). Bridges, followed by Dobzhansky and by Sturtevant, has first described this phenomenon in studies using Drosophila melanogaster, from which the latter author named the phenomenon [233][234][235] . Since then, numerous researchers have build on this idea and searched for synthetic lethal genes in additional model organisms. In Saccharomyces cerevisiae the concept of synthetic lethality reached its apogee, where numerous synthetic lethal screens have been carried out in yeast in the last decade through the use of a simple plasmid dependency assay 236 . Genomic methodologies for the search of synthetic lethal interactors begin to take shape by using a variety of techniques, such as RNAi screens, allowing for combination of knockdown to be analyzed not only in model organisms, but also in human cell lines.

B. The introduction of synthetic lethality in cancer B.1 Cancer and the development of targeted therapy

The trademark of conventional chemotherapy for cancer is the ability to kill rapidly dividing cells, thus being non-specific for its target cells. This changed with the discovery of molecular therapeutic targets for specific genomic abnormalities in cancer offering the promise of higher specificity and less side effects. Certain targeted drugs delivered on that promise, showing impressive and durable responses. Most noticeably is the example of Imatinib, a small molecule that inhibits the tyrosine kinase driver BCR-ABL in chronic myelogenous leukemia (CML) and c-KIT (KIT) and platelet derived growth factor receptor α (PDGFR-α) in gastro-intestinal stromal tumor (GIST) [237][238][239][240][241][242][243][244] . This concept was extended to some other intractable cancers, for example treating non-small-cell lung carcinoma (NSCLC) expressing mutated epidermal growth factor receptor (EGFR) with EGFR inhibitors, melanomas with the activating V600 B-rat fibrosarcoma (BRAF) mutation with a kinase inhibitor and NSCLC patients with the EML4-ALK fusion protein with an ALK inhibitor 245,246 .

Additionally some impressive results have been obtained by the monoclonal antibody trastuzumab in breast cancers with HER2/ ERBB2 receptor tyrosine kinase.

targets 247 However, often the responses to single agent drugs are relatively short lived and primary or secondary drug resistance is a commonly seen phenomenon and considered the major obstacle in targeted cancer therapy 248,249 . Even though drugs targeting an oncogene with a gain of function mutation have provided possibilities of targeted treatment, no pharmacological inhibition is possible whenever the mutation concerns a tumor suppressor gene. To overcome resistance and to specifically target cancer cells but not normal cells, the exploitation of the concept of synthetic lethality has shown to be of great potential [250][251][252][253] . This concept, originally taken from model organisms such as drosophila and yeast, is often but not necessarily based on the interaction of two genes, that both contribute to essential cell processes, however the range of synthetic lethal predictions revealed by synthetic lethality studies varies from predicted to unexpected connections [254][255][256] .

B.2 Different paths towards synthetic lethality

Several scenarios can be the underlying cause of synthetic lethality in cancer. In the simplest scenario, parallel pathways contribute to an essential cellular process. So while alternative pathway will allow the tumor cell to adapt to the mutation, if both pathways are mutated this will lead to a double targeting of the essential pathway and thus a synthetic lethal effect. However, synthetic lethality does not necessarily occur in clearly linked pathways, but can also occur in two divergent pathways that are both required for a reaction to a cellular insult, or a pathway that is only connected to another pathway as a result of a gain-of-function oncogenic mutation 256 . For finding these kinds of more complex synthetic lethal interactors, high-throughput screening may prove to be particularly useful.

As previously stated, synthetic lethal targeting of cancer cells could be beneficial to the treatment of specific types of cancer; only the cancer cells that harbor a previous non-lethal mutation will be killed by the targeting of the second gene, while the normal cells that do not contain the mutation will not be significantly affected. Using the concept of synthetic lethality therefore increases selectivity towards the specific tumor.

Synthetic lethality poses a therapeutic opportunity above other strategies in several situations; first, for targets that have proven difficult to be modulated therapeutically by other situations. For example, while often drugs attempt to disrupt gain of function mutations, tumors are equally often driven by loss of function mutations in tumor suppressor genes [257][258][259] . As the re-entry of these complexes has proven difficult to restore by gene therapy, here synthetic lethality could be a possible treatment [260][261][262] . Secondly, not all oncogenes are targetable by pharmacological intervention, thus synthetic lethality being an option for these untreatable cancers. Thirdly, synthetic lethal therapeutic agents can be provided either alone by monotherapy, or in combination with more conventional treatments [263][264][265] . Finally, as the progression of the tumor is constant and exist of multiple steps, the so-called driver mutations change in the different steps of progression. Here, synthetic lethality could target a range of mutations occurring from tumorigenesis to metastatic spreading, being an option for metastatic disease, where currently not many options are possible yet 256 .

C. Methods designed to find synthetic lethal interactions C.1 Different tools to find synthetic lethality

The concept of synthetic lethality has become a more and more often used tool in the search for new targets in cancer. The search for synthetic lethality is no longer limited to model organisms. The advances in technology have made it possible to screen for synthetic lethal genes in a large scale. Most notably, the use of RNAi, by using small interfering RNA (siRNA) or by vector-encoded short hairpin RNA (shRNA) libraries, has proven a useful tool in the search for this phenomenon. Alternatively, or in combination with this approach, libraries of small molecules, enabling for genome-wide high throughput screenings of different cancer cells. Finally, two brand-new players on the horizon could hold promise to find synthetic lethal therapeutic agents, being ORF screening and the newly developed efficient knockout technique RNA-guided human genome engineering via CRISPR asssociated protein 9 (cas9) 266,267 .

C.2 Array-based screenings

Synthetic lethal screens can be either array-based or performed in a pooled manner. Generally, siRNA and compound library screenings are performed in an arraybased or multi-well manner, whereas shRNA screenings can be performed in a pooled fashion. When using an siRNA approach, individual siRNAs are transfected into cancer cells in a multi-well plate format. As siRNAs only transiently knock down the gene of interest, usually 3-5 days, the readout follows usually quickly after transfection. At least two conditions are needed to determine the synthetic lethal effect, being the condition containing the primary mutation and the condition without (either naturally or experimentally inhibited). Different readouts can be performed, such as measuring cell number, cell viability or the rate of apoptosis. The synthetic lethal genes are the genes whose inhibition impairs proliferation or viability in the mutated cancer cells, whereas it does not impair the viability in the cells that do not harbor the mutation of interest. Several interesting works have used this type of screening, such as a paper by Steckel et al that discovered the synthetic lethal interaction between KRAS and GATA binding protein 2 (GATA2) 268 . Not every cell type efficiently takes up the siRNA following transfection, or shows effect by siRNA transfection, nor is the knockdown of expression very long-lived, being the drawbacks of this technique. Also, siRNA screens, being platebased techniques, limit the amount of targets that can be tested.

Compound based screenings are performed in a similar manner as siRNA based screens, being that the cells with or without the mutation are plated and left to adhere for a day, after which the compounds are added. Hereafter the cells are left to incubate and readout for viability, apoptosis or cell number is performed to find drugs that have a differential effect on both conditions. Additionally, synthetic lethal chemical enhancer screens are performed, in order to find pathways whose inhibition synergizes with the pathway targeted by a cancer drug. 269 With these dropout screens, one tries to identify drugs which combination is particularly potent, so cells are plated and exposed to the presence or absence of the drug of interest, followed by the addition of a library of drugs. Cells that are exposed to a combination of drugs that has an added effect, will die, or will show a very diminished cell proliferation, whereas cells that are grown in the absence of the secondary drug will not be severely affected in their proliferation.

For this it is important that the cells are exposed to a relatively low dose of drugs, for example the GI30 (dose of drug that causes 30% growth inhibition), in order to allow these combinations to be identified.

C.3 Pooled screenings

When using a synthetic lethal shRNA approach, shRNAs are inserted into a lentiviral vector, after which cells are infected with the shRNA. shRNA has the ability to deliver long-term gene silencing, depending on the type of vector and allows for infection of a wide-range of cells. 269 shRNA screens can be performed in arrayed or pooled format, of which the pooled format is nowadays the most cost-efficient and often used. Hereby, thousands of shRNAs are introduced in cell lines, with or without the primary mutation, followed by puromycin selection and growth of the cell population.

After a number of doublings, the cells are harvested, after which the DNA is harvested and the barcodes extracted and the relative abundance of the specific shRNAs can be determined by deep sequencing and compared between both conditions. Synthetic lethal genes targeted in cells that do not harbor the primary mutation will resist to the expression of the specific shRNA, thus will continue to divide, while the cells that do harbor the primary mutation will enter growth arrest or dies upon knockdown of the gene. Most pooled shRNA approaches use a bar-coded shRNA, to facilitate identification and quantification of the different shRNAs. As RNAi techniques have well-established off target effects, it is generally recommended that only genes that have multiple independent shRNAs or siRNAs are identified as candidates in the screen. 270 Pooled shRNA approaches have as a major advantage that thousands of genes can be analyzed simultaneously, in several cell lines, to enable a better understanding of genes and pathways whose silencing is essential for cell proliferation and survival.

Several interesting synthetic lethal genes have come out of pooled shRNA screenings, such as a recent paper describing the interaction between loss of BRCA1 and CCNE1 amplification 271 .

C.4 Advantages and disadvantages of different screenings

We classify different screening techniques in those with a bottom-up or top-down approach. In the current section we discus the advantages and disadvantages of both approaches.

• Top-down approaches. This approach of screening is an RNAi based approach.

• Advantages: allows for direct target identification and can find genes involved in different signaling pathways, thus providing a better understanding of the biology behind the involved pathway 256 .

• Disadvantages: technique is that RNAi does not automatically lead to a therapeutic solution; there might not be a compound available to block the identified synthetic lethal gene, or it might not be possible to develop one.

Another disadvantage of screening by RNAi based techniques is the discovery of false negatives after a screening, caused by non-specificity of the sh/ siRNA 256 .

• Bottom-up approaches. This approach of screening is performed using small compound libraries screenings.

• Advantages: identified candidates have a "ready-to-use" compound available, thus the trajectory from candidate to the implementation of the actual drug could in theory be faster. Drugs that are available and previously tested for their safety in other diseases could be beneficial in other conditions.

• Disadvantages: a compound does not necessarily mean that a target or pathway is identified. Therefore, it could be that the identified compound does not directly lead to a better understanding of the biology (of disease) or genetic interactions of the target pathway 256 .

Universal limitations: Of course both ways of screening in vitro in cell line models have their limits, as in that drugs are also influenced by the tumor environment, which is not taken into account when screening in a cell line model. However, performing genetic screenings in vivo is technically extremely challenging to say the least, extremely time consuming and also comes with more than its fair share of limitations due to the choice of model.

D. Examples of synthetic lethality in cancer research

D.1 Different synthetic lethal targets

About 75 years after the introduction of synthetic lethality, the concept has first been suggested in its possible application in cancer targeting 250 . Nevertheless, it has only been recently that synthetic lethality in cancer made it to the clinic. A variety of pathways have been shown to be implicated in synthetic lethality, such as DNA repair mechanisms, KRAS (RAS) mutations, loss of function mutations of the tumor suppressor genes p53, Rb and von Hippel-Lindau tumor suppressor (VHL), as well as disruption of interactive protein kinase networks [272][273][274][275][276][277] . Nonetheless, more and more pathways are found to be synthetic lethal in specific cancer contexts. Below, two examples of synthetic lethality pathways in cancer research, being the BRCA1/2 and the KRAS pathway, are described. Base excision repair (BER) is an important pathway for the repair of SSBs and PARP1 is a critical component of this pathway 283 . PARP1 senses and binds to DNA breaks, which triggers poly(ADP) ribosylation of numerous nuclear proteins involved in DNA repair, including PARP1 itself 284 . When PARP1 is inhibited, DSB repair is not affected, but it causes failure of the SSB repair 285 . When SSBs are not efficiently repaired, the DNA replication fork may stall and result in the formation of a DSB 286 . Therefore, PARP1 inhibition increases the amount of DSBs. If either BRCA1 or BRCA2 is lost on both copies, inhibition of PARP1 results in the generation of replication-associated DNA lesions, which are no longer repaired, therefore leading to cell cycle arrest and/or cell death 278,280 . This results in a selectively synthetic lethal effect in cells without functional BRCA1/2, with minimal toxicity for the surrounding normal cells. This is one of the synthetic lethal examples that successfully made the transition to the clinic. An additional DNA repair synthetic lethal combination forms between BRCA2 and RAD52 human homolog (RAD52). In a study by Feng et al., it was determined that loss of RAD52 function is synthetically lethal with BRCA2 deficiency 287 . When RAD52 is depleted, independently of BRCA2 deficiencies, this significantly reduces HR.

D.2 Synthetic lethality in combination with

Nonetheless, when RAD52 inhibition is combined with BRCA2 deficiencies, this results in extensive chromosome aberrations, especially chromatid-type aberrations 287 . In BRCA2 deficient cells, when RAD52 is depleted there was a 2-10 time decrease of ionizing radiation-induced RAD51 foci and the frequency of spontaneous and double-strand break-induced HR increases, while BRCA2 normal cells were virtually not affected 287 . RAD52 has thus shown to be an alternative repair pathway of HR and can function as a synthetic lethal target in BRCA2 deficient cells.

D.3 Synthetic lethality in combination with KRAS

Another example of a synthetic lethal combination is KRAS and GATA2. NSCLC is one of the most frequent cancers worldwide, with the KRAS pathway being mutated in about half of the cases. Kumar and colleagues showed that RAS-pathway mutant NSCLC cells depend on the transcription factor GATA2 288 . When GATA2 was inhibited in both NSCLC cells with or without KRAS mutations, the cells with mutations were severely reduced in their viability, while the ones without were unaffected. 288 In a preclinical model of RAS-driven NSCLC, inhibition of GATA2 drastically reduced tumor size and development 288 . In another study performed by Barbie et al., several mutant and wild-type KRAS cell lines underwent RNAi silencing of kinases and phosphatases, after which inhibition of TBK1 turned out to be displaying synthetic lethality with the KRAS oncogene 289 . In functional characterization of TBK1, a non-canonical IκB kinase, the gene was established as a mediator of NF-κB signaling downstream of KRAS, thus providing the rationale behind its synthetic lethal interaction 289 . Furthermore KRAS forms a synthetic lethal connection with inhibition of serine-threonine kinase 33 (STK33) independent of cell origin, as shown in a large-scale shRNA screen 290 .

E. Synthetic lethality in Ewing sarcoma

Synthetic lethal targeting could be a possibility in Ewing sarcoma. In a search for new targets in Ewing sarcoma, Potratz et al. performed a synthetic chemical enhancer screen, to find enhancers together with IGFR1R inhibitors in two childhood sarcomas, Ewing sarcoma and rhabdomyosarcoma (RMS) 291 . IGF1R inhibition seems to be of great interest as a new therapeutic target and remarkable responses to IGF1Rblocking antibodies were seen in some patients with advanced Ewing sarcoma and RMS, however disease progression and resistance is a common phenomenon 219,292,293 . To identify those genes that modulate the antitumor efficacy in combination with an IGF1R kinase inhibitor, Potratz et al. performed a drug enhancer screen, in which they did an siRNA screen targeted against genes in the IGFR1R pathway or related protein tyrosine kinases 291 . When macrophage-stimulating 1 receptor tyrosine kinase (MST1R) is knocked down, this enhances the activity of the IGF1R inhibitor and even restores the efficacy in highly drug-resistant cell lines 291 . It was found that loss of MST1R by RNAi blocks downstream ribosomal protein S6 (RPS6) activation 291 .

Garnett et al. performed a large compound screen, screening a large panel of cancer cell lines with 130 drugs that were either under clinical or preclinical investigation 294 . In this study, it was revealed that Ewing sarcoma cells harboring the EWS-FLI1 gene translocation were markedly sensitive for PARP inhibitors. Ewing sarcomas were found to be more sensitive to PARP inhibitors than cells from other tumor types.

Additionally, Ewing sarcoma cell lines inhibited by a control siRNA in comparison to an siRNA against EWS-FLI1 were shown to have decreased cell viability. Even though the biological function behind this mechanism was not revealed, this could theoretically be a synthetic lethal effect of the EWS-FLI1 gene in combination with PARP inhibitors.

Summary and directions for synthetic lethality

-Synthetic lethality, the phenomenon that two mutations together cause a cell to die, whereas both individual mutations have no effect, has stepped into the limelight as therapeutic target in cancer research over the last 15 years.

-Synthetic lethality can be due to two genes being targeted in the same pathway, but this does not necessarily have to be the case.

-A variety of methods can be used to identify synthetic lethal targets, with siRNA, shRNA and compound screens being most often used.

-Many examples of synthetic lethality have popped up over the last 10 years, with some that made the transition to the clinic successfully, such as BRCA1/2-PARP.

-A synthetic lethal chemical enhancer screen has provided a new target, MST1R that can be targeted to enhance the effect of IGF1R in Ewing sarcoma Synthetic lethality could be way to target Ewing sarcoma, with EWS-FLI1 as its primary event. In this thesis, searching for synthetic lethal genes in Ewing sarcoma will be one of the major topics. A) The general principle of synthetic lethality. Mutations A or B alone do not affect cell survival, while both mutations at the same time lead to cell death. B) An example of a synthetic lethal interaction. In normal cells, BRCA1/2 is recruited to sites of double stranded breaks (DSB), where it promotes HR mediated repair, resulting in an alive cell. PARP inhibition blocks the repair of single-strand breaks (SSBs), which if left unrepaired are converted to DSBs during replication. In breast cancer cells, patients often carry BRCA1/2 mutations, and have lost the wild-type copy of BRCA due to loss of heterozygosity (LOH), which results in a viable cell. In normal cells, PARP inhibition does not severely affect cell viability. However, breast cancer cells, when inhibited for PARP, DSBs cannot be efficiently repaired, leading to cancer cell death and elimination of the tumor.

Gene A Gene B Gene A Gene B Gene A Gene B Gene A Gene B Alive Dead Alive Alive ✓ Synthetic lethal effect A Gene A Gene B Gene B Gene A Alive Dead Alive Alive ✓ Synthetic lethal effect BRCA1/2 PARP BRCA1/2 PARP B A. Abstract
Ewing sarcoma, the second most commonly occurring pediatric bone tumor, is primarily characterized by a chromosomal translocation leading to the expression of a fusion protein involving the EWS RNA binding protein (EWSR1) and an ETS transcription factor (FLI1). EWS-FLI1 has previously been implicated in abnormal proliferation, invasion and tumorigenesis. As it is known that the cancer cell metabolism differs from normal cells, the question arises how EWS-FLI1 influences the Ewing sarcoma metabolism. To assess the effects of this oncogene in the Ewing sarcoma cell metabolism, we used a metabolomic approach in Ewing sarcoma cells in the presence or absence of EWS-FLI1. Several changes in the energy metabolism were observed throughout this study. Consistent changes recapitulating partially the Warburg effect were observed. Furthermore, levels of TCA intermediates, glycosylation precursors, fatty acid synthesis metabolites, glutathione metabolites and amino acids, especially changes in the tryptophan metabolic pathway, were altered upon EWS-FLI1 inhibition.

The results in these different metabolic pathways were combined with expression data on the enzymes in these pathways, investigating the interplay between metabolics and genetics in Ewing sarcoma. The results indicate that EWS-FLI1 plays metabolic roles in the biosynthesis, redox signaling and energy metabolism, through a large variety of enzymes. These metabolic and enzymatic changes provide clues to the oncogenic transformation of Ewing sarcoma associated with an EWS-FLI1 gene fusion.

B. Context

Ewing sarcoma, the second most commonly occurring pediatric bone tumor, is most commonly characterized by the presence of the fusion gene EWS-FLI1 [START_REF] Delattre | Gene fusion with an ETS DNA-binding domain caused by chromosome translocation in human tumours[END_REF] . This fusion gene leads to the expression of an aberrant transcription factor. EWS-FLI1 has previously been implicated in abnormal proliferation, invasion and tumorigenesis 295,296 . EWS-FLI1 is the major oncogene of Ewing sarcoma and act as a transcriptional activator/ repressor and modulates directly and indirectly its target genes 143,146 . Previously published proteomics and genomics data have clearly started to unravel the influence of EWS-FLI1 on transcriptomic cascades that may constitute the cancer pathogenesis of Ewing sarcoma.

Cancer, besides being a genetic disease, has been shown to have many differences in its' cellular metabolism in comparison to the metabolism of normal cells. The most well-known alteration is the Warburg effect, the idea that tumors rely rather on anaerobic glycolysis, even in the abundance of oxygen 149 . Some of the cancers' genetic modifications have found to promote this hallmark of cancer cells, metabolic reprogramming, such as up regulation of the expression of GLUT1, G6PD, TKTL1 enzymes in the glycolytic pathway or up regulation of expression of ACLY or FAS in fatty acid synthesis. 208,297,298 The oncogenic signaling and metabolic reprogramming are connected at several levels through a series of enzymatic reactions, however to expand this knowledge and connect these networks is not always intuitive.

Regarding Ewing sarcoma, a few observations could already link EWS-FLI1 with some metabolic aspects. First of all, EWS-FLI1 modulates the expression of a number of target genes, known to be implicated in the cancer cell metabolism, such as c-MYC. 299 c-MYC is a central regulator of not only cell proliferation, but also cancer cell metabolism, by influencing glycolytic activity by up regulating expression of glycolytic enzymes such as GLUT1, GLUT4, HK2, PFKM and ENO1. 300-304 c-MYC also plays a role to increase mitochondrial function, increasing the synthesis of Acetyl-CoA, thereby stimulating the (fatty acid) biosynthesis in the cancer cell 305,306 . Furthermore c-MYC appears to have a strong role in the glutamine regulation 307 .

Interestingly, EWS-FLI1 has been shown to directly influence insulin-like growth factors receptor (IGF1R) [START_REF] Prieur | EWS/FLI-1 silencing and gene profiling of Ewing cells reveal downstream oncogenic pathways and a crucial role for repression of insulinlike growth factor binding protein 3[END_REF]308 . Insulin and insulin-like growth factors (IGFs) are known as key regulators of energy metabolism and growth, particularly IGF1R, that influences among others glucose uptake and cell growth. AKT and MAPK, two downstream members of the IGF1R pathway are important players in cell growth, influencing the tumor cell metabolism.

Additionally, glutathione S-transferase M4 (GSTM4), an EWS-FLI1 target, has been shown to be involved in Ewing sarcoma oncogenesis and therapeutic resistance 137 .

Patients expressing low GSTM4 levels were better responders to chemotherapy and had better overall survival than patients having high levels.

These data suggest that EWS-FLI1 has an oncogenic component in regulating cellular metabolism, either directly or through downstream modulators. There is thus a major interest in getting a better understanding of the metabolic impact of EWS-FLI1.

In order to thoroughly investigate the metabolism of Ewing sarcoma, we investigated the effects of EWS-FLI1 knockdown on the cellular metabolism using Ewing sarcoma cell lines and a comprehensive metabolomics platform. In this study, we identified a number of EWS-FLI1 dependent metabolic cascades that may contribute to Ewing sarcoma pathogenesis. (200 mg/ml) (supplementary Figure 1) [START_REF] Tirode | Mesenchymal stem cell features of Ewing tumors[END_REF] . All cell lines contain a fusion transcript type 1 and were routinely checked for the translocation product. Cells were also checked for mycoplasma contamination. For the doxycycline-inducible silencing of the 1C cell line, doxycycline at a concentration of 1 μg/ml, exhibits strong inhibition of the EWS-FLI1 fusion transcript. For siRNA mediated silencing of EWS-FLI1, cells were transfected in OptiMEM (Gibco, Life technologies, Saint Aubin, France) using RNAimax Lipofectamine (Life Technologies, Saint Aubin, France) twice with 15nM siRNA, with either an siRNA control or an siRNA against the fusion gene EWS-FLI1 (Qiagen, Courtaboeuf, France).

C. Material and methods

Cell lines and reagents

Isolation of RNAs

Total RNAs were isolated using the NucleoSpin II RNA Reagent (Macherey Nagel, Hoerdt, France). RNAs from 1C were isolated 0, 12, 24, 35, 48, 72, 168h after silencing with doxycycline. RNAs were isolated 4 days following transfection of A673 and SKNMC Ewing sarcoma cells with the specific EWS-FLI1 siRNA (siEF1) or with the control siRNA (siCT).

Reverse transcription Quantitative PCR (RT-qPCR)

cDNAs were synthesized from 500 ng of RNA using the High-Capacity cDNA

Reverse Transcription Kit (Applied Biosystems, Saint Aubi, France) RT kit. cDNA reverse transcription reactions were performed in 20 μl. cDNAs were diluted 1/10 and 9 μl of the diluted RT product was used for the qPCR. Gene expression was analyzed using SYBR PCR Master mix with an AB7500 Real-time PCR system (Applied Biosystems, Saint Aubi, France). Results were normalized to GAPDH and quantified by the ddCt-method.

Primers are listed in Supplementary table 3.

Metabolomic Analysis.

For the metabolic analysis, cells were grown with or without doxycycline for the 1C clone. 1C cells were plated at day -7, after which cells were treated with doxycycline, at 168, 72, 48, 36, 24 and 12 hours before harvest. These time points were chosen to profile early, middle and late effects of EWS-FLI1 inhibition. Cells were passed once, at 3 days before harvesting. For A673 and SKNMC, cells were transfected (d0) with an siRNA targeting EWS-FLI1 or with a control siRNA and re-transfected in the same conditions at day 2. Cells were harvested at day 4 after the plating. For each condition, 5 biological replicates were performed. To harvest cells, medium was removed, monolayers were washed with PBS and Trypsin (PAA laboratories, GE Healthcare, Vélizy-Villacoublay, France) was added. Cells were incubated for 5 min at 37 °C until cells detached. Six volumes of medium were added to the Trypsin/ cell mix and suspended by gentle pipetting and titration. Cells were counted, 3.3 % of cells were used for RNA isolation, 6,6% of cells were used for protein lysate and the remaining cells per sample were spun down at 600 × g for 3 min in a polystyrene tube. Cells were washed once with PBS and then snap-frozen on liquid nitrogen and stored at -80 °C until analysis. Metabolomic profiling analysis of all samples was carried out in collaboration with Metabolon (Durham, NC, USA) as previously described, using liquid chromatography-mass spectrometry (LC-MS) and gas-chromatography mass spectrometry (GC-MS) 215,[309][310][311][312] .

The Metabolon library contains 14000 named and unnamed compounds 313 . In theory, around metabolites 4000 could be identified currently, however, in most studies between 100-600 known metabolites are detected [314][315][316][317] .

Statistical analysis

After identification and quantification of metabolites in the different conditions and replicates, quantification values were normalized to protein concentration from a Bradford assay. Metabolites were mapped to KEGG pathways 157 . Due to the limits of the level of detection, a number of metabolites (35 out of the total of 433 metabolites)

were not detected in all samples of an experiment. Chemicals that were detected in less then 50% of samples of an experiment were not analyzed any further. If in the group of samples composed as one condition, being the total of 5 replicates for that group, metabolites were detected, but not in all samples, they were given the lowest value of detection for the missing values. For univariate statistics, a Welch's t test was performed to determine whether the average level of a given metabolite in one experimental condition was different from the average level of another condition. For each condition, a q value was determined, estimating the likelihood that a statistically significant comparison is a false discovery 318 . Multivariate statistics was performed in R, version 2.12.2 319 . In order to investigate whether the up regulation of metabolites in a certain class was specific, a Fisher test was performed. The input for the Fisher test was the number of significant up-regulated versus the number of unaltered metabolites in the specific pathway divided by the total number of significantly up-regulated metabolites versus the total number of unaltered metabolites outside of the pathway.

Transcriptomic Analysis.

Unpublished microarray data generated in the lab with siCT and siEF1 from A673 and SKNMC cells (generated by Thomas Grunewald) was received and analyzed for the alterations of enzymes upon inhibition of EWS-FLI1. The GeneChip microarray data in Thomas Grunewald's experiment were performed according to the Affymetrix GeneChip Expression Analysis Technical Manual (Affymetrix, Santa Clara, CA) using HGG-U133 plus arrays. Cells Data was extracted and plotted using the GraphPad Prism software.

D. Results

EWS-FLI1 impact on cellular metabolism of Ewing sarcoma cell lines.

To test whether EWS-FLI1 influences the cellular metabolism of Ewing sarcoma cells, we performed a time-series experiment to silence the fusion protein EWS-FLI1 in the 1C cell line by adding doxycycline (supplementary Figure 2). Lysates prepared from cells at similar growth phases were analyzed using two types of mass spectrometry, LC-MS/ MS and GC-MS. This analysis of the time series of 1C with different times of EWS-FLI1 inhibition revealed that a total of 253 named metabolites were altered upon inhibition (Supplementary table 1A). After normalization to protein concentration, the level of each metabolite was compared to the level at the starting point. To visualize the changes in metabolites between the different time points, we generated a heat map, showing a shift of metabolites between early and late time points (Figure 1A). Overall, upon inhibition of EWS-FLI1, more and more metabolites became significantly altered, thus changes in metabolites became more profound at later time points, particularly at 72 and 168 hours (Supplementary Figure 3). 1C dox cells with 72 hours of doxycycline treatment revealed 34 metabolites to be significantly up-regulated upon EWS-FLII inhibition and 36 significantly down-regulated. The following time point, 168 hours showed 89 metabolites that were significantly up-regulated upon EWS-FLI1 inhibition versus 60 down-regulated metabolites. The figure shows the remaining level of EWS-FLI1 expression at the different time-points (Figure 1B).

To continue on these findings, we profiled 2 additional cell lines, A673 and SKNMC, in which we inhibited EWS-FLI1 with an siRNA or a control siRNA (Figure 1C). Cells were prepared as for 1C and analysis revealed a total of 433 named metabolites (supplementary table 1B). Clustering showed a significant change in both cell lines upon inhibition of EWS-FLI1 (Figure 1D). In order to compare metabolites that were commonly up or down-regulated in Ewing sarcoma, 218 common metabolites in 1C, A673 and SKNMC were compared (1C vs 1C dox 168 hours, SKNMC siCT vs SKNMC siEF1, A673 siCT vs A673 siEF1) (Figure 1E,1F). Both the overlap of the up-regulated as well as the down-regulated metabolites was proven to be significant (p-value of 0.0017 or 3.5x 10 -7 respectively). A full list of the metabolites that were included for the analysis is provided in annex I and II.

We next used information from the above analyses of cell lysates to identify metabolic pathways affected by EWS-FLI1 expression. We selected KEGG sub pathways that had significant and reproducible alteration in all cell lines, in several of the metabolites of the pathway. This analysis revealed that upon inhibition of EWS-FLI1, there were major changes in 1) glucose levels, 2) cysteine derivatives gammaglutamylglutamate and Cysteine-glutathione-disulfide, 3) N-glycosylation precursors GDP-Fucose and N-acetylneuraminate 4) several fatty acid levels and 5) kynurenine levels. We then mapped these data to simplified versions of the pathway in which these metabolites play a role (Figure 23456). In the next paragraphs, more detail will be given concerning these 5 altered pathways.

Kynurenine was identified as one of most up-regulated metabolites in the absence of EWS-FLI1 across all experiments.

Being one of the key elements of the tryptophan pathway, kynurenine, was significantly up-regulated in the absence of EWS-FLI1 protein expression (Figure 2A,2B).

Kynurenine is a metabolite of the amino acid L-tryptophan pathway, which by itself was not significantly altered by EWS-FLI1 expression (Figure 2C). Tryptophan is an essential amino acid that has previously been identified as a regulator in the immune response, as well as being involved in a number of cancers [320][321][322] . Kynurenine itself is degraded to three different metabolites, being kynurenate (unaltered by EWS-FLI1 expression), acetyl-CoA and nicotinamide adenine dinucleotide (NAD+) (Figure 2D), which were both up-regulated by EWS-FLI1 inhibition. The absence of tryptophan modulation, with the presence of modulation of kynurenine, implicated that EWS-FLI1 influences enzymes in the Tryptophan pathway. Tryptophan is typically metabolized to kynurenine by the enzyme tryptophan 2,3-dioxygenase (TDO2) but can also be degraded by the highly inducible enzyme indoleamine 2,3-dioxygenase (IDO1, IDO2), which is stimulated by pro-inflammatory cytokines such as interferon-γ and tumor necrosis factor-α [323][324][325] .

To verify the implication of IDO and TDO2 in the observed modulation of kynurenine, we investigated the modulation of IDO1, IDO2 and TDO2. Of these three, IDO1 was not expressed (data not shown), whereas IDO2 and TDO2 were up-regulated upon inhibition of EWS-FLI1 (Figure 2E,F).

II. EWS-FLI1 influences the energy metabolism of Ewing sarcoma cells.

Changes in energy metabolism, were observed in all cell lines (Figure 3A).

Changes in glucose levels, key molecule of the energy metabolism, were imminent upon inhibition of EWS-FLI1 (Figure 3B). A consistent up-regulation of glucose metabolism was seen in all cell lines. Derivatives of glucose, such as glucose-6-P and fructose 6-P (Figure 3C) were also elevated. In addition, various metabolites related to glucose metabolism including glycolytic and pentose phosphate pathway (PPP) intermediates and cofactors such as NAD+ (Figure 2D). The pentose phosphate pathway is an alternative to glycolysis. Higher levels of additional disaccharides/trisaccharides were also observed. Finally, markers of the TCA cycle such as citrate (Figure 3D) and succinate were also elevated, showing a higher entrance of metabolites in the TCA cycle. Resulting from this, a minor increase of ATP was observed (Annex 1).

When investigating enzymatic levels that correlate with the changes of the level of glucose, we see that three classes of enzymes could be of interest, being glucose transporters, enzymes in the glycolysis pathway and enzymes coupling the PPP to the glycolysis pathways. Firstly, looking at glucose transporter, the class one transporters GLUT1 was down-regulated upon EWS-FLI1 inhibition (Figure 3E). GLUT6, a gene that codes for the GLUT6 protein, a poorly described glucose transporter, has a motif that helps to retain the receptor intracellular, thereby preventing glucose transport [326][327][328] . GLUT6 was up-regulated upon EWS-FLI1 inhibition (Figure 3F). Also, ALDO RNA expression, the connecting enzyme between the PPP and the glycolysis pathway, was down-regulated upon EWS-FLI1 inhibition (Figure 3G).

III. EWS-FLI1 influences protein N-Glycosylation.

Glucose provides key precursors for protein glycosylation (Figure 4A). In this study, elevated levels for several glycosylation precursors were apparent, including N-acetylneuraminate (Figure 4B), GDP-fucose (Figure 4C) and UDP-glucuronate (Figure 4D). UDP-galactose and UDP-glucose showed more subtle changes (Supplementary data 1).

Altered levels for these glycosylation precursors suggests that one element of the treatment response was to alter protein glycosylation a process important for proper protein folding as well as for function. Protein glycosylation is tightly regulated and altered by a large number of enzymes, of which at least 16 enzymes involved in the process have been identified so far 329 . The enzymes that modify N-glycosylation reside in the ER and are constituted of phosphoglucomutases, glucosidases, UDPglucose:glycoprotein glucosyltransferases and mannosidases 330 . Altered enzyme expression upon EWS-FLI1 inhibition was investigated and both mannosidases such as MAN (Figure 4E), the glucosyltransferase GALT (Figure 4F) and the phosphoglucomutase PGM (Figure 4G) were altered.

IV. EWS-FLI1 influences the level of free fatty acids.

Cancer cells typically do not use fatty acids for energy production but instead conserve them for their increased biosynthesis and increased membrane production necessary for the increased cell growth. One of the most consistent changes in the dataset included accumulation of numerous medium-chain, long-chain, monounsaturated and polyunsaturated fatty acids with EWS-FLI1 inhibition, a metabolic signature overwhelmingly present with EWS-FLI1 silencing (Figure 5A). Fourteen out of twentyfive commonly altered metabolites were up-regulated fatty acids (Supplementary data 1). This overrepresentation of fatty acids was significant in all cell lines (Supplementary table 2). Examples of free fatty acids resulting from membrane and complex lipids are choline phosphate (Figure 5B), docosahexaenoate (Figure 5C) and eicosapentaenoate (Figure 5D). An increase in fatty acid levels can be caused by three groups of enzymes.

First of all, glucose directs metabolites in the direction of fatty acid synthesis at the level of citrate, a reaction that requires the expression of enzyme FASN (Figure 5E), which is slightly decreased. Additionally, the levels of transcription of fatty acid synthesis enzymes could also be increased. The regulator that causes this is SREBF1, which is also reduced (Figure 5F) 331 . Fatty acid levels might also be increased by an increased rate of degradation, meaning more complex lipids or membrane lipids are transported and converted to simpler fatty acids by CPT1, which was the most apparent option from the metabolics data. EWS-FLI1 appears to have a strong influence on CPT1 levels, significantly up regulating the enzyme CPT1 when EWS-FLI1 was inhibited (Figure 5G). This indicated that the up-regulation of simple fatty acids is most likely indeed due to a degradation of more complex lipids.

V. EW-FLI1 and its role in Glutathione metabolism.

The powerful regulator in cellular redox status, glutathione, plays an important role in the response to reactive oxygen species and oxidative stress in cancer. In our study, silencing of EWS-FLI1 expression in cells appears to influence glutathione metabolism at several levels (Figure 6A). EWS-FLI1 induces increased glutathione synthesis and greater oxidative stress as shown by elevated levels of the glutathione precursors methionine and cysteine, slightly increased reduced glutathione (GSH) and oxidized glutathione (GSSG) (Figure 6B).

Similarly, higher levels of the glutathione degradation/turnover products cysteinylglycine, along with increased γ-glutamyl amino acids (AA), such as for example gamma-glutamylglutamate (Figure 6C) were also observed when EWS-FLI1 was inhibited. Increased glutathione production, turnover and oxidation was accompanied by higher levels of several metabolite markers of oxidative stress, including cysteine sulfinic acid, 7-beta-hydroxycholesterol and cysteine-glutathione disulfide (Figure 6D).

Many enzymes in the pathway are non-affected by EWS-FLI1. However, CTH expression, converting cystathionine to cysteine (Figure 6E) and GSTM4, deriving GSH to R-S-glutathione (Figure 6F) are up-regulated.

EWS-FLI1 and energy metabolism.

The best-described metabolic aspect of cancer is changes in the energy status, most notably the Warburg effect, a term used to describe the preference for tumor to use anaerobic glycolysis even in the abundance of oxygen 149 . Here, we showed that EWS-FLI1 knockdown induces multiple changes in the cellular metabolome, particularly at the level of energy metabolism. Overall, the observed changes were consistent with an energy profile that moved from a cancer cell energy metabolism towards the energy metabolism of a more normal cell, based on the activity of the TCA cycle. Inhibition of EWS-FLI1 thus creates a strikingly partial reversion of the Warburg effect. Several molecules had a decreased level at day 7 of doxycycline treatment of 1C cells, or were increased respectively. A similar pattern was observed in A673 and SKNMC siEF1 cells in comparison to controls. Glucose, the key molecule of the energy pathway, was increased in all cell lines, indicating that less glucose is burned, also consistent with a partial reversal of the Warburg effect, due to the inhibition of the cancerous phenotype 332 . EWS-FLI1, which had previously been shown to be responsible for the oncogenic transformation of Ewing sarcoma, thus has shown to be directly linked to the rewiring of the energy metabolism of the cell, being directly implicated in the Warburg effect. EWS-FLI1 hereby joins different oncogenes, such as c-MYC and NFκB, that have already been proven to play such a direct role in the Warburg effect [333][334][335] . EWS-FLI1 thus appears to acquire its target genes to the Warburg effect, as this cancer gene directly regulates metabolic enzymes and metabolites.

Although 4 to 25 fold changes of glucose levels in the different cell lines upon EWS-FLI1 were shown, the question arises why the TCA intermediates and ATP level are not increased at similar levels. A possible explanation could be the diminished cell growth after inhibition of EWS-FLI1. Indeed, 1C cells treated with doxycycline display reduced cell proliferation [START_REF] Tirode | Mesenchymal stem cell features of Ewing tumors[END_REF] . Due to this diminution of the increased cell proliferation observed in cancer, less glucose is needed, thus the levels of glucose are elevated. The rate of glucose utilization is coordinated with other pathways of energy generation and utilization, PPP and the TCA cycle 336 . With a diminution of the expression of glucose transporters, less glucose is imported into the cell. However, the diminution of ALDO levels, the connection between the PPP and glycolysis, is of lesser presence, thus less glucose is transported to the PPP. Alternatively, the increased levels of glucose can also be explained by a (partial) "stalled" glucose metabolism and accumulation of excess metabolites. The static nature of these measurements makes directionality difficult to assess and these two possibilities will require further investigation.

Additionally, glycosylation precursors, linked to the glucose metabolism, are found to be elevated in EWS-FLI1 inhibited cells. N-linked glycosylation, part of the posttranslational modifications, is indispensable for normal cellular function; it is a universal process that takes place in the endoplasmic reticulum (ER) and Golgi apparatus in all eukaryotes and is essential to survival 337 . One of the reasons behind is that this process is for some of the proteins to be folded, a sugar needs to be added to the chain 338,339 . Also, sometimes glycosylation leads to a more stable protein, as non-glycosylated proteins degrade faster 339 . Thirdly, glycosylation plays a role in cell-cell adhesion 339 . Glycosylation may play a role in Ewing sarcoma, as has previously been shown by Girnita et al 317 .

N-linked glycosylation was shown to be essential for the translocation of IGF1R to the cell surface, IGF1R being a target of EWS-FLI1 308,[342][343][344] .

EWS-FLI1 and cellular redox status.

Two of the clearest changes were changes in both kynurenine and glutathione levels. Both are presumed to be interconnected and in connection with both redox status 345,346 . The up regulation of kynurenine indicates that EWS-FLI1 has a specific role in the metabolism of tryptophan, which could indicate both a paracrine and autocrine effect on the Ewing sarcoma cell 347 . Kynurenine, a derivative of tryptophan, is degraded by both IDO2 and TDO2, which in turn are stimulated by pro-inflammatory cytokines such as interferon-γ and tumor necrosis factor-α. In addition, elevations in the kynurenine metabolite 3-hydroxykynurenine (KMO), which also serves as a marker of oxidative stress, were observed with EWS-FLI1 silencing. Taken together, these findings are suggestive of increased oxidative stress in Ewing sarcoma cells and an inflammatory response in upon silencing of EWS-FLI1 expression.

EWS-FLII and biosynthesis.

Some of the most noticeable changes of Ewing sarcoma cells after inhibition of EWS-FLI1 were the increased levels of free fatty acids. The elevations in free fatty acids may be reflective of increased synthesis, reduced fatty acid β-oxidation and/or decreased incorporation into or increased release from phospholipids and other membrane and complex lipids. Alterations in synthesis and β-oxidation in Ewing sarcoma cells were not apparent from the data however, clear changes in membrane and complex lipids were observed with loss of EWS-FLI1 expression, suggesting that increases in free fatty acids may be attributable to changes in membrane turnover/ remodeling. Alterations in fatty acid metabolism are increasingly being recognized as being indicative metabolic markers in cancer cells. Fatty acids are present in several forms, either as saturated, unsaturated or as free fatty acids. They serve a variety of purposes in the cell, being important among others for energy storage, membrane proliferation and the generation of signaling molecules. They therefore are thus considered important players in the increased biosynthesis of cancer cells 348 . Our study has shown most likely the complex lipids and membrane lipids are broken down to simpler molecules, as shown by the metabolics data as well as the increase of CPT1, CPT1 conjugates fatty acids with carnitine to translocate them to the mitochondria, where the acylcarinitines undergo fatty acid oxidation 349 . Knowing that inhibiting EWS-FLI1 slows down proliferation and could lead to apoptosis, it could be thought that the accumulation of membrane phospholipid precursors and free fatty acids were no longer required to meet increased growth demands [START_REF] Tirode | Mesenchymal stem cell features of Ewing tumors[END_REF]350 . Thus, Ewing sarcoma seems to rely extensively on fatty acids for membrane formation. It could therefore be of interest to see whether limiting the supply of fatty acids or increasing the rate of fatty acid degradation can be of therapeutic benefit, as several pharmacological tools to manipulate fatty acid oxidation have recently been described, while keeping in mind that the fatty acid metabolism can be modulated in multiple points in the fatty acid pathway 351 . The influence of EWS-FLI1 on the glucose metabolism. A) EWS-FLI1 influences the energy production of Ewing's sarcoma cells. EWS-FLI1 upregulates several of the metabolites in the glycosysis pathway, such as B) Glucose, C) Fucose-6-P. Also markers of the TCA cycle such as D) citrate are upregulated. E) mRNA levels of GLUT1, a major glucose reporter is down regulated, whereas mRNA levels of F)GLUT6, an intracellular receptor that prevent glucose transpor a is upregulated. G) mRNA levels of ALDO, an enzyme connecting the PPP to the glycolysis pathway, is downregulated. 

B. Context

Ewing sarcoma, a sarcoma first described by Dr. James Ewing in 1921, is the second most commonly occurring pediatric bone tumor with a median peak incidence in the second decade of life. Ewing sarcoma primarily occurs in bone, especially in the pelvis, the diaphyseal regions of the long bones and bones of the chest wall, but a small fraction of primary tumors arises in extraskeletal soft tissue. Ewing sarcoma is associated with a chromosomal translocation leading to a fusion gene between the EWS RNA binding protein and an ETS transcription factor. In about 85% of the cases, the translocation is an EWS-FLI1 gene fusion, leading to the EWS-FLI1 fusion protein.

The chimeric protein acts as an aberrant transcription factor and is thought to induce transformation through its de-or dysregulation of cell growth and differentiation. This oncogene is expected to aberrantly regulate hundreds of genes, which may finally contribute to transformation and tumor growths and/or metastasis.

Ewing sarcoma is treated by multimodal regimens consisting of local surgery, radiotherapy and intensive chemotherapy. Currently, the average 5-year survival rate of patients with localized disease is approximately 70-75% [START_REF] Bacci | Pattern of relapse in 290 patients with nonmetastatic Ewing's sarcoma family tumors treated at a single institution with adjuvant and neoadjuvant chemotherapy between 1972 and 1999[END_REF][START_REF] Esiashvili | Changes in incidence and survival of Ewing sarcoma patients over the past 3 decades: surveillance epidemiology and end results data[END_REF][START_REF] Gupta | Clinical outcome of children and adults with localized Ewing sarcoma: impact of chemotherapy dose and timing of local therapy[END_REF] . Nevertheless, the longterm survival for patients with metastatic, refractory or relapsed disease is significantly reduced, being around 35% [START_REF] Ladenstein | Primary disseminated multifocal Ewing sarcoma: results of the Euro-EWING 99 trial[END_REF][START_REF] Paulussen | Ewing's tumors with primary lung metastases: survival analysis of 114 (European Intergroup) Cooperative Ewing's Sarcoma Studies patients[END_REF] . Metastatic disease thus poses a challenge, as relapse is frequent despite the aggressive treatment. These challenges thus indicate the need for novel therapeutic targets. In recent years, the search for a better therapeutic target for Ewing sarcoma as for many other cancers has focused on the development of personalized therapy, driven by the premise that it will increase therapeutic efficacy and reduce toxicity. However, the development of drugs for these targets that selectively kills tumor cells, without causing damage to the normal cells of the body remains challenging. Given its essential role in the biology of Ewing sarcoma, inhibition of its oncogene EWS-FLI1 would appear to be a perfect for targeted therapy. However the inhibition of transcription factors appear to be very challenging, therefore, several studies have focused on instead targeting downstream effectors of EWS-FLI1 in Ewing sarcoma. Examples of such studies are the inhibition of PRKCβ or the inhibition of IGF1R 142,308 .

Several targeted therapies based on this principle were in clinical trials, such as Figitumumab an anti-IGF1R antibody 352,353 . Some patients have shown remarkable responses to these IGF1R-blocking antibodies however, as for most single agent targeted therapies, disease progression and resistance is also a common phenomenon observed in these trials.

An alternative approach that has been suggested to find new therapeutic targets is the concept of synthetic lethality, the idea that mutations in two genes combined are lethal, whereas a mutation in only one of the genes is not 354 . Examples of successful synthetic lethal interactions are PARP inhibition in BRCA1/2 breast cancers, or GATA inhibition in mutated KRAS NSCLC [278][279][280]288 . To systematically study disease related genes essential for cell survival and proliferation in the Ewing sarcoma context and to identify synthetic lethal genes that are specific to Ewing sarcoma cells harboring the EWS-FLI1 fusion gene, we performed a functional shRNA screen. The purpose of this screen was not only to identify essential genes for cell survival and proliferation, but also to identify synthetic lethal genes in the context of Ewing sarcoma.

C. Materials and Methods

Cell lines

The doxycycline inducible cell line A673-1C, previously generated in the lab by Tirode et al., was grown in DMEM containing 10% FBS (Eurobio, Courtaboeuf, France), 1% P/S, Blasticidine (Life technologies, Saint Aubin, France) (20 mg/ml) and Zeocin (Life technologies, Saint Aubin, France) (200 mg/ml) [START_REF] Tirode | Mesenchymal stem cell features of Ewing tumors[END_REF] . For the doxycycline-inducible silencing of the 1C cell line, doxycycline was used at a concentration of 1 μg/ml, exhibiting strong inhibition of EWS-FLI1. Ewing sarcoma cell lines, A673 and SK-N-MC, were grown in DMEM and RPMI 160 respectively (PAA laboratories, GE Healthcare, Vélizy-Villacoublay, France) containing 10 % FBS (Eurobio, Courtaboeuf, France) and 1% P/S. During the shRNA screen, cells were grown in 5-layer flasks (Millipore, Darmstadt, Germany).

Lentiviral production

An shRNA library, consisting of 5400 disease related genes (Cellecta Human Library 2), was purchased from Cellecta (Mountain View, CA, USA). Lentiviral stocks were prepared using the 293T packaging cell line. Cells were plated over three days without antibiotics so that they were 70% confluent at the time of transfection. Lentiviral packaging plasmids consisting of a mixture of VSV-G, pPAX, (Addgene, Cambridge, MA, USA) were mixed with the plasmids from the shRNA library and used to transfect 293T cells using calcium phosphate Clonetech kit (CalPhos™ Mammalian Transfection Kit, Saint-Quentin-en-Yvelines Cedex France) according to the manufacturer's protocol.

Virus-containing supernatants were collected from cell cultures at 72 h post-transfection, filtered and stored at -80 °C. The titer was determined by puromycin selection at 1 x 10'7 infectious units/ml. Virus was only used after one freeze-thaw cycle.

Pooled shRNA screen

1C cells were thawed, grown and split into two parts. 1C and 1C dox cells were plated and grown 7 days before the start of the screen. A total of 20 x 10'6 target cells for eight replicates for both conditions were seeded in 10 cm diameter plates.

12 hours after plating, the medium was replaced for fresh medium containing 1 μg/ ml polybrene, to select shRNA-harboring cells. Both conditions were infected with the pool of 27500 viruses at a multiplicity of infection (MOI) of 0.3. Cells were left in culture to be transducted overnight. 12 hours after transduction, the medium was replaced for new medium containing 1 μg/ml puromycin. 24 hours after transduction, cells were trypsinized, the total of cells on different plates for one replicate transduction were pooled and passed into a 5 layer T150 flasks.

Cells of the 3 replicates of both conditions were harvested by centrifugation, washed once in PBS and stored at -80°C for subsequent DNA purification and used as reference time points, the other 5 replicates continued to be in culture. For subsequent passages, cells were passed at confluence, approximately twice a week. For every passage a minimum of 27 x 10'6 cells was left in culture, representing each shRNA 1000 times, while the remaining cells were harvested.

After 10 doublings, all cells were harvested, a total of 100 x 10'7 cells. Final harvests and starting harvest of the infected cells were used for analysis. Genomic DNA was isolated; shRNAs were amplified, followed by high-throughput sequencing (Illumina) as deconvolution method, as described previously 355 .

shRNA scoring

The barcodes were converted to genes using a bar code Analyzer and deconvoluter key from Cellecta (http://www.decipherproject.net/software/). Most of the 5400 genes were represented by at least 5 shRNAs (range 4-6 shRNAs, excluding control genes).

After analysis, 418 shRNAs were deleted from analysis, as the sequence of the shRNA was redundant. Control shRNAs target Actin 1 (ACTA1), β-actin (ACTB), Glyceraldehyde 3-phosphate dehydrogenase (GAPDH), Luciferase (Luc), polo-like kinase 1 (PLK1), DNAdirected RNA polymerase II subunit (POLR2B), Retinoblastoma-Related Protein 2 (RBL2), RING-box protein 1 (RBX1), Eukaryotic translation initiation factor 3 subunit A (EIF3A) and Kinesin family member 11 (KIF11). Both unsupervised and consensus clustering of the shRNA depletion and enrichment profiles determined replicate reproducibility.

To determine the genes most important for gene proliferation and survival, as well as synthetic lethal genes, genes were selected by p-value and fold change. Cut-off values were 0.01 and 1.5 respectively. In order for a gene to be selected, the gene should at least carry 2 or more shRNA that confer the required phenotype.

DAVID analysis

Gene ontology functional annotation analysis was performed using DAVID 356,357 .

The input was the selected essential gene list, while using the whole gene list as background. The analysis was performed with an ease of 0.001, a Bonferroni correction and a minimum count of 5.

Plasmid transfection

Individual PKD1 shRNAs clones for validation were purchased from Cellecta (Mountain view, CA) in pRSI16-U6-(sh)-HTS6-UbiC-TagRFP-2A-Puro, Cellecta205360 961|NM_000296.3|PKD1|12358 (shRNA # 1), Cellecta205360961|NM_000296.3|P KD1|12359 (shRNA # 2) and Cellecta205360961|NM_000296.3|PKD1|12360 (shRNA #3). Cells were seeded and left overnight to adhere, for 60-80% of confluence, at the time of transfection. shRNAs were transfected short time using JetPrime transfection buffer and reagent according to the manufactures' protocol (JetPrime, Polypus, Strasbourg, France).

Isolation of RNAs

Total RNAs were isolated using the Nucleospin Total RNA isolation kit (Macherey Nagel, Hoerdt, Germany). RNAs were isolated at harvest points to ensure the down regulation of EWS-FLI1 throughout the screen. To validate down regulation of PKD1, total RNAs were harvested 3 days after transfection.

Reverse transcription Quantitative PCR (RT-qPCR)

cDNAs were synthesized from 500 ng of RNA using the High-Capacity cDNA Reverse Transcription Kit RT kit (Applied Biosystems, Life Technologies, Saint Aubi, France). Reverse transcriptase reactions were performed in 20 μl. cDNAs were diluted 1/10 and 9 μl of diluted RT product was used for the qPCR. Gene expression was analyzed using SYBR PCR Master mix with an AB7500 Real-time PCR system (Applied Biosystems, Life Technologies, Saint Aubi, France). Results were normalized to GAPDH and quantified by the ddCt-method. Primers are listed in Supplementary Methods.

Cell counting

In order to address cell number and viability, cells were transfected and selected with puromycin for 96 hours. Cells were counted in a Beckman vi-Cell XR cell viability analyzer in a total volume of 1 ml.

Transcriptomic Analysis.

Previously published data showing the modulation of genes after EWSR1-FLI1 inhibition using the 1C model published by Tirode et al were downloaded and analyzed to study gene alterations [START_REF] Tirode | Mesenchymal stem cell features of Ewing tumors[END_REF] .

D. Results

Pooled screen identifies genes essential for cell growth and survival.

Ewing sarcoma 1C cells were split, after which one part was treated for 7 days with doxycycline, to conditionally inhibit and stabilize the expression of EWS-FLI1. After 7 days, the cells were plated, left for 12 hours to adhere, infected at an MOI of 0.3 with the library of 27500 shRNAs covering 5400 genes. 200 copies of each shRNA were infected for each condition in each replicate. A total of 8 replicates per condition were infected, 3 replicates for each start point, called 1C start and 1C dox start cells, 5 replicates for the final time point, 1C end and 1C dox end . 24 hours after infection, cells were selected by puromycin and cultured in the continuous presence or absence of doxycycline, for a total of 10 doublings (Figure 1A). 1C start and 1C dox start cells that were used as a starting point control were harvested at 3 days after infection. The two different groups, 1C end and 1C dox end , were harvested after these 10 doublings. 1C and 1C dox do not portray the same rate of proliferation, therefore both conditions were passed independently of one another at confluence [START_REF] Tirode | Mesenchymal stem cell features of Ewing tumors[END_REF] .

After proliferation, the shRNAs were isolated, amplified and quantified. The entire of the 27000 shRNAs that had been infected into the different conditions could be retrieved in the 1C start and 1C dox start replicates, verifying that the infection had been successful. Reproducibility of short hairpin RNA (shRNA) enrichment and depletion profiles was evaluated across the experimental replicates, as a quality control. The 1C end , 1C dox end and 1C start and 1C dox start replicates clustered closely by both unsupervised and consensus clustering of shRNA depletion and enrichment profiles, attesting to the robustness of the screens (supplementary Figure 3). As 1C start and 1C dox start clustered consistently together and no differences were observed between both conditions, they were pooled according to this cluster analysis and thus considered as one group that will be referred to as 1C start . Since lentiviral shRNA integrates into the genome of a target cell, if a given shRNA decreases cell viability, the relative abundance of that shRNA will decrease over this period, therefore the shRNA can no longer be identified and will thus "drop-out" of the results. Following this analysis, we can thus identify shRNAs that "drop out" specifically when carrying an EWS-FLI1 gene fusion (1C end ) versus cells that are inhibited for EWS-FLI1 (1C dox end ).

Comparisons between the shRNA representations at the end of the experiment versus the start of the experiment and between the different treatment arms were performed. This led to a rank of each gene, based upon the ranking of shRNA sets determined by the full list of 27K shRNAs. Positive and negative control genes in the screen were verified and proven to be inhibited versus non-affected, thus providing an internal control of the screen. This study has resulted in the identification of a number of genes essential to the growth and survival phenotype in Ewing sarcoma cells, thus identifying essential genes for 1C end and 1C dox end , as well as genes essential for 1C end or 1C dox end alone. Selection criteria that were used for the identification of genes essential in both conditions were a Fold Change (FC) of 2.5 between 1C start and 1C end or 1C dox end and a p-value equal to or lower then 0.01. In order for a gene to be selected, at least two shRNAs needed to portray the phenotype. Firstly, a group of genes was identified that was proven to be essential for both 1C and 1C dox, constituting of 789 genes (Figure 1B). A comprehensive list of the 789 ranked genes, along with annotation for the shRNA clones, is provided in annex III. A functional analysis was performed for these commonly essential genes identified in the screen using DAVID, to further specify the nature of the different groups of genes 356,358 . The DAVID analysis was performed using the whole infected gene list as background whereas the identified essential genes were given as input. This gene ontology analysis revealed a strong enrichment in spliceosome genes, genes connected to the ribosome, genes involved in GPCR signaling as well as genes involved in mRNA processing (Table 1).

Pooled screen identifies specific for 1C and 1C dox.

To identify candidate genes that were specific to either 1C or 1C dox, 2 comparisons were made, being between1C start and 1C end and between 1C end and 1C dox end or between 1C start and 1C dox end and 1C dox end and 1C end respectively. For the genes specific to 1C, shRNAs were selected that had a 2.5 FC between1C start and 1C end , with a p-value equal to or lower then 0.01. For the second comparison, 1C end and 1C dox end , shRNAs were selected with a FC of 2.5 and a p-value equal to or lower then 0.05. 282 shRNAs were specifically killed in 1C and not 1C dox, thus portraying a synthetic lethal phenotype, but only genes were selected that had 2 shRNAs against the gene. In total, the screen thus identified 4 genes that are synthetic lethal (kill 1C end but not 1Cdox end , Figure 1B, grey section). For genes specific to 1C dox, the same comparisons were made, a 2.5 FC between 1C start and 1C dox end , with a p-value equal to or lower then 0.01 and a 2.5 FC between 1C end and 1C dox end and a p-value equal to or lower then 0.05. 668 shRNAs were selected, resulting in 21 genes that are specific to 1C dox. A list of genes specific to 1C dox is provided in annex IV.

PKD1 is identified as synthetic lethal candidate gene.

The 4 genes that were selected as candidate synthetic lethal genes, polycystic kidney disease 1 (autosomal dominant) (PKD1), olfactory receptor, family 6, subfamily C, member 70 (OR6C70), trypsin X3 (TRYX3) and thioredoxin-like 4A (TXNL4A) each had 2 shRNAs against the phenotype (Figure 1C). These four genes were not particularly linked to each other, belonging to different classes (Figure 2A): the Transient Receptor Potential Polycystic (TRPP) family, the olfactory gene family, the protease family and a gene involved in pre-mRNA splicing respectively. In order to select the genes for validation, genes were investigated for function, expression in Ewing sarcoma and the absence of modulation by EWS-FLI1. The results are indicated in Figure 2. PKD1, coding for a glycoprotein primarily identified in polycystic kidney disease, was chosen for further validation, as it was expressed in Ewing sarcoma, non-modulated by EWS-FLI1 and literature covering the gene was available.

PKD1 is validated as synthetic lethal candidate gene.

3 PKD1 shRNA were selected for validation. Cells were plated, left to adhere for 24 hours, after which they were double transiently transfected, with a combination of an shRNA targeting EWS-FLI1 (shEF1) and a control non-targeting sequence (shCT) or shEF1 and an shRNA targeting PKD1 (shPKD1). This approach was chosen as transfection with an shPKD1 in Ewing sarcoma cells is lethal and thus results in a decrease in RNA quality, whereas it is not in shEF1 transfected cells. RNA was harvested 3 days after transfection. The level of knockdown of PKD1 was verified by RT-QPCR, indicating that the shRNAs against PKD1 significantly knocked down PKD1 mRNA levels (Figure 3A)

Validation experiments for the PKD1 synthetic lethal gene were carried out in A673, SKNMC and EW24 cells. These three Ewing cell lines were transiently transfected with shPKD1 and shCT or shEF1. These cells were grown for four days and counted at 4 days after transfection. shPKD1 cells with EWS-FLI1 expression, were significantly decreased in cell number in comparison to the cells that were inhibited for EWS-FLI1 using all 3 shRNAs (Figure 3B). When cells did not express EWS-FLI1, knockdown of PKD1 did not result in a significant loss of viable cells.

E. Discussion

The performed high-throughput shRNA screen in Ewing sarcoma has resulted in 3 categories of genes, being genes essential to both 1C and 1C dox, genes specific to 1C dox but not to 1C and genes that are specific to 1C but not to 1C dox, the latter considered to be synthetic lethal genes. The group of essential genes was expected to contain genes that encode proteins with basic cellular functions, such as genes that for DNA replication, genes involved into translation and genes involved in transport processes [359][360][361] . Not surprisingly, many of the genes that were in this group were related to spliceosome, ribosome, RNA splicing and processing and RNA metabolic processes.

Next to this, a group of specific to 1C dox as well as a group specific to 1C, the so-called synthetic lethal genes. In comparison to the synthetic lethal gene group, the group of genes specific to 1C dox is bigger. This could be explained by the fact that 1C dox cells undergo morphological changes, a slow down of proliferation and show some apoptosis [START_REF] Tirode | Mesenchymal stem cell features of Ewing tumors[END_REF] . It could therefore be thought that these cells are somewhat more sensitive for inhibition of specific genes in comparison to 1C cells.

PKD1 was identified as the causative gene of Autosomal polycystic kidney disease. 362 PC-1 is involved directly and indirectly on several signaling pathways that are involved in cellular growth and differentiation, such as wingless-type MMTV integration site family (WNT), Janus kinase/ Signal Transducers and Activators of Transcription (JAK/STAT), nuclear factor of activated T-cells (NFAT), mTOR, PI3K, MAPK and AKT pathways. [363][364][365][366][367] PC-1 has been shown to phosphorylate AKT, leading to up regulation of downstream targets of AKT, a pathway commonly up-regulated in cancer 368 . Therefore, PC-1 inhibition could be selectively killing cells due to the inhibition of the AKT pathway.

Further functional validation is needed to clarify which pathways are underlying the effect and how to best exploit this phenotype.

In summary, we have performed a high-throughput shRNA screen that identified PKD1 as a synthetic lethal target in Ewing sarcoma. It was validated in several Ewing sarcoma cell lines, suggesting that selective targeting of PC-1 might be effective and selective against Ewing sarcoma cells. This gene encodes a member of the trypsin family of serine proteases. This gene and several related trypsinogen genes are localized to the T cell receptor beta locus on chromosome 7. This gene was previously described as a trypsinogen-like pseudogene, but it is now thought to be a protein-coding gene.

No TXNL4A Thioredoxin-like 4A

Essential role in pre-mRNA splicing as component of the U5 snRNP and U4/U6-U5 tri-snRNP complexes that are involved in spliceosome assembly.

Induced by EWS-FLI1 in 1C The EWS-FLI1 fusion protein in Ewing sarcoma acts as a transcriptional regulator to modulate a large network of target genes expression and ongoing EWS-FLI1 expression which is required for maintenance of transformation [START_REF] Prieur | EWS/FLI-1 silencing and gene profiling of Ewing cells reveal downstream oncogenic pathways and a crucial role for repression of insulinlike growth factor binding protein 3[END_REF]126,133,143,369 . Although the role of EWS-FLI1 in transcriptional regulation is well documented, little is understood about the role of EWS-FLI1 in the metabolism of Ewing sarcoma. This dissertation focuses on getting a better understanding of the metabolism of Ewing sarcoma to more precisely understand the metabolics of this cancer in general and the metabolic regulation of EWS-FLI1 in particular by using a GC-MS and LC-MS-MS approach.

P K D 1 O R 6 C 7 0 T R Y X 3 T X N L 4 A
The global metabolic analysis performed has identified twenty-four commonly changed metabolites in different pathways, implicated in processes such as energy metabolism, the tryptophan pathway, N-glycosylation, fatty acid synthesis and glutathione metabolism. This study has specifically implicated the regulation of EWS-FLI1 on the metabolite kynurenine, a derivative of the amino acid tryptophan.

A better understanding of the specific cancer cell metabolics is relevant on two counts:

1) oncogenic transformation processes are complex and molecular mechanisms that underlie metabolic reprogramming of cancer cells are complex. Together with alterations at a genomic level and oncogenic signaling, this of course coincides with changes at a metabolic level. The interaction between both is highly dynamic and influential. As recent years have shown a strong EWS-FLI1

signature on a genomic level, the integration of metabolics data could thus improves our knowledge and understanding of this childhood tumor 370 . More specifically, the metabolites in the tryptophan pathway that are influenced by EWS-FLI1 appear to play a role in metastasis and immune invasion and response to treatment, described in part B.

2) Metabolics could have an influence on treatment response. In a paper by Scotlandi, they identified genes related to treatment response to chemotherapy 371 .

After the identification of a set of genes, they performed a gene ontology analysis, identifying pathways that were altered upon response to chemotherapy. Seven of the 12 pathways that were identified related to metabolism (glutathione, cyanoamino acid, taurine and hypotaurine, arachidonic acid, pyruvate metabolism) or biosynthesis (monoterpenoid or fatty acid biosynthesis). The others were related to gap junction or to pathways related to the nervous system development and functions. Some of these pathways may be altered in response to chemotherapy in all cancer types; some may be (in)directly linked to or supported by the EWS-FLI1 oncogene. In this project, some of these pathways, such as the glutathione pathway and fatty acid biosynthesis, have been observed

as altered upon EWS-FLI1 inhibition in Ewing sarcoma.

A number of questions will remain after this project. As many metabolites have been significantly increased upon EWS-FLI1 inhibition, the question arises whether this effect is a true valid up regulation of the specific pathway or a stalling of the already present metabolites upon the decreased cell proliferation. The method we used does not have the possibility to differentiate between both hypotheses, as the metabolites are measured at one specific time, not taking in account the dynamic flux in the cellular model underlying the metabolic changes. In the course of my PhD, several dynamic methods have emerged for probing transients in cellular metabolism, being one dynamic metabolic flux analysis (MFA) 372 . MFA measures the flow of carbon through intracellular biochemical pathways of a cancer cell, thereby dynamically measuring the metabolite level of different pathways. This could be a nice addition to the existing current method, to further continue our understanding of the metabolics behind EWS-FLI1.

B. The influence of kynurenine on Ewing sarcoma

Kynurenine, a derivative of the amino acid tryptophan, was identified as being majorly up-regulated upon inhibition of EWS-FLI1. Kynurenine could be of importance for treatment response and resistance in Ewing sarcoma. The current work has led to a hypothesis concerning the involvement of kynurenine in the Ewing sarcoma cell.

During my thesis, Georges-Alain Franzetti, a fellow PhD student, did a proteomics study after inhibition of the fustion protein, to identify proteins that are altered upon EWS-FLI1 inhibition. One of the major pathways that his work has identified is the aryl hydrocarbon receptor (AHR) pathway, a pathway in which several proteins were altered (Figure 1A). The AHR itself is repressed by EWS-FLI1. Kynurenine has been identified as an endogenous ligand of the AHR, linking both project together 347 .

AHR is a ligand-dependent basic helix-loop-helix-Per-ARNT-Sim (PAS)-containing transcription factor that responds to a variety of exogenous and endogenous chemicals with the induction/repression of expression of series of genes that influence a wide spectrum of biological and toxic effects in a variety of species and tissues [373][374][375][376] . When AHR is not ligand bound, it is located in the cytoplasm, in a chaperone complex with HSP90, AIP, p23 and c-SRC [377][378][379] (Figure 1B). After AHR binds to a ligand, it disassociates from its chaperones and undergoes a conformational change that exposes its nuclear localization signal (NLS), which then is responsible for the translocation to the nucleus 380 .

Here, it forms a heterodimer with aryl hydrocarbon receptor nuclear translocator (ARNT). The heterodimer then binds to a dioxin-responsive element, through which it influences a large quantity of genes involved in carcinogen and drug metabolism.

AHR has been implicated in different cellular processes, such as tumorigenesis, inflammation, embryogenesis, cell motility and migration, inflammation and transformation. Deregulation of these physiological processes is known to contribute to events such as tumor initiation, promotion and progression 381 . Additionally, AHR has been considered a major regulator of xenobiotic-induced carcinogenesis, thereby contributing to treatment resistance.

Kynurenine could potentially be involved in drug metabolism through its interaction with the AHR. In this hypothesis, kynurenine levels are elevated in cells with lower EWS-FLI1 expression. AHR is simultaneously up-regulated in those cells.

When kynurenine binds to AHR, it thus dissociates from its chaperones, translocates from the cytosol to the nucleus, where it binds to ARNT. Here it interacts with specific sequences in target genes to control their transcriptional activity, such as phase I and II xenobiotic enzymes and estrogen signaling pathways. Phase I and II xenobiotic metabolic were to be up-regulated upon EWS-FLI1 binding (Figure 1C).

This opens up new exiting future research opportunities in the interaction between metabolics and genetics.

This theory seems somewhat paradoxical, as Ewing sarcoma cells are characterized by a high expression of EWS-FLI1. However, more and more it becomes known that the level of expression of protein biomarkers in a tumor is not equal, but rather a diversity existing at different genetic and epigenetic levels [382][383][384] . When continuing a bit on this idea, it could be hypothesized that fluctuations at the level of oncogene expression can differentiate between different tumor cells. One could hypothesize then that it is those cells that have a low expression of EWS-FLI1 that are eventually responsible for its influence on treatment resistance. In these cells, the up regulation of kynurenine can activate AHR, which by consequence induces those phase I and II enzymes, thereby playing a role in the elimination and detoxification of xenobiotics 385 .

This hypothesis could be verified by introducing a GFP-AHR receptor in the cell, after which cells are inhibited for EWS-FLI1. If the increase in kynurenine and the increase AHR expression is sufficient upon EWS-FLI1 inhibition, kynurenine will bind to the AHR, translocating to the nucleus, a change that could be verified by fluorescent microscopy, or separating the different cellular fractions, the nucleus and cytosol for western blot.

A second hypothesis on how kynurenine contributes to tumorigenesis concerns the immune system. Kynurenine is a regulator of antitumor immune responses via the AHR. Tryptophan is degraded to kynurenine via two enzymes, being TDO2 and IDO.

Both IDO and TDO2 are capable of suppressing tumor immunity and promoting immune evasion, due to the depletion of tryptophan and the formation of kynurenine 347,[386][387][388] . Depletion of tryptophan in the local microenvironment results in the activation of the general control nonderepressible 2 (GCN2) kinase, a serine/threonine-protein kinase that senses amino acid deficiency through binding to uncharged transfer RNA (tRNA) and tolerance of T cells 389 . The increased amount of kynurenine binds the AHR in tumor cells and T cells, that once activated results in tolerance in T cells and leads to enhanced clonogenic survival and motility in tumor cells 347,390 . situation that one could hypothesize that there is an increased immune suppression and enhanced motility in tumor cells. In fact, it was previously shown that inhibition of EWS-FLI1 expression increased cell migration of Ewing sarcoma cells [START_REF] Chaturvedi | The EWS/FLI oncogene drives changes in cellular morphology, adhesion, and migration in Ewing sarcoma[END_REF] . In this working hypothesis, it is thus possible to imagine that cells in the tumor with lower EWS-FLI1 expression are the ones that migrate out of the tumor and metastasize, an effect supported by the up regulation of kynurenine levels. Several IDO and TDO2 inhibitors have recently been described 391 . It would therefore be possible to treat cells that are inhibited for EWS-FLI1 with an inhibitor, in order to verify that their migration diminishes, therefore giving the perspective that this could be an added therapy in order to avoid metastasis of Ewing sarcoma cells. C) Possible mechansism of resistance. Cells with lower levels of EWS-FLI1 upregulate kynurenine levels, a derivative of tryptophan. Cells with lower levels of EWS-FLI1 have higher levels of AHR. Upon ligand binding of kynurenine to AHR, it dissociates from its chaperones, translocates from the cytosol to the nucleus, where it binds to ARNT. Here it interacts with specific sequences in target genes to control their transcriptional activity, such as phase I and II xenobiotic enzymes, and estrogen signalling pathways.

B

C. The search for synthetic lethal genes: balance and perspectives

Ewing sarcoma, the second most commonly occurring pediatric bone tumor is commonly characterized by an EWS-FLI1 gene fusion [START_REF] Delattre | Gene fusion with an ETS DNA-binding domain caused by chromosome translocation in human tumours[END_REF] . The current treatment of Ewing sarcoma patients consists of chemotherapy, localized surgery and radiation. Although the overall survival for patients is high, the long-term survival for patients with metastatic, disease is significantly reduced being around 35%; patients with relapsed or recurrent tumors show a cumulative survival of less then 10% [START_REF] Gurney | Cancer Incid. Surviv. Child. Adolesc. United States SEER Program[END_REF][START_REF] Ladenstein | Primary disseminated multifocal Ewing sarcoma: results of the Euro-EWING 99 trial[END_REF][START_REF] Paulussen | Ewing's tumors with primary lung metastases: survival analysis of 114 (European Intergroup) Cooperative Ewing's Sarcoma Studies patients[END_REF] . There is thus a high interest to find new, more specific and efficient targets in the treatment of Ewing sarcoma. In recent years, the concept of synthetic lethality has been introduced as a way to find new therapeutic targets in cancer.

Within the framework of my thesis, I have been interested in the search of these synthetic lethal genes in Ewing sarcoma. At the moment I started my thesis, several possibilities had become available in order to discover synthetic lethal genes, such as siRNA and shRNA screens, that could either be performed in arrayed or pooled format, or compound based screenings. Numerous promising results have been published using pooled shRNA screens which have identified genes essential for growth and related phenotypes in different cancer cells [392][393][394][395] . This experimental technique started being used as a way to discover synthetic lethal genes, for instance in an shRNA screen performed by Luo et al., who discovered multiple synthetic lethal interactions with the RAS oncogene 396 . Several siRNA medium or large scale approaches has also resulted in the identification of synthetic lethal targets, such as in the study performed by Sarthy et al., who equally identified interactions of the RAS oncogene 397 . In the Ewing sarcoma field, a targeted small to medium scale kinase siRNA screen has identified MSTR1R inhibition as modifiers of IGF1R 291 .

Due to the accessibility of shRNA libraries, which allows for a non-targeted screening of many genes in parallel, we decided to pursue a high-throughput shRNA screen to identify new genes that have a synthetic lethal interaction with EWS-FLI1 in Ewing sarcoma. In this experimental setup, I took a library of more than 5400 disease related genes, which were screened for cell survival and proliferation. The approach that was used is thus non-targeted, meaning that no pre-selection has been made in order to target specific pathways that were already known in the Ewing sarcoma context. The screen has revealed 4 synthetic lethal targets, as well as a group of 789 genes that was found to be essential for both Ewing sarcoma cells, as well as Ewing sarcoma cells that had undergone inhibition of EWS-FLI1.

In the duration of my thesis, several other high-throughput shRNAs have been published, identifying different groups of essential genes in the cancer context. The most extensive investigation of essential genes for cancer growth and survival has been a study by Cheung et al., where more then 11000 genes in 102 cancer cell lines were screened 355 . The majority of the cell lines they used for the paper where of ovarian, colon and pancreatic cancer origin and thus they identified several cancer specific genes, however, they also identified a group of genes that were identified in a large group of cell lines, named "commonly essential genes." High scoring genes in their analysis are PAX8, CCNE1, KRAS, SOX9 and RPTOR 355 . None of these genes was included in our list of screened genes therefore comparison was not possible. This also brought out two of the weaknesses in our screening, as we screened only disease related genes and very few signaling pathways. In the future, it might be beneficial to strengthen this part and screen another group of genes that contain a strong enrichment in cell signaling pathways, but also genes that target cell surface markers, extracellular matrix genes and DNA binding genes. Moreover, in our screening, we only made use of the 1C model, but the screening of Cheung et al. have again shown that inter-cell line variation cannot be neglected, therefore, our approach would have profited from the inclusion of (an) additional cell line model(s).

Furthermore, during my thesis, a study profiling 500 different kinases in Ewing sarcoma has been reported by Arora et al., however they did not investigate a synthetic lethal aspect 398 . The validated 3 genes in the Arora paper were polo-like kinase 1 (PLK1), serine threonine kinase 10 (STK10) and tyrosine kinase, non-receptor, 2 (TNK2) 398 . PLK1 is a mitotic regulator with a diverse range of biologic functions throughout the cell cycle 399,400 . PLK1 inhibition has been considered as a strategy in the treatment of solid tumors and has shown to specifically inhibit KRAS mutated tumors 396,401,402 was also identified as one of the strongest lethal genes, in both 1C end and 1C dox end 398 .

These findings indicate that in the Ewing sarcoma context, targeting PLK1 might not be of interest, as it does not specifically inhibit EWS-FLI1 driven cells.

The purpose of my thesis project was to identify candidate synthetic lethal genes, of which 4, TXNL4A, ORC670, TRYX3 and PKD1, have been identified. The newly identified synthetic lethal genes were not previously known in the Ewing sarcoma literature, thus verifying that large-scale screens have the potential to identify unexpected targets. No common pathway was found to be synthetic lethal as the 4 synthetic lethal genes, are part of different gene families with clearly distinct functions.

Only PKD1 has previously been described in an oncogenic context, the other three genes have not previously been reported as being essential in cancer.

Overall, the scientific progress has provided some additional tools for the functional characterization of the human genome, that are worth considering for further study to identify new (synthetic lethal) targets in the PKD1, a gene that is part of the TRP family and encodes for PC-1, was found to portray a synthetic lethal phenotype when inhibited in Ewing sarcoma. Validation in 3 Ewing sarcoma cell lines, all carrying an EWS-FLI1 gene fusion, demonstrated that knockdown caused a significant decrease in cell number, compared to control transfected cells. PC-1 is a very large glycoprotein that is characterized by a large N-terminus extracellular region, several transmembrane domains as well as a cytoplasmic tail 362,405 .

PC-1 is defined as a signaling receptor involved in cell-cell or cell-matrix interactions, however, other functions have also been attributed to PC-1 [406][407][408][409] . PC-1 has known interactions with the tuberous sclerosis 1 (TSC) complex, Signal Transducers and Activators of Transcription (STAT) proteins, the NFAT pathway, the WNT pathway and glucose signaling (Figure 2A) 367,410 . PC-1 interacts in that the C-terminus binds to and regulates the activity of crucial signaling molecules. This cytoplasmic tail of PC-1 has been shown to bind and activate G proteins, thereby activating c-Jun and AP-1 in a G protein-dependent fashion [411][412][413][414] .

In order to further characterize the synthetic lethal effect of PKD1 inhibition in EWS-FLI1, there is a need to understand why PC-1 inhibition kills Ewing sarcoma cells. In the course of my thesis, one of the other members of the laboratory of Olivier Delattre, Franck Tirode, generated RNAseq data on 30 cell lines. Correlation analysis was done using this RNA-seq data from the lab, correlating the expression PKD1 in Ewing sarcoma with known PKD1 interacting genes (Figure 2B). PKD1 was shown to be correlated with AKT, MAPK and TSC2 and anti-correlated with GSK-3β.

One of the hypotheses behind the synthetic lethal effect of PC-1 inhibition in Ewing sarcoma could be related with the interaction of PC-1 and AKT. The PI3K-AKT pathway has been known to be vital to the growth and survival of cancer cells. PC-1 expression has previously been shown to result in phosphorylation of AKT 368 . Phosphorylation of AKT leads to its activation and activated AKT can then go on to activate or deactivate its myriad substrates (e.g. mTOR) via its kinase activity. A possible hypothesis for the cell death observed in Ewing could thus be that upon inhibition of PC-1, leads to downregulation of the phosphorylation of AKT, thereby no longer activating its downstream targets, thus creating a decrease in cell growth and survival. As expression of PKD1 was shown to be correlated with AKT in the panel of Ewing sarcoma cell lines and Ewing sarcoma cells showed high expression of AKT. It therefore could be thought that in Ewing sarcoma, low PC-1 leads to low AKT, thus decreasing the growth and survival of cancer cells, whereas cells that do not have high AKT levels (the EWS-FLI1 low/ negative cells), are not as sensitive for PKD1 inhibition, therefore being less prone to show an effect on the growth and survival levels.

PC-1 has previously been shown to inhibit GSK-3β, thereby modulating WNT signaling 415 . In the RNA-seq data, PKD1 expression was indeed shown to be anticorrelated with GSK-3β expression. In non-proliferating cells, GSK-3β is active, while during cellular responses it is inhibited. Substrates of GSK-3β therefore tend to be dephosphorylated, functionally inhibiting them 416 . GSK-3β interacts with a large number of proteins, who have a role in a wide spectrum of cellular processes, such as translation, transcription, proliferation, metabolism, cytoskeletal regulation, cell proliferation and apoptosis 367,417 . The role of GSK-3β in cancer remains somewhat controversial in that it may function as a ''tumor suppressor" for certain types of tumors, but promotes growth and development for some others. GSK3β binds to and phosphorylates several proteins in the WNT pathway and is instrumental to the down regulation of β-catenin 399,400 .

Therefore it could be hypothesized that inhibition of PC-1 up-regulates GSK-3β, thereby up regulating the canonical WNT pathway, down regulating proliferation, transcription and translation.

In summary, there are several possible hypotheses explaining the effect of PC-1 inhibition. In order to start determining the cell biology underlying this effect, we first need to determine the expression level of PKD1 target genes, in order to get a first hint towards the understanding of this synthetic lethal effect. Currently, no PC-1 inhibitors are described, limiting the inhibition of PC-1 to using si and shRNAs. 

E. General conclusion

Ewing sarcoma is characterized by a chromosomal translocation, most often EWS-FLI1. The research dwelled upon in this thesis has been focused on two different parts of this fusion gene; a metabolic role of EWS-FLI1 in Ewing sarcoma and using the concept of synthetic lethality to find genes that confer a synthetic lethal phenotype in combination of EWS-FLI1.

In a combined approach of inhibiting EWS-FLI1 and a global metabolic screen, it was possible to demonstrate different metabolic pathways that are influenced by this oncogene. Among these newly identified different metabolic pathways that are influenced by EWS-FLI1, kynurenine pathway, the glucose pathway, glycosylation pathways, free fatty acids and the glutathione pathway have been of particular interest. The results in the different metabolic pathways of interest were combined with expression data on the enzymes in these pathways, in order to get a better understanding of the mechanisms of cancer-specific metabolic reprogramming.

In terms of using synthetic lethality, this research has aimed at the identification of novel therapeutic targets. In using a pooled shRNA screen approach and an inducible EWS-FLI1 Ewing sarcoma model, four candidate synthetic lethal genes were identified, after which one was validated in additional Ewing sarcoma cell lines. This last part suggests that selective targeting of PC-1 might be selectively effective against Ewing sarcoma cells. 

Abstract

Ewing sarcoma, the second most commonly occurring pediatric bone tumor, is most often characterized by a chromosomal translocation between EWSR1 and FLI1. The gene fusion EWS-FLI1 accounts for 85% of all Ewing sarcoma and is considered the major oncogene and master regulator of Ewing sarcoma. EWS-FLI1 is a transcriptional modulator of targets, both directly and indirectly. Ewing sarcoma is aggressively treated with chemotherapy, localized surgery and radiation and has an overall survival of about 70%, however, survival for metastasis or relapsed cases remains low. One of the cancer hallmarks, metabolic deregulation, is most likely partly dependent on EWS-FLI1 in Ewing sarcoma cells. In order to get a better understanding of Ewing sarcoma biology and oncogenesis, it might be of high interest to investigate the metabolic influence of EWS-FLI1 in Ewing sarcoma cells. We therefore performed a global metabolic profiling of Ewing sarcoma cells with or without inhibition of EWS-FLI1. Several changes in the energy metabolism were observed throughout this study; the observed changes were consistent with an energy profile that moved from a cancer cell energy metabolism towards the energy metabolism of a more normal cell upon EWS-FLI1 inhibition, primarily based on the TCA cycle. Levels of TCA intermediates, glycosylation precursors, methionine pathway metabolites and amino acids, especially changes in the tryptophan metabolic pathway, were altered upon EWS-FLI1 inhibition. Parallel to this study, we performed a high-throughput synthetic lethality screen, in order to not only identify essential genes for cell survival and proliferation, but also to identify new synthetic lethal targets that could specifically target Ewing sarcoma cells carrying the EWS-FLI1 fusion gene.
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 2 Even though several examples are available, one of the most prominent examples is PARP inhibition in tumors with a dysfunctional BRCA1/2 mutation (Figure 7B) 278-280 , which has become the golden example of synthetic lethality in cancer. In normal cells, PARP inhibition does not severely affect cell viability. Breast cancer patients with two dysfunctional copies of BRCA1/2 are sensitive too PARP inhibition, specifically killing the tumor. Looking at the underlying mechanism, it is clearly documented that one of the most common DNA aberrations in cells are single-strand breaks (SSB) 281 . If SSBs are left unrepaired, this could lead to genomic instability and SSBs are converted to double strand breaks (DSBs) during replication. In normal cells, BRCA1/2 is recruited to sites of double stranded breaks (DSB), where it promotes homologous recombination (HR) mediated repair, which ensures genomic integrity and prevents tumorigenesis, resulting in an alive cell 272 . People with germ-line mutations in BRCA1/2 are at increased risk of developing breast or ovarian cancer 282 . Breast cancers could portray a situation in which both BRCA1 or 2 genes are no longer actively present, either by one of the alleles affected by a mutation and the other one lost due to loss of heterozygosity (LOH), or by a homozygous mutation in both alleles of the BRCA 1 or 2 gene.
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 1234 Figure 1. Clinical characteristics of Ewing' sarcoma. A) Location of Ewing' sarcoma. B) Age distribution at diagnosis of Ewing' sarcoma patients. C) Magnetic resonance image of a pelvic Ewing' sarcoma. D) Histological image of Ewing' sarcoma (HE staining). (Image adapted from Bernstein et al, The Oncologist, 2006 and http:// www.cancerindex.org/ccw/faq/ewings.htm)
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 567 Figure 5: Tumor metabolism: Relationships between metabolites and genes in cancer cells. Glycolysis breaks down glucose into pyruvate, which is then turned to lactate, as flux through TCA cycle is down regulated in cancer cells. Pathways branching off of glycolysis, such as the pentose phosphate pathway, generate biochemical building blocks to sustain the high proliferative rate of cancer cells. Blue boxes are enzymes important in the metabolic transformation to support the cancerous phenotype; orange boxes are enzymes that are mutated in cancer cells. Green ovals are oncogenes that are up-regulated in cancer; red ovals are tumor suppressors that are down-regulated in cancer. Figure adapted from Vermeersch et al, Carcinog, 2013,
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 1 Figure 1. Metabolite profile of Ewing' sarcoma cell lines, inhibited by EWS-FLI1. A) Heat map showing 254 metabolites in lysates from five replicates from EWS-FLI1 doxycylin inducible cell line 1C in a time-series experiment for 7 days. A shift of metabolites was observed upon EWS-FLI1 inhibition that became more profound in later time points. B, C) Relative expression of EWS-FLI1 in the 1C time series B) and the A673 and SKNMC inhibition C). D) Heat map showing 433 metabolites in lysates from five replicates from the Ewing' sarcoma cell lines A673 and SKNMC inhibited by siRNA for EWS-FLI1. E, F) Venn diagram comparing the 218 common metabolites in 3 different cell lines upon EWS-FLI1 inhibition. The venn diagrams indicate the number of metabolites that are significantly (P<0.05) upregulated E) or downregulated F). The overlap shows the common metabolites in all three cell lines. The highest common metabolites in the three cell lines are part of the kynurenine pathway, the glucose pathway, the cysteine glutathione pathway, the fatty acid synthesis pathway and the N-glycosylation pathway.

FFigure 2 .FFigure 3 :

 23 Figure 2. The influence of EWS-FLI1 on the tryptophan pathway. A) The kynurenine pathway; Tryptophan is metabolized to kynurenine, via N-Formylkynurenine, which is eventually degraded to kynurenate, Acetyl-CoA and NAD+. Enzymes and metabolites that are significantly upregulated upon EWS-FLI1 inhibition are shown in green. B) Kynurenine and C) NAD+ are upregulated upon inhibition of EWS-FLI1, whereas Tryptophan (D) is not significantly altered. The change of kynurenine is most correlated with changes of the enzymes (E) IDO2 and (F)TDO2, which break down Tryptophan to Kynurenine.

Figure 4 .Figure 5 :Figure 6 : 1 .

 4561 Figure 4. The influence of EWS-FLI1 on N-Glycosylation. A) An overview of the N-Glycosylation pathway. Glucose provides key precursors for protein glycosylation. Metabolites and enzymes that are upregulated by the inhibition of EWS-FLI1 are indicated in green. Several glycosylation precursors were increased, including B) N-acetylneuraminate, C) GDP-Fucose and D) UDP-Glucuronate. Expression of many enzymes are upregulated that play a part in protein glycosylation, such as E) MAN2A1, F) GALT and G) PGM.

Figure 1 .

 1 Figure 1. PKD1 is identified as candidate synthetic lethal gene in a pooled shRNA screen A) Schematic representations of the workflow of the shRNA screen experiments. 1c cells with or without dox were infected, and grown to 10 doublings after puromycin selection. B) Venn diagram representing the lethal genes of 1c and 1c dox cells. The overlap represents commonly essential genes. The grey part of the venn diagram represents the synthetic lethal candidate genes. C) 4 candidate synthetic lethal genes were identified, having at least 2 shRNAs that confer the synthetic lethal phenotype. PKD1, highlighted in bold, was selected for validation by individual shRNA experiments. The relative log fold scale indicates the differences in cell growth

Figure 2 .Figure 3 .

 23 Figure 2. A summary of the synthetic lethal candidate genes. A) A summary of the 4 different synthetic lethal genes with their functions and modulation by EWS-FLI1. B) relative expression of the candidate genes in Ewing' sarcoma

Figure 1 :

 1 Figure 1: Possible mechanism of resistance in Ewing sarcoma. A) Proteins upregulated upon EWS-FLI1 inhibiting relating to the AHR pathway. B) Functional target regulation of AHR (figure adapted fromFeng et al, 2013). C) Possible mechansism of resistance. Cells with lower levels of EWS-FLI1 upregulate kynurenine levels, a derivative of tryptophan. Cells with lower levels of EWS-FLI1 have higher levels of AHR. Upon ligand binding of kynurenine to AHR, it dissociates from its chaperones, translocates from the cytosol to the nucleus, where it binds to ARNT. Here it interacts with specific sequences in target genes to control their transcriptional activity, such as phase I and II xenobiotic enzymes, and estrogen signalling pathways.

Figure 2 :

 2 Figure 2: The possible pathways through which PKD1 can confer synthetic lethality. A) PKD1 affect mutliple signalling pathways. Figure adapted from Chapin and Caplan, JCB, 2010). B) Correlation analysis using previously generated RNA-seq data from the lab, determining the expression of a large panel of genes in Ewing cell lines, revealed a significant positive correlation between PKD1 and AKT and an anticorrelation between GSK3b.

  

  

  Supplementary figure3. The number of metabolites that is altered over time upon inhibition of EWS-FLI1 in the 1C cell line. Changes at later time points become more profound.

	0 h From a total of 253 named biochemicals 1 2 h 2 4 h 3 6 h 4 8 h 0 50 100 150 mRNA expression (%) A Welch's Two Sample t-Test -changes vs. control 12h 7 2 h ⎯⎯⎯ 0h Total number of biochemicals with p≤0.05 32 Biochemicals (↑↓) 8|24 q-value (for p≤0.05) 0.20 Total number of biochemicals with 0.05<p<0.10 21 Biochemicals (↑↓) 7|14 A B 0 -1 2 h 0 -2 4 h 0 -3 6 h 0 -4 8 h 0 -7 2 h 0 -1 6 8 h 1 6 8 h 24h ⎯⎯⎯ 0h 46 10|36 32|12 18|19 34|36 89|60 B 36h ⎯⎯⎯ 0h 48h ⎯⎯⎯ 0h 72h ⎯⎯⎯ 0h 168h ⎯⎯⎯ 0h 44 37 70 149 0.21 0.16 0.24 0.06 0.01 19 31 23 28 23 7|12 20|11 10|13 12|16 14|9 0 100 up regulated metabolites down regulated metabolites Metabolite category Cell line significiant upregu-lated metabolites Non-significant upregulated me-tabolites p-value Fisher test Amino Acids A673 22 34 0.435 SKNMC 10 46 0.701 1C 8 44 0.001 Peptides A673 8 1 0.012 SKNMC 4 5 0.086 1C 4 5 0.492 Fatty acids A673 42 29 0.003 II. Searching for synthetic lethal genes in Ewing sarcoma: Identification of number of metabolites significantly altered SKNMC 20 41 0.050 1C 48 23 0.000 Carbohydrates A673 10 16 PKD1 as synthetic lethal 0.537 SKNMC 6 20 0.795 1C 4 22 0.045 target
	Nucelotides	A673 time in hours SKNMC	14 4	Cell Line A673 16 26	Cell Line SKNMC	0.844 0.463
	Welch's Two Sample t-Test 1C 8	22		0.412
		-changes vs. control				
				siEF1	siEF1	
				siCTR	siCTR	
	Supplementary table 2. Fisher test of the different metabolite categories		
	Total number of biochemicals with p≤0.05	261	116	
		Biochemicals (↑↓)		201|60	83|33	
		q-value (for p≤0.05)		0.20	0.21	
	Total number of biochemicals with 0.05<p<0.10	24	32	
		Biochemicals (↑↓)		19|15	16|16	
	From a total of 433 named biochemicals			
	Supplementary table 1A and B. A) T-test of biochemicals altered in each time point in comparison to un-
	treated 1c cells. B). T-test of biochemicals altered in A673 and SKNMC cells, siEF1 vs siCT.

Table 1 .

 1 DAVID analysis for the essential genes of 1C and 1C dox.

				1c				1c			1c dox
			(start)			(end)			(end)	
		0.964	0.975	0.967	0.96	0.971	0.978	0.741	0.743	0.776	0.713	0.639	0.809	0.983	1	1.011	0.85
	#2	1.095	1.097	1.099	1.12	1.098	1.096	0.8	0.737	0.881	0.666	0.903	1.238	1.113	1.226	1.081	0.995
	OR6C70 #1	1.084	1.103	1.094	1.117	1.089	1.079	0.631	0.802	0.72	0.843	0.727	1.109	1.303	1.063	1.027	1.134
	#2	1.07	1.053	1.076	1.051	1.059	1.068	0.815	0.835	0.753	0.757	0.703	0.842	1.175	0.849	0.975	1.046
	TRYX3 #1	1.063	1.051	1.066	1.068	1.07	1.042	0.581	0.909	0.846	0.705	0.845	1.005	1.102	1.091	1.166	0.89
	#2	1.132	1.124	1.124	1.137	1.115	1.126	0.787	0.93	0.773	0.745	0.954	1.085	0.926	1.197	1.021	1.202
	TXNL4A #1	1.119	1.124	1.107	1.111	1.111	1.103	0.749	0.786	0.713	0.818	0.786	1.05	1.134	1.144	1.11	0.934
	#2	1.207	1.204	1.193	1.205	1.205	1.202	0.969	0.786	0.684	0.885	0.871	1.384	1.074	1.23	1.163	1.233

  . However, in the findings ofArora et al., it was considered a global lethal gene as it also reduced proliferation of normal fibroblast cells. Our group of 789 lethal genes was compared to this previously published data from Arora et al. and not surprisingly, in our data, PLK1

PKD1: new angle for Ewing sarcoma treatment?

  Ewing sarcoma context. Genomescale RNAi screens have allowed for systematic loss-of-function genomics. However, in order to look at the other side of the spectrum, gain-of-function studies have long not been available for systematic analysis. Recently, several libraries of open reading frames (ORFs) or cDNAs have been published403,404 . One could imagine over-expressing a gene in the Ewing sarcoma that specifically kills cells harboring the EWS-FLI1 gene fusion. Therefore, this possibility could be a future perspective in Ewing sarcoma research.

D.

  Life is what happens to you while you're busy making other plans." Allen Saunders "I'm not lost for I know where I am. But however, where I am may be lost." A.A. Milne, Winny the pooh "Without deviation from the norm, progress is not possible." Frank Zappa "If everyday is a gift, I would like to know where I could return Monday." Proverb "You dont have to see the whole staircase to take the first step." Martin Luther King Résumé Le sarcome de Ewing est la seconde tumeur pédiatrique de l'os la plus fréquente. Elle est caractérisée par une translocation chromosomique résultant à la fusion de EWSR1 avec un membre de la famille ETS. Chez 85% des patients, cette fusion conduit à l'expression de la protéine chimérique EWS-FLI1 qui est l'oncogène majeur de ce sarcome. Ce dernier agit principalement par son action transcriptionelle sur des cibles qui lui sont propres. Au niveau thérapeutique, le sarcome d'Ewing est traité par chimiothérapie, chirurgie locale et par radiothérapie. La survie à long terme des patients est de l'ordre de 70%, mais beaucoup plus basse pour les patients métastatiques et quasi nulle lors d'une récidive. Parmi maintes caractéristiques, certains cancers présentent une dérégulation énergétique. L'influence d'EWS-FLI1 sur cet aspect n'a fait l'objet d'aucune étude dans le contexte du sarcome d'Ewing. Nous avons donc étudié par profilage métabolomique des cellules de sarcome d'Ewing en présence ou en absence d'EWS-FLI1. En comparant ces deux conditions, des modulations du profil énergétique relatif au cycle de Krebs, des précurseurs de le glycosylation ainsi que des métabolites de la voie de la méthionine et du tryptophane ont été observés. En parallèle, grâce à un crible de banque de shRNAs réalisé dans des conditions expérimentales similaires à l'étude métabolomique (lignée d'Ewing avec ou sans EWS-FLI1), nous avons pu identifier des gènes présentant des caractéristiques « synthétique létales », c'est-à-dire tuant uniquement les cellules du sarcome d'Ewing en présence de son oncogène.
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Supplementary figure 2. Schematic representations of the workflow of the metabolics experiments. A)1c cells where treated with doxycyclin to conditionally inhibit the expression of EWS-FLI1. 7 different time points were taken for analysis, each one containing 5 replicates. Arrows indicate doxycycline treatments in the upper part of the figure, or no treatment in the lower part of the figure B). A673 and SKNMC cells were plated, followed by a transfection with siRNA. 2 days later the cells were re-transfected, and harvested at day 4. 

A. Abstract

Ewing sarcoma, the second most commonly occurring pediatric bone tumor, is primarily characterized by a chromosomal translocation leading to the expression of a fusion protein involving the EWS RNA binding protein (EWSR1) and an ETS transcription factor (FLI1). 1C (end) 1C (start) 1C dox (end) 1C (end) 1C (start) 1C dox (end) 1C (end) 1C (start) 1C dox (end) 1C (end) 1C (start) 1C dox (end) 1C (end) 1C (start) 1C dox (end) 1C (end) 1C (start) 

Annexes