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The answer to perpetuity neither you know nor I  

The solution to life's enigma neither you know nor I. 

Beneath the curtain stand bantering you and I 

But when the curtain falls, neither you remain nor I. 

 

-Omar Khayyam, The Rubaiyat- 
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ABSTRACT 

Ewing Sarcoma is the second most frequent bone malignancy in children and adolescence. This highly 

aggressive and enigmatic pediatric sarcoma has been first described by James Ewing in 1921 and it is 

characterized as a largely undifferentiated blue round cell tumor with tendency to develop in 

extraosseous sites as a soft tissue malignancy in adults. Ewing Sarcoma has an overall incidence of 

2.93 per million with ~28% of patients presenting with distant metastasis at time of diagnosis. Ewing 

Sarcoma patients response well to initial chemotherapy combined with surgery and/or radiation, but 

just around 50% of them show tumor free long term survival. Less than 40% of metastatic patients 

survive beyond 5 years while 63% of localized patients survive longer than 10 years. These data show 

the urgent demand for a reliable system to develop and improve new treatment options. Despite 

advances in the understanding of the genetic basis of Ewing Sarcoma pathogenesis, our knowledge of 

the cellular origin of Ewing Sarcoma is still very poor, and a genetic mouse model recapitulating the 

human disease is still missing. Ewing Sarcoma oncogenesis is driven by the EWS/FLI1 chimeric 

oncogene. Various attempts at generating a murine EWS/FLI1 transgenic line resulted in embryonic 

lethality, apoptosis induction, developmental defects, tumor free progression or development of 

other tumor types. Promoter leakiness, lack of potential cofactors and difficulty in specific expression 

of EWS/FLI1 were considered as primary reasons for failed approaches to create a transgenic mouse 

model of Ewing Sarcoma. This prevents detailed molecular understanding of Ewing Sarcoma 

pathogenesis on a firm developmental basis with implications for preclinical therapy testing. The aim 

of this thesis therefore was to develop a genetic mouse model of Ewing-like Sarcoma based on 

conditional EWS/FLI1 expression targeted to the mesenchymal lineage. We restricted EWS/FLI1 

expression to mesenchymal stem cells using Prx1Cre to study bone development and to establish a 

reliable sarcoma model. EWS/FLI1 expression resulted to arrested differentiation of chondrocyte and 

osteoblast due to altered signaling pathways such as hedgehog, WNT or growth factor signaling. 

Mesenchymal stem cells expressing EF showed high self-renewal capacity and maintained an 

undifferentiated state despite high apoptosis, however this model could not provide a reliable 

system for tumor initiation and progression investigation. As functional approach, we took advantage 

of mesenchymal directed Prx1CreERT2 conditional EWS/FLI1 expression in mice. Notably, Prx1CreERT2 

mediated EWS/FLI1 expression activated in mesenchymal stem cells after birth led to formation of 

metastatic small round cell sarcomas. The histopathological analysis revealed a Ewing-like Sarcoma 

phenotype with expression of Ewing Sarcoma specific markers. Importantly, RNA-Seq revealed 

similarities between the EWS/FLI1 signatures of mouse Ewing-like Sarcomas with human Ewing 
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Sarcoma. The Ewing-like Sarcoma mouse model predominantly showed distant metastasis in liver, 

bone, muscle and adrenal gland, which partially recapitulated the metastatic pattern in patients. We 

propose this to be the first EWS/FLI1 transgenic mouse model that resembles human Ewing Sarcoma 

for future comparative studies and preclinical therapy testing. 
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ZUSAMMENFASSUNG 

Ewing Sarkom ist die zweithäufigste Knochentumorerkrankung bei Kindern und Jugendlichen. Dieses 

sehr aggressive und rätselhafte pädiatrische Sarkom wurde zuerst von James Ewing im Jahre 1921 

beschrieben und als eine blaue, runde und undifferenzierte Zelle des Knochentumors mit dominanter 

Tendenz, sich an extraossären Stellen als Weichgewebs-Malignität in der Adoleszenz zu entwickeln, 

charakterisiert. Ewing Sarkom hat eine Gesamtinzidenz von 2,93 pro Million mit einem Anteil von 

~28% der Patienten mit entfernter Metastase zum Zeitpunkt der Diagnose. Ewing Sarkom Patienten 

sprechen gut auf Chemotherapie an, wobei diese mit Chirurgie und/oder Strahlung kombiniert wird, 

aber nur etwa 30-40% von ihnen zeigen tumorfreies überleben. Rund 40% der metastatischen 

Patienten zeigen ein 5 Jahres Überleben und etwa 63% der Patienten überleben bis zu 10 Jahre. 

Diese Daten zeigen den dringenden Bedarf nach einem zuverlässigen System zur Entwicklung und 

Verbesserung der neuen Diagnose- und Behandlungsprotokolle. Trotz Fortschritten in den 

genetischen Strategien blieb das Verständnis der zellulären Herkunft von Ewing Sarkom und eines 

genetisch verlässlichen präklinischen Mausmodells enttäuschend ungelöst. Verschiedene Versuche 

zur Erzeugung einer murinen transgenen Linie führten zu embryonaler Letalität, Apoptoseinduktion, 

Entwicklungsdefekten, tumorfreier Progression oder Entwicklung anderer Tumortypen. Undichte 

Promoteren, mangelnde potenzielle Ko-faktoren und Schwierigkeiten bei der spezifischen Expression 

von EWS/FLI1 wurden als primäre Gründe für fehlgeschlagene Ansätze zur Schaffung eines 

transgenen Mausmodells von Ewing Sarkom betrachtet. Dies verhindert detailliertes genetisches und 

molekulares Verständnis von Ewing Sarkom auf einer festen biologischen Basis und Therapie. Das Ziel 

dieser Arbeit war es daher, ein genetisches Mausmodell von Ewing-artigem Sarkom auf der 

Grundlage einer bedingten EWS/FLI1 Expression zu entwickeln, die auf die mesenchymale 

Abstammung abzielt. Wir beschränkten die Expression von EWS/FLI1 auf mesenchymale 

Stammzellen mit Prx1Cre, um die Knochenentwicklung zu untersuchen und ein zuverlässiges 

Sarkommodell zu etablieren. Die EWS/FLI1 Expression führte zu einer verhafteten Differenzierung 

von Chondrozyten und Osteoblasten aufgrund veränderter Signalwege wie Hedgehog, WNT oder 

Wachstumsfaktor-Signalgebung. Mesenchymale Stammzellen, die EWS/FLI1 exprimierten, zeigten 

eine hohe Selbsterneuerungskapazität und erhielten trotz der hohen Apoptose einen 

undifferenzierten Zustand, wobei dieses Modell jedoch kein zuverlässiges System zur 

Tumorinitiierung und Progressionsuntersuchung liefern konnte. Als funktionaler Ansatz nutzten wir 

die Mesenchymale Prx1CreERT2 gerichtete bedingte EWS/FLI1 Expression in Mäusen. 

Bemerkenswerterweise führte die gezielte Prx1CreERT2 vermittelte EWS/FLI1 Expression in 
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Mesenchymalen Stammzellen, die in mesenchymalen Stammzellen nach der Geburt aktiviert wurde, 

zur Bildung metastatischer kleinen runden Sarkome. Die histopathologische Analyse ergab einen 

Ewing-ähnlichen Sarkom-Phänotyp mit Expression von Ewing Sarkom-spezifischen Markern. Wichtig 

war, dass Maus Ewing Sarkom bevorzugt RNA-Seq Expression Signatur und Eigenschaften zeigten, die 

auch bei einem von Großteil der Patienten abgeleiteten genetischer Analysen bei Ewing Sarkom 

beobachtet wurden. Das Ewing Sarkome Mausmodell zeigte überwiegend eine entfernte Metastase 

in der Leber, Knochen, Muskel oder Nebenniere, die die Patientensituation rekapitulierte. Wir 

schlagen vor, dass dies das erste transgene Mausmodell ist, das ein solches Modell für EWS/FLI1 

induzierte Tumore für vergleichende und präklinische Ewing Sarkom Studien ist. 
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AIMS OF THE THESIS  

Ewing Sarcoma is an aggressive and lethal pediatric malignancy driven by the EWS/FLI1 

fusion protein, and it affects predominantly bone and soft tissues. This thesis provides a 

report on two distinct experimental projects aiming to generate an EWS/FLI1 driven Ewing 

Sarcoma mouse model for a better understanding of the mechanisms underlying the 

pathogenesis of this devastating disease. As functional approach, we have taken advantage 

of Prx1Cre to activate EWS/FLI1 early during mesenchymal development. In our second 

approach, we used Prx1CreERT2-driven conditional human EWS/FLI1 expression in mice. 

Notably, tightly timed Prx1CreERT2 mediated human EWS/FLI1 expression in MSC after birth 

led to formation of metastatic small round cell sarcomas. The histopathological analysis 

revealed an Ewing-like Sarcoma phenotype with expression of Ewing Sarcoma markers. 

Subsequently, we demonstrated that mouse Ewing-like Sarcoma express an RNA pattern 

similar to the EWS/FLI1 dependent gene expression signature in patient-derived Ewing 

Sarcoma. The Ewing-like Sarcoma mouse model led to metastasis in distant organs including 

those frequently affected in the human disease. We propose that this is the first transgenic 

mouse model that could resemble a faithful model for solid EWS/FLI1 induced tumors for 

comparative and preclinical human Ewing Sarcoma studies.
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CHAPTER ONE: INTRODUCTION 

1.1 EWING SARCOMA  

Ewing Sarcoma is the second most common pediatric bone cancer after osteosarcoma. It has been 

first described by James Ewing in 1921 [1]. Ewing Sarcoma is an aggressive cancer in children and 

young adults with mean age of 10 to 15 years and with approximately 3 incidences per million 

annually [2-5] (Fig. 1,). Importantly, also well-characterized cases of Ewing Sarcoma in neonates and 

infants have been described [6, 7]. For unknown reason males are slightly more affected compared 

to females and the lower part of the body presents more tumor incidence [8]. Ewing Sarcoma arises 

from a somatic mutation. Thus, it does not pass through generations and is therefore considered as 

nonfamilial with no genetic lineage predisposition or inherited genetic pattern [5, 9] (Fig. 1). 

Histologically, Ewing Sarcoma is a highly cellular and primitive appearing neoplasm which 

morphologically belongs to the family of small blue round cell cancers including sarcomas (e.g. 

rhabdomyosarcoma types such as Embryonal rhabdomyosarcoma, Alveolar rhabdomyosarcoma, 

Pleomorphic rhabdomyosarcoma) and other pediatric tumors (Wilms tumor types such as favorable 

and unfavorable (anaplastic) Wilms tumor). The cells contain round to oval nuclei with fine dispersed 

chromatin and with abundant presence of cytoplasmic glycogen, which can be stained by periodic 

acid-Schiff (PAS). The tumor cells are tightly packed and express the surface marker CD99 on the 

plasma membrane. CD99 has been considered as a disease biomarker for Ewing Sarcoma [10-14]. 

Genetically, Ewing Sarcoma is characterized by a specific t(11;22) (q12;q11.2) translocation product, 

which is consisting of the N-terminal transcription activation domain of EWSR1 linked at the C-

terminus to the DNA-binding domain containing portion of an ETS transcription factor. In about 85% 

of cases the C-terminal domain is provided by FLI1 located on chromosome 11q24 [15, 16] (Figure 1). 

10-15% of cases harbor alternative EWS/ERG gene fusions generated by the translocation 

t(21;12)(22;12), and less than 1% of cases fuse EWSR1 to the ETS genes ETV1, ETV4 or FEV [15, 17, 

18]. The EWSR1 gene located on chromosome 22q12 encodes a member of an RNA binding protein 

family including TLS, EWS, TAF15. Each of these aberrant transcription factors result in a fusion gene 

composed of a portion of the EWSR1 gene and a member of the ETS transcription factor family [19-

21]. While wild type FLI1 contributes in maturation of hematopoietic cells, vascularization and neural 

crest cell development [20], wild type EWSR1 is involved in B-lymphocyte development, RNA 

processing, differentiation of neuronal cells as well as in meiosis [22]. Different studies show that cell 

growth in Ewing Sarcoma depends entirely on the expression of EWS/ETS fusions, which perturb or 



 

 

 2 

target the expression of genes required for cell-cycle regulation, apoptosis, signal transduction, 

telomere maintenance and other pivotal cellular processes [2, 11, 23-29] (publication #1). EWS/FLI1 

perturbs the expression and splicing of a multitude of genes, with slightly more genes being 

suppressed than activated [30-33]. However, the precise molecular mechanisms underlying Ewing 

Sarcoma initiation and development still require further attention. One big dilemma is to define the 

cellular origin of Ewing Sarcoma [34-38]. Knowledge about the exact histogenesis of this disease 

would facilitate in vivo modelling of Ewing Sarcoma to understand origin and mechanism of EWS/ETS 

driven oncogenesis. 

Figure 1. Overview of Ewing Sarcoma. (A) Schematic of the EWS/FLI1 fusion protein generation. 
The DNA-binding domain (DBD) of FLI1 fuses to the RNA binding protein part of EWSR1. (B) H&E 
staining indicates small blue round cancer cell morphology in Ewing Sarcoma. (C) Sarcoma detection 
age peaks at puberty. (D) Males display more frequent Ewing Sarcoma development then females. 
(E) Primary metastatic tumor allocation in Ewing Sarcoma. (F) The lower part of the body is most 
affected by osseous locations. 

1.2 CELLULAR ORIGIN OF EWING SARCOMA 

The precise cellular origin of Ewing Sarcoma is not well understood and a consensus about it still 

remains as a controversial debate [18]. Identification of the cell of origin is crucial to understand 

Ewing Sarcoma progression and development. Primitive neuroectodermal cells were once broadly 

believed as the cell of origin of Ewing Sarcoma [39, 40]. This assumption originated from 
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immunohistochemical analysis revealing certain similartities between primitive neuroectodermal 

cells and Ewing Sarcomas, such as expression of neuron-specific enolase (NSE) and S-100 protein as 

markers. It has been demonstrated that modulating expression of CD99 induces cell differentiation of 

Ewing Sarcoma cells toward neural lineage [10, 14, 38, 41]. Furthermore, EWS/FLI1 introduction and 

expression in neuroblastoma cell lines made the cells less differentiated and transduced cells 

displayed Ewing Sarcoma appearance to some extent [41]. However, neural marker expression 

happens sporadically in cells and in a certain fraction of cases, therefore it did not show a 

homogenous and consistent pattern. More careful experiments revealed that a group of genes 

associated with early neural differentiation are induced and upregulated right after EWS/FLI1 

introduction [42, 43]. This is posing a serious question of neural cells as real origin of Ewing Sarcoma. 

It is important to consider that the neural appearances might be a direct result of EWS/FLI1 

expression [10, 37, 38, 44-50]. 

Neural cells along with mesenchymal stem cells (MSC) derive from mesoderm and ectomesoderm 

[51, 52]. While craniofacial bones arise from condensed mesenchyme of neuroectoderm, the long 

bones of the limbs originate from mesoderm [53, 54]. MSC are multipotent cells capable of 

differentiating towards various lineages including adipogenic, osteogenic, and chondrogenic cells [55] 

(Figure 2). MSC are postulated to give rise to sarcomas after accumulating some genetic alterations 

that result in cell transformation and tumor formation [35]. MSC compartment is widely considered 

in recent years as an alternative cellular origin of Ewing Sarcoma [11, 37, 44, 47-49]. First, the 

majority of Ewing Sarcoma cases develop in bone, proposing the MSC as most acceptable plausible 

cell of origin. Moreover, EWS/FLI1 introduction in both human and mouse MSC changes the gene 

expression signature, cell morphology and cell behavior resembling Ewing Sarcoma [44, 56, 57]. 

Murine MSC, upon introduction of EWS/FLI1, are transformed and give rise to tumors in NOD SCID 

Gamma (NSG) mice. The tumors of transformed murine cells show some similar characteristics with 

Ewing Sarcoma, such as cell surface markers and cell morphology [36, 47, 58]. After knocking down 

of EWS/FLI1 in Ewing Sarcoma cell lines, the cells adopt some characteristics of MSC [57, 59] and gain 

the ability to differentiate towards chondroblastic, osteoblastic, and adipocytic lineages [37]. 

Moreover, gene expression profiles under EWS/FLI1 low conditions are closer to MSC than under 

EWS/FLI1 high conditions [37]. It should be noted that adult MSCs require accessory genetic 

alterations in addition to expression of EWS/FLI1 to become transformed. Therefore, a modest knock 

down of EWS/FLI1 in cell lines cannot cause them to revert to a complete normal mesenchymal cell 

[60]. Human MSC display a rounded morphology and cells express some of the neuroectodermal 
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markers seen in Ewing Sarcoma after retroviral introduction of EWS/FLI1. However, in contrast to 

murine cells, human cells infected with the fusion oncogene fail to form tumors when implanted into 

NSG mice. This may be explained by dependence of MSC on several cooperating mutations, hits and 

gene expression alterations promoting a transformed cell to form diverse kind of tumors [60]. 

These experiments and evidences including our results (publication #1) support MSC as putative 

cellular origin of Ewing Sarcoma. However, MSC of different sources are typically comprised by a 

mixture of different cells. The key here is to define explicitly which subpopulation of this mixture of 

cells can tolerate EWS/FLI1 expression, to undergo transformation and to potentially develop tumor, 

which requires a closer investigation. 

Figure 2. Mesenchymal Stem Cells as potential cellular origin of Ewing Sarcoma. Mesenchymal Stem 

Cells (MSC) have the capacity to differentiate to diverse lineages, such as osteoblasts and 

chondrocytes. A concerted expression of transcription factors (marker proteins are depicted above) 

and key signaling pathways (yellow box) are required for differentiation of MSC towards the 

osteoblast/chondrocyte lineages. 

1.3 MUTATIONS AND GENE ALTERATIONS IN EWING SARCOMA 

In general, pediatric cancers have relatively fewer mutation rates compared to adults [61]. Ewing 

Sarcomas have also relatively low mutational burden (0.15 mutations/Mb) and few single nucleotide 

variants, indels, structural variants and copy number alterations. The most prominent and consistent 

gene alteration in Ewing Sarcoma is the EWS/ETS fusion [62-64]. 

To better identify the collaborating and potentially targetable genes, various methods such as 

chromosome or array based comparative genome hybridization (CGH), SNP arrays, whole exome 

sequencing (WES), whole-genome sequencing (WGS) and RNA-Sequencing have been done by 

different laboratories worldwide to identify secondary or additional genetic hits/alterations in Ewing 
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Sarcomas [63-65]. The following chromosomal changes could be consistently and frequently found in 

Ewing Sarcoma patients: gain of whole chromosome 8, chromosome 12 and the q arm of 

chromosome 1 and the loss of long arm of chromosome 16 and the Cdkn2a locus on chromosome 

9p. One interesting point is that gain of chromosome 1q, which commonly coincidences with loss of 

chromosome 16q is a chromosomal alteration that correlates also with poor prognosis. TP53 

mutations with a frequency of 5%-20%, amplification of Mdm2 in up to 10% and deletions of the 

Cdkn2a locus (encoding p14/p16 in human) in about 15% of cases are prominent somatic mutations 

reported in Ewing Sarcoma. Loss of function mutations of Stag2, a subunit of the cohesin complex, is 

another striking recurrent somatic mutation with 21% recurrence in tumors and 44% in cell lines that 

recently has been reported and confirmed by different studies. STAG2 loss seems to be very crucial in 

tumor development and favorable for metastasis. It has been reported that 88% of metastatic cases 

show STAG2 loss while just 27% of patients with tumors expressing intact STAG2 developed 

metastasis [62-64, 66](Figure 3).  

Notably, the African population displays a low incidence of Ewing Sarcoma with about 10 times less 

prevalence compared to Caucasians. It has been shown that the region close to molecular breakpoint 

region in intron 6 in about 10% of the African population is at least fifty percent smaller due to 

diminished interspersed repeat sequences, called Alu elements [23, 65, 67, 68]. The Alu elements are 

considered as preferential sites for genetic recombination in cancer, which potentially can provide 

the reason of ethnic differences for formation of Ewing Sarcoma translocation.  

Moreover, inter-individual and inter-ethnic differences in size, sequence, and location of GGAA 

microsatellites, which constitute prefered binding regions for EWS/FLI1 may explain differences in 

disease incidence. Microsatellite variety was associated to some EWS/FLI1 target gene regulation, 

which could contribute to differences in Ewing Sarcoma susceptibility [67]. To confirm this 

postulation, more comprehensive genetic analysis will be required to clarify the ethnic differences in 

Ewing Sarcoma etiology.  
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Figure 3.  Comprehensive profile of genetic abnormalities in Ewing Sarcoma. Key clinical 
characteristics are indicated, including primary site, type of tissue, and metastatic status at diagnosis 
and follow-up of patients. The recurrent and consistent aberrancies were detected by massively 
parallel sequencing, confirmed by RT-PCR and further analysed through whole-genome sequencing 
(WGS). The numbers of Structural Variants (SV) and Single-Nucleotide Variants (SNV) as well as indels 
are reported in grayscale. The presence of the main copy number changes are chr. 1q, 8 and 12 gain 
and chr. 16q loss (corresponding to the red indicated human counterpart genes, which reside in 
mouse chromosomes). Interstitial Cdkn2a deletion is indicated. Picture is adopted from Tirode et al., 
Cancer Discovery 2014 (permitted).  

1.4 CONVENTIONAL EWING SARCOMA THERAPY 

EWS/FLI1 rearrangement was molecularly characterized over 20 years ago [2] and still Ewing 

Sarcoma patients suffer from ineffective therapy, and new therapeutic options are largely missing. 

Despite intensive therapy, long-term morbidity among Ewing Sarcoma patients is significantly high, 

because of relapse and metastasis [69], and cytotoxic side effects upon high-dose chemotherapy [70, 

71]. Systemic chemotherapy is a main part of the treatment and it has to shrink the tumor size 

before surgery or radiation therapy for all patients with Ewing tumors. Frequently, Ewing Sarcoma 

patients with localized disease at diagnosis develop metastasis, where multidrug chemotherapy and 

local disease control with surgery and/or radiation therapy follow as treatment [72]. Several pre-

treatment factors need to be considered before a therapy strategy can be chosen. The following list 

with a brief description illustrates it further:  
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Tumor location: A tumor at distal extremities displays a better prognosis compared to patients with 

a tumor in proximal extremities. Worse prognosis was shown in patients with tumors in central or 

pelvic sites making therapy. 

Tumor size or volume: The size and mass of tumor are important prognostic factors. Larger tumors 

tend to occur in unfavourable sites.  

Age: Infants and very young patients respond better to treatment than patients with the age of 15 

years or older.  

Gender: Girls tend to respond to therapy better than boys with Ewing Sarcoma.  

Serum LDH: Patients with large primary tumors and metastatic disease display an increased LDH 

level. 

These factors plus the clinical presentation of a patient are very critical points to take into 

consideration for convenient treatment options for localized, metastasized or recurrent Ewing 

Sarcoma. 

Treatment options for localized Ewing Sarcoma 

Chemotherapy: current standard chemotherapy consists of vincristine, ifosfamide, doxorubicin and 

etoposide (VIDE) is given to patients. Surgery and radiation therapy are the following steps in terms 

of therapy [70, 71]. Standard treatment options for metastatic Ewing Sarcoma. These factors have 

been considered to play adverse role in the treatment of metastatic patients: Patients older than 14 

years, tumor volume excesses 200 mL, more than one bone displaying metastatic site, metastases in 

bone marrow and or additional lung metastases. Chemotherapy involves VDC/IE combined with 

adequate local control measures applied to both primary and metastatic sites. Surgery and radiation 

therapy are applied for local tumor control [72]. 

Treatment Options for Recurrent Ewing Sarcoma 

To choose a treatment, the location of recurrent tumors should be considered. In general, it is 

difficult to define a standardized second line treatment for a recurrent and relapsed Ewing Sarcoma 

patient. Chemotherapy involves cyclophosphamide and topotecan or irinotecan and temozolomide 

with or without vincristine to be considered as the current treatment in relapsed Ewing Sarcoma 

[72]. 

1.5 IN VIVO GENERATED EWING SARCOMA MODELS 

The urgent need for a reliable system to develop and improve the new compounds and treatments in 

Ewing Sarcoma is evident. Various attempts for generating a murine transgenic line resulted in 

embryonic lethality, apoptosis induction, developmental defects, no tumor formation in transgenic 
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mice or other types of tumor development. Promoter leakiness, lack of potential cofactors and 

difficulty in expressing EWS/FLI1 in specific sites are considered as primary reasons for failed 

approaches to create a transgenic mouse model of Ewing Sarcoma [11, 73-77]. This prevents detailed 

genetic and molecular understanding of Ewing Sarcoma on a firm biological basis. EWS/FLI1 

expression is cytotoxic in most cell types, which demands the definition of cellular origin of Ewing 

Sarcomas. Lack of detailed knowledge of the cell of origin in Ewing Sarcoma limits our ability to target 

the right cell at the appropriate developmental stage in order to generate a model faithfully 

recapitulating the human disease. Generating a transgenic mouse model for several types of 

sarcomas with tumor specific chromosomal translocations, which produces chimeric proteins with 

novel functions, has been successfully achieved. However, this success had not been translated to 

Ewing Sarcoma and all attempts to generate a mouse model that faithfully recapitulates Ewing 

Sarcoma progression for pre-clinical research and drug testing failed to work [74]. This lack of success 

was likely due to different reasons such as high toxicity/lethality associated with EWS/FLI1 

expression, growth arrest and apoptosis induction. Despite toxicity of the EWS/FLI1 protein in 

various cell types tested in vitro, mesenchymal stem cells (MSC) from both mice and humans 

tolerated EWS/FLI1 expression (Figure 4). 

 

Figure 4. Need for cooperating mutations in development of Ewing Sarcoma. MSC differentiate to 
diverse specialized cell lineages under appropriate and physiological conditions. It is still under 
debate whether EWS/FLI1 alone is sufficient to escape apoptosis or growth arrest, and if any gene 
alteration or mutation needs to happen prior or after EWS/FLI1 expression to cooperate and 
contribute to cell proliferation and transformation. 

However, only murine but not human EWS/FLI1-transduced MSC, were shown to form sarcomas 

upon transplantation in mice [47]. A recent successful approach to identify candidate progenitors for 

Ewing Sarcoma made use of ERG-expressing embryonic superficial zone cells from murine embryonic 

articular cartilage [76]. Upon EWS/ERG transduction followed by serial transplantation into 

immunedeficient mice these cells formed Ewing-like Sarcoma. However, sarcoma formation was 

associated with positional effects of lentiviral vector integration into cancer-associated gene loci. 
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When EWS/FLI1 was expressed during early development in zebrafish [78] or transgenic mouse 

models that used conditional targeting via Cre-mediated deletion of a STOP cassette [73], EWS/FLI1 

induced lethality with marked apoptosis induction [75, 77]. Lethality was observed when EWS/FLI1 

was expressed through the ubiquitously open Rosa26 locus and Dermo1Cre or Col1α2Cre action [77]. 

EWS/FLI1 expression in transgenic mice was also shown to promote apoptosis induction through 

Caspase-3 expression [75]. Mx1 GTPase is expressed in liver, spleen, bone marrow, and lymphoid 

tissues and it is induced by type I interferon (IFNα/β). Induction of a Mx1-promoter driven Cre 

recombinase to activate EWS/FLI1 in these tissues induced a myeloproliferative neoplasm [77]. 

Similarly, EWS/ERG induced T cell leukemia in mice [79]. Attempts to generate EWS/FLI1-driven 

cancers of mesenchymal origin were based on three Prx1-driven transgenic mouse lines [73, 80]. The 

Prx1 promoter is active in the primary mesenchyme of the early limb bud. High EWS/FLI1 expression 

caused lethality during early embryo development at E14.5, but moderate EWS/FLI1 expression in 

two transgenic founder lines was only associated with mild, but consistent limb shortening. 

Importantly, these transgenic lines had a normal life span without signs of tumor formation. Crossing 

of these with conditional p53 mice (Prx1Cre-mediated p53 deletion) synergized in osteosarcoma 

formation, however, incapable to develop Ewing Sarcoma-like tumor [73]. Ubiquitous expression of 

EWS/FLI1 under the native EWSR1 promoter led to lethality either in utero or in adult mice [75]. To 

generate an Ewing Sarcoma transgenic mouse model, Tanaka and co-workers employed the Cre-loxP 

system in which somatic chromosomal translocation between the EWSR1 and the FLI1 locus were 

done to express the fusion protein in vivo. This led to cardiomyopathy followed by death [81]. Minas 

and colleagues [74] (publication #2) summarized in total sixteen different models from six groups 

worldwide trying to model human Ewing Sarcoma initiation and development by using several 

promoters which target EWS/FLI1 expression in different mesenchymal tissues. However, little 

success has been achieved in generating Ewing Sarcoma in mice.  

As a functional approach, we took advantage of mesenchymal-directed Prx1CreERT2 [80, 82] 

conditional human EWS/FLI1 [77] expression in mice. Notably, targeted Prx1CreERT2 mediated 

EWS/FLI1 activation in MSC one week after birth led to formation of metastatic Ewing-like Sarcomas. 

Cdkn2a deficiency supported further tumor formation. Crossing mice to Cdkn2a heterozygous mice 

[83] accelerates tumor formation and reduced the time of tumor development to half as observed in 

a wild type background. The histopathological analysis revealed a Ewing-like Sarcoma phenotype 

with expression of Ewing Sarcoma markers. Importantly, genetic analysis of mouse Ewing Sarcoma as 

compared to mouse MSC showed a EWS/FLI1 specific RNA expression signature characteristic of 
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patient-derived Ewing Sarcoma versus human MSC (publication #1). Whole genome sequencing 

discovered similar copy number alterations being seen in human Ewing Sarcomas. Furthermore, 

whole exome sequencing revealed a low rate of mutations, reminiscent of pediatric tumors, such as 

Ewing Sarcoma. Immunohistochemical staining and FACS analysis confirmed the mesenchymal origin 

of the obtained tumors. The Ewing-like Sarcoma mouse model predominantly showed metastasis in 

distant organs like liver, bone, muscle or adrenal gland (manuscript #1). We suggest that this is the 

first transgenic mouse model for a EWS/FLI1 driven small round cell sarcoma recapitulating clinical, 

genetic and immunohistochemical features of human Ewing Sarcoma in an immune competent host 

for comparative and preclinical human Ewing Sarcoma studies. 
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CHAPTER TWO: RESULTS 

2.1 PROLOGUE  

Childhood cancer studies are greatly hampered by small study cohorts, thus an animal model to 

study Ewing Sarcoma is needed for preclinical drug testing and mechanistic insights into disease 

processes. We aimed to better model the Ewing Sarcoma histogenesis through the use of Prx1Cre 

driven EWS/FLI1 expression from the Rosa26 locus (publication #1). Moreover, we developed a new 

primary cell model to study EWS/FLI1 expression consequences on core cancer pathways such as 

apoptosis and cell cycle progression or bone developmental signaling. We conclude that EWS/FLI1 

expression in MSC blocked mesenchymal differentiation and maintained an undifferentiated state 

with high self-renewal capacity despite high apoptosis. High rate of apoptotic cells and blockage of 

differentiation in the developing mesenchyme caused severe malformations in bone development 

leading to new-born death. However, blocking apoptosis through enforced BCL2 family member 

expression in EWS/FLI1 immortalized MSC promoted efficient and rapid sarcoma formation when 

transplanted to immunocompromised mice. Sarcomagenesis was accompanied by upregulation of 

the CDK4/CYCLIN D1/pRB axis, while reduced levels of Cdkn2a and p53 expression accelerated cell 

cycle and survival. 

To improve our model and allow for timely controlled activation of EWS/FLI1 in the mesenchymal 

lineage, we crossed Rosa26-EWS/FLI1 transgenic mice to Prx1CreERT2 transgenic mice, which led to 

development of metastatic small round cell sarcomas. Careful immunohistopathological analysis and 

detailed genomic characterization of the tumors supported the hypothesis that this model closely 

resembles human Ewing Sarcoma with similar tumor progression capacity. We learned from the first 

project that reduced expression of Cdkn2a may favour sarcomagenesis. We therefore generated two 

cohorts of mice, one group on the wild type background of Cdkn2a and the other group on Cdkn2a-

heterozygous background. Cdkn2a-heterozygousy as cooperating mutation facilitated and 

accelerated metastatic sarcoma formation (manuscript #1, in preparation). 

However, before the generation of this successful Ewing-like Sarcoma model several other transgenic 

approaches failed to result in tumor formation. For an overview of all these individual attempts to 

accomplish this journey, we summarized data of sixteen different transgenic mouse models from six 

independent laboratories (publication #2) that expressed EWS/FLI1 in different murine tissues using 

different strategies. A large variety of promoters was used to drive Cre recombinase expression 

including Runx2, Col1a2.3, Col1a3.6, Prx1, CAG, NSE, NEFL, Dermo1, P0, Sox9 and Osterix. Embryonic 
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lethality, developmental defects or no tumor formation were observed in most cases. Apoptosis 

induced by EWS/FLI1, promoter leakiness, the lack of potential cofactors, and the difficulty of 

expressing EWS/FLI1 in specific sites were considered as primary reasons for the failed attempts. 

However, the differences in non-coding RNA and in RNA splicing among mouse and human could also 

play a role as we discussed it extensively in our review paper (publication #4). 

In line and parallel with these mentioned attempts to generate a transgenic model, several 

laboratories try to develop new therapies to either target EWS/FLI1 expression or function. Erkizan 

and colleagues in 2009 identified a new small molecule inhibitor called YK-4-279, that directly binds 

to EWS/FLI1 and inhibits its oncogenic activity in Ewing Sarcoma cell lines and xenograft mouse 

models. YK-4-279 blocks EWS/FLI1 protein interactions with DDX5 and RHA resulting in altered mRNA 

splicing, thereby perturbing EWS/FLI1 target gene expression.  

To test the efficacy and therapeutic effectiveness of YK-4-279 to disrupt the oncogenic activity of 

EWS/FLI1 and to check the potential side effects in vivo, the Mx1Cre/EF transgenic model with 

EWS/FLI1 induced leukemia were tested. Short-term YK-4-279 treatment led to correction of 

abnormal hematopoiesis and significantly reduced white blood cell count, splenomegaly and 

hepatomegaly of erythroleukemic mice with better overall survival compared to vehicle treated 

mice. YK-4-279 inhibited EWS/FLI1 target gene expression in neoplastic cells as well. In conclusion, 

this in vivo study highlights the efficacy of YK-4-279 to treat EWS/FLI1 expressing neoplasms and 

supports its therapeutic potential for patients with Ewing Sarcoma and other ETS-driven 

malignancies such as prostate cancer, acute myeloid leukaemia (AML) and acute lymphoblastic 

leukaemia (ALL) (publication #3). 

Furthermore, we tested the efficacy of YK-4-279 in individual established cell lines from Ewing-like 

tumors of EWS/FLI1 mice crossed to Prx1CreERT2. Cells were nicely responsive to YK-4-279 compound 

as well (manuscript #1) with low IC50 values.  
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2.1.1 Publication I: Increased survival and cell cycle progression pathways are required for 

EWS/FLI1 induced malignant transformation 

 

Contribution statement: 

Study conception and design: 

Tahereh Javaheri, Heinrich Kovar and Richard Moriggl 

Experiments, analysis and interpretation of data: 

Tahereh Javaheri, Zahra Kazemi, Jan Pencik, Ha T. T. Pham, Maximilian Kauer, Rahil Noorizadeh, 

Barbara Sax, Harini Nivarthi, Michaela Schlederer, Barbara Maurer, Maximilian Hofbauer, Dave N. T. 

Aryee, Marc Wiedner, Eleni M. Tomazou, Malcolm Logan, Christine Hartmann, Jan P. Tuckermann, 

Lukas Kenner, Mario Mikula, Helmut Dolznig, Aykut Üren, Günther H. Richter, Florian Grebien, 

Heinrich Kovar and Richard Moriggl 

Drafting of manuscript: 

Tahereh Javaheri, Heinrich Kovar and Richard Moriggl 

Critical revision: 

Jan Pencik, Ha T. T. Pham, Aykut Üren, Günther H. Richter, Florian Grebien, Heinrich Kovar and 

Richard Moriggl 

 

This chapter is based on: 
Increased survival and cell cycle progression pathways are required for EWS/FLI1 induced 
malignant transformation. 
Tahereh Javaheri, Zahra Kazemi, Jan Pencik, Ha T. T. Pham, Maximilian Kauer, Rahil Noorizadeh, 
Barbara Sax, Harini Nivarthi, Michaela Schlederer, Barbara Maurer, Maximilian Hofbauer, Dave N. 
T. Aryee, Marc Wiedner, Eleni M. Tomazou, Malcolm Logan, Christine Hartmann, Jan P. 
Tuckermann, Lukas Kenner, Mario Mikula, Helmut Dolznig, Aykut Üren, Günther H. Richter, Florian 
Grebien, Heinrich Kovar and Richard Moriggl. 
Javaheri et al., Cell Death and Disease. doi:10.1038/cddis.2016.268 (2016) 
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2.1.2  Publication II: Combined experience of six independent laboratories attempting to create 

an Ewing Sarcoma mouse model 

 

Contribution statement: 

Study conception and design, experiments, analysis and interpretation of data: 

Tsion Zewdu Minas, Didier Surdez, Tahereh Javaheri, Miwa Tanaka, Michelle Howarth, Hong-Jun 

Kang, Jenny Han, Zhi-Yan Han, Barbara Sax, Barbara E. Kream, Sung-Hyeok Hong, Haydar Çelik, Franck 

Tirode, Jan Tuckermann, Jeffrey A. Toretsky, Lukas Kenner, Heinrich Kovar, Sean Lee, E. Alejandro 

Sweet-Cordero, Takuro Nakamura, Richard Moriggl, Olivier Delattre and Aykut Üren 

Drafting of manuscript: 

Tsion Zewdu Minas, Didier Surdez, Tahereh Javaheri, Miwa Tanaka, Michelle Howarth, Hong-Jun 

Kang, Aykut Üren 

Critical revision: 

Tsion Zewdu Minas, Didier Surdez, Tahereh Javaheri, Miwa Tanaka, Michelle Howarth, Hong-Jun 

Kang, Jenny Han, Zhi-Yan Han, Barbara Sax, Barbara E. Kream, Sung-Hyeok Hong, Haydar Çelik, Franck 

Tirode, Jan Tuckermann, Jeffrey A. Toretsky, Lukas Kenner, Heinrich Kovar, Sean Lee, E. Alejandro 

Sweet-Cordero, Takuro Nakamura, Richard Moriggl, Olivier Delattre and Aykut Üren 

 

This chapter is based on:  
Combined experience of six independent laboratories attempting to create an Ewing Sarcoma 
mouse model. 
Tsion Zewdu Minas*, Didier Surdez*, Tahereh Javaheri*, Miwa Tanaka*, Michelle Howarth*, Hong-
Jun Kang*, Jenny Han, Zhi-Yan Han, Barbara Sax, Barbara E. Kream, Sung-Hyeok Hong, Haydar 
Çelik, Franck Tirode, Jan Tuckermann, Jeffrey A. Toretsky, Lukas Kenner, Heinrich Kovar#, Sean Lee#, 
E. Alejandro Sweet-Cordero#, Takuro Nakamura#, Richard Moriggl#, Olivier Delattre# and Aykut 
Üren#. 
Minas et al., Oncotarget. doi: 10.18632/oncotarget.9388 (2016) 
*These authors contributed equally to this work 
# Equall correspondence 
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2.1.3 Publication III: YK-4-279 effectively antagonizes EWS/FLI1 induced leukemia in a transgenic 

mouse model 

 

Contribution statement: 

Study conception and design: 

Tsion Zewdu Minas, Jenny Han, Aykut Üren 

Experiments, analysis and interpretation of data: 

Tsion Zewdu Minas, Jenny Han, Tahereh Javaheri, Sung-Hyeok Hong, Michaela Schlederer, Yasemin 

Saygideğer-Kont, Haydar Çelik, Kristina M. Mueller, Idil Temel, Metin Özdemirli, Heinrich Kovar, 

Hayriye Verda Erkizan, Jeffrey Toretsky, Lukas Kenner, Richard Moriggl, Aykut Üren 

Drafting of manuscript: 

Tsion Zewdu Minas, Jenny Han, Aykut Üren 

Critical revision: 

Tsion Zewdu Minas, Jenny Han, Richard Moriggl, Aykut Üren 

 

This chapter is based on: 
YK-4-279 effectively antagonizes EWS/FLI1 induced leukemia in a transgenic mouse model. 
Tsion Zewdu Minas*, Jenny Han*, Tahereh Javaheri, Sung-Hyeok Hong, Michaela Schlederer, 
Yasemin Saygideğer-Kont, Haydar Çelik, Kristina M. Mueller, Idil Temel, Metin Özdemirli, Heinrich 
Kovar, Hayriye Verda Erkizan, Jeffrey Toretsky, Lukas Kenner, Richard Moriggl, Aykut Üren. 
Minas et al., Oncotarget. doi: 10;6(35):37678-94 (2015) 
*These authors contributed equally to this work 
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2.1.4 Publication IV: Review: JAK-STAT signaling in cancer: From cytokines to non-coding genome 

 

Contribution statement: 

Study conception and design: 

Jan Pencik, Ha Thi Thanh Pham, Johannes Schmoellerl, Tahereh Javaheri 

Drafting of manuscript: 
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Critical revision: 
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Culig, Olaf Merkel, Richard Moriggl, Florian Grebien, Lukas Kenner 

 

This chapter is based on:  
JAK-STAT signaling in cancer: From cytokines to non-coding genome. 
Jan Pencik, Ha Thi Thanh Pham, Johannes Schmoellerl, Tahereh Javaheri, Michaela Schlederer, 
Zoran Culig, Olaf Merkel, Richard Moriggl, Florian Grebien, Lukas Kenner.  
Pencik et al., Cytokine. doi: 10.1016/j.cyto.2016.06.017 (2016) 
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2.2 INTERLUDE 

In the first presented manuscript (Javaheri et al., Cell Death and Disease 2016) we used mesenchymal 

Prx1-directed conditional EWS/FLI1 expression in mice and we could demonstrate that MSC are an 

adequate host for EWS/FLI1 expression. However, the high rate of apoptosis likely inhibited tumor 

formation. Enforced BCL2 family member expression in MSC promoted efficient and rapid sarcoma 

formation in a transplantation system. 

As EWS/FLI1 induced apoptosis was especially seen around birth, we generated a transgenic model, 

where oncogene expression in the mesenchymal lineage can be delayed to a time point soon after 

birth. To this end we crossed transgenic mice expressing tamoxifen inducible Prx1CreERT2 to the 

Rosa26-EWS/FLI1 knock-in mice. Activation of EWS/FLI1 one week after birth resulted in of the 

formation of Ewing-like Sarcomas. 
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2.2.1 Manuscript I: Early and inducible EWS/FLI1 expression from mesenchymal stem cell stage 

after birth drives formation of metastatic Ewing-like Sarcoma in mice (manuscript in preparation) 

Abstract 

Ewing Sarcoma is a highly metastatic bone and soft tissue tumor that affects mainly adolescents. A 

translocation between chromosomes #11 and #22 underlies the generation of the oncogenic 

EWS/FLI1 transcription factor. 

Despite advances in our understanding of the genetic basis of Ewing Sarcoma pathogenesis in man, a 

reliable mouse model that faithfully recapitulates features of human Ewing Sarcoma for preclinical 

drug treatment studies is still missing. The generation of EWS/FLI1 transgenic mice remained 

challenging due to high toxicity of the oncogene that is best tolerated by mesenchymal stem cells. A 

genetic immunocompetent mouse model of Ewing Sarcoma is urgently needed to foster our 

understanding of Ewing Sarcoma pathogenesis and functionally study its molecular vulnerabilities in 

vivo. 

We crossed the Prx1CreERT2 to Rosa26-EWS/FLI1 mice for conditional expression of human EWS/FLI1 

from the mesenchymal stem cell stage to avoid lethal effects of EWS/FLI1. This led to formation of 

metastatic Ewing-like Sarcomas as confirmed by histopathology and genetic analysis. A cross to 

Cdkn2a-heterozygous mice accelerated both primary and metastatic sarcomagenesis. Ewing-like 

Sarcomas isolated from mice displayed an EWS/FLI1 target gene expression signature similar to the 

human tumor and also genetic characteristics such as low number of genetic aberrations, absence of 

recurrent mutations, and chromosome gains seen in Ewing Sarcoma patients. The inducible Ewing-

like Sarcoma mouse model displayed mainly metastasis to liver, bone, muscle or adrenal gland, which 

closely resembles cancer dissemination also found in patients. 

We conclude that early EWS/FLI1 expression in juvenile mesenchymal stem cells is sufficient to 

promote metastatic Ewing-like Sarcoma. 
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Results 

Figure 1. Tumor development in transgenic mice after EWS/FLI1 expression. (A) Schematic 

overview for generation of an Ewing-like Sarcoma model (left). EF/EF animals were crossed with 

Prx1CreERT2 animals and were injected with tamoxifen for five consecutive days at 1 week of age 

(right). Cre mediated STOP codon deletion. Very narrow time window of bone development stage 

tolerated EWS/FLI1 expression and it gave rise to tumor formation (right). (B) Summary table of 

intraperitoneally tamoxifen injected mice illustrating that Cdkn2a heterozygosity accelerated tumor 

formation. (C) µ-CT of a representative mouse with a tumor developed on the bone-surrounding area 

(left). Kaplan Meier curve shows the overall survival in the entire study population (right). (D) 

Western blot presents expression of HA tagged EWS/FLI1 and FLI1 in both cohorts of tumors. The 

human Ewing Sarcoma cell line SK-N-MC served as positive control (P.C.) and the human PC3 

prostate cancer cell line served as negative control (N.C.). (E) Tumor location correlated with age of 

the mice. Younger mice tended to develop tumors rather at bone and bone-surrounding tissues 

while tumor formation in older mice was predominantly observed in extraosseous locations. (F) H&E 

and immunohistochemical staining of SK-N-MC and of representative Ewing-like and non Ewing-like 

mouse tumors unravelled specific positivity of Ewing-like tumors for Periodic Acid Schiff (PAS) and 

neuronal-specific enolase (NSE). 

Figure 2. Migration of primary tumor cells and metastases to multiple sites. (A) H&E staining 

showed metastatic deposits of cancer cells in liver, small intestine, salivary gland, pancreas, bone and 

adrenal gland tissues. Tumor cell microemboli positive for PAS and NSE were also detectable in small 

pulmonary blood vessels of the lung. Meta: metastatic cells. (B) Tumor-derived cell lines from 

primary (#1) and metastatic spots (#2) displayed a prominent MSC characteristics. Morphological 

appearances of cell lines isolated and established from four individual EWS/FLI1 mouse tumors were 

adherent and demonstrated a thin and elongated spindle-like morphology. These characteristics in 

combination with FACS surface marker expression identified them as MSC-like cells. Phalloidin 

immunostaining was used to visualize actin cytoskeleton and elongated F-actin stress fibers (as MSC 

filament markers). All tumor cell lines expressed F-actin and were very positive for Phalloidin at 200× 

magnification, while DAPI was used for visualization of nuclei. RWPE1 is an epithelial cell line used as 

negative control and SK-N-MC (human Ewing Sarcoma cell line) served as positive control. (C) 

Expression of MSC-associated cell surface markers CD105 and CD90 was assessed by FACS analysis. 

Murine MSC served as positive control and murine B-cell lymphoma served as negative control. 

Figure 3. Similarity of mouse Ewing-like tumors with human Ewing Sarcomas. (A) RNA-Seq analysis 
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illustrated the gene changes of EWS/FLI1 induced tumors (non Ewing-like and Ewing-like tumores) 

compared to murine wtMSC. A similar pattern of gene signatures of Ewing-like tumors could be seen 

when compared to 526 Ewing Sarcoma signature genes from 49 primary human Ewing Sarcoma and 

5 human cell lines. The bar on the left indicates whether a gene in human Ewing tumors is up (red) or 

down (blue) regulated in comparison to human MSC. Columns were clustered by the average linkage 

algorithm. Five non Ewing-like tumors were clustered closer to murine wtMSC compared to other 

eleven Ewin-like tumores. The heatmap indicated row-wise scaled gene expression values of murine 

wtMSC and tumors. (B) The gene clusters visualized in scatter plots illustrated a much closer relation 

among human signatures and Ewing-like tumors compared to non-Ewing-like tumors. The Y-axis 

represents mean of logFC of Ewing-like tumors (upper plot) and of non Ewing-like tumors (lower plot) 

compared to wtMSC. X-axis shows the mean of logFC of human tumors versus MSC taken from Kauer 

et al., 2009 [57]. Pearson correlation coefficient (R) of mouse and human data is shown in the upper 

left corner of each plot. (C) Venn diagrams displayed the overlap of up regulated (logFC>1, p<0.1) 

genes in human and Ewing-like tumors (right) as well as down regulated (logFC<-1, p<0.1) genes 

(left). For this analysis only genes that already defined as “signature genes” in Kauer et al., 2009 [57] 

were considered. Diagrams showed a high and significant overlaps (hypergeometric test, p<10-10) of 

up or down regulated genes among human and murine tumors. (D) Correlation analysis were done to 

evaluate the similarity of genes expressed in Ewing-like tumors and in a panel of different sarcomas. 

Each bar represents a correlation coefficient (R) of Ewing-like tumors versus wtMSC and relative gene 

expression of a specific sarcoma in human Sarcoma data set taken from Baird et al., 2005 [84]. A 

positive correlation indicates that the same genes are high/low in Ewing-like tumors compared to 

indicated sarcoma. Although correlation coefficients were relatively small, the highest correlation 

coefficient was found for Ewing Sarcoma. (E) Low coverage whole genome sequencing analysis of 

representative induced Ewing-like tumors revealed recurrent chromosomal copy number alterations 

in three tumors. Copy number plots showed trisomy of chromosome #3, #6 or #15 (Y-axis= log 

difference between tumor and control tissue (kidney), X-Axis chromosome coordinate). Y-Axis: the 

difference <0 (down) shows a deletion, and difference >0 (up) shows the amplification of that 

chromosomal region (or whole chromosome) (figure will be improved). 

Figure 4. Tumor-derived cell lines are responsive to YK-4-279. (A) Derived cell line from primary (#1, 

#3) and metastatic tumor (#2) were sensitive to YK-4-279 treatment while derived cell line from non 

Ewing-like tumor (#4) was resistant to the drug. TC71 and A4573 are human Ewing Sarcoma cell lines 
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and served as positive controls. (B) Western blotting showed no significant changes in EWS/FLI1 

expression level upon drug treatment consistent with previously published results. 

 



 

 

 120 

 

Javaheri et al., Figure 1 



 

 

 121 

 

  Javaheri et al., Figure 2 
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Javaheri et al., Figure 3 
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Javaheri et al., Figure 4 



 

 

 124 

CHAPTER THREE: DISCUSSION 

3.1 DISCUSSION 

Ewing Sarcoma is reported largely in young adults with mean age of 10 to 15 years [8]. Males are 

slightly more effected compared to females [8] and we speculate that at least part of this difference 

might relate to differences in hormones and growth factors peaking at puberty [85, 86].The putative 

reason for Ewing Sarcoma occurrences predominantly in young patients might be the rapid 

proliferation rate chondrocytes and osteoblasts during endochondral bone formation, which makes 

them more vulnerable for genetic and epigenetic changes facilitating transformation. 

Despite significant advances in multimodal therapy, long-term treatment outcome for metastatic or 

relapsed patients remains poor. Due to the rarity of the disease, testing options of new drugs and 

treatment modalities are limited for Ewing Sarcoma. A faithful mouse model of the disease would 

serve as a pre-clinical test system to gain insights into the mechanisms underlying Ewing Sarcoma 

initiation and progression and would allow to evaluate diverse and new therapies. One of the 

challenges in generating a genetic mouse model is to define the correct cellular origin of the disease 

that is susceptible to malignant transformation into Ewing Sarcoma. The importance of cellular 

context has been highlighted in all generated mouse models. To tackle this issue, many unsuccessful 

attempts have been made in the past. A partial success was achieved by ectopic expression of 

EWS/FLI1 in various progenitor cell lines such as murine MSC, neural crest derived stem cells or 

osteochondrogenic cells, which could partly transform primary cells into malignant tumor cells in 

immunocompromised mice [11, 35, 38, 41, 47, 56, 59, 73-75, 77-79]. However, these are all in vitro 

models and generating an in vivo model with intact competent immune system allowing tumor 

growth remained a challenge to be accomplished.  

Several reasons exist for the difficulty of establishing an appropriate animal model by introduction of 

the EWS/ETS fusion: 

1)  Whether Ewing Sarcoma is a single hit disease driven exclusively by a EWS/ETS fusion gene 

and if a single hit would be sufficient to induce tumor formation is still a much debated issue. To 

answer this important question some groups introduced EWS/FLI1 into murine primary bone-derived 

cells. In one study, EWS/FLI1 expression made the early-passage cells immortal in culture but no 

tumor could be formed, whereas at later passage cells formed sarcomas in immunocompetent 

syngeneic mice. Interestingly, some but not all tumors showed p53 mutation and a constitutive loss 

of p21 expression, suggesting a dependency of tumor formation on additional hits [11, 18, 27, 57, 63, 

64, 87]. In contrast, one study reported successful Ewing Sarcoma-like tumor formation by 
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introduction of EWS/FLI1 into a very specific ERG-expressing subpopulation of murine mesenchymal 

cells [76]. Another independent study showed that tumor formation can be achieved by 

transplantation of juvenile EWS/FLI1 expressing primary bone marrow derived mesenchymal 

progenitor cells [47]. 

Using a genetically controlled model, we have shown here that sarcomas only form when BCL2 family 

members promote survival to counteract mesenchymal EWS/FLI1-induced apoptosis [11]. Caspase3 

was described as a direct EWS/FLI1 target gene in mouse embryonic fibroblasts or human Ewing 

Sarcoma cells [75, 88]. Thus, our genetic model confirms that high apoptosis is associated with 

significant caspase 3 expression upon mesenchymal EWS/FLI1 expression [11]. 

Overall, we need more investigations to reveal if loss of tumor suppressor genes and/or further 

oncogenic mutations need to synergize with EWS/ETS to achieve constitutive activation of core 

cancer pathways to establish aggressive sarcomas. 

2) Targeting the right cell type at the right time with appropriate EWS/ETS dosage seems to be 

very crucial. Several efforts and attempts have been done to generate a functional model [11, 34, 35, 

37, 47, 73-77, 81]. In one experiment the Mx1Cre-inducible system was used to induce EWS/FLI1 

expression from the ubiquitous Rosa26 locus, which led to myeloproliferative neoplasm [77] 

manifested by hepatomegaly, splenomegaly, severe anemia, and death, which revealed the incorrect 

timing and wrong cell type [77]. 

EWS/FLI1 expression during early development in zebrafish [78] or transgenic mouse models, that 

used conditional targeting via Cre-mediated deletion of a STOP cassette, induced lethality with 

marked apoptosis induction [75, 77]. Lethality was observed when EWS/FLI1 was expressed through 

the ubiquitously open Rosa26 locus and Dermo1Cre or Col1α2Cre action [77]. Thus, attempts to 

make a transgenic model with EWS/FLI1 expression from random genomic integration only caused 

developmental defects, mild limb shortage and embryonic lethality demonstrating that the correct 

dosage and timing of EWS/ETS expression should happen to make a proper model.  

3) The differences between biological pathways of human and mouse could also be considered 

as a critical issue for tumor development. For instance, surface protein CD99 is a critical component 

of Ewing Sarcoma proliferation and pathogenesis. Human CD99 expressed at high level is a routine 

Ewing Sarcoma diagnosis marker, and inhibition of CD99 expression hinders cell growth both in vivo 

and in vitro [12-14]. However, CD99 protein in mouse shows less than 50% amino acid identity to its 

human counterpart [89, 90], Thus, CD99 engagement could play a species-restricted role in activating 

biological pathways in mouse and human cells expressing EWS/FLI1. The lack of a comparable CD99 

protein in mouse cells might be responsible for the lack of Ewing Sarcoma development upon 
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EWS/FLI1 expression. Similarly, the non-coding RNA or splicing regulation differences could be 

species-restricted as we reviewed in publication #4 (Pencik et al., Cytokine 2016) 

4) The reciprocal chromosomal translocation in Ewing Sarcoma patients generates two chimeric 

fusion genes, EWS/ETS and ETS/EWS. The role of ETS/EWS product has been largely neglected and it 

is not well studied. It might be due to very low amount of ETS/EWS which makes the detection of this 

fusion protein at mRNA or protein level in Ewing Sarcoma cell lines or human tumor samples difficult. 

Some data provided new evidences that coexistence of ETS/EWS and EWS/ETS is required for 

EWS/ETS mediated transformation and tumor formation [91]. If this hypothesis is true, then lack of 

ETS/EWS component in all attempts might be the origin for failure to establish in vivo Ewing Sarcoma 

models. 

5) The size and place of microsatellites differ between mammalian species, and some 

oncogenes such as EWS/FLI1 use microsatellites as cancer-relevant genetic elements [23, 65, 67, 68]. 

The differences in GGAA microsatellites among human and mouse could also be key to understand 

mechanisms by which DNA binding EWS/ETS aberrant transcription factor target genes that are 

needed for cell transformation and tumorigenesis [23, 65, 67, 68]. It has been shown that EWS/FLI1 

uses GGAA microsatellites as specific response elements to regulate the expression of target genes. 

EWS/FLI1 binds to highly repetitive GGAA -containing microsatellite regions that exist in promoters of 

these genes [23], which is missing in the promoter of the Mus musculus equivalents of bona fide 

EWS/FLI1 target genes Nr0b1, FCGRT and CAV1 and GSTM4, while otherwise the murine genome 

contains thousands of such microsatellites. EWS/FLI1 was incapable to induce murine Nr0b1 

expression in NIH 3T3 cells suggesting that even the expression and existence of EWS/FLI1 fusion in 

mice does not cause the up-regulation of critical genes necessary for cell transformation and 

tumorigenic phenotype of human Ewing Sarcoma [9, 23, 26, 28, 29, 50, 65, 92]. 

The question is how GGAA contributes in cell transformation, Ewing Sarcoma pathogenesis and 

eventually cell dissemination and migration. To confirm the described information and to address 

this question, we do believe complementary work and more patient studies will be required to 

analyze microsatellite size and frequency of specific regions in human patients. Despite all 

differences of sequence homology in CD99 and variety in non-coding RNA among human and mouse, 

we were able to generate a human Ewing-like Sarcoma recapitulating model in the mouse, turning 

out CD99 or perhaps existing human non-coding RNAs are not essential for tumor initiation in mice 

but might be important for tumor progression. 

In our first Prx1Cre conditional model, EWS/FLI1 expression led to early chondrocyte and osteoblast 

differentiation arrest due to altered signaling pathways such as hedgehog, WNT or growth factor 
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signaling. MSC expressing EWS/FLI1 showed high self-renewal capacity and maintained an 

undifferentiated state despite high apoptosis rate. However, enforced BCL2 family member 

expression in MSC promoted efficient and rapid sarcoma formation when transplanted to 

immunocompromised mice, turning out that the apoptosis inhibition assists EWS/FLI1 during tumor 

initiation and progression. Since Ewing Sarcoma cases were reported in babies, children and senior 

adults [93], we concluded that a very tight and narrow timepoint is required to induce EWS/FLI1 

expression, although it might be silent for decades, but origination and manifestation happens 

possibly very early during bone development. Thus, we switched to a tamoxifen inducible system and 

crossed EWS/FLI1 mice to Prx1CreERT2. Mice developed Ewing Sarcoma-like tumors when EWS/FLI1 

was activted in a very narrow time window. First EWS/FLI1 dosage plays a crucial role, since if we 

kept EWS/FLI1 in the heterozygote state, tumor formation failed. Secondly, time of injection was very 

critical. Tamoxifen injection during pregnancy, immediately after birth and in 2, 3 or 4 weeks old mice 

led to no tumors. Third, Prx1CreERT2 model is a knock-in mouse, meaning that Prx1 expression is 

reduced to half compared to the wild type situation. Prx1 expresses in mesenchymal tissues such as 

the cranial mesoderm, the limb buds, the axial mesoderm, and the branchial arches [94, 95]. Loss of 

function of Prx1 resulted in mouse embryos with severely disrupted skull development, whereas the 

limbs revealed only a slight shortening of the radius and ulna [96]. These results all showed the 

importance of Prx1 in osteoblast differentiation. We speculate that EWS/FLI1 expression with 

weakened expression of Prx1 at a very slim and tight time window in a specific subpopulation of MSC 

coincidently resulted to Ewing Sarcoma-like tumor formation in our model. Our genetically 

engineered mouse model resembled sarcomas with close Ewing Sarcoma genetics as determined by 

RNA-Seq analysis, WGS and WES analysis. However, we could see a profound B-cell gene signature of 

as well, which we excluded to be relevant. It might originate from cryptic expression of PAX5, a 

master regulator of B-cell differentiation. We established individual cell lines from tumors as a 

powerful tool to work with especially for drug sensitivity analysis and perturbation experiments. 

Tumor-derived cells were strongly positive for CD90 (Thy-1) and Phalloidin staining as prominent 

markers of mesenchymal cells. These cells were responsive to YK-4-279 compound as well. YK-4-279 

is a small molecule (publication #3, Minas et al., Oncotarget 2015) that directly binds to EWS/FLI1 

and inhibits its oncogenic activity in Ewing Sarcoma cell lines and xenograft mouse models. 

Taken together, our study demonstrates that restricting EWS/FLI1 expression to mesenchymal stem 

cells at a developmental time point soon after birth considering dosage of EWS/ETS and possibly of 

Prx1 suffices to lead to sarcomagenesis.  
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3.2 CONCLUSIONS 

On the basis of our in vivo and in vitro experimental approaches we clearly demonstrated that 

mesenchymal cells may serve the cell of origin in Ewing Sarcoma. EWS/FLI1 dosage and time of 

EWS/FLI1 expression are key to generate a mouse model that resembles faithfully human Ewing 

Sarcoma according to various genetic and immunohistochemical analyses. Our two transgenic mouse 

models are useful in preclinical settings to explore therapeutic targets and novel treatments in this 

metastasizing model of childhood sarcoma.  
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