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1 Introduction 
 

1.1 Ewing Sarcoma 
 

Ewing sarcoma (ES) is a highly malignant bone and soft tissue neoplasia. In 

1921 James Stephen Ewing was the first who described it as an 

“endothelioma of the bone” with “unknown origin and nature” [1], while 45 

years later it is still of enigmatic histogenesis [2]. Categorical, ES belong to a 

group of cancers that are recognized as the Ewing`s sarcoma family of 

tumors (ESFT) that includes peripheral primitive neurectodermal tumor 

(PNET), peripheral neuroepithelioma and Askin tumor, which share the same 

EWS/ETS oncogenic fusion genes, displaying similar biological behavior [3, 

4]. 

Epidemiologically, ES represent the second most common bone and soft 

tissue tumors in children and adolescents next to osteosarcoma [5]. Tumors 

usually occur during the second decade of life with a peak incidence of 3.3 in 

1x106 under the age of 15 [6, 7]. Its prevalence is slightly increased in males 

and Caucasians and rarely arises in individuals of African ancestry [3], 

indicating a genetic predisposition. The most common affected bone sites 

are the long bones of the extremities, pelvis, chest wall and spine. Lesions of 

the long bone typically involve the diaphysis [3]. Even though most ES occur 

in bone, 15% may arise in extra osseous sites including deep soft 

paravertebral, thoracic and proximal limb tissue, kidney, bladder, lung, 

prostate and the meninges [8, 9]. ES feature an aggressive behavior and a 

propensity towards early recurrence after resection, predominantly in the 

lungs, bone and bone marrow [10].  

Histologically, ES belong to a group of small round blue cell tumors that 

include neuroblastoma, alveolar rhabdomyosarcoma and lymphoblastic 

leukemia that appear blue under the microscope on hematoxylin and eosin 

(H&E) staining. They are composed of small cells with a high nuclear to 

cytoplasmic ratio and typically represent undifferentiated cells. While the cell 

of origin is still unknown several studies showed that ES cells display 

features of mesenchymal, neurectodermal and endothelial cells, suggesting 
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either a mesenchymal or neuroectodermal origin [11, 12]. Despite 

information and recognition on the morphological, immunocytochemical and 

sometimes ultrastructural features, the most valuable markers of differential 

diagnosis from other small round cell tumors of childhood, was the 

identification of a non-random translocation [13, 14]. While different 

translocations exist the most prominent is a fusion of the Ewing sarcoma 

breakpoint region 1 (EWSR1) and an ETS (E-twenty-six) family gene [15-17] 

which in 85% of cases is a fusion of the EWS transcription factor on 11q24 

and the FLI1 gene on 22q12. The consequence is an aberrant chimeric 

fusion transcript (EWS-FLI1) with increased transcriptional activity compared 

to normal FLI1 and an altered binding characteristic to many downstream 

targets and interaction partners, which can be activated or suppressed [18-

20]. Type 1 (exon 7 of EWS to exon 6 of FLI1) and type 2 (exon 7 of EWS to 

exon 5 of FLI1) are the two types of this typical translocation sites. The 

second most translocation t(21;12)(22;12) results in an EWS-ERG (Ets-

related-gene) related fusion [21].  

 

Children and teens with Ewing sarcoma often experience localized pain and / 

or a mass, frequently mistaken for signs of growth or injury [22]. While the 

survival and the relapse-free survival improved over time, the most critical 

prognostic factors today are metastases at diagnosis, primary site and age. 

Thereby, 22% of all newly diagnosed patients are diagnosed with 

metastases, which correlates with a bad outcome. Furthermore, once 

patients relapse the outcome is poor, especially for those relapsing within 2 

years of diagnosis who almost invariably die of their disease [23]. The overall 

5-year disease-free survival for localized tumors, treated with surgery, 

radiation and multi-agent chemotherapy is 65-76% [24, 25]. Even though 

improved local control therapy and the development of improved 

chemotherapy combinations have reduced the frequency of relapse and 

improved the overall outcome, patients with metastatic disease have a <30% 

survival, especially when the bone or the bone marrow is involved [26, 27]. 

Current treatment modalities include tumor resection whenever possible, 

radiotherapy for inoperable lesions, chemotherapy and allogenic stem cell 

transplantation [27-29]. VIDE (vincristine, ifosfamide, doxorubicin and 
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etoposide) is now the standard chemotherapy for ES patients in Europe. 

However, no standard therapy exists for treatment of relapsed or refractory 

Ewing sarcoma.  

 

Since Ewing`s sarcoma comprise one of the lowest mutation rate of all 

cancers [30, 31] with no actionable recurrent mutation [32], clinical evaluation 

of EWS-FLI1-targeted therapies are now only beginning. Although, direct 

targeting of EWS-FLI1 has been largely unsuccessful owing to poor 

pharmacokinetic properties and a lack of intrinsic enzymatic activity, several 

trials currently focus on interaction partners and downstream targets. In 

2004, Staege et al. [11] identified a ES-specific expression signature of 37 

genes that were overexpressed or even specifically expressed in comparison 

to normal tissue. Some of them are the enhancer of zeste homolog 2 

(EZH2), the Six transmembrane epithelial antigen of prostate 1 (STEAP1), 

the G protein-coupled receptor 64 (GPR64) gene or the dickkopf 2 (DKK2) 

gene which promote the oncogenic phenotype, proliferation, invasiveness or 

the metastatic spread of ES [18, 33-35]. Nonetheless, advanced 

therapeutical treatment options are still lacking and are therefore one aim of 

this thesis.  

 

1.2 Beyond conventional genetics 
 

For nearly a century after the term “epigenetics” first appeared, researches 

tried to untangle the fact that gene expression and function could be altered 

by more than just changes in DNA sequences. Epigenetics, which are 

defined as genomic modifications that do not involve a change in the 

underlying DNA nucleotide sequence, have been expected to play specific 

roles in normal and transformed cells [36]. While the term is often used very 

broadly, it has originally been associated with changes that lead to 

alterations in chromatin conformation, histone appearance, non-histone 

chromatin proteins and non-coding RNAs [37, 38]. Aberrations in these 

components are common contributors to diseases. For example, syndromes 

like Prader-Willi, Silver-Russell or Angelman are often associated with 
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alterations in DNA methylation [39]. However, also cancer has been 

associated with aberrations in DNA methylation. Perhaps most commonly 

aberrations found in cancer are either DNA hypo- or hypermethylation of 

cytosines that precede guanines. These so called CpG islands are not 

randomly distributed throughout the genome but are regions with a high 

frequency of CpG sites. The usual definition of a CpG island is a region with 

at least 200 bp and a G+C percentage greater than 50% [40]. In humans, 

about 70% of promoters located near the transcriptional start site (TSS) 

contain a CpG island and are supposed to control the proximal gene 

expression [41]. However, recent studies demonstrated that they can also 

regulate gene expression at distal regions as well as the expression of 

functional noncoding RNAs including microRNAs [42, 43].  

Since the methylation of CpG islands is generally considered as a 

transcriptionally repressive mark, factors like DNA methyltransferases 

(DNMTs) that catalyze DNA methylation are interesting anti-cancer targets 

[44]. In comparison with normal tissue, human tumors exhibit only low level 

of DNA methylation due to hypomethylation of repetitive DNA sequences and 

demethylation of coding regions and introns [45, 46]. However, DNA- 

hypermethylation of the CpG islands in promoter regions of tumor 

suppressor genes are major events in the origin of many cancers. While 

global hypomethylation characterizes cancer cells, hypermethylation of CpG 

islands is another feature affecting specific genes, e.g. genes involved in the 

cell cycle, DNA repair, the metabolism of carcinogens, cell-to-cell interaction, 

apoptosis, angiogenesis or tumor suppressor genes [47, 48]. The profiles of 

these methylation events are specific, defining a DNA methylome for each 

type of cancer. Mechanistically, DNA methylation is linked at many levels 

with histone modifications and nuclear organization [49, 50]. To pack huge 

portions of DNA into tiny compartments, histones facilitate the necessary 

scaffold for compaction. A histone octamer consists of two copies of each of 

the four core histone proteins (H2A, H2B, H3 and H4) and can wrap around 

147 bp of DNA. It can be modified post-translationally which in turn enables 

regulatory mechanisms [49, 51]. Histone 1 which completes the histone 

family does not belong to the core complex but has a more structural 
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significance, stabilizing the DNA wrapped around the core histones. Over the 

past few years researchers have investigated mechanisms underlying post-

translational modifications of core histones, in part due to dysfunction 

observed in many cancers. Evolutionarily, histones are highly conserved 

proteins with globular domains that mediate histone-histone interactions and 

a C or N terminal residue rich in basic amino acids that extends from the 

surface of the nucleosome [52]. While these `tails` do not contribute 

significantly to the structure or stability of nucleosomes, they do play an 

essential role in controlling the folding of nucleosomes into higher-ordered 

structures. At least 16 different classes at defined positions of the histone tail 

are subject to post-translational modifications including methylation, 

acetylation, ubiquitination, sumoylation, phosphorylation, ribosylation, 

deamination or isomerization [53]. All of these modifications are dynamic and 

the interplay and combination of histone modifications, DNA methylation and 

ATP chromatin remodeling proteins, dynamically regulate chromatin 

structure and thereby cellular processes [54-56]. Adding to the complexity is 

the fact that one amino acid residue can accept up to three groups, e.g. 

lysine can be mono-, di- or tri-methylated while arginine can be mono- or di-

methylated. However, given the number of new modification sites identified 

each year it seems not unlikely that nearly every histone may be accessible 

for post-translational modifications. 

Although histone modifications have been studied for over 40 years, histone 

modifying enzymes remained elusive until the first discovery of histone 

acetyltranferases (HATs) [57-60]. Histone acetylation represents a mark 

generally linked to transcriptional activation, leading to a cascade of 

additional modifications and the recognition by specific proteins such as 

bromo domain-containing proteins [37, 52, 53, 55, 61, 62]. However, the 

level of histone lysine acetylation is regulated via the opposing roles of HATs 

and histone deacetylases (HDACs) which were also observed to be 

deregulated in different cancers [63-65].  

Histone methylation, in contrast to histone acetylation, correlates with either 

an activation or a repression of transcription depending on the degree of 
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methylation and the site [66, 67]. For instance, methylation of histone H3 

lysine 9 (H3K9), H3K27 and H4K20 are associated with gene silencing while 

methylation of histones H3K4, H3K36 and H3K79 have been linked with 

active gene transcription [68, 69]. Interestingly, an equilibrium between 

methylation of H3K4 which activates transcription and H3K27 which 

represses, was reported to be important in the activity of “stemness” 

transcription patterns to maintain pluripotency [70]. Histone methylation on 

lysine is mediated by histone methyltransferases (HMTs) transferring a 

methyl group from the cofactor S-adenosyl-L-methionine (SAM) to the ε-

amino group of the lysine [71]. There are two different classes of HMTs: the 

lysine-specific SET domain containing histone methyltransferases and the 

non-SET-containing lysine methyltransferases [72]. In contrast to HATs and 

HDACs, HMTs do show a high degree of specificity towards their histone 

targets and are able to recognize and modulate different degrees of 

methylation on the same lysine [66, 67, 73]. Furthermore, due to the stable 

nature of the C-N bond, research in the early days regarded methylation of 

histones as an irreversible process [74, 75]. However, the later discovery of 

histone demethylases disproved this hypothesis, showing that methylation is 

a very dynamic process that changes throughout different stages of 

development [76]. Alterations in this process have been implicated in a 

plethora of different diseases. In fact, epigenetic alterations have been 

known to occur in cancer cells for decades. However, their recognized role is 

not causal and many processes leading to this transformation are still 

unknown. While no single histone modification is predictive per se, several 

alterations were identified characterizing the clinical outcome of the analyzed 

patients. Similar to HATs and HDACs, altered activity or expression of HMTs 

and HDMs has been reported in several cancers [77, 78]. For example 

EZH2, which is a H3K27 HMT and member of the polycomb repressive 

complex 2 (PRC2), was found as frequently up-regulated in several cancer 

entities including breast or prostate cancer as well as in ES [18, 79, 80]. 

However, understanding the complex mechanisms involved in EZH2 

overexpression and how it targets defined genomic alterations are only 

beginning to be understood. 
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1.3 Polycomb and EZH2 as a landmark in life 

 
Polycomb and trithorax groups of proteins (PcG) epigenetically remodel 

chromatin states and thus influence transcriptional programs. Whilst both 

groups act antagonistically, PcG proteins mediate gene silencing through the 

regulation of chromatin structure and in part through post-translational 

modifications of histones, involving at least two kinds of multiprotein 

complexes. In mammals, the Polycomb Repressive Complex 1 (PRC1) is 

responsible for monoubiquitylation at lysine 119 of histone H2A [81]. 

Furthermore, it binds trimethylation marks at lysine 27 of histone 3 and 

hence act downstream of the Polycomb Repressive Complex 2 (PRC2) [82]. 

The PRC2 complex is responsible for di- and trimethylation of lysine 27 of 

histone 3, whether catalyzed by its subunits enhancer of zeste homologue 2 

(Ezh2) or Ezh1. Recent research highlights that even though they share a 

high degree of similarity they might not be interchangeable. Because of the 

low methyltransferase activity of EZH1 in comparison to EZH2 a frequent 

theory is that PRC2-EZH2 establishes cellular H3K27me2/3 levels while 

PRC2-EZH1 restores H3K27me2/3 possibly lost after demethylase activity or 

histone exchange [83]. However, other core components of this complex are 

needed likewise. Embryonic ectoderm development (EED), as one of four 

PRC2 core components, boosts the catalytic activity by linking EZH2 and H3, 

whereas the remaining two, Suppressor of zeste homologue (SUZ12) and 

Retinoblastoma binding protein (RbAp46/48), are required for nucleoside 

association [84]. Mechanistic studies demonstrated that several other 

polypeptides such as AEBP2, PCLs or JARID2 can be part of the PRC2 too, 

enhancing its enzymatic activity and the recruitment to genomic loci [85-87]. 

However, their inactivation resulted in milder consequences than inactivation 

of a core PRC2 component, so that it remains to be determined whether the 

composition of PRC2 is modified as a consequence of, or a process during, 

development, maintenance or tumorigenesis. Thus far, it is known that all 

PRC2 complexes catalyze a processive H3K27 methylation (H3K27me3 

results from monomethylation of H3K27me2). Although it is still unclear how 

PRC2 is exactly recruited to chromatin it could be shown that notable areas 
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of enriched G+C sequences seem to be a main target [88]. Studies in 

Drosophila revealed that DNA sequences known as PcG-response elements 

(PREs) are targets of PcGs recruitment [89]. In mammals reports suggested 

YY1 to be required for PRC1 and PRC2 recruitment. However, genome wide 

studies did not show a clear overlap [90, 91] leaving the question unsolved 

how far potential transcription factors are involved. Another implication was 

made for long non-coding RNAs (ncRNAs) such as HOTAIR or XIST that 

regulate chromatin conformation and gene expression in cis and in trans [92, 

93]. A postulated model resulting from these observations is therefore the 

combination of all known components, that act together and interlaced to 

attain the necessary energy to recruit PRC2 [82]. 

EZH2 is the enzymatically subunit of the PRC2 complex. An overexpression 

of EZH2 was found in several cancers and is accompanied with a worse 

prognosis. While the reasons for its up-regulation can be different from one 

cancer to another the main mechanism it facilitates is to confer a proliferative 

advantage over non-cancerous cells [94]. Additional findings refined this 

oncogenic role by demonstrating that gain-of-function mutations affecting the 

catalytic SET domain in certain lymphomas lead to increased levels of 

H3K27me3 [95]. Other support came from the identification of loss-of-

function mutation affecting other chromatin modifiers such as the 

demethylase UTX (ubiquitously transcribed tetratricopeptide repeat gene on 

X chromosome) usually antagonizing EZH2 activity and consequently 

showing analogous effects to those caused by EZH2 gain-of-function 

mutations [96-98]. Given its substantial role as a transcriptional regulator, 

collective efforts have been undertaken to identify possible pathways or 

downstream targets. The Ink4a/Arf tumor suppressor locus as well as E-

cadherin or the differentiation factor FOXC1 are examples of direct targets 

that are silenced through EZH2 by H3K27me3 in tumor cells [99-101]. 

However, studies in castration-resistant prostate cancer as well as in breast 

cancer cells showed that EZH2 can also act independently from PRC2, 

activating the expression of the androgen receptor (AR) or NF-kB, 

respectively [102, 103]. Further was it indicated that EZH2 can methylate 

non-histone substrates as STAT3, which in turn promotes tumorigenicity in 
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glioblastoma [104]. In summary, these results suggest that despite the role of 

EZH2 as an H3K27 methyltransferase and transcriptional suppressor, it can 

have also non-canonical functions describing the overall cellular role and the 

link to an oncogenic transformation. 

Previous studies in ES also showed an increased expression of EZH2 which 

is regulated under the control of EWS-FLI1 [18]. RNA interference (RNAi) of 

EZH2 suppressed tumor development and metastasis in vivo and microarray 

analysis of EZH2 knock-down revealed an EZH2-maintained, 

undifferentiated, reversible phenotype [18]. EZH2 suppression resulted in a 

generalized loss of H3K27me3 as well as increase in H3 acetylation. ChIP-

Chip assays for H3K27me3 verified such genes that had specifically lost 

H3K27me3 upon EZH2 silencing [105], suggesting that malignant stemness 

features are preserved via epigenetic mechanisms.  

 

1.4 BET bromodomain proteins 
 

A fundamental change in the understanding of chromatin regulation was the 

realization that many regulators possess specialized domains that allows 

them to survey the chromatin landscape and dock at specific regions. These 

chromatin readers are able to recognize different modifications on the tails of 

histones and assemble functional complexes onto specific loci to facilitate 

DNA-template processes [106, 107]. Several motifs have been identified 

encompassing proteins with either chromodomains, bromodomains, Tudor 

domains or DNA methyl-binding domains. While either one is specialized on 

a certain histone mark bromodomain containing proteins recognize 

specifically acetyl-lysine modifications. More than 40 different proteins exist 

containing a bromodomain, with some having multiple of them. They can be 

clustered into nine major families according to their sequence identity. 

Although the acetyl-lysine binding pocket is hydrophobic for all of them, 

certain variations in the electrostatic interactions at the opening of the pocket 

determines the specificity of individual bromodomains [108]. However, this 
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also provides the opportunity to develop small molecules that target certain 

families. 

The BET family of proteins belongs to one of the nine bromodomain families. 

It has three members, bromodomain-containing proteins 2, 3 and 4 (BRD2, 

BRD3 and BRD4) whose expression is ubiquitous. BRDT is the fourth 

member while its expression is confined to the testes/oocyte. All of them 

feature a common structural design of a tandem bromodomain at the N-

terminus (BD1 and BD2) and an extraterminal (ET) domain located either at 

its central region or close to the carboxyl terminus. In addition to these three 

conserved domains they contain also other conserved regions, for example 

the SEED (Ser/Glu/Asp-rich region) or carboxyl-terminal motif, that are found 

not in all of them and are mostly uncharacterized [109, 110]. A unique 

feature is their association not only with interphase chromatin but also mitotic 

chromosomes, a feature also seen in viral systems and suggesting a role in 

transmission of memory across cell division [111]. For example, the E2 

transcription/replication factor encoded by BPV-1 (bone papillomavirus type 

1) and human papillomaviruses (HPVs) binds directly to BRD4 in order to 

facilitate selective types of viral genome segregation during mitosis [112, 

113]. Further studies on BRD4 demonstrated that it physically interacts with 

the mediator complex, a multiprotein complex that interacts with transcription 

factors (TFs) and participates in the recruitment and activation of RNA 

polymerase II (Pol II) [114]. Consistent with its role in cell growth, interactions 

of BRD4 and the active form of the positive transcription elongation factor b 

(p-TEFb) have been observed likewise [115]. Interestingly, even though 

BRD4 and BRD2 share a high similarity in their mode of action, they 

comprehend specific histone interactions. In addition, BRD2 as well as BRD3 

were also found to associate with specific histone marks on histone H3 or H4 

to enable transcriptional elongation [116].  

Despite the ongoing effort to elucidate the versatile role of BET proteins, 

recent research has established a compelling rationale for targeting BRD4 in 

cancer. Gene rearrangements involving BRD4 were found in aggressive 

carcinoma such as the NUD-midline carcinoma [117]. This recurrent 
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translocation expresses the N-terminal bromodomains of BRD4 as an in-

frame chimera with the nuclear protein in testis (NUT), conferring a 

proliferative advantage and differentiation block of this uniformly fatal 

malignancy [118]. Notably, RNAi of BRD4-NUT arrests proliferation and 

prompts terminal squamous differentiation. These observations set the 

motivation for the development of a small molecule named JQ1 [119] that 

specifically binds to and thereby inhibits the function of BET bromodomains 

from binding to acetylated histone marks. Particularly interesting was that 

beyond the successful application of JQ1 in NUD-mudline carcinoma cells in 

vitro and in vivo, subsequent observations showed that c-MYC, a master 

regulator of cell proliferation [120], was downregulated after treatment as 

well. Although research has referred to MYC (myelocytomatosis) since the 

late 70`s [121-124] as one of the most frequently deregulated oncogenes in 

cancer, it has been dubbed “undruggable” due to its lack of a clear ligand-

binding domain [125]. MYCN and MYCL are both members of a family of 

transcription factors to which also MYC belongs to. All three of them are 

intimately linked to an oncogenic phenotype due to their translocation, 

amplification or overexpression in human tumors. MYCN and MYCL are 

frequently amplified and are believed to be a driver in human neuroblastoma 

and small cell lung cancer (SCLC), respectively [126, 127]. However 

expression of MYCN and MYCL are more restricted with respect to tissue 

and developmental stage in contrast to MYC [128, 129]. Nevertheless, a 

therapeutic approach to target MYC has remained elusive for a long time. 

The availability of a new and specific small molecule blocking BET 

bromodomains and subsequently downregulating MYC will therefore prompt 

informative research broadly on development and disease of MYC or BET 

deregulated cancers. 
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1.5 Aim of this thesis and applied experimental approach 
 

The goal of this doctoral thesis was to further illuminate the role of 

epigenetics in the pathology of ES. For that reason, previously established 

gene expression data were queried for epigenetic regulators and the MYC 

gene was found as upregulated [11]. To investigate its potential implication in 

ES pathogenesis, potent small molecules were selected targeting potential 

pathways upstream of MYC such as BET bromodomain proteins or the 

PI3K/AKT/mTOR pathway. The influence of this inhibition was measured in 

different mesenchymal stem cells and ES cell lines by qRT-PCR. 

Subsequently, the effect of the inhibition was examined by different in vitro 

assays. Microarray analysis was performed to analyze possible changes on 

the whole transcriptome. Gene set enrichment analysis (GSEA) was used to 

study the changes in certain pathways. As the analysis showed pathways 

involved in apoptosis and an ES specific expression profile change, western-

blot was used to confirm these findings. Furthermore, a xenotransplantation 

model was used to verify findings in vivo and to evaluate possible 

therapeutical availability. Subsequently, immunohistochemical analyses were 

performed on tumor samples to further examine the in vivo results and better 

quantify the effect of the treatment. Furthermore, the observed effects were 

tried to mimic by transient and constitutive downregulation of BET 

bromodomain proteins. The effect of this knock-down was analyzed by 

different in vitro assays and compared to small molecule inhibition. BRD4-

interaction studies by means of co-immunoprecipitation (Co-IP) and 

chromatin immunoprecipitation (ChIP) were carried out to analyze for 

possible binding sites and interaction partners. One frequent binder was 

further investigated by inhibition of a small molecule. Changes in the 

pathogenesis of ES cells were analyzed after treatment by different in vitro 

assays. Due to a potential development of resistance of ES cell lines to BET 

bromodomain inhibition, combinatorial treatment was tested in vivo to further 

elucidate its therapeutical benefit.  

In addition, another epigenetic player by means of EZH2 was further 

analyzed. As published previously, knock-down of EZH2 inhibited tumor 
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growth in vitro and in vivo. Here we applied an inhibitor blocking the 

enzymatic site of EZH2 and analyzed the resulting changes by different 

assays.  

In summary, this work analyzes the epigenetic circuitry by means of BET 

bromodomains and EZH2 in ES. Additionally, this study may shed further 

light on the intricate network in ES triggered by EWS/FLI1 and may 

contribute to the development of better and refined treatment options. 
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2 Materials and Methods 
 

2.1 Materials 
 

2.1.1 List of manufacturers 
 

Table 1: List of manufacturers 

Manufacturer Location 
Abcam Cambridge, UK 

Abbott Wiesbaden, Germany 

ACEA San Diego, USA 

Active Motif La Hulpe, Belgium 

AEG Nürnberg, Germany 

Affymetrix High Wycombe, UK 

Agilent Waldbronn, Germany 

Ambion Austin, USA 

Amersham Biosciences Piscataway, USA 

Applied Biosystems Darmstadt, Germany 

ATCC Rockville, USA 

B. Braun Biotech Int. Melsungen, Germany 

BD Bioscience Europe Heidelberg, Germany 

Beckman Coulter Palo Alto, USA 

Beckton Dickinson (BD) Heidelberg, Germany 

Berthold detection systems Pforzheim, Germany 

Biochrom Berlin, Germany 

Biometra Göttingen, Germany 

BioRad Richmond, USA 

Biovision San Francisco, USA 

Biozym Hess. Olendorf, Germany 

Brand Wertheim, Germany 

Calbiochem Darmstadt, Germany 

Caliper Life Sciences Inc. Waltham, USA 
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Euriso-Top GmbH Saarbrücken, Germany 

Carestream Health, Inc. Stuttgart, Germany 

Cell Signaling Technology Frankfurt am Main, Germany 

Charles River Laboratories Wilmington, USA 

Clonetech – Takara Bio Europe Saint-Germain-en-Laye, France 

DSMZ Braunschweig, Germany 

Dharmacon Lafayette, USA 

Diagenode Seraing, Belgium 

Eppendorf Hamburg, Germany 

Eurofins MWG GmbH Ebersberg, Germany 

Falcon Oxnard, USA 

Feather Osaka, Japan 

Fermentas St. Leon-Rot, Germany 

GE Healthcare Uppsala, Sweden 

Genomed St. Louis, USA 

Genzyme Neu-Isenburg, Germany 

Greiner Bio-One GmbH Frickenhausen, Germany 

Heraeus Hanau, Germany 

Implen GmbH München, Germany 

Instech Laboratories Inc. Plymouth Meeting, USA 

Leica Wetzlar, Germany 

LMS Brigachtal, Germany 

Lonza Basel, Schwitzerland 

Macherey-Nagel Düren, Germany 

Memmert Schwabach, Germany 

Merck KGgA Darmstadt, Germany 

Metabion Martinsried, Germany 

Nalgene Rochester, NY, USA 

Nexcelom Lawrence, MA, USA 

Nunc Naperville, USA 

Nikon Düsseldorf, Germany 

PAA Cölbe, Germany 
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Philips Hamburg, Germany 

Promega Madison, USA 

Qiagen Chatsworth, CA, USA 

R&D Systems Minneapolis, MN, USA 

Roche Mannheim, Germany 

Roth Karlsruhe, Germany 

Santa Cruz Biotechnology Heidelberg, Germany 

Sartorius  Göttingen, Germany 

Scientific Industries Bohemia, NY, USA 

Scotsman Milan, Italy 

Sempermed Wien, Austria 

Sequiserve Vaterstetten, Germany 

Sigma-Aldrich St. Louis, MO, USA 

Siemens München, Germany 

Systec Wettenberg, Germany 

Taylor-Wharton Husum, Germany 

Techlab Braunschweig, Germany 

Thermo Fisher Scientific Braunschweig, Germany 

TKA GmbH Niederelbert, Germany 

TPP Trasadingen, Switzerland 

Whatman Dassel, Germany 

Zeiss Jena, Germany 

 

 

2.1.2 List of consumables 
 

Table 2: List of consumables 

Materials Manufacturer 
6-well tissue culture plate Falcon 

24-well non-tissue culture plate Falcon 

96-well culture plate (round and flat 

bottom) 

TPP 
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Cell culture flasks (25, 75 and 175 

mm2) 

Greiner Bio-One 

Cell culture dishes (100 and 150 

mm2) 

Sarstedt 

Combs (Western blot) Biometra 

Cryovials 1,5ml Sarstedt 

Cuvettes Roth 

E-plates (96-well) ACEA 

Filters for cells, Cell strainer Falcon 

Filter for solution (0,2 µm and 0,45 

µm) 

Sartorius 

Gloves (nitril, latex)  Sempermed 

Hypodermic needle (23 G, 30 G)  B. Braun 

Parafilm Pechiney Plastic Packaging 

Pasteur pipettes Greiner Bio-One 

Pipettes (2, 5, 10, 25 ml) VWR 

Pipette filter tips (10, 100, 200, 1000 

µl) 

Thermo Fisher Scientific 

Plates for invasion-assay (24-well) BD Bio Science 

Plates for qRT-PCR (96-well) Applied Biosystems 

Syringes (27 G x 318``, 0,45 mm x 

10 mm) 

BD Bioscience 

Syringes (GC, 1710LT) Laborservice 

Syringes (Hamilton 100 µl, 250 µl) Techlab 

Syringes (Omnifix-F, 9161406V) B. Braun 

Tubes for cell culture (15, 50 ml) Falcon 

Tubes for molecular biology, safelock  
(1.5 ml, 2 ml) 

Eppendorf 

Tubes for FACSTM (5 ml) Falcon 

Whatman paper Whatman 
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2.1.3 Instruments and equipment 
 

Table 3: Instruments and equipment 

Type  Manufacturer 
Airflow  Köttermann 

Autoclave 2540EL Systec 

Autoclave V95 Systec 

Bacteria shaker Certomat BS-T Sartorius 

Bioanalyzer 2100 Agilent 

Bioruptor Pico  Diagenode 

Centrifuge Multifuge 3 S-R Heraeus 

Centrifuge Biofuge fresco Heraeus 

Celigo  Nexcelom 

Controlled-freezing box  Nalgene 

Drying cabinet  Memmert 

Electrophoresis 

chamber 

 Biorad 

Flow cytometer FACSCaliburTM Becton Dickinson 

Freezer (-80 °C) Hera freeze Heraeus 

Freezer (-20 °C) Cool vario Siemens 

Fridge (+4 °C) Cool vario Siemens 

Gel documentation Gene genius Syngene 

Ice machine AF 100 Scotsman 

Incubator B20 Heraeus 

Incubator Hera cell 150 Heraeus 

Liquid Nitrogen Tank L-240 K series Taylor-Wharton 

Multichannel pipette 10-100µl Eppendorf 

Heating block Thermomixer Comfort Eppendorf 

Hemocytometer Neubauer Brand 

Micropipettes  0.5-10µl, 10-100µl, 20-

200µl, 100-1000µl) 

Eppendorf 

Microscope Axio Vert 100 Zeiss 
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(fluorescence) 

Microscope DMIL Leica 

Microwave oven  Siemens, AEG 

Mini centrifuge MCF-2360 LMS 

Pipetting assistent Easypet Eppendorf 

Power supplier Standard Power Pack 

P25 

Biometra 

QRT-PCR cycler 7300 Real-time PCR Applied Biosystems 

Rotator  GLW 

Scales 770 Kern 

Scales EW3000-2M Kern 

Semi-dry Transfer 

Apparatus 

Fastblot Biometra 

SDS-PAGE chamber Minigel-Twin Biometra 

Shaker Polymax 2040 Heidolph Instruments 

Spectrophotometer GeneQuant II Amersham Biosciences 

Sterile Bench  Heraeus 

Water bath  GFL 

Western blot 

documentation 

Gel Logic 1500 imaging 

system 

Carestream Health, Inc. 

Vortexer Vortex-Genie 2 Scientific Industries 

Water purification 

system 

TKA GenPure TKA GmbH 

 

 

2.1.4 Chemical and biological reagents 
 

Table 4: Chemical and biological reagents 

Reagents Manufacturer 

30% Acrylamide Sigma-Aldrich 

Agar Sigma-Aldrich 

Agarose Thermo Fisher Scientific 
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Ampicillin Merck 

Ammonium persulfate (APS) Sigma-Aldrich 

β-Mercaptoethanol Sigma-Aldrich 

BCP (1-brom-3-chloropropane) Sigma-Aldrich 

BenchMarkTM Prestained Protein 

Ladder 

Thermo Fisher Scientific 

Blasticidin Gibco 

Bromphenol blue Sigma-Aldrich 

BS3 (bis(sulfosuccinimidyl) suberate) Thermo Fisher Scientific 

Calcein AM Merck 

DEPC (diethyl pyrocarbonate)  Sigma-Aldrich 

Deoxycholic acid Sigma-Aldrich 

1 kb DNA Ladder Thermo Fisher Scientific 

dFCS (dialyzed fetal bovine serum) Sigma-Aldrich 

dNTPs Roche 

DMEM medium Thermo Fisher Scientific 

DMSO (dimethyl sulfoxide) Sigma-Aldrich 

DTT (Dithioreitol) Sigma-Aldrich 

EDTA (ethylenediaminetetraacetate) Merck 

EGTA (Ethylenglycol-

bis(aminoethyl- ether)-N,N,N′,N′-

tetraessigsäure 

Merck 

EtBr (Ethidium bromide) BioRad 

Ethanol Sigma-Aldrich 

FBS (fetal bovine serum) Biochrom 

16% Formaldehyde Thermo Fisher Scientific 

Gentamycin Biochrom 

Glycerol Sigma-Aldrich 

Glycine Merck 

G418 PAA 

HBSS (Hank’s buffered salt solution) Thermo Fisher Scientific 

HCl (hydrochloric acid) Merck 
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HEPES Sigma-Aldrich 

HiPerfect Transfection Reagent Qiagen 

Isoflurane Abbott 

Isopropanol Sigma-Aldrich 

KCl (potassium chloride) Merck 

KOH (kaliumhydroxid) Sigma-Aldrich 

L-Arginine (Arg+0) Sigma-Aldrich 

L-Arginine:HCL (13C6;Arg+6) Euriso-Top 

L-Arginine:HCL (U-13C6; 15N4; Arg+10) Euriso-Top 

L-glutamine Thermo Fisher Scientific 

L-Lysine (Lys+0) Sigma-Aldrich 

L-Lysine:2HCL (4,4,5,5-D4; Lys+4) Euriso-Top 

L-Lysine:2HCL (13C6,15N2; Lys+8) Euriso-Top 

LiCL (Lithium chloride) Sigma-Aldrich 

LipofectamineTM 2000 Reagent Invitrogen 

L-Proline Sigma-Aldrich 

Luciferin Caliper Lifesciences 

Matrigel matrix BD Biosciences  

MaximaTM Probe / ROX QRT-PCR  
Master Mix (2 x) 

Fermentas 

Methanol Roth 

Methylcellulose R & D Systems 

MgCl2 (magnesium chloride) Thermo Fisher Scientific 

NaCl (sodium chloride) Merck 

NAHCO3 (Natriumhydrogencarbonat) Sigma-Aldrich 

Na2HPO4 (sodium phosphate dibasic) Merck 

NaH2PO2 (sodium phosphate 

monobasic) 

Merck 

NaN3 (sodium azide) Merck 

NaOH (sodium hydroxide) Merck 

N-Lauroylsarcosine Sigma-Aldrich 

NP-40 Thermo Fisher Scientific 
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PBS 10 x (phosphate buffered saline) Thermo Fisher Scientific 

PCR Buffer (10x) Thermo Fisher Scientific 

Peptone Thermo Fisher Scientific 

Penicillin / Streptomycin Thermo Fisher Scientific 

Polyprene (hexadimethrine bromide) Sigma-Aldrich 

Proteinase K Sigma-Aldrich 

Puromycin PAA 

Ready-Load 1kb DNA Ladder Thermo Fisher Scientific 

RNase A (Ribonuclease A) Sigma-Aldrich 

RPMI 1640 medium  Thermo Fisher Scientific 

SDS Sigma-Aldrich 

SILAC RPMI Thermo Fisher Scientific 

Skim milk powder Merck 

TEMED 
(N,N,N',N'-Tetramethylethylendiamin) 

Sigma-Aldrich 

Tris Merck 

Triton X100 Thermo Fisher Scientific 

Trypan blue Sigma-Aldrich 

Trypsin / EDTA Thermo Fisher Scientific 

Tween 20 Sigma-Aldrich 

 

 

2.1.5 Commercial reagent kits 
 

Table 5: Commercial reagent kits 

Name Manufacturer 
Affymetrix GeneChip Whole 

Transcript Sense Target Labeling Kit 

Affymetrix 

Angiogenesis System: Endothelial 

Cell Invasion 

BD Biosciences 

ECL-Plus Western Blot Detection 

System 

GE Healthcare 
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High-Capacity cDNA Reverse 

Transcription Kit 

Applied Biosystems 

Human Methycellulose Base Medium R & D Systems 

NucleoSpin® Plasmid Kit Macherey-Nagel 

MycoAlert Mycoplasma Detection Kit Lonza 

Pierce™ BCA Protein Assay Kit Thermo Fisher Scientific 

QIAEX II Gel Extraction Kit Qiagen 

TRI Reagent RNA Isolation Kit Ambion 

TaqMan® Gene Expression Assays Applied Biosystems  

Immunoprecipitation Kit Dynabeads 

Protein G 

Thermo Fisher Scientific 

Immunoprecipitation (IP) Kit Biovision 

ChIP-IT® qPCR Analysis Kit Active Motif 

Qiaquick PCR purification Kit Qiagen 

 

2.1.6 Media, buffer and solutions 
 

Table 6: Cell culture medium and universal solutions 

Name Ingredients 

Standard tumor medium  
500 ml RPMI 1640, 10% FBS, 100 

µg/ml Pen/Strep 

DMEM medium 
500ml DMEM High Glucose, 10% 

FBS, 1% Pen/Strep 

4% formaldehyde 
4% Formalin, 55 mM Na2HPO4,  

12 mM NaH2PO4, 2 H2O   

FACS staining buffer 
2% FBS, 0.05 %NaN3 dissolved in 1 

x PBS 

SILAC tumor medium 

500 ml SILAC RPMI, 10% dFCS, 1% 

Pen/Strep, 12ml L-Arginin (Light, 

Medium or heavy), 12ml L-Lysine 

(Light, Medium or heavy), 200mg/L 

L-Proline 
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Table 7: Buffer and gel for DNA/RNA gel electrophoresis 

Name Ingredients 

TAE running buffer 
50 x TAE:  

2 M Tris, 10% EDTA (0.5 M), 5.71 

%HCL 

Electrophoresis gel 
200 ml TAE (1 x), 1% agarose, 3 µl 

EtBr 

 
Table 8: Buffer and solutions for cell cycle analysis 

Name Ingredients 

Sample buffer 
0.1% Glucose (w/v) in 1 x PBS, 0.22 

µm filtration, stored at 4 °C 

PI staining solution 
50 µg/ml Propidium iodide and 100 

U/ml RNase A in sample buffer 

 
Table 9: Buffer and gel for western blot analysis 

Name Ingredients 

Laemmli buffer (3 x) 
0.5 M Tris/HCL pH 6.8, 10% SDS, 

45% Glycerol, 0.1% Bromphenol blue 

SDS running buffer (1 x)  
25 mM Tris, 200 mM Glycine, 0.1% 

(w/v) SDS 

Separating buffer (4 x) 
1.5 M Tris, 0.4% SDS, adjusted to pH 

8.8 with HCl 

Separating gel (8-12,5 %) 

10%: 3.33 ml 30% Acrylamide / Bis, 

2.5 ml Separating Buffer (4 x), 4.17 

ml water, 50 µl APS (10%), 20 µl 

TEMED 

Stacking buffer (4 x) 
0.5 % Tris, 0.4% SDS, adjusted to 

pH 6.8 with HCl 

Stacking gel (4,5 %) 
750 µl 30% Acrylamide / Bis, 1.25 ml 

Stacking Buffer (4 x), 3 ml water, 50 

µl APS (10%), 20 µl TEMED 

Transfer buffer (5 x) 25 mM Tris pH 8.3, 192 mM Glycine 
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TBS (10 x) 0.5 M Tris-HCL pH 7.4, 1.5 M NaCl 

TBS-T 
1 x TBS including 0.05% (v/v) 

Tween®-20 

 

 
Table 10: ChIP buffer and solutions 

Name Ingredients 

11% Formaldehyd solution 
50 mM HEPES-KOH pH 7.5, 100 mM 

NaCl, 1 mM EDTA, 0.5 mM EGTA, 

11% Formaldehyd 

Lysis buffer 1 
50 mM HEPES-KOH pH 7.5, 140 mM 

NaCl, 1 mM EDTA, 10% glycerol, 

0.5% NP-40, 0.25% Triton X-100  

Lysis buffer 2 
10 mM Tris-HCL pH 8.0, 200 mM 

NaCl, 1 mM EDTA, 0.5 mM EGTA 

Lysis buffer 3 

10 mM Tris-HCL pH 8.0, 100 mM 

NaCl, 1 mM EDTA, 0.5 mM EGTA, 

0.1% Na-Deoxycholate, 0.5% N-

Lauroylsarcosine 

ChIP dilution buffer 
50 mM Tris-HCL pH8.0, 167 mM 

NaCl, 1.1% Triton X-100, 0.11% Na-

Deoxycholate 

Wash buffer 1 

50 mM Tris-HCL pH 8.0, 0.1% SDS, 

0.1% Na-Deoxycholate, 1% Triton X-

100, 150 mM NaCl, 1 mM EDTA, 0.5 

mM EGTA 

Wash buffer 2 

50 mM Tris-HCL pH 8.0, 0.1% SDS, 

0.1% Na-Deoxycholate, 1% Triton X-

100, 500 mM NaCl, 1 mM EDTA, 0.5 

mM EGTA 

Wash buffer 3 
50 mM Tris-HCL pH 8.0, 250 mM 

LiCl, 0.5% Na-Deoxycholate, 0.5% 

NP-40, 1 mM EDTA, 0.5 mM EGTA 
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Wash buffer 4 
50 mM Tris-HCL pH 8.0, 10 mM 

EDTA, 5 mM EGTA 

Elution buffer 1% SDS, 0.1 M NaHCO3 

 

 
Table 11: Co-IP buffer and solutions 

Name Ingredients 

Conjugation buffer 
20 mM Na3PO4, 0.15 M NaCl (pH 7-

9) 

Quenching buffer 1 M Tris-HCL (pH 7.5) 

PBS-T 
1 X PBS including 0.001% (v/v) 

Tween®-20 

 

 

2.1.7 Antibodies 
 
Table 12: Antibodies for western blot or immunohistochemistry 

Antibody Source Dilution 
Product 

No. 
Application Manufacturer 

Anti-EZH2 rabbit 1:1000 07-689 WB Millipore 

Anti-SUZ12 rabbit 1:1000 ab12073 WB Abcam 

Anti-H3 rabbit 1:5000 ab1791 WB Abcam 

Anti-H3ac rabbit 1:3000 06-599 WB Milipore 

Anti-H3K4me2 rabbit 1:1000 ab32356 WB Abcam 

Anti-H3K4me3 rabbit 1:1000 ab8580 WB Abcam 

Anti-H3K9me2 mouse 1:1000 ab1220 WB Abcam 

Anti-H3K27me3 rabbit 1:5000 pAb-195-

050 

WB Diagenode 

Anti-H3K27ac rabbit 1:1000 ab4729 WB Abcam 

Anti-FLI1 rabbit 1:1000 35980 WB, Co-IP Cell Signaling 

Anti-BRD2 rabbit 1:1000 5848 WB Cell Signaling 

Anti-BRD3 mouse 1:500 sc-81202 WB Santa-Cruz 
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Anti-BRD4 rabbit 1:1000 ab128874 WB,ChIP, 

Co-IP 

Abcam 

Anti-b-Tubulin rabbit 1:1000 15115 WB Cell Singaling 

Anti-P-CDK9 rabbit 1:1000 2549 WB Cell Signaling 

Anti-PARP rabbit 1:1000 9532 WB Cell Signaling 

Anti-Caspase3 rabbit 1:200 9664 WB, IHC Cell Signaling 

Anti-Caspase7 mouse 1:1000 9494 WB Cell Signaling 

Anti-rabbit IgG 
HRP 

bovine 1:1000 sc-2370 WB Santa-Cruz 

Anti-mouse IgG 
HRP 

goat 1:1000 sc-2031 WB Santa-Cruz 

Anti-FLAG mouse 1:1000 F1804 WB, Co-IP Sigma-Aldrich 

 

 

 

2.1.8 Small interfering RNAs 
 

Small interfering RNAs (siRNAs) were obtained from Qiagen. 

 
Table 13: Small interfering RNAs 

siRNA Name Target sequence (5`->3`) 
Control (non-silencing) AAT TCT CCG AAC GTG TCA CGT 

EZH2_2 AAG CAA ATT CTC GGT GTC AAA 

EZH2_7 validated AAC CAT GTT TAC AAC TAT CAA 

BRD2_8 AAG TAG CAG TGT CAC GCC TTA 

BRD3_8 ACG CCG CCT GTC GTC AAG AAA 

BRD4_9 ATG GAC TAG AAA CTT CCC AAA 
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2.1.9 Oligonucleotides for qRT-PCR 
 

The concentration was 900 and 250 nM, respectively. 

 
Table 14: Primers for qRT-PCR 

Name Sequence (5`->3`) 
EWS-FLI1-for TAG TTA CCC ACC CAA ACT GGA T 

EWS-FLI1-rev GGG CCG TTG CTC TGT ATT CTT AC 

pSIREN-for GGG CAG GAA GAG GGC CTA T  

pSIREN-rev GAG ACG TGC TAC TTC CAT TTG TC  

 

 
Table 15: Primers for ChIP-qRT-PCR 

Name Sequence (5`->3`) 
EWSR1-for CGA CCG TCC CTA GAG CCA 

EWSR1-rev GAC ACT CGG GCC AAA ATA GC 

Negative-for TAG TGC AAA CAA CCC TGG CT 

Negative-rev GCT TTG ATG ACT TTT TCT GAG ACT 

 
 

2.1.10 Gene expression assays for qRT-PCR 
 

 

All TaqMan Gene Expression Assays were obtained from Applied Biosystems.  

 

Table 16: TaqMan gene expression assays 

Gene Assay ID 

EZH1 Hs00940463_m1     

EZH2 Hs00544830_m1 

SUZ12 Hs00248742_m1 
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EED Hs00537777_m1  

EPHB2 Hs00362096_m1 

CDK9 Hs00977896_g1 

MYC Hs00153408_m1 

BRD2 Hs01121986_g1 

BRD3 Hs00978980_m1 

BRD4 Hs04188087_m1 

BRDT H200976114_m1 

IFITM1 Hs00705137_s1 

G1P2 Hs01921425_s1 

CCND1 Hs00765553_m1 

CCNT1 Hs01059085_m1 

STK32B Hs01031449_m1 

STEAP1 Hs00185180_m1 

GPR64 Hs00971379_m1 

DKK2 Hs00205294_m1  

PAPPA Hs01032307_m1 

HOXD10 Hs00157974_m1 

NANOG Hs02387400_g1  

CFLAR Hs01116280_m1 

XIAP Hs00745222_s1 

GAPDH Hs99999905_m1 
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2.1.11 Human cell lines, bacterial strains and mouse 
strains 

 

 

2.1.11.1 Human cell lines 
 

All Human cell lines were provided by the German Collection of 

Microorganisms and Cell Cultures (DSMZ), except for A673, which was 

purchased from ATCC (LGC Standards). Human primary cell line SB-KMS-

KS1, previously known as SBSR-AKS, was generated in the laboratory and 

EW7 ES cell line was kindly provided by Prof. Olivier Delattre (Institut 

National de la Santè et de la Recherche Medicale U830, Paris, France). 

Packaging cell line 293FT for lentivirus production was obtained from 

Invitrogen.  

 

Table 17: Description of human cell lines used 

Cell line Description 

293FT 

Highly transfectable derivative of cell 
line 293 transduced with the SV40 T-
antigen. Capable of producing high 
lentivirus titers.  

A673 

ES cell line (type 1 translocation) with 

p53 mutation, established from the 

primary tumor of a 15-year-old girl. 

A673-Luc 
ES cell line A673 transfected in our 
lab to express firefly luciferase for 
bioluminescent measurements.  

EW7 

ES cell line (type 1 translocation), 
established from the primary tumor 
localized on scapula of an Ewing 
Tumor patient. 
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L87 

Bone marrow derived human stromal 

cell line immortalized with SV40 large 

T-antigen  

MG-63 

Osteosarcoma cell line, established 

from the bone of a 14-year-old 

Caucasian boy. 

MHH-ES1 

ES cell line (type 2 translocation), 

established from the ascites of a 12-

year-old Turkish boy with a tumor of 

the left pelvis and additional 

peritoneal metastases. 

MHH-NB11 

Neuroblastoma cell line, established 

from an adrenal metastasis of a 4-

year-old Caucasian boy. 

RDES 

ES cell line (type 2 translocation), 

established from the primary tumor of 

a 19-year-old Caucasian man 

localized in the humerus. 

SB-KMS-KS1 

ES cell line (type 1 translocation), 

established from an extraosseous 

inguinal metastasis of a 17-year old 

girl (new nomenclature, originally 

designated as SBSR-AKS). 

SB-KMS-DA 

ES cell line (type 2 translocation, 

fusion of EWS exon 9 and FLI1 exon 

5), established from a sacral bone 

biopsy of an 18-year old girl 

SHSY5Y 

Neuroblastoma cell line, established 

from a bone marrow biopsy of a 4-

year-old girl with metastatic 

neuroblastoma. 

SK-N-MC 
ES cell line (type 1 translocation), 

established from the supraorbital 
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metastases of a 14-year-old girl 

(Askin's tumor, related to ES) 

TC-71 

ES cell line (type 1 translocation), 

established in 1981 from a biopsy of 

recurrent tumor of a 22-year-old man 

with metastatic ES (humerus). 

U2OS 
Osteosarcoma cell line, established 

from the bone of a 15-year-old 

Caucasian girl. 

VH54.2 
Peripheral blood derived human 

mesenchymal cell line immortalized 

with SV40 large T-antigen 

 

 

2.1.11.2 Bacterial strains 
 

 

The following strains were used for plasmid enrichment to generate stable 

knock-downs by lenti- or retroviral gene transfer. 

 
Table 18: Description of bacteria strains used 

E. coli strain Genotype description Origin 

One Shot® TOP10 
Chemically 
Competent 

F- mcrA Δ(mrr-hsdRMS-

mcrBC) ϕ80lacZΔM15 Δ 

lacX74 recA1 araD139 

Δ( araleu)7697 galU galK 

rpsL (StrR) endA1 nupG 

Invitrogen 

One Shot® Stbl 3  
Chemically 
Competent 

F-mcrB mrrhsdS20(rB-, 

mB-) recA13 supE44 ara-

14 galK2 lacY1 proA2 

rpsL20(StrR) xyl-5 λ-

leumtl-1 

Invitrogen 
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2.1.11.3 Mouse strains 
 
Table 19: Description of mouse strains used 

Mouse strain Characteristics Origin 

BALB/c 
Rag2-/- gc-/- 

No T-lymphocyte and B-

lymphocyte generation and 

no NK cell function 

Central Institute for 
Experimental Animals 
(Kawasaki, Japan) 

 

The Recombination activating gene 2 (Rag2)-gamma(c) knock-out (Rag2-/-  

gc-/-) mouse is an immunodeficient model that can be used in studies to test 

in vivo conditions. This gene manipulated mouse strain was generated by 

backcrossing of two immunocompromised mouse models, the gamma(c) 

knock-out and the Rag2 knock-out mice. The homozygous gamma(c) knock-

out mice has no gamma(c) receptor gene, why the development of 

lymphocytes is severely compromised. Consequently, natural killer (NK) cell 

population is severely decreased in these mice, but they do have a small 

number of T- and B-lymphocytes. To eliminate the T and B cell population, 

the gamma(c) knock-out mouse was back-crossed onto the Rag2 knock-out 

mouse. Homozygous Rag2 knock-out mice do not have several exons of the 

Rag2 gene, resulting in the inability to initiate V(D)J rearrangement which is 

responsible for the viability of antibodies. Therefore, these Rag2 knock-out 

mice are incapable of generating any T- and B-lymphocytes [130]. 

Thus, the back-crossed Rag2-/- gc-/- mice had neither T-lymphocytes and B-

lymphocytes nor NK cell functions.  
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2.1.12 Expression vectors 
 

Expression vector for lentivirus mediated and doxycycline induced RNAi 

were obtained from Dharmacon (part of Thermo Fisher Scientific). 

 

 
Figure 1: pTRIPZ vector for inducible RNAi. pTRIPZ vector for inducible and stable RNAi 
was obtained from Dharmacon (part of Thermo Fisher Scientific). 

 

 

 

2.2 Methods 
 

2.2.1 Cell culture 
 

ES sarcoma (A673, SK-N-MC, TC-71, RDES, MHH-ES1 and SB-KMS-KS1), 

neuroblastoma (MHH-NB1, SHS5Y), osteosarcoma (U2OS, MG-63) and 

mesenchymal stem cell lines (L87, VH54.2) were cultured in either 20 ml 

standard tumor medium and a medium sized flask (75 cm2) or 30 ml and a 

large size flask (175 cm2) at 37 °C and 5 % CO2 in a humidified atmosphere. 

Approximately every three days cells were split 1:4 and cultured in fresh 

medium.  

The lentivirus packaging cell line 293FT was cultured in flasks with 25 ml of 

D-MEM medium containing 10 % FBS, 2 mM L-glutamine, 0.1 mM MEM 

Non-Essential Amino Acids, 1 mM MEM Sodium Pyruvate and 1 % 

Gentamycin. Cells grew as well at 37 °C (8 % CO2) in a humidified 

atmosphere. 
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Depending on the given cell line, concentrations ranging from 1 x 106 to 1 x 

107 cells per ml FBS / 10% DMSO were transferred to pre-cooled cryovials 

and placed in a freezer box for 12 - 18 h at -80 °C. Subsequently, they were 

moved to liquid nitrogen (-192 °C) for long-time storage. To re-culture the 

cryopreserved cells, cryovials were thawed at room temperature. As soon as 

the content became fluid it was rapidly moved to a tube containing 10 ml 

standard tumor medium. Cells were pelletized by centrifugation for 5 min. at 

1500 rpm, resuspended in pre-warmed standard tumor medium and 

transferred to a culture flask. Cell amounts were counted with a Neubauer 

hemocytometer. Cell viability was assessed by Trypan-Blue (Sigma) staining. 

Contamination by mycoplasma bacteria was routinely checked using 

MycoAlertÔ Mycoplasma Detection Kit (Lonza) per manufacturer’s 

instructions. 

 

 

 

2.2.2 RNA isolation 
 

RNA from frozen tissue or cultured cells was isolated using TRI Reagent 

RNA Isolation Kit per manufacturer`s instruction (Thermo Fisher, Revision 

August 30, 2010). 

Briefly, up to 1 x 107 cells were resuspended in TRI Reagent solution and 

either used immediately or stored at -80 °C for further use. Lysed cells were 

then mixed with 100 µl BCP (per ml TRI Reagent) by vortexing and 

incubated on ice for 5 - 15 min. Subsequently phases were separated by 

centrifugation (12000 x g) for 5 min. at 4 °C. The aqueous phase which 

contains the RNA was then separated and mixed with 500 µl Isopropanol by 

vortexing. After an incubation for 10 min. on ice, precipitated RNA was 

centrifuged again at 4 °C and 12000 x g for 8 min. The RNA was then 

washed with 1 ml 75 % Ethanol, centrifuged at 7500 x g and 4 °C for 5 min. 

and briefly air dried. The remaining RNA pellet was resuspended in DEPC-

treated H2O. RNA concentration was measured at 260 nm using a 

nanophotometer and stored at -80 °C.  
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2.2.3 Reverse transcription 
 

To analyze gene expression within cells by quantitative real-time polymerase 

chain reaction (qRT-PCR), previously isolated RNA must be transcribed into 

complementary DNA (cDNA). Therefore, 5.8 µl reverse transcription master 

mix containing dNTPs, MultiScribeÔ Reverse Transcriptase, random primers 

and buffer of the High-Capacity cDNA Reverse Transcription Kit (Thermo 

Fisher) was mixed with 14.2 µl RNA solution (containing 1 µg purified RNA). 

The cDNA was then synthesized using the following conditions: 10 min. 25 

°C; 120 min. 37 °C; 5 min. 85 °C; ∞ 4 °C. The synthesized cDNA was either 

instantly used or stored at -20 °C. 

 

 

 

2.2.4 Quantitative real-time PCR (qRT-PCR) 
 

2.2.4.1 Standard real-time PCR 
 

Quantification of synthesized cDNA was done by qRT-PCR. This allows for a 

sequence specific quantification using a fluorescent reporter that specifically 

hybridizes to a corresponding sequence at the gene of interest. Detection of 

the fluorescence is done after breakdown of the sample by exonuclease 

activity of the Taq polymerase. This polymerase specifically amplifies the 

target sequence that was bound by a specific primer. For qRT-PCR, 

MaximaÔ Probe / ROX qPCR Master Mix (2x) was used per manufacturer`s 

instructions. Briefly, 10 µl of the MaximaÔ Probe / ROX qPCR Master Mix 

(2x) (containing Hot Start Taq DNA Polymerase, PCR buffer and dNTPs) 

was used together with specific TaqManÒ Gene Expression Assays (Thermo 

Fisher) (consisting of two unlabeled PCR primers and a FAMÔ dye-labeled 

TaqManÒ MGB probe). The reaction mix was prepared per manufacturer`s 

instructions: 10 µl of MaximaÔ Probe / ROX qPCR Master Mix (2x) was 

mixed with 1 µl specific TaqManÒ Gene Expression Assay (Table 16), 0.5 µl 
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cDNA and 8.5 µl RNase-free water. The final concentration of primers and 

probe were 0.9 and 0.25 µM, respectively. The resulting gene expression 

profiles were normalized to the expression of the housekeeping gene 

glyceraldehyde 3-phosphated dehydrogenase (GAPDH) and calculated 

using the 2-ddct method. Microsoft excel was used to calculate the mean 

value, standard deviations of duplicates and the standard error of the mean 

of at least two independent experiments. Conventional t-test was carried out 

to determine the statistical significance. Fluorescence was detected and 

measured in a StepOnePlusÔ Real-Time PCR System (Thermo Fisher) 

using a three-step cycling protocol: 1 s 50 °C; 10 min. 95 °C; [15 s 95 °C; 1 

min. 60 °C] x 40. 
 

  

2.2.4.2 qRT-PCR using SYBR Green 
 

SYBR Green is a highly specific dsDNA binding fluorescent dye that enables 

detection of all amplified PCR products without requiring specific dye-labeled 

probes (SYBR Green-based detection). SYBR Green based qRT-PCR was 

performed using POWER SYBRÔ GREEN PCR Master Mix (Thermo Fisher) 

containing Green I dye, AmpliTaq GoldÒ DNA Polymerase, PCR buffer and 

dNTPs. qRT-PCR was done per manufacturer`s instruction (Active Motif). 

Briefly, specific primer pairs (2.5 µM each) and 5 µl DNA template were 

added to 10 µl Master Mix. Gene expression profiles were normalized to a 

non-regulated genomic loci. The mean value and standard deviation of 

duplicates are displayed graphically using Microsoft Excel. Statistical 

significance was determined by conventional t-test. Fluorescence was again 

detected and measured with StepOnePlusÔ Real-Time PCR System 

(Thermo Fisher) using a two-step cycling protocol: 10 min. 95 °C; [15 s 95 

°C, 20 s 58 °C, 20 s 72 °C] x 40.  
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2.2.4.3 Detection of EWS-FLI1 
 

EWS/FLI1 gene expression levels were detected by specific designed 

assays and used as followed: 10 µl Maxima™ Probe/ROX qPCR Master Mix 

(2x) and 7.6 µl of RNase-free water were mixed with 0.6 μl of each primer 

(0.3 μM) and 0.4 μl of FAM probe (0.2 μM) to a final volume of 19.5 μl per 

sample in a 96-well plate. Corresponding cDNA was then added (0.5 μl per 

sample). Expression profiles were normalized to the mRNA levels of the 

housekeeping gene glyceraldehyde 3-phosphate dehydrogenase (GAPDH) 

and calculated using the 2-ddCt method. 

 

 
Table 20: EWS-FLI1 qRT-PCR primer and probe sequences 

Sense primer 5’-TAG TTA CCC ACC CAA ACT GGA T-3’ 

Antisense primer 5’-GGG CCG TTG CTC TGT ATT CTT AC-3’ 

FAM probe 
5’-FAM-CAG CTA CGG GCA GCA GAA CCC TTC TT-

TAMRA -3’ 

 
 

2.2.5 Transient RNA interference 
 

For transient protein knock-down, cells were transfected with small 

interfering RNA (siRNA). Per manufacturer instructions for large-scale 

transfections in 100 mm dishes (Qiagen Handbook 05/2008), 1 – 3 x 106 

cells were plated at a final volume of 12 ml standard medium containing 5 

nM siRNA (Table 13) and 36 μl HiPerfect Transfection Reagent. Cells were 

incubated for 48 - 72 h at 37°C (5 % CO2) in a humidified atmosphere and 

RNA was isolated subsequently (see 2.2.2). The reverse transcribed cDNA 

was then analyzed by qRT-PCR and gene knock-down was examined by 

qRT-PCR (see 2.2.4). To avoid specificities, different genes were 

investigated and different siRNAs analyzed. In addition, mRNA levels of the 

interferon (IFN) response genes (ubiquitin-like modifier ISG15 (ISG15) and 
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interferon-induced transmembrane protein 1 (IFITM1)) were monitored using 

specific gene expression assays (Table 16).  

If mRNA expression of one of these genes was induced more than twofold 

after siRNA treatment, the respective siRNA was not used for further 

experiments [18].  

 

2.2.6 Lentivirus mediated and inducible stable RNA 
interference 

 

For an inducible and reversible knock-down of proteins, 1 - 4 different shRNA 

constructs were selected (provided by Dharmacon as glycerol stocks). Upon 

arrival, stocks were expanded and plasmid DNA was purified by 

NucleoSpinÒ Plasmid Kit per manufacturer`s instructions (Macherey-Nagel 

Manual 03/2005/ Rev. 02) and quantitated by a nanophotometer. Lentiviral 

particles for transduction of target cells were generated per manufacturer`s 

instructions. Briefly, 1 x 106 HEK293T cells were seeded in a 6-well plate and 

cultured with D-MEM medium under normal conditions for 24 h. For 

transfection of HEK293T cells a prior prepared mix of 6 µg purified DNA 

plasmid, 4.3 µl Trans-Lentiviral Packaging Mix containing the pTRIPZ vector 

(see 2.1.3, Fig. 2) (Thermo Fisher Scientific), 15 µl CaCl2 and 150 µl 2X 

HBSS was added dropwise for each well of a 6-well plate. Cells were 

incubated subsequently for 10 - 16 h at normal conditions. After 16 h of 

incubation medium was removed and reduced serum medium (DMEM, 5% 

FBS, 2 mM L-Glutamine and 1 % Pen/Strep) added. Viral particle-containing 

supernatant was harvested 48 h after the medium change and centrifuged at 

1600 x g for 10 min. at 4°C. Aliquots were prepared and stored at -80 °C. 

For the generation of stable and inducible RNAi cell lines, 1 – 3 x 105 target 

cells were seeded into a 6-well plate and culture with 2 ml serum reduced 

medium (RPMI 1640, 5 % FCS, 1 % Pen/Strep) for 24 h. The next day 1 ml 

of serum was removed and substituted with 1 ml of Lentiviral particle-

containing supernatant and incubated for 24 – 48 h. Virus containing medium 

was discarded subsequently and transduced target cells cultured for 48 h 
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with normal medium und normal culture conditions. 2 µg/ml Puromycin was 

added subsequently to select for stably transduced cells. Knock-down 

efficiency was analyzed by qRT-PCR and western blotting and compared to 

negative controls (pTRIPZneg.shRNA). As described in 2.2.5, mRNA levels of 

ISG15 and IFITM1 were monitored to exclude an induction of IFN response. 
 

2.2.7 xCELLigence proliferation assay 
 

Proliferation of different adherent cell lines was measured in an impedance-

based, label-free real-time analysis system (xCELLigence, Roche/ACEA 

Biosciences) previously described [33]. Briefly, 1 - 3 x 104 cells were seeded 

into 96-well E-plates with 200 μl standard tumor medium and allowed to grow 

up to 72 - 160 h. Cellular impedance was measured periodically every 4 h 

across interdigitated gold micro-electrodes on the bottom of tissue culture E-

plates. The presence of the cells on top of the electrodes will affect the local 

ionic environment at the electrode/solution interface, leading to an increase 

in the electrode impedance, which is displayed as cell index (CI) values. The 

more cells attach to the electrodes, the larger the increase in electrode 

impedance.  

 

2.2.8 Cell cycle analysis 
 

Cell cycle analysis was performed using flow cytometry and propidium iodide 

(PI) staining as an DNA double-stranded intercalating agent that emits a 

fluorescence signal after excitation at 488 nm. The fluorescence intensity of 

the stained cells correlates to the amount of DNA they contain. This also 

allows the differentiation between different cell cycles as cells in the G2/M 

phase have, due to DNA duplication in the intermediate S phase, twice the 

amount of DNA as cells in the G0/G1 phase.  
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To analyze these differences, 2 x 106 cells per sample were washed twice 

with pre-cooled sample buffer (Table 6) and centrifuged for 10 min. (4 °C) at 

12000 rpm. Subsequently, cells were fixed for 18 – 24 h and 4 °C by drop-

wise addition of 1 ml of 70 % ethanol and continuous vortexing. After 

incubation cells were centrifuged and resuspended in 1 ml staining buffer 

containing RNase A and PI to remove any RNA for 30 – 60 min. under room 

temperature and constant agitation. Cell cycle was analyzed in a 

FACScaliburÔ Flow cytometer. 

 

2.2.9 Western blot (WB) 
 

Procedures were essentially as describe previously [18]. Cells were 

trypsinized, counted and washed twice with 1 x PBS. 2 – 4 x 106 cells were 

resuspended in 200 μl 3 x Laemmli (containing 50 μl b-Mercaptoethanol per 

1 ml 3 x Laemmli) and incubated for 10 min. at 70 °C to denature proteins. 

Lysates were then homogenized through a 23 gauge needle and centrifuged 

for 5 min at 14000 rpm. Aliquots of the supernatants were stored at -80 °C or 

immediately processed for SDS-polyacrylamide gel electrophoresis (SDS-

PAGE).  

Depending on the molecular weight of the protein of interest, 8 - 12.5 % 

polyacrylamide gels were used for SDS-PAGE. 10 – 30 μl of protein sample 

were transferred to the gel and electrophoresis was carried out at 100-120 V 

for 1.5 - 2.5 h. Molecular weight of the separated proteins was determined by 

comparison with a prestained molecular weight standard.  

For the detection of specific proteins, polyacrylamide gel containing 

separated proteins was sandwiched between Whatman filter paper (soaked 

in 1 x transfer buffer, Table 9) and transferred onto a PVDF membrane for 2 

h at 0.8 mA / cm2 using a “Semidry”-Blot device. Unspecific binding sites 

were blocked by incubating the membrane in 5 % skimmed milk / 0,05 % 

Tween 20 for 1 h at room temperature or overnight at 4 °C and continuous 

shaking. 
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The pre-blocked membrane was then incubated with primary antibody (Table 

11) of interest for appropriate time. Dilution of the antibodies was done per 

manufacturer`s instructions (Table 11) in 5 % skim milk / 0.05 % Tween 20. 

Subsequently, the membrane was washed three times (5 min. per wash) in 1 

x TBS-T, incubated for 1 h with secondary horseradish peroxidase (HRP) 

coupled antibody and washed again twice with 1 x TBS-T and once with 1 x 

TBS. 

Antibody-antigen complexes were detected using the ECL-Plus Western 

Blotting Detection System (GE Healthcare Booklet RPN2132PL Rev D 2006) 

per manufacturer`s instructions. Signals of antibody-antigen complexes were 

detected with the Gel Logic 1500 imaging system and analyzed with Kodak 

Molecular Imaging Software (Version 5.0). 

Reactivation of the dried PVDF membrane was done by incubating it for 1 

min. at room temperature with methanol and immediate washing with 1 x 

TBS-T. Blocking of the membrane was done as previously for 1 h in 5 % 

skim milk / 0.05 % Tween 20. 

 

2.2.10 Chromatin immunoprecipitation (ChIP) 
 

Cells were seeded at 6 – 10 x 106 cells in a large cell culture flask and 

cultivated under normal conditions for 24 – 72 h. Crosslinking was performed 

with 1 x formaldehyde diluted in formaldehyde solution (Table 10) for 10 min. 

under constant agitation. Remaining formaldehyde was quenched for 5 min. 

by adding 0.125 M glycine. Cells were then scraped from the culture flask, 

centrifuged for 5 min. and 2000 g, washed in ice-cold 1X PBS and 

centrifuged as before. The remaining pellet was either stored at -80 °C or 

used immediately for cell lysis by resuspension in lysis buffer 1 (Table 10) 

and incubation for 10 min. at 4 °C. Cells were than centrifuged for 5 min. at 

2000 g (4 °C) and resuspended subsequently with lysis buffer 2 for 10 min. 

(4 °C). The released chromatin was centrifuged for 10 min. and 2000 g (4 
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°C) and resuspended in lysis buffer 3. Chromatin was cut by sonication in a 

BioruptorÒ Pico (Diagenode) to an average length of 200 – 600 bp. Sample 

was then centrifuged at 14000 rpm for 10 min. (4 °C) to remove remaining 

cell debris and Input sample was taken. Preclearing was done by 2 h 

incubation with IgG pre-blocked protein G magnetic beads at constant 

rotation (4 °C). The pre-cleared sample was then incubated overnight with 

desired antibody. Beads for immunoprecipitation were also incubated 

overnight with 1 mg/ml BSA. The next day BSA blocked beads were washed 

thrice with washing buffer 1 (Table 10). Chromatin-antibody conjugates were 

then incubated with pre-blocked beads for 3 h at 4 °C. Conjugates were then 

washed twice with wash buffer 1, once wash buffer 2, once wash buffer 3, 

twice wash buffer 4 for 5 min at 4°C each. Chromatin was eluted in 130 μl 

elution buffer (Table 10) at 65 °C for 15 min. Supernatant was collected and 

remaining chromatin re-eluted in 100 μl as before. Reverse crosslinking was 

performed by addition of ribonuclease A (final concentration 200 μg/ml) and 

incubation for 45 min. at 37 °C. Proteins were removed by addition NaCl 

(final concentration 200 mM), proteinase K (final concentration 200 μg/ml) 

and incubation at 65 °C overnight. DNA was purified with QIAquick PCR 

purification Kit (Qiagen). DNA concentration was measured with the QubitÒ 

DNA HS Kit (Thermo Fisher) on a CeligoÒ (Nexcelom) and quality was 

assessed on the 2100 Bioanalyzer (Agilent) with the Agilent High Sensitivity 

Kit. Specificity was analyzed by qRT-PCR (see 2.2.4.2) and specific primer 

(Table 15).  

 

2.2.11 Co-immunoprecipitation (Co-IP) 
 

For Co-IP cells were seeded at 6 – 10 x 106 cells in a 150 mm2 cell culture 

dish and cultivated under normal conditions until cells reached 90 % 

confluence. Medium was discarded and cells washed twice with ice-cold 1X 

PBS. Non-denaturating lysis reagent (Biovision) was prepared by adding 

Protease Inhibitor Cocktail per manufacturer’s instructions. Culture plate was 

put on ice and 1.5 ml Lysis Buffer was added per culture dish and distributed 
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equally. After 1 min. incubation cells were scraped off and transferred into a 

pre-chilled 15 ml Falcon tube. Cells were then incubated for 30 min. at 4 °C 

and constant rotation on a rotary mixer followed by centrifugation at 10.000 x 

g for 10 min. at 4 °C. The supernatant which contains the proteins were then 

transferred into a new 15 ml falcon tube. Protein concentration was 

measured by bichinonic acid assay (BCA) (Thermo Fisher). Protein G 

magnetic beads where resuspended and 50 µl per Co-IP transferred into a 

new 1.5 ml tube. After 1 min. incubation on a magnetic stand, the 

supernatant was removed and protein G magnetic beads resuspended in 

200 µl PBS-T (pH 7.4; 0.001 % Tween®-20) containing Antibody of interest 

(typically 1 – 10 µg) for 30 min. at room temperature and constant rotation. 

The tube was then placed on a magnetic stand for 1 min. and the 

supernatant was removed. The Ab-beads conjugate was then washed twice 

in 200 µl conjugation buffer (Table 11), resuspended in 250 µl 5 mM BS3 

(Thermo Fisher) and incubated for 30 min. at room temperature and constant 

rotation. Cross-linking was quenched by adding 12.5 µl quenching buffer for 

15 min. followed by three times washing with 200 µl PBS-T. Sample 

containing the desired antigen was added (typically 700 - 1000 µg) and 

incubated for 30 min. at room temperature and constant rotation. The beads-

antibody-antigen conjugate was then washed three times using 200 µl 

washing buffer (Immunoprecipitation Kit, Thermo Fisher Scientific) and the 

proteins eluted in NuPAGE LDS sample buffer for 10 min. at 95 °C. Samples 

were then further analyzed by western blotting or mass spectrometry.  

 

2.2.12 Colony forming assay 
 

Procedures were done as previously described [18]. 5 x 103 cells were 

resuspended in 300 μl cell resuspension solution and seeded in duplicates 

into a 35 mm plate containing 1.5 ml methylcellulose-based medium (R&D 

Systems) per manufacturer`s instructions and cultured for 10 – 14 days at 

37°C (5 % CO2) in a humidified atmosphere. 
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2.2.13 Invasion assay 
 

Cell invasion was analyzed as previously described [18] by use of the 

BioCoat Angiogenesis System: Endothelial Cell Invasion Assay per the 

manufacturer’s instructions (BD Bioscience Manual SPC-354141-G rev 3.0). 

Briefly, the plate containing the microporous membrane was adjusted to 

room temperature. Pre-warmed RPMI medium was added to the insert wells 

and allowed to rehydrate the membranes for 2 h at 37 °C (5 % CO2) in a 

humidified atmosphere. Subsequently, the medium was removed and 5 x 104 

cells resuspended in RPMI without FBS were added to each insert well. As a 

chemoattractant, 700 μl RPMI containing 10 % FBS was added to the bottom 

of the wells. RPMI medium without FBS was used as a negative control and 

added to the bottom of the remaining wells. After 48 h, invasive cells at the 

bottom side of the membrane were stained with Calcein AM solution. 

Therefore, inserts were transferred to a new BD Falcon 24-well plate 

containing 0.5 ml/well Calcein AM (4 μg/ml) in pre-warmed HBSS (Hank`s 

buffered salt solution) with 0.15 % DMSO and incubated for 90 min. at 37 °C 

(5 % CO2) in a humidified atmosphere. Cells were imaged by fluorescence 

microscopy using a Zeiss AxioVert 100 with AxioVision 4.7.1 software.  

 

2.2.14 Endothelial differentiation assay 
 

Endothelial differentiation was done as previously described [18, 131] using 

the Matrigel matrix assay per manufacturer’s instruction (BD Biosciences 

Manual SPC-356234 Rev 5.0). Briefly, 4 - 7 x 104 cells were seeded per well 

onto 75 μl Matrigel at a final volume of 100 μl in a 96-well plate and 

incubated for 24 - 48 h at 37 °C (5 % CO2) in a humidified atmosphere. 

Following, cells were washed once with 1 x PBS and stained with 1 μg/ml 

Calcein AM for 30 min. in the dark. Cellular tube formation was examined by 

fluorescence microscopy using a Nikon Eclipse TS 100 with an attached 

Nikon Coolpix 5400 camera.  
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2.2.15 Mice and in vivo experiments 
 

All experiments were performed in 6 – 16 week-old immunodeficient Rag2-/- 

gc-/- mice on a BALB/c background. Mice were obtained from the Central 

Institute for Experimental Animals (Kawasaki) and maintained under 

pathogen-free conditions in accordance with the institutional guidelines and 

approval by the Regierung von Oberbayern.  

To analyze in vivo tumor growth, 2 – 4 x 106 ES cells resuspended in 150 - 

200 μl PBS and injected subcutaneously either into the inguinal or the lower 

back region using a 26-gauge needle attached to a 1 ml syringe. The amount 

of 2 – 4 x 106 cells has been previously reported to be optimal for 

assessment of local growth of ES xenografts [18, 132]. Tumor size was 

assessed by regular caliper measurement. Mice bearing tumors > 10 mm in 

diameter were considered positive and sacrificed. Tumors were excised and 

subjected to immunohistochemistry (see 2.2.14) and RNA was isolated for ex 

vivo gene expression analysis (see 2.2.2, 2.2.3 and 2.2.4). 

Metastatic potential of tumor cells was analyzed by intravenous injection. 

Five weeks later mice were euthanized and metastasis was monitored in 

individual organs. Visible metastases within the dissected organs were 

counted. Tumors and affected tissues were excised for histology and gene 

expression analysis. 

 

2.2.16 Immunohistochemistry (IHC) of murine samples 
 

Histological analysis was done in cooperation with Dr. Julia Calzada-Wack 

and Dr. Katja Steiger (Institute of Pathology, Helmholtz Center Munich, 

Neuherberg; and Institute of General Pathology and Pathological Anatomy, 

Klinikum rechts der Isar, TU Munich, Germany). Tumors and affected organs 

were fixed in 4 % formaldehyde and embedded in paraffin. Sections of 3 – 5 

μm were cut from each sample and stained with hematoxylin and eosin 

(H&E), as previously described [18, 33]. Apoptosis was analyzed by staining 

with caspase 3 antibody (Table 11). All sections were reviewed and 

interpreted by two pathologists. 
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2.2.17  Microarray analysis 

 

Microarrays were done at our Core Expression facility and used to analyze 

changes in expression profiles after knock-down or inhibitor treatment. 

Experiments were essentially done as previously described [18, 33, 133]. 

RNA from cells of interest was isolated (see 2.2.2), quantified 

spectrophotometrically and RNA quality was analyzed by 0.7 % agarose gel 

electrophoresis or the Agilent RNA 6000 Nano Kit on a 2100 Bioanalyzer 

(Agilent). Total RNA (200 ng) was amplified and labeled using Affymetrix 

GeneChip Whole Transcript Sense Target Labeling Kit per manufacturer`s 

instructions. cRNA was hybridized to a Affymetrix Human Gene 1.0 ST array 

and analyzed by Affymetrix software expression console, version 1.1. For 

data analysis, robust multichip average (RMA) normalization was performed, 

including background correlation, quantile normalization, and median polish 

summary method. For the identification of differentially expressed genes, 

significance analysis of microarrays (SAM) was used [134]. Transcripts were 

functionally assigned using GO-annotations (http://www.cgap.nci.nih.gov). 

Gene set enrichment analysis (GSEA) and pathway analysis was performed 

with the GSEA tool (http://www.broad.mit.edu/gsea) [135]. Probes of the 

normal body map (NBA) included tissues of normal PBMC, bone marrow, 

spleen, thymus, stomach (2), small intestine, colon with mucosa, heart, liver, 

lung, skeletal muscle, brain (whole), brain cerebellum, spinal cord, trachea, 

salivary gland, prostate, testis, uterus, fetal brain, and fetal liver. Array data 

were submitted at GEO (GSE45544) [133].  

 

2.2.18 Statistical analysis 
 

Data are mean ± SEM as indicated. Differences were analyzed by unpaired 

two-tailed student’s t-test using Microsoft Excel or Prism 5 (GraphPad 

Software); p values < 0.05 were considered statistically significant.  
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3 Results 
 

3.1 BET bromodomain proteins and downstream targets 
in Ewing sarcoma  

 

3.1.1 MYC expression is significantly up-regulated in 
Ewing sarcoma 

 

In a previous analysis, customized high-density DNA microarrays (EOS-

Hu01) containing 35356 oligonucleotide probe sets were used to analyze a 

total of 25194 gene clusters. Thereby, 22 ES samples were analyzed and 

compared to 10 osteosarcoma and 23 normal tissues of diverse origin [133] 

One of the genes that showed up as constantly up-regulated in contrast to 

normal tissue was MYC, an oncogene that facilitates diverse functions and 

biological effects and is known to be activated in a variety of different of 

cancers (Figure 2) (reviewed in [120, 136, 137]). 

 

Figure 2: MYC expression in ES compared to osteosarcoma and normal tissue. 
Microarray data of primary ES samples (red), osteosarcoma (OS) (black) and normal body 
tissue (gray) shows a significant up-regulation of MYC in comparison to normal tissue. 
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Even though MYC has long been known as an important player in 

carcinogenic regulation, it is also considered as undruggable since it has no 

known “active site” accessible by conventional small drug-like molecules 

(reviewed in [138]). A common approach to analyze MYC is therefore to 

target possible upstream regulators. Here we selected two prominent players 

frequently described to regulate MYC expression. 

 

3.1.2 PI3K/mTOR pathway and BET bromodomain 
proteins in ES 

  

The Phosphatidylinositol-4,5-bisphosphate 3-kinase (PI3K) and mechanistic 

target of rapamycin (mTOR) pathway was recently described to modulate 

EWS-FLI1 gene expression [139]. Moreover, numerous studies not only 

demonstrated the importance of the PI3K/mTOR pathway for the support of 

ES growth [140-145] but also revealed to control MYC expression as well as 

its cooperation’s in deregulated cell proliferation and transformation [146-

149] (Figure 3A). Therefore, we analyzed PI3K and mTOR expression in ES 

tumor samples and compared it to OS and normal tissue (Figure 3B). 

However, both genes did not indicate a significant up- or downregulation. To 

further analyze the possible role of this pathway we selected a small 

molecule inhibiting PI3K and mTOR activity (Figure 3C). This dual inhibition 

in addition should prevent feedback activation normally observed with 

mTORC1 inhibitors [150]. 
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Figure 3: PI3K/mTOR pathway and expression in ES compared to OS and normal 
tissue. A. The PI3K/mTOR pathway regulates proliferation and transformation via targeting 
various proteins including cyclin D1, MYC, HIF1alpha or others. B. Microarray data showing 
PI3K and mTOR expression in primary ES samples (red) compared to osteosarcoma (OS) 
and normal body tissue (gray). No significant deregulation was observed. C. The dual PI3K 
and mTOR inhibitor BEZ235 was subsequently used to analyze influence on MYC 
expression. 

 

Recent results further indicate that EWS-ETS proteins not only deregulate 

components of the epigenetic machinery in ES [1], but in addition create 

specific epigenetic marks [20, 21] that are bound by bromodomain proteins 

and might be addressed by epigenetic therapy. BRD4, the best studied in a 

family of 4 different BET bromodomain proteins and a mediator of 

transcriptional elongation was also linked to MYC dependent transcription 

[151]. Therefore, we analyzed the expression of 4 of these proteins in ES 

tumor samples and compared them as before to OS and normal tissue 

(Figure 4). BRDT, a protein exclusively expressed in testes and oocytes was 

shown as not expressed in ES samples while BRD2, BRD3 and BRD4 were 

ubiquitously expressed in all tissues but not displayed as deregulated. To 

further analyze a possible implication of these proteins in the regulation of 

MYC and its expression we selected another small molecule inhibitor. JQ1, a 

thoroughly characterized inhibitor of the BET-family of bromodomain proteins 
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has previously shown to result in the displacement of BRDs from chromatin 

and inhibition of transcription of key genes as BCL2, MYC and CDK6 [152] 

and was therefore selected for further analysis. 

 

 

Figure 4: BET bromodomain proteins BRD2, BRD3, BRD4 or BRDT are not 
significantly deregulated in Ewing sarcoma samples compared to OS and normal 
tissue.  

 

 

3.1.3 Blockade of BET bromodomain proteins or the 
PI3K/mTOR pathway blocks EWS-FLI1 expression 
but not MYC. 

 

To investigate MYC regulation in ES we treated the cell lines A673, SK-N-

MC and TC-71 as well as mesenchymal stem cells (MSCs) VH54.2 and L87 

with 1, 2 or 5 µM JQ1 for 48 h and assessed expressional changes on the 

RNA level via qRT-PCR. By use of a specific gene expression assay for 

MYC no downregulation was observed in ES cell lines for all concentrations 

rather than a significant up-regulation in some cells (Figure 5A). In contrast, 

MSCs revealed a significant inhibition down to 35 % in VH54.2 after 5 µM 

JQ1 treatment. Therefore, we became curious whether the characteristic 
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oncofusion protein EWS-FLI1 may be influenced by BRD inhibition and 

analyzed its expression upon treatment as well (Figure 5B). The regulation of 

EWS-FLI1 was detected by qRT-PCR with specific EWS-FLI1 primers (see 

2.2.4.3). Surprisingly, expression of EWS-FLI1 was reduced upon single 

treatment for 48 h with either 0.1, 1 or 2 µM JQ1, 500 nM BEZ235 or 500 nM 

BEZ235 in combination with 2 µM JQ1 (Figure 5B). Furthermore, 

downregulation of EWS-FLI1 was most significant past single agent JQ1 

treatment. This was confirmed on the protein level as determined by western 

blot analysis (Figure 5C) wherein EWS-FLI1 expression was measured using 

an anti-FLI1 antibody detecting the 68 kDa EWS-FLI1 fusion protein. Already 

after 24 h as well as after 48 h of 500 nM BEZ235, 2 µM JQ1 or 500 nM 

BEZ235 in combination with 2 µM JQ1 treatment protein levels of EWS-FLI1 

were significantly decreased in all three ES cell lines (A673, SK-N-MC and 

TC-71) analyzed. In addition, the analysis of activated apoptotic pathways as 

measured by antibodies detecting cleaved PARP and Caspase 7 also 

indicated to be activated especially post treatment with 2 µM JQ1 or 500 nM 

BEZ235 in combination with 2 µM JQ1 for A673, SK-N-MC and TC-71 

(Figure 5C) (western blot analysis was performed by Chiara Giorgi, a 

collaborating scientist at the Children`s Cancer Research Centre, University 

Children`s Hospital, Zurich, Switzerland). Due to similar observations made 

especially after single agent treatment with 2 µM JQ1 as well as combination 

of 500 nM BEZ235 with 2 µM JQ1 subsequent analysis will focus on the 

implications of JQ1 in ES treatment. 
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Figure 5: Blockade of BET bromodomain proteins blocks EWS-FLI1 but not MYC 
expression. A. Top, MYC expression in ES cell lines A673, SK-N-MC and TC-71 and, 
bottom, in mesenchymal stem cells L87 and VH54.2 after 48 h JQ1 treatment as measured 
by qRT-PCR. Data are mean ± SEM; t-test. NTC: non-template control. B. Top, different 
dosages of JQ1 inhibit EWS-FLI1 expression in ES cell lines A673, SK-N-MC or TC-71, 
respectively. Bottom, relative expression of EWS-FLI1 measured by qRT-PCR in A673, SK-
N-MC and TC-71 cells after 24 h treatment with 500 nM BEZ235 and 500 nM BEZ235 in 
combination with 2 µM JQ1 compared to DMSO control. Data are mean ± SEM; t-test. NTC: 
non-template control. C. Protein level measured by western blot of EWS-FLI1, PARP, 
CASP7 and loading control. Cells were treated for 24 and 48 h with 500 nM BEZ235, 2 µM 
JQ1, 500 nM BEZ235 in combination with 2 µM JQ1 compared to DMSO control A673, SK-
N-MC and TC-71 cells. Shown is a representative experiment (n=3). *P-value < 0.05; **P-
value < 0.005. 
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3.1.4 JQ1 down-regulates a ES specific expression profile 
 

To clarify to which extent JQ1 influences gene expression on the 

transcriptome level, microarray analysis for A673 and TC-71 cell lines after 

treatment for 48 h with 2 µM JQ1 or DMSO were carried out. Volcano plots 

were used as the most amenable way to graphically illustrate significantly up- 

or down-regulated genes. Further does it provide information if there is a bias 

between up- or down-regulated genes as well as on differences between cell 

lines. For A673 we found 405 genes as significantly deregulated (P-value <  

0.01) wherein genes were similarly up- or down-regulated (Figure 6A, left 

panel). TC-71 indicated 720 genes as significantly deregulated (P-value < 

0.01) with slightly more genes down-regulated than up-regulated after 

treatment (Figure 6A, right panel). To further evaluate whether there is any 

overlap between the data sets of both cell lines, we compared the expression 

by Venn diagram analysis of genes ±1.5-fold differentially expressed. Herein, 

we found that of 1231 and 3290 influenced genes for A673 and TC-71, 

respectively, 811 were found to be consistently deregulated in both data sets 

(Figure 6B). Next, we queried if most were down- or up-regulated and drew a 

heat map from the top 244 differentially expressed genes (fold change > 1.8) 

of the overlapped data sets (Figure 6C). Concordantly the map showed that 

188 genes were similarly down-regulated after treatment in A673 and TC-71, 

while only 57 were displayed as significantly up-regulated in both data sets. 

Subsequent gene set enrichment analysis identified gene sets enriched for 

EWS-FLI1 fusion targets by e.g. Zhang [153] and colleagues as well as 

those for Ewing sarcoma progenitors as identified by Riggi et al. [154] 

(Figure 6D). The normalized enrichment score (NES) for both data sets 

demonstrated a negative enrichment comprising genes that were mostly 

down-regulated. This also indicated that JQ1 inhibits EWS-FLI1 expression 

and similarly an ES associated expression profile (see supplemental table 

21). 
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Figure 6: JQ1 treatment blocks a typical ES associated expression profile. A. Volcano 
plots for DMSO against JQ1 treated ES cell lines A673 and TC-71, showing the adjusted P-
value (-log10) plotted over 2-fold change (log2). Red, genes with significance P < 0.01. 
Microarray data with their normalized fluorescent signal intensities were used (RMA, see 
2.2.17, GSE72673). Cells were treated for 48 h with 2 µM JQ1 or DMSO, collected (see 
2.2.2) and then analyzed. B. Shared genes differentially expressed after JQ1 treatment in 
A673 and TC-71. Genes ± 1.5-fold differentially expressed were selected for the analysis in 
a Venn diagram (http://bioinformatics.psb.ugent.be/webtools/Venn/). C. Heat map of 244 
genes, ± 1.8-fold differentially expressed in A673 and TC-71 are shown. Each column 
represents 1 individual array. D. GSEA enrichment plots of down-regulated genes after JQ1 
treatment. GSEA: http://www.broadinstitute.org/gsea/index.jsp  
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marked as down-regulated were analyzed after JQ1 treatment by qRT- PCR, 

confirming results of the microarray analysis (Figure 7A). While JQ1 has 

been reported to be most specific for BRD4 protein, it was also reported to 

have certain affinities to the remaining BET bromodomain proteins BRD2 

and BRD3 [119]. Therefore, we transiently knocked down each BRD on the 

mRNA level by specific siRNAs using RNA interference (RNAi) (Figure 7B) 

and validated the expression of genes found as down-regulated after JQ1 

treatment (Figure 7A) by qRT-PCR. Interestingly, none of the analyzed 

genes was down-regulated after BRD2 knock-down (Supplemental Figure 
21). However, after knock-down of BRD3 as well as after knock-down of 

BRD4 genes were similarly down-regulated as observed after JQ1 treatment. 

While STK32B in A673 and GPR64 in TC-71 were displayed as up- or not 

de-regulated. Concluding, BRD3 and BRD4 but not BRD2 might be the 

essential targets of JQ1, facilitating the pathognomonic EWS-FLI1 driven 

expression profile. 

 

Figure 7: Verification of microarray data after JQ1 treatment by qRT-PCR and knock-
down of specific BRDs to evaluate their influence on a ES specific expression profile. 
A. Verification of selected genes from microarray data by qRT-PCR. Consistently, ES 
specific genes were significantly down-regulated after JQ1 treatment in all three cell lines 
analyzed. B. RNA interference (RNAi) effectively knocks down (see 2.2.5) BRD2, BRD3 and 
BRD4 in A673, SK-N-MC and TC-71. siRNA efficiency was compared to neg. control (non-
silencing RNA). Results of qRT-PCR 48 h after transfection are shown. Data are mean ±  
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3.1.6 JQ1 inhibits proliferation and promotes apoptosis 
 

Having demonstrated that an ES specific expression profile is down-

regulated after JQ1 treatment, we asked whether this inhibition might also 

influence growth abilities of ES. Therefore, we used the xCELLigence assay 

to compare the contact dependent growth of ES cell lines A673, SK-N-MC 

and TC-71, treated with either 2 µM JQ1 or DMSO (Figure 8A). The cellular 

impedance was measured every 4 h for a maximum time of 150 h and is 

displayed as cell index. Interestingly, of the analyzed A673, SK-N-MC or TC-

71 hexaplicates all showed a significant growth inhibition. While for A673 and 

TC-71 the cell index showed a little increase in the beginning, this soon 

receded assuming a delayed effect of JQ1. SK-N-MC in contrast showed a 

decrease in cell index from the beginning that reached minimum after 60 h 

and lasted until the end. Similarly, a contact independent growth assay 

revealed a broad reduction of colony formation (Figure 8B). SK-N-MC 

showed the broadest impairment with only ~2 % of the colonies compared to 

the control. A673 and TC-71 also demonstrated a significant reduction with 

only ~36 % and ~31 % colonies, respectively compared to control. We 

further asked whether this observed block of proliferation and colony 

formation might be due to cell cycle changes. To test this hypothesis cell 

lines treated with either 2 µM JQ1, 500 nM BEZ235 or 500 nM BEZ235 in 

combination with 2 µM JQ1 were analyzed by flow cytometry using the DNA 

intercalating agent propidium iodide (PI) (see 2.2.9). Although changes like a 

general decrease in G2-M phase as well as an increase of G1 phase for SK-

N-MC and TC-71 after JQ1 treatment or an extended S phase in A673 and 

SK-N-MC (Figure 8C) could be observed, none of these results explained the 

broad proliferation block observed after JQ1 treatment.  

 

 

     
SEM; t-test. NTC: non-template control. C. RNAi of BRD3 and BRD4 with specific siRNAs 

affects the same ES specific genes as after JQ1 treatment. Data are mean ± SEM; t-test. 

NTC: non-template control. 
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In addition, caspase 3 glow assay (carried out by Chiara Giorgi, collaborating 

scientist) showed an increased apoptosis after JQ1 treatment for A673 and 

TC-71, that was further increased for all three cell lines after combination 

treatment of BEZ235 and JQ1 (Figure 8D). This, together with the observed 

cleavage of PARP and Caspase 7 (Figure 5C) indicated a strong induction of 

apoptotic pathways after JQ1 or JQ1 in combination with BEZ235 treatment. 
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Figure 8: JQ1 blocks proliferation and induces apoptosis but does not influence cell 
cycle progression. A. Proliferation of JQ1 treated cell lines was analyzed using 
xCELLigence assay measuring cellular impedance every 4 h (relative cell index). Data are 
mean ± SEM (hexaplicates/group); t-test B. Anchorage-independent growth was measured 
by colony formation in methylcellulose-based media after JQ1 treatment. Top, data are 
mean ± SEM of 3 independent experiments (duplicates/group). Bottom, representative 
experiment with A673, SK-N-MC and TC-71. C. Cell cycle was analyzed upon JQ1 or 
BEZ235 treatment by FACS analysis and staining cells with Propidium iodide. D. Caspase 
3/7 activity measured after 24 h treatment with 500 nM BEZ235, 2 μM JQ1, 500 nM BEZ235 
in combination with 2 μM JQ1 in A673, SK-N- MC and TC-71. Bars represent mean values 
expressed as relative light unit (RLU) in percentage of DMSO treated control of 6 biological 
replicates analyzed in three technical replicates each (n=3; SE<0.01). ***P-value < 0.0005. 
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3.1.7 JQ1 reduces tumor growth in vivo in a dose 
dependent manner 

 

As already demonstrated by others [119, 155-157], JQ1 may provide certain 

therapeutic value. To test whether this is also true for ES, we evaluated JQ1 

treatment in a xenograft mouse model of Rag2-/- gc-/- mice by implanting 2 – 3 

x 106 A673, SK-N-MC or TC-71 tumor cells subcutaneously (s.c.) into mice. 

As soon as tumors were palpable mice were randomized into two groups and 

treatment commenced. To do this, animals received a dosage of 50 mg/kg 

body weight JQ1 or vehicle every 48 h per intra peritoneal (i.p.) injection. 

Tumor size was measured daily until the tumor exceeded 1 cm3 (see 2.2.17) 

in size whereupon mice were sacrificed.  

Surprisingly, analysis by Kaplan-Meier plots demonstrated no prolonged 

survival on A673 or TC-71 cells (Figure 9A). Assuming that the initial dosage 

of JQ1 might be too low for a pharmaceutically effective supply, as supported 

by recent publications [158, 159], we also tested more frequent doses on TC-

71 cells (Figure 9B, Top and D). Administration of 50 mg/kg body weight 

every 12 h over a period of 14 days significantly prolonged the survival of 

JQ1 administered mice. To confirm this observation, we chose SK-N-MC as 

a second cell line due to its strict dependency on EWS-FLI1 expression. 

Mice were likewise treated every 12 h for 23 days with 50 mg/kg body weight 

JQ1 per intra peritoneal injection and tumor size was measured daily. 

Consistent with high dose TC-71 treatment, also SK-N-MC bearing mice 

revealed a significant tumor growth reduction (Figure 9B, bottom) as well as 

a decreased tumor weight (Figure 9E).  

Following sacrifice of mice, tumors were further analyzed by 

immunohistochemistry for caspase 3 expression. Corresponding to what we 

observed in vitro (Figure 5C and Figure 8D), induction of apoptosis 

mechanisms were also depicted to be activated in vivo (Figure 9C).  

To further evaluate if an even more increased dosage might further 

potentiate the therapeutic outcome we also treated animals with 75 mg/kg 

body weight JQ1. However, this resulted in severe weight loss and death of 

mice (data not shown). 
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Figure 9: Treatment with JQ1 inhibits tumor growth dose dependently in vivo. 
Evaluation of the therapeutic potential of JQ1 application in immune deficient Rag2-/- γc-/- 

mice that were injected s.c. with 2x106 ES cells. As soon as the tumor was palpable mice 
received different doses of JQ1 or vehicle i.p.. Delay or inhibition of tumor growth was 
evaluated by Kaplan-Meier plots or tumor size. A. Mice were either injected with A673 or 
SK-N-MC cells and 7 days later received 50 mg/kg body weight JQ1 or vehicle every 48 h. 
Mice with an average tumor size >1 cm3 were considered as positive and sacrificed. 
Kaplan–Meier plots of individual experiments with 5 mice per group are shown. B. Mice 
were injected with tumor cells s.c. and 5 days later received twice daily doses for 14 to 23 
days for TC-71 and SK-N-MC, respectively. Top, survival of TC-71 inoculated mice. Bottom, 
tumor growth after inoculation with SK-N-MC cells. (6 mice/group). t-test.  

A Blow dose high dose

Su
rv

iv
al

 (%
)

Tu
m

or
 v

ol
um

e 
[m

m
3 ]

Days elapsed

SK-N-MC

TC-71Vehicle

JQ1

Su
rv

iv
al

 (%
)

Days elapsed

A673

TC-71

TC-71 SK-N-MCC

Vehicle

JQ1

Vehicle

JQ1

D SK-N-MCTC-71 E

Ta
ke

-to
-e

ve
nt

 ti
m

e 
(d

ay
s)

Tu
m

or
 w

ei
gh

t [
g]



 Results 
 

 68 
 

3.1.8 BRD4 knock-down influences ES growth but does 
not activate apoptosis 

 

To further investigate the mechanisms of the observed block in proliferation 

and the reasons behind the activation of apoptotic pathways, ES cell lines 

with constitutive knock-down of BRD2, BRD3 or BRD4 were established. 

Therefore, a doxycycline mediated shRNA system was used allowing for a 

selective activation of the knock-down (see 2.2.7). In a first analysis, knock-

down efficiency after 72 h treatment with doxycycline was analyzed by 

western blot (Figure 10A). While protein levels for all three proteins were 

reduced after knock-down, it was further observed that after BRD3 knock-

down, BRD4 presence was reduced as well. The same observation was 

made vice versa after BRD4 knock-down. A possible influence of BRD 

knock-down on proliferation ability as observed after JQ1 treatment was 

analyzed by xCELLigence assay (Figure 10B). However, only A673 and SK-

N-MC showed a reduced growth after knock-down of BRD4, while knock-

down of BRD2 and BRD3 in A673 as well as knock-down of BRD2, BRD3 

and BRD4 in TC-71 cells (Supplemental Figure 22) did not indicate any 

significant growth impairment (Figure 10B, xCELLigence and western 

blotting was performed by Fiona Becker-Dettling, medical doctoral 

candidate). Also, apoptotic pathways, shown as activated after JQ1 

treatment (see Figure 5C), did not display as activated after single knock-

down of BRD2, BRD3 or BRD4 in all three cell lines analyzed (Figure 10C).  

 

 

 

 

 

                 
C. To analyze intratumoral changes after high dose JQ1 application tumors were collected 
upon tumor burden (TC-71) or after 23 days (SK-N-MC) and stained for caspase 3. The 
pictures show clear increased expression of cleaved caspase 3 in tumors treated with JQ1. 
Bar indicates 0.1 mm. D. Variation of tumor growth characteristics analyzed as a function of 
time until tumors reached >1 cm3 size for TC-71 inoculated mice. E. Determined tumor 
weight of SK-N-MC inoculated mice at the end of the experiment. **P-value < 0.005, ***P-
value < 0.0005. 
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Figure 10: Induced knock-down of BRD2, BRD3 and BRD4 inhibits growth partially but 
does not activate apoptotic mechanisms. A. Knock-down efficiency for every BET protein 
was analyzed after 72 h doxycycline treatment by western blot. Shown is a representative 
experiment for SK-N-MC. β-Tubulin is used as loading control. B. Analysis of proliferation 
was done for A673 and SK-N-MC by xCELLigence assay measuring cellular impedance 
every 4 h (relative cell index). Data are mean ± SEM (hexaplicates/group); t-test. C. No 
activation of apoptotic pathways was indicated after knock-down by western blotting for 
PARP or caspase-7. Shown is a representative experiment. HPRT is used as loading control. 
*P-value < 0.05, ***P-value < 0.0005. 
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3.1.9 BRD4 interacts with P-CDK9, FLI1 and BRD3 on the 
protein level and binds to the EWS-FLI1 promotor 

 

Previous publications indicated that BRD4 regulates polymerase II 

transcription by recruiting the positive transcription elongation factor p-TEFb 

and the concomitant stimulation of its kinase activity for phosphorylation of 

the C-terminal domain (CTD) of RNA polymerase II [160]. Subsequently, it 

was shown that anti-apoptotic genes are regulated through p-TEFb, 

especially through its subunit CDK9 [161, 162]. To evaluate whether this also 

applies for ES microarray data after JQ1 treatment were analyzed for the 

regulation of key anti-apoptotic genes (Supplemental Table 23). Herein, 26 

genes were found as significantly down-regulated while only 7 were indicated 

as up-regulated. Interestingly, the x-linked inhibitor of apoptosis (XIAP) and 

the CASP8 and FADD like apoptosis regulator cFLAR (also known as cFLIP) 

which are described as regulated through CDK9 [163] were observed among 

the most significantly down-regulated genes. Mechanistically, XIAP inhibits 

the activation of caspase 3 by binding to the p19 – p12 of caspase 3 

complex and thereby blocking apoptosis [164]. cFLIP on the other hand 

inhibits the CD95-mediated activation of caspase 8 as it blocks its processing 

at the death inducing signaling complex (DISC) [165]. To further study their 

possible involvement in the context of ES and the observed activation of 

apoptotic pathways after JQ1 treatment, co-immunoprecipitation (Co-IP) 

studies were carried out (see 2.2.13) to analyze whether EWS-FLI1 or BRD4 

interact with each other and if the p-TEFb is part of this protein complex. 

Therefore, ES cell lines A673 and SK-N-MC expressing wild type EWS-FLI1 

were used and analyzed after Co-IP for anti-FLI1 or anti-BRD4 antibodies 

(Figure 11A). Interestingly, both cell lines showed a co-immunoprecipitation 

of EWS-FLI1, BRD4 and BRD3 (Figure 11A lines 1 and 3). Further Co-IP of 

BRD4 revealed a co-elution of phosphorylated CDK9 (P-CDK9) as well as 

BRD3 as shown by western blot analysis (Figure 11A; lines 2 and 4).  

While the observed co-immunoprecipitation of P-CDK9 and BRD4 was in 

agreement with previous observations [115, 166, 167], a proof of the 

interaction of BRD4 and EWS-FLI1 after FLI1-IP was only shown after FLI1 
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Co-IP but not after BRD4 Co-IP. To further investigate this interaction A673 

and TC-71 cell lines carrying a flag-tagged FLI1 were used (flag-tagged FLI1 

cell lines and corresponding Co-IP experiments were done by Chiara Giorgi, 

collaborating scientist). In addition, Benzonase treatment was used to verify 

whether the observed interactions did not rely on a protein-DNA-protein but 

on a direct protein-protein interaction. As shown in Figure 11B DNA 

fragmentation through treatment with Benzonase worked well but had no 

effect on the corresponding Co-IP`s as analyzed by western botting (Figure 

11C). Both cell lines showed strong BRD4 bands after anti-Flag IP. Also, Co-

IP and corresponding western blotting for BRD4 showed a significant signal 

for flag-tagged FLI1 in both cell lines, recapitulating initial observations after 

anti-Flag as well as after wild type EWS-FLI1 Co-IP.  

 

 
Figure 11: Interaction analysis by Co-IP for EWS-FLI1, BRD4 and P-CDK9. A. Co-IP for 
A673 and SK-N-MC cell lines using anti-FLI1 and anti-BRD4 antibodies. After Co-IP, proteins  
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Due to the observed decrease of EWS-FLI1 expression upon treatment with 

JQ1 we further asked if BRD4 might bind to the EWS-FLI1 promoter thereby 

regulating its expression. To investigate this hypothesis BRD4 ChIP was 

carried out for A673 and SK-N-MC cell lines (Figure 12). The DNA thereby 

obtained was subsequently analyzed by qRT-PCR for EWS-FLI1 specific 

genomic DNA content, genomic DNA not enriched for BRD4 binding served 

as a negative control. Interestingly, both cell lines demonstrated a significant 

enrichment of EWSR1 binding over negative control, assuming a selective 

binding of BRD4 to the EWS-FLI1 promoter and supervision of its 

expression.  

 

 

 

 
Figure 12: Interaction analysis of BRD4 and the EWS-FLI1 promoter by ChIP. ChIP for 
BRD4 in A673 and SK-N-MC cell lines was done as described in 2.2.12. Retained DNA was 
analyzed by qRT-PCR using primer specific for the EWS-FLI1 promoter (EWSR1) and 
compared to a region not enriched for BRD4 (neg. Ctr.) (Table 16). *P-value < 0.05. 

 

 

 

 

            
were analyzed by western blotting for FLI1, BRD4, P-CDK9 and BRD3. B. Benzonase 
treatment was done for 1 h for DNA lysis. Co-IP using an anti-FLAG antibody was done 
subsequently for treated and untreated samples. C. Co-IP after Benzonase treatment using 
an anti-BRD4 and anti-Flag antibody for A673 and TC-71 cell lines. Samples were analyzed 
subsequently by western blotting. Input was used as a positive control. 
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3.1.10 CDK9 inhibition down-regulates EWS-FLI1, blocks 
growth and activates apoptosis 

 

Having demonstrated that EWS-FLI1, BRD4 and P-CDK9 interact on the 

protein level, we further asked if inhibition of BRD4 by JQ1 and the resulting 

activation of apoptosis and growth inhibition could be caused due to an 

abrogation of P-CDK9 function. To analyze this hypothesis, we evaluated 5 

different CDK9 inhibitors in A673, EW7 (both possessing a type 1 

translocation) and MHH-ES1 (type 2 translocation) cell lines (Figure 13) 

(inhibitors were kindly provided by Shudong Wang, Adelaide, Australia). 

Interestingly, qRT-PCR for CDK9 but also for EWS-FLI1 and cyclin T1 

(CCNT1) (a further subunit of the p-TEFb complex that activates CDK9) 

[168] revealed a significant decrease of expression especially after treatment 

for 24 h and 2 µM with ST2-58, LY3-29 or I-73 (Figure 13A). Furthermore, 

even though BRD4 expression was indicated as reduced especially after 

LY3-29 and I-73 treatment, BRD4 was much less influenced in relation to 

CDK9, CCNT1 or EWS-FLI1 expression reduction.  

Based on the strong impact in all three cell lines, LY3-29, I-73 and ST2-58 

were selected for subsequent experiments. Flow cytometry analysis was 

performed for EW7 and a second type 2 translocation cell line (RDES) after 

2, 4 and 6 h of 2 µM treatment of selected CDK9 inhibitors to examine a 

possible correlation between CDK9 inhibition and cell cycle progression 

(Figure 13B) (cell cycle analysis was carried out by Chiara Giorgi). While 

only minimal changes were observed after 2 and 4 h of treatment of both cell 

lines, 6 h of treatment significantly reduced G1-G0 phase in both cell lines. 

Furthermore, results in EW7 indicated an elongated G2-M phase while 

RDES showed more cells to be in S phase. Even though changes were 

obvious for all three compounds tested after 6 h, most significant changes 

were observed for I-73 which was therefore selected for further testing.  

To test whether the observed changes also influence growth properties, the 

xCELLigence assay was used for A673, EW7 and TC-71 cell lines. Cells 

were seeded and grown until they reached exponential growth phase. 

Subsequently, they were treated with 2 µM I-73 or DMSO as solvent control 
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and monitored until growth regressed in the control. Consistent among all 

cell lines tested, the addition of I-73 repressed growth most significant in 

EW7 and TC-71. A673 cells also revealed blocked growth with some delayed 

sensitivity. 
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In addition, we analyzed if apoptotic mechanisms became activated as 

previously observed after JQ1 treatment (Figure 5C). Therefore, SK-N-MC 

and A673 cell lines were treated with 2 µM LY3-29 or I-73 for 6 h and 

analyzed subsequently by western blot analysis (western blotting was carried 

out by Chiara Giorgi). As shown in Figure 14, both cell lines revealed an 

increased PARP and Caspase 7 cleavage as compared to vehicle or 

untreated control, similar to what we observed after JQ1 treatment.   

 

 
Figure 13: Analysis of activation of apoptotic mechanisms after CDK9 inhibition. SK-N-
MC and A673 cell lines were treated with 2 µM LY3-29, I-73 or vehicle (DMSO) for 6 h and 
compared to an untreated and DMSO control by western-blotting. 

 

 

                
Figure 13:Evaluation of different CDK9 inhibitors by qRT-PCR and cell cycle. A. 
Analysis of expression of CDK9, CCNT1 and EWS-FLI1 after 24 h treatment of 2 µM ST2-58, 
LY3-29, I-73, LY4-14 and I-77 CDK9 inhibitors in A673, EW7 and MHH-ES1 cell lines 
measured by qRT-PCR. Data are mean ± SEM; t-test. DMSO: solvent control. B. Cell cycle 
was analyzed 2, 4 and 6 h after treatment with I-73, ST2-58 and LY3-29 by flow cytometry for 
EW7 and RDES and cells were stained with propidium iodide. C. Proliferation of I-73 treated 
cell lines A673, EW7 and TC-71 was analyzed using xCELLigence assay measuring cellular 
impedance every 4 h (relative cell index). Data are mean ± SEM (hexaplicates/group); t-test. 
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3.1.11 Low dosage JQ1 and I-73 reduces tumor growth in 
vivo 

 

To analyze whether I-73 might hold a therapeutic value in vivo, we tested a 

dual approach combining JQ1 and I-73 treatment at a low dosage and 

compared it to vehicle as well as single agent treatment of JQ1 and I-73. To 

do this, a xenograft mouse model of Rag2-/- gc-/- mice was used and 3 – 4 x 

106 A673 cells were injected subcutaneously (s.c.) into mice. As soon as 

tumors were palpable mice were randomly divided into four groups and 

treatment commenced. Animals received a dosage of 50 mg/kg body weight 

JQ1 or corresponding vehicle every 24 h per i.p. injection. I-73 or 

corresponding vehicle was administered via oral gavage at 50 mg/kg body 

weight every 48 h. Treatment was carried out for a maximum of 14 days. 

Tumor size was measured daily until the tumor exceeded 1 cm3 (see 2.2.17) 

in size whereupon mice were sacrificed. 

Analysis of tumor growth between different groups over time of treatment 

revealed the lowest tumor growth rate for low dosage treatment of JQ1 in 

combination with I-73 (Figure 15A). Interestingly, this combination treatment 

was similar in efficacy as observed after high dosage JQ1 treatment (Figure 

9B). Single agent treatment of JQ1 or I-73 also delayed tumor growth, 

although they finally caught up to tumor size in the control group. 

Immunohistochemistry for all four groups showed an increased cleaved 

caspase 3 expression in treated tumors, with no significant differences within 

treatment groups (Figure 15B), indicating additional mechanisms influencing 

tumor growth. 
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Figure 14: Combination treatment of JQ1 and I-73 in comparison to single agent 
treatment in a xenograft model. A. ES cell line A673 was injected s.c. into a xenograft 
mouse model. Once tumor was palpable mice were divided randomly into four groups and 
treated either with 50 mg/kg body weight JQ1, I-73 and JQ1 in combination with I-73. JQ1 
was administered i.p. every 24 h while I-73 was administered by oral gavage every 48 h. (7 
mice / group). t-test. ***P-value < 0.0005 B. As soon as tumors reached 1 mm3 (see 2.2.18) 
mice were sacrificed and tumors analyzed for Cleaved caspase 3 expression by 
immunohistochemistry.  
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3.1.12 JQ1 resistant cell lines are still sensitive to I-73 
treatment 

 

Previous reports suggested that cells treated with JQ1 can acquire 

resistance following sustained treatment with JQ1 [169]. To analyze if the 

same is true for ES cell lines, A673 and SK-N-MC were cultured continuously 

with 2 µM JQ1 over several month. To test whether growth capabilities have 

changed xCELLigence assay was used. Interestingly, cells that remained 

under continuous JQ1 treatment seemed to tolerate it and grew in the 

presence of JQ1 in contrast to wild type cells (Figure 16A). However, cell 

growth could be blocked for both, wild type and resistant cell lines upon 

addition of I-73 (Figure 16B).  
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Figure 15: Treatment with I-73 blocks proliferation in JQ1 Resistant cell lines. A. ES 
cell lines A673 SK-N-MC were treated for several months with 2 µM JQ1 and analyzed 
subsequently by xCELLigence assay. Wild type A673 and SK-N-MC cell lines were used as 
controls. Cellular impedance was measured every 4 h (relative cell index). Data are mean ± 
SEM (hexaplicates/group); t-test. ***P-value < 0.0005 B. Proliferation of JQ1 resistant A673 
and SK-N-MC cell lines was analyzed by xCELLigence assay. Upon reaching exponential 
growth rate cells were treated with 2 µM I-73 or DMSO as negative control. Cellular 
impedance was measured every 4 h (relative cell index). Data are mean ± SEM 
(hexaplicates/group). 
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3.2.1 Inhibition of EZH2 reduces H3K27me3 and increases 
H3K27ac 

 

In a previous study [18] it was shown that the PRC2 complex and EZH2 in 
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analyze the mechanism behind this regulation and to assess potential clinical 

applications, small molecule inhibitors were used and evaluated. 
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In a study published in 2012 [170], Verma and colleagues reported the 

development of GSK343, a novel, highly potent, selective, S-(S`-adenosyl)-1-

methionine (SAM) competitive and cell-active inhibitor of EZH2. Even though 

EZH1, a homolog of EZH2 that associates with somewhat different PRC2 

complexes, shares an overall 76 % sequence identity and a 96 % sequence 

identity within the SET-domain [170] this inhibitor was described to be 

selective, especially for EZH2, with albeit lower activity for other 

methyltransferases. 

To test the effectivity of this small molecule, ES cell lines A673, SK-N-MC 

and TC-71 were treated with 3 µM GSK343 or solvent control (DMSO) for 72 

h. Subsequently, proteins were isolated and samples analyzed by western 

blotting or qRT-PCR. Consistent with previous observations, GSK343 

significantly reduced overall H3K27me3 levels in all cell lines analyzed 

(Figure 17A), although a faint band for H3K27me3 was still detectable after 

treatment. Furthermore, qRT-PCR showed a decreased expression of EZH2, 

which, however, was not statistically significant (p > 0.05) (Figure 17B). In 

addition, on the protein level western blot analysis indicated no decrease of 

EZH2 after treatment and thereby confirmed qRT-PCR findings (Figure 17C).  

 
 

Figure 16: Evaluation of GSK343 effectivity on protein and RNA level. A. ES cell lines 
A673, SK-N-MC and TC-71 were treated with 3 µM GSK343 or DSMO for 72 h. Treatment 
effectivity was analyzed by western blot analysis for H3K27me3. H3 was used as loading  
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To further test the specificity of this small molecule and whether it may 

influence the expression of core components of the PRC2 complex (e.g. 

SUZ12) or other histone marks as activating (H3K27ac, H3K4me2) or 

inactivating (H3K9me2) histone marks, additional western blots were carried 

out after treatment of cells for 72 h with 3 µM GSK343 or solvent control 

(DMSO). Interestingly, only H3K27ac revealed a consistent increase after 

treatment while the other marks showed no replicable changes (Figure 18). 

 

 

 

 

 

 

 

 

 

 

 

Figure 17: Immunoblot of different histone marks and SUZ12 as a PRC2 core 
component. Treatment with 3 µM GSK343 or DMSO for 72hrs markedly decreased 
H3K27ac while no other changes were observed. H3 was used as loading control. 

 

 

 

 

 

 

 

 

 

            
control. Experiments were performed in duplicates. B. qRT-PCR and C. western blot 
analysis for A673, SK-N-MC and TC-71 after 72 h and 3 µM GSK343 or DMSO treatment 
revealed no statistical significant changes in EZH2 expression after treatment. 
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3.2.2 Inhibition of EZH2 does not affect contact 
independent tumor growth and endothelial 
differentiation 

 

Since it was shown in previous studies that knock-down of EZH2 exerted 

substantial changes to cells by means of proliferation and differentiation [18], 

we also tested if inhibition of EZH2 by GSK343 results in concordant 

changes. To do this we analyzed the capability of ES cell lines A673 and TC-

71 to grow contact independently in a colony forming assay in the presence 

of this drug (Figure 19A). However, no differences were observed between 

control or GSK343 treated cells, which contrasted with previous observations 

made after knock-down of EZH2 by RNA interference [18]. Endothelial 

differentiation assays were performed to investigate, whether drug-mediated 

EZH2 inhibition similarly induces a more differentiated ES phenotype. 

However, no increased differentiation capabilities were observed contrasting 

previous observations (Figure 19B).  
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Figure 18: Colony formation and endothelial differentiation assay of after enzymatic 
inhibition of EZH2. A. A673 and SK-N-MC cells were seeded in duplicates into GSK343 
containing methylcellulose based media to analyze in vitro contact independent growth. B. 
Endothelial differentiation of GSK343 treated A673, SK-N-MC and TC-71 ES cell lines. 72 h 
after GSK343 treatment, 5 x 104 cells per well were seeded onto matrigel and incubated for 
24 h at 37 °C in a humidified atmosphere. Representative pictures of Calcein AM staining are 
shown. WT cells only received solvent control. 

 

 

3.2.3 Tumor growth is not influenced by EZH2 inhibition in 
vitro and in vivo 

 

While working on the influence of EZH2 inhibition and the evaluation of 

GSK343, we recognized a publication by McCabe et. al [170] describing a 

new small molecule. GSK126 a highly potent, selective, S-adenosyl-

methionine-competitve, inhibitor that selectively targets the SET domain of 

EZH2 was described to decrease global H3K27me3 levels and reactivate 

PRC2 target genes. Therefore, this new inhibitor was tested for different 

treatment concentrations and exposure times by western blot analysis 

(Figure 20A and B).   
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Figure 19: GSK126 decreases H3K27me3 levels globally but has inconsistent effects 
on cell growth. A. Analysis of SB-KMS-KS1 and A673 ES cell lines with concentrations 
varying from 0.2 up to 5 µM for 7 days on protein level by western blotting. H3K27me3 
showed a broad and sustained decrease while EZH2 levels were indicated as increased 
upon treatment. H3 was used as loading control. B. SK-N-MC was treated with 0.2 - 10 µM 
GSK126 for 72 h, proteins isolated and analyzed by western blotting. H3K27me3 levels were 
indicated as decreased for all concentrations used. H3 loading control. C. xCELLigence 
proliferation assay over a period of 7 days and 2 µM GSK126 or DMSO treatment in different 
cell lines. *P-value < 0.05, ****P-value < 0.0001, n.s. not significant. 
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observations made by McCabe et. al, the 2 µM treatment option was chosen 

for subsequent analysis. 

Comparisons between GSK343 and GSK126 by means of anchorage 

independent colony formation and endothelial differentiation were done with 

no observable differences (data not shown). However, since GSK126 was 

described to have a 150-fold selectivity for EZH2 over EZH1, GSK126 was 

used for further studies like the anchorage dependent xCELLigence assay. 

SK-N-MC, TC-71 and SB-KMS-DA cells treated with 2 µM GSK126 or 

DMSO and tested in this assay with no statistical significant differences. 

A673 and SB-KMS-KS1 in contrast showed a significant differential growth 

which was inhibited after treatment in A673 and enhanced in SB-KMS-KS1 

even though this was less significant (Figure 20C).  

To test if the observed differences in vitro for A673 cells might also influence 

tumor growth in vivo, 2 x 106 cells were injected s.c. into Rag2-/- gc-/- mice. 

Once the tumor was palpable mice were randomized into two groups (4 mice 

/group) and treated daily with 150 mg per kg body weight GSK126 per 

intraperitoneal injection. Unfortunately, no significant differences in survival 

could be observed between control and GSK126 treated animals (Figure 21). 

 

 

 

 

 

 

 

 

 

 

 

Figure 20: Treatment with GSK126 does not prolong survival in vivo. 2x106 A673 cells 
were injected s.c. into Rag2-/- gc-/- mice. Once tumor was palpable mice were randomized into 
2 groups and treated with 150 mg/kg body weight GSK126 or DMSO as solvent control via 
daily i.p. injection. 
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4 Discussion 
 

The present study was realized to clarify the relevance of specific epigenetic 

reader and writer proteins for the occurrence and maintenance of ES and the 

evaluation of their therapeutic potential.  

ES are bone and soft tissue tumors predominantly affecting children and 

young adolescents in the second decade of life. ES are characterized by 

early metastasis into the lungs or other bones often associated with poor 

prognosis. Despite the knowledge of the molecular and pathognomonic 

foundation of this disease, therapeutic options for patients with metastatic or 

recurrent disease are scarce and novel approaches are needed. Over the 

last couple of years targeted therapies tried to fill this gap by addressing the 

oncogenic driver protein EWS-FLI1 as well as other previously identified 

downstream targets [171-176]. However, owing to the poor pharmacokinetic 

properties of this oncogenic driver and poorly understood mechanisms 

contributing to possible escape mechanisms further analysis is needed to 

tackle this disease at its roots. 

The deregulation of components of the epigenetic machinery was previously 

demonstrated as an important step for ES tumor formation [18, 105]. 

Furthermore, it was recently shown that EWS-FLI1 employs divergent 

chromatin remodeling mechanisms to activate or repress transcription [20, 

177]. Thereby altered epigenetic marks were identified that generated 

specific acetyl-lysine moieties on histones. Bromodomains (BRDs) as 

readers of acetyl marks have been thoroughly investigated throughout the 

last couple of years. Especially the BET family has been an ongoing field of 

research owing to its ubiquitous expression (except for BRDT) and their 

important role in transcriptional activation. Interestingly, all three BET 

proteins were found as well expressed in ES. Targeting by specific inhibitors 

of BET proteins such as I-BET151 [152] or JQ1 [119] resulted in dislodgment 

of BRDs from chromatin in other tumors and inhibition of transcription at key 

genes involved in apoptosis, cell cycle regulation and oncogenesis [156, 

157, 178, 179]. It was further demonstrated that JQ1 could block tumor 
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growth and a recurring feature of the consequences of JQ1 / I-BET151 

treatment was inhibition of MYC, N-MYC or FOSL expression, respectively in 

these tumors.  

MYC over-expression is a salient feature in ES and could be demonstrated 

as constitutively up-regulated in comparison to normal body tissue. Its level 

of expression seems to be directly regulated via EWS-FLI1 [180]. By use of 

JQ1 and BEZ235 in different ES cell lines we aimed to disrupt this potentially 

EWS-FLI1-mediated modulation. In doing so we observed a significantly 

blocked proliferation and a strong downregulation of the pathognomonic 

EWS-FLI1 protein. However, no inhibition of MYC expression in ES lines was 

observed. Interestingly, MSC as the presumed progenitor cells showed an up 

to 50% downregulation of MYC. 

Further analysis of the impact of JQ1 treatment showed a number of 

suppressed genes typical for ES specific expression profiles [11, 105, 154]. 

For example, GPR64, a new excellent marker of ES [34], was down-

regulated after JQ1 treatment. Similarly, the expression of DKK2, a key 

player of ES invasiveness and osteolytic tumor growth [6], was greatly 

reduced by JQ1. Also other genes consistently up-regulated and/or shown to 

be involved in ES pathogenesis such as EZH2, PAPPA, STEAP1, and 

STK32B [18, 33, 105] were uniformly inhibited by JQ1. Consistently, whole 

transcriptome analysis showed fewer genes to be up-regulated after JQ1 

treatment and included genes involved mainly in pathways for cell 

maturation, differentiation, etc. (GSE72673), confirming that EWS-FLI1 itself 

is abrogating differentiation programs and is the driver of the immature 

phenotype of this disease [18, 181].  

Interestingly, the treatment effect of JQ1 on the expression program of ES 

cell lines could be mimicked by specific siRNA-mediated knock-down of 

BRD3 or BRD4 but not BRD2, indicating not only BRD4 to be an important 

epigenetic reader protein in ES. Displacement of BRD3/4 by specific 

inhibitors has already been shown in MLL-fusion positive leukemia [152]. 

While BRD3 seems to preferentially associate with hyper-acetylated 

chromatin along the entire lengths of transcribed genes [116], BRD4-binding 



 Discussion 
 

 89 
 

has also been observed in enhancer regions [182]. Furthermore, JQ1 

treatment not only suppressed an ES specific expression profile but also 

blocked contact dependent and independent proliferation of different ES 

lines. A partial G1 arrest and S phase elongation of the cell cycle was 

demonstrated previously [119] and could be observed for ES as well. In 

addition, induction of apoptosis as demonstrated by PARP1-, CASP7-

cleavage and increased CASP3 activity seems to significantly contribute to 

the reduction of the proliferative ability of ES lines. Single or combination 

treatment with the PI3K/mTOR inhibitor BEZ235 [150] did increase apoptosis 

of ES cell lines although single treatment with BEZ235 was less effective 

than JQ1 application. Testing of JQ1 in an in vivo setting demonstrated that 

tumor development was dose dependently suppressed by intra-peritoneal 

JQ1 application in a xeno-transplant model of ES–bearing immune deficient 

Rag2-/-γc-/- mice. Therapeutic efficacious doses, although high, were within 

the range published previously [119, 157, 178]. Consistent to results in vitro, 

treatment of mice with JQ1 also caused a significant intratumoral induction of 

cleaved caspase 3. Overall, these results demonstrated that MYC or EWS-

FLI1 mediated pathognomonic expression programs may be similarly 

targeted by BET bromodomain inhibition, casting BET protein inhibition 

appropriate as a potential platform for future combination therapy of this 

disease.  

Further investigation, generating constitutive BRD knock-down cell lines to 

recapitulate JQ1 treatment effects and analyze the underlying mechanisms 

revealed that reduced growth was observed only after knock-down of BRD4 

in A673, whereas none of the analyzed knock-down cell lines demonstrated 

an activation of apoptotic markers. Although BRD4 is presumed to bind to 

different lysine residues on histone 3 and 4, BRD2 and BRD3 were reported 

to bind to overlapping subsets [183, 184], explaining for a presumably 

compensation upon loss of only one BET protein. However, the lack of intra-

BET selectivity limits the scope of current inhibitors for target validation. New 

opportunities to elucidate the cellular phenotypes and therapeutic 

implications associated with selective targeting have been described recently 

with new tools such as PROTACs (Proteolysis Targeting Chimera) [185] and 
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other BET protein degrader [186]. Recent findings in MLL leukemia underline 

the notion of compensation by individual BRDs or others by the observation 

that the disruptor of telomeric silencing complex (DOT1L) can functionally 

compensate for inhibition of BRD4 [187]. In ES a number of substances 

initially also demonstrated efficacy in preclinical models such as single 

treatment with ARA-C [188] or anti-IGFR [140] but in phase I clinical trials 

delivered transient [181] or disappointing results [189]. Therefore, 

combination treatment of JQ1 with substances like YK-4-279 that directly 

binds to EWS-FLI1 and inhibits its oncogenic activity [190, 191] via blockade 

of specific protein interaction with factors important for mRNA splicing [192] 

and transcription [190] may result in synergistic effects inhibiting tumor 

growth. For example, treatment with BEZ235 clearly inhibited EWS-FLI1 

expression and in combination with JQ1 further increased apoptosis 

induction indicating that combination treatment of JQ1 with PI3K/mTOR 

inhibition should be a promising strategy for future therapy of ES.  

Irrespective of the therapeutic virtue of JQ1 proven in numerous cancers, 

mechanisms determining the response to BET inhibition remain poorly 

understood. To identify factors helping to provide predictive information we 

further analyzed the interactome of BRD4 by co-immunoprecipitation as well 

as ChIP experiments. A very salient feature of BRD4 is its interaction with 

the positive transcription elongation factor b (P-TEFb) triggering the transition 

of RNA polymerase II (RNAPII) into productive elongation. Therefore, BRD4 

binds to the core complex of p-TEFb, CDK9/cyclinT, through its C-terminal 

extra terminal domain region [115]. Here we showed via Co-IP experiments a 

consistent interaction of BRD4 with p-CDK9 in ES. Moreover, we observed 

that EWS-FLI1 directly interacts with BRD4 as well. While the molecular 

consequences of this interaction need to be validated, previous studies 

already identified a significant association of EWS-FLI1 and chromatin states 

of promoters, enhancers and super-enhancers [177]. However, whether this 

binding occurred directly through EWS-FLI1 or in conjunction with other 

proteins is unknown so far. Interestingly, promoters of highly expressed 

genes and those bound by EWS-FLI1 had high levels of the open-chromatin 

associated marks H3K4me3, H3K27ac and H3K56ac. We therefore queried 
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previously established ChIP-seq data for enrichment of acetylation marks in 

the vicinity of EWSR1 [20, 177]. H3K27ac was indicated as strongly enriched 

close to the promoter. To test if BRD4 might bind to H3K27ac and thereby 

possibly regulate the expression of EWS-FLI1, ChIP experiments for BRD4 

were carried out. Subsequent qPCR for primer covering the H3K27ac 

enriched genomic region of the EWSR1 promoter was performed and 

demonstrated an enrichment of BRD4 at this promoter, concluding that the 

observed downregulation of EWS-FLI1 after JQ1 treatment was due to a 

blocked binding of BRD4 to the promoter region of EWS-FLI1. 

In addition to these site-specific effects we further pursued to analyze if 

CDK9 might be a useful therapeutic target in ES. Deregulation of cyclin-

dependent kinases (CDKs) has been associated with many cancer types and 

has evoked an interest in chemical inhibitors. In recent years, several CDK9 

inhibitors have been designed and demonstrated good antitumoral activity. 

Unfortunately, clinical studies of the drugs flavopiridol, dinaciclib, seliciclib, 

SNS-032 and RGB-286638 remained unsuccessful and involved many 

advert effects [193]. However, as the tools to design new drugs improved 

over time, new and more selective inhibitors became available. Here we 

tested 6 new CDK9 inhibitors and demonstrated their effectivity by means of 

cell cycle analysis, growth inhibition and regulation of EWS-FLI1 as well as 

CCNT1 and CDK9. Interestingly, I-73 an inhibitor shown to be very specific in 

ovarian cancer cells [194] was also most effective among all ES cell lines 

tested. Similar to results obtained after JQ1 treatment, I-73 treatment also 

down regulated EWS-FLI1 expression, facilitated induction of apoptotic 

pathways and abrogated cell growth in vitro.  

While several reports showed that JQ1 can influence a plethora of different 

pathways, e.g. the WNT or the hedgehog pathway [195, 196] one of the main 

conclusions from our results in ES could therefore be that JQ1 abrogates 

activation of Pol II through P-TEFb followed by the shutdown of different 

transcriptional programs, an observation further supported by recent 

publications [197, 198]. An ubiquitous challenge of modern therapies is the 

emergence of tumor cells resistant to the therapeutic agent [199]. While 
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emerging evidence suggests that transcriptional inhibitors combined with 

other therapeutic agents can suppress the development of drug resistant 

cells, further work is needed to establish a system of concept for a tumor cell 

specific combination therapy [200]. Recently, Fong et al. [201] as well as 

Kurimchak et al. [169] showed that cancer cells can acquire resistance to 

BET inhibition, demonstrating a major concern in successful cancer 

treatment. Here we analyzed this concern and showed that ES cell lines can 

likewise become resistant to JQ1 after long term treatment. However, 

treatment of resistant cells with I-73 still abrogated growth in vitro, 

highlighting the opportunity of a combined therapy using BRD and CDK9 

inhibitors. Therefore, we tested a combination therapy in a xenograft mouse 

model and showed that tumor growth could be blocked at low dosages for 

A673 cell line. Further experiments, conducted while preparing this thesis, 

confirm this blockade of tumor growth for a second cell line in the same 

xeno-transplant model (data not shown). This emphasizes the importance of 

both inhibitors as candidates for a refined targeted therapy of ES patients.    

Another interesting combination might arise from EZH2 inhibitors [170, 202] 

which have the potential to further increase the therapeutic efficacy and due 

to potential synergistic effects decrease JQ1 dose levels required for 

successful treatment. Previously published results from our group [18, 105] 

clearly indicated a dependency of ES cell lines on the repressive effects 

mediated by EZH2 and the PRC2 complex. Further, it was shown that 

overexpression of EZH2 in ES is most likely due to the binding of EWS/FLI1 

in close proximity to the EZH2 promoter. This was further strengthened by 

the observed broad downregulation of EZH2 after EWS/FLI1 knock-down. 

Therefore, we tested two novel and highly potent EZH2 inhibitors GSK343A 

and GSK126 as possible candidates for future targeted therapy.  

Blockade of the enzymatic pocket of EZH2 by SAM-competitive compounds 

has been shown to be very effective in a broad range of cancers and has 

been reviewed recently [203]. GSK126 as the most currently developed 

inhibitor tested here also binds to this pocket and shows up to 1000-fold 

selectivity for EZH2 compared to other methyltransferases and 150-fold 
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compared to EZH1 [170, 204]. Subsequent in vivo experiments of GSK126 

markedly impeded the growth of lymphomas carrying an activating EZH2 

mutation [170]. While the exact function of EZH2 can be versatile, its 

canonical role is to mediate gene silencing through H3K27me3. However, 

accumulating evidence suggests that EZH2 can also have non-canonical 

functions, as for example the methylation catalyst of other substrates than 

histones or even in a methylase-independent fashion [205-207]. To analyze 

this behavior also in the context of ES we first analyzed H3K27me3 levels by 

western blotting after treatment with both inhibitors. Interestingly, both 

inhibitors showed a strong reduction of H3K27me3 levels which was 

accompanied by an increase in H3K27ac. Blockade of the enzymatic pocket 

however did not lead to a reduction of EZH2 or other components of the 

PRC2 complex on the protein level, thus reduction of H3K27me3 is not due 

to degradation of H3 or PRC2 as observed previously for inhibitors as 

DZNep [208]. Because of the described superior potency of GSK126 over 

GSK343A [209] we further pursued using only GSK126. We evaluated the 

effect of GSK126 on cell proliferation in a panel of different ES cell lines. 

However, none of the tested showed an impaired growth in the anchorage 

dependent or independent assays used. Similarly, experiments analyzing 

endothelial differentiation after EZH2 inhibition showed no differences. To 

analyze if tumor growth might be influenced in vivo we used a 

xenotransplantation model and injected ES cell lines s.c. into the inguinal 

region. However, no significant differences between animals treated with 

GSK126 or vehicle were observed. On the contrary, these results were in 

contradiction to experiments reported previously, showing a clearly 

prolonged survival as well as reduced metastatic spread using EZH2 knock-

down cell lines in vivo [18]. Even though there are no published reports on 

these diverse effects of EZH2 knock-down or inhibition, different options 

arise from this observation that need to be validated. Previous reports by Lee 

et al. [103] reported the interaction of the RelA/p65 and RelB subunits of NF-

𝜅B and EZH2 independent of its HMT activity in triple negative breast cancer 

(TNBC). Further was it shown by Holm et al. [210]	 that TNBC were having 

elevated levels of EZH2 but surprisingly low levels of H3K27me3, supporting 

the idea of an HMT independent role of EZH2. Several studies have also 
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identified a PRC2-independent function in transcriptional repression rather 

than activation.  

While the actual role of EZH2 in ES needs to be further elucidated our results 

clearly indicated that other functions than its pure HMT activity on 

H3K27me3 are the real reason for the observed decrease in metastatic 

spread and prolonged survival reported previously. 
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5 Summary 
 

Epigenetics and approaches for targeted therapies provide unique 

opportunities for targeted treatment using specific inhibitors. In this thesis, we 

analyzed the epigenetic landscape of ES in order to find new and more 

improved ways to treat ES patients. Thereby BET bromodomain proteins, 

CDK9 and EZH2 got into the specific focus of our research. BET proteins, 

have attracted much interest as candidate therapeutic target due to their 

putative involvement in the pathogenesis of various diseases, including 

cancer and inflammatory diseases [211]. Here we showed that inhibition of 

BRD2, BRD3 and BRD4 through the small molecule JQ1 effectively 

abrogated a ES specific expression profile, blocked cell growth and activated 

apoptotoic mechanisms as shown by cleavage of caspase 3, 7 and PARP. 

Interestingly, continuous administration of JQ1 via i.p. injection blocked 

tumor growth in vivo significantly and activated apoptotic mechanisms 

intratumoral. Knock-down of single BET proteins showed a specific 

dependence on BRD3 and BRD4 for the expression of ES associated gene 

sets. Efforts trying to analyze the underlying mechanistics further revealed 

that EWS-FLI1 interacts with BRD4, which in turn could be shown to interact 

with CDK9 on the protein level. 

CDK9, which together with Cyclin T builds the p-TEFb, is a protein critical for 

transcriptional elongation promoting the activation of RNA polymerase II. 

Further, CDK9, due to its key role in transcriptional activation, is an attractive 

target in modern cancer therapy. Here we showed that inhibition of CDK9 by 

the small molecule I-73 effectively inhibited growth and activated apoptotic 

mechanism. Further these results supported the notion of CDK9 as a 

downstream actor of EWS-FLI1. Interestingly, cells that had become 

resistant after longterm treatment with JQ1 could still be effectively treated 

with I-73. A combination therapy of JQ1 and I-73 at low dosages compared 

to single treatment proved as effective blocking growth of tumor cells.  

EZH2 the core component of the PRC2 complex, being the catalyst in 

generating H3K27me3 marks. EZH2 has important roles during development 

and its deregulation was shown in a plethora of different cancers and ES. 
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Here we analyzed if the inhibition of the catalytic center of EZH2 through 

small molecules could be a suitable treatment option for future targeted 

therapies of ES patients. Strikingly, even though inhibition of EZH2 showed a 

significant decrease in H3K27me3 levels and an increase in H3K27ac, no 

influence on growth or differentiation was observed in vitro and in vivo. While 

the main task of EZH2 might be to mediate trimethylation on H3K27, other 

factors might be implicated in ES and must be analyzed in the future. 
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6 Zusammenfassung 
 

Epigenetische Mechanismen stellen einen vielversprechenden Ansatz der 

modernen Therapie dar und ermöglichen eine zielgenaue Behandlung einer 

Vielzahl verschiedener Erkrankungen. Ziel dieser Arbeit war es, das 

epigenetische Profil des Ewing Sarkoms zu untersuchen und mit den 

gewonnenen Erkenntnissen neue und effektivere Wege für eine 

zielgerichtete Therapie von ES Patienten zu ermöglichen. Hierbei standen 

BET Bromodomänen Proteine, CDK9 sowie EZH2 im Fokus der Arbeit. 

Untersuchungen von BET Proteinen konnten in der jüngsten Vergangenheit 

eine vielfache Beteiligung bei der Pathogenese verschiedener Erkrankungen 

wie Krebs oder von Entzündungsreaktionen aufzeigen und gelten als 

vielversprechender Kandidat für mögliche neuartige Therapien. Mit dieser 

Doktorarbeit konnte gezeigt werden, dass die Inhibition der Bromodomänen 

von BRD2, BRD3 und BRD4 durch den Inhibitor JQ1 ein ES spezifisches 

Expressionsprofil beeinflusst, welches das Zellwachstum blockiert und 

apoptotische Mechanismen wie Caspase-3, -7 und PARP aktiviert. 

Interessanterweise konnte in in vivo Experimenten mit einer kontinuierlichen 

intraperitonealen Gabe von JQ1 das Tumorwachstum blockiert und 

apoptotische, intratumorale Mechanismen aktiviert werden. Die Suppression 

einzelner BET Proteine mittels siRNA zeigte, dass speziell BRD3 und BRD4 

für eine Aufrechterhaltung eines ES spezifischen Epressionsprofils von 

Bedeutung waren. Weitere Untersuchungen der mechanistischen 

Hintergründe dieser Regulierung zeigten, dass EWS-FLI1 mit BRD4 sowie 

BRD4 mit CDK9 auf der Proteinebene direkt miteinander interagieren. 

CDK9 ist ein Protein, das zusammen mit Cyclin T den p-TEFb Komplex 

bildet und von entscheidender Bedeutung bei der Aktivierung der RNA 

Polymerase II ist. Außerdem ist CDK9 durch seine entscheidende Rolle bei 

der transkriptionellen Aktivierung ein sehr interessantes Ziel der modernen 

Krebstherapie. In dieser Arbeit konnte gezeigt werden, dass die Inhibition 

von CDK9 mit der Substanz I-73 das Wachstum verhindert und apoptotische 

Mechanismen aktiviert. Des Weiteren deuteten diese Ergebnisse darauf hin, 

dass CDK9 nach EWS-FLI1 agiert. Auch konnten Zellen, die eine Resistenz 
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nach JQ1 Langzeitbehandlung erworben hatten, weiterhin effektiv mit I-73 

behandelt werden und stellen eine attraktive Therapieoption dar. Eine 

Kombination von JQ1 und I-73 zeigte darüber hinaus schon bei niedrigen 

Dosierungen eine effektive Blockade des Tumorwachstums in vivo. 

EZH2 als Hauptbestandteil des PRC2 Komplexes ist ein katalytisch aktives 

Protein dessen Aktivität zur Trimethylierung von Lysin 27 auf Histon H3 

(H3K27me3) führt. Histone mit diesen Modifikationen sind dichter verpackt 

und reprimieren die Transkription. Aufgrund dieser repressiven Wirkung 

spielt EZH2 eine sehr bedeutende Rolle während verschiedener 

entwicklungsphysiologischer Prozesse und eine Deregulation konnte in einer 

Vielzahl verschiedener Krebsarten, sowie beim ES gezeigt werden. In dieser 

Arbeit wurde die Inhibition des katalytischen Zentrums von EZH2 mittels 

spezifischer Inhibitoren als eine weitere zukünftige Behandlungsoption 

untersucht. Besonders auffallend dabei war, dass trotz der effektiven 

Inhibition von EZH2, der damit verbundenen Reduzierung von H3K27me3 

Markierungen und verstärkten H3K27-Acetylierung, keine Veränderungen im 

Wachstum oder der Differenzierung der Zellen in vitro und in vivo beobachtet 

werden konnten. Obwohl die wesentliche, enzymatische Funktion von EZH2 

die Vermittlung der Methylierung von H3K27 ist, gibt es weitere biologische 

Prozesse in die EZH2-haltige PRC2 Komplexe im ES involviert sein können 

und in weiteren Analysen untersucht werden müssen.  
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8 Appendix 
 

8.1 Supplemental figures 
 

 

 
Figure 21: Knock-down of BRD2 by RNAi did not influence gene expression as 
observed after JQ1 treatment. RNA interference (RNAi) by specific siRNA for BRD2 in 
A673, SK-N-MC and TC-71 compared to neg. control (non-silencing RNA). Results of qRT-
PCR 48 h after transfection are shown. Genes found as down regulated after JQ1 treatment 
were not influenced after knock-down of BRD2. Data are mean ± SEM; t-test. NTC: non-
template control. 
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Figure 22: Analysis of proliferation after induced knock-down of BRD2, BRD3 and 
BRD4. Analysis of proliferation was done for TC-71 by xCELLigence assay measuring 
cellular impedance every 4 h (relative cell index). No significant growth differences were 
observed for either knock-down. Data are mean ± SEM (hexaplicates/group); t-test.  

 

8.2 Supplemental tables 
 

 
Table 21: Selected genes down-regulated after 48 h 2 µM JQ1 treatment in TC-71 cells 

Gene symbol Gene Description Q-JQ1 
GPR64 G protein-coupled receptor 64 0.243 

JMJD1C jumonji domain containing 1C SWI/SNF-related, 

matrix-associated actin-dependent 

0.249 

SMARCAD1 regulator of chromatin, subfamily a, containing 

DEAD/H box 1 

0.275 

STAG2 stromal antigen 2 0.283 

LYN v-yes-1 Yamaguchi sarcoma viral related 

oncogene homolog 

0.288 

PAPPA pregnancy-associated plasma proteinA, 

pappalysin 1 

0.313 

TC-71

BRD2

BRD3

BRD4
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PCDHB5 protocadherin beta 5 0.325 

IDH1 isocitrate dehydrogenase 1 (NADP+), soluble 0.334 

STEAP1 six transmembrane epithelial antigen of the 

prostate 1 

0.367 

HDAC9 histone deacetylase 9 0.371 

RGS4 regulator of G-protein signaling 4 0.380 

CCNA1 cyclin A1 0.382 

STEAP2 six transmembrane epithelial antigen of the 

prostate 2 

0.388 

HOXB2 homeobox B2 0.393 

TET2 tet oncogene family member 2 0.405 

IGF2BP1 insulin-like growth factor 2 mRNA binding protein 

1 

0.425 

HIST1H2AB histone cluster 1, H2ab 0.427 

LIPI lipase, member I 0.436 

HIST1H1T histone cluster 1, H1t 0.442 

HOXD10 homeobox D10 0.445 

HIST1H2BB histone cluster 1, H2bb 0.448 

CCNB2 cyclin B2 0.451 

JARID2 jumonji, At rich interactive domain 2 0.458 

HDAC8 histone deacetylase 8 0.470 

TET1 tet oncogene 1 0.473 

STK32B serine/threonine kinase 32B 0.480 

DKK2 dickkopf homolog 2 (Xenopus laevis) SWI/SNF 

related, matrix associated, actin dependent 

0.480 

SMARCAL1 regulator of chromatin, subfamily a-like 1 0.482 

CCNA2 cyclin A2 0.483 

JHDM1D jumonji C domain containing histone demethylase 

1 homolog D (S. cerevisae) 

0.492 

EZH2 enhancer of zeste homolog 2 (Drosophila) 0.495 

PAX7 paired box 7 0.499 
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Table 22: Genes found as significantly deregulated in A673 and TC-71 microarrays 
after 48 h JQ1 treatment. Fold change was compared to DMSO control. 

Gene 
Accession 

Gene 
Name Description Fold change 

A673 TC-71 

NM_003879  CFLAR  CASP8 and FADD-like 
apoptosis regulator  0,51 0,33 

NM_006333  C1D  C1D nuclear receptor 
co-repressor  0,49 0,38 

NM_015087  SPG20  spastic paraplegia 20 
(Troyer syndrome)  0,40 0,47 

NM_006333  C1D  C1D nuclear receptor 
co-repressor  0,49 0,40 

NM_005445  SMC3  
structural 
maintenance of 
chromosomes 3  

0,64 0,36 

NM_013979  BNIP1  
BCL2/adenovirus E1B 
19kDa interacting 
protein 1  

0,59 0,38 

NM_006333  C1D  C1D nuclear receptor 
co-repressor  0,41 0,61 

NM_001211  BUB1B  
budding uninhibited 
by benzimidazoles 1 
homolog beta (yeast)  

0,49 0,53 

NM_001033568  RHOT1  ras homolog gene 
family, member T1  0,65 0,42 

NM_152266  C19orf40  chromosome 19 open 
reading frame 40  0,43 0,66 

NM_006333  C1D  C1D nuclear receptor 
co-repressor  0,45 0,60 

NM_173685  NSMCE2  
non-SMC element 2, 
MMS21 homolog (S. 
cerevisiae)  

0,73 0,37 

NM_139178  ALKBH3  alkB, alkylation repair 
homolog 3 (E. coli)  0,58 0,42 

NM_001136194  FASTKD2  FAST kinase domains 
2  0,52 0,56 

NM_021821  MRPS35  
mitochondrial 
ribosomal protein 
S35  

0,66 0,44 

NM_000165  GJA1  gap junction protein, 
alpha 1, 43kDa  0,55 0,63 

NM_001167  XIAP  X-linked inhibitor of 
apoptosis  0,68 0,50 
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NM_007027  TOPBP1  topoisomerase (DNA) 
II binding protein 1  0,61 0,55 

NM_199320  PHF17  PHD finger protein 17  0,56 0,61 

NM_197956  NAIF1  nuclear apoptosis 
inducing factor 1  0,53 0,62 

NM_152463  EME1  

essential meiotic 
endonuclease 1 
homolog 1 (S. 
pombe)  

0,63 0,54 

NM_001033030  FAIM  Fas apoptotic 
inhibitory molecule  0,62 0,56 

NM_022740  HIPK2  
homeodomain 
interacting protein 
kinase 2  

0,66 0,46 

NM_024622  FASTKD1  FAST kinase domains 
1  0,58 0,65 

NM_002875  RAD51  
RAD51 homolog 
(RecA homolog, E. 
coli) (S. cerevisiae)  

0,66 0,56 

NM_004938  DAPK1  death-associated 
protein kinase 1  0,57 0,66 

NM_001831  CLU  clusterin  1,54 1,52 

NM_030809  CSRNP2  cysteine-serine-rich 
nuclear protein 2  1,89 1,56 

NM_015068  PEG10  paternally expressed 
10  1,67 1,90 

NM_002105  H2AFX  H2A histone family, 
member X  1,79 2,37 

NM_003897  IER3  immediate early 
response 3  2,24 1,62 

NM_003811  TNFSF9  
tumor necrosis factor 
(ligand) superfamily, 
member 9  

3,04 1,61 

NM_006875  PIM2  pim-2 oncogene  3,21 3,53 
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8.5 List of Abbreviations 
 

BCA   bichinonic assay 

BCP   1-bromo-3-chloropropane 

bp   base pairs 

BS3   bis(sulfosuccinimidyl)suberate 

cDNA   complementary DNA 

CpG   5`-C-phosphate-G-3` 

ChIP   Chromatin immunoprecipitation 

DSMO  Dimethylsulfoxid 

DNA   Desoxyribonucleic acid 

DNMT   DNA methyltransferase 

dNTP   Deoxyribonucleotide triphosphate 

ds   double stranded 

DKK2   dickkopf 2 

DZNep  3-deazaneplanocin A 

EDTA   Ethylenediaminetetraacetic acid 

EED    Embryonic ectoderm development 

ES   Ewing Sarcoma 

ESFT   Ewing sarcoma family of tumors 

ET   Ewing tumors 

EWS   Ewing`s Sarcoma oncogene 

EZH1   Enhancer of Zeste (Drosophila), homolog 1 

EZH2   Enhancer of Zeste (Drosophila), homolog 2 

FAM   6-carboxy-fluorescin 

FBS   Fetal bovine serum 

FLI1   Friend leukemia integration 

For (primer)  forward 

GAPDH  Glyceraldehyde-2-phosphate dehydrogenase 

GPR64  G protein-coupled receptor 64 

H3   Histone 3 

H3K27ac  Histone 3 lysine 27 acetylation 
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H3K27me3  Histone 3 lysine 27 trimethylation 

H&E   Hematoxylin & Eosin 

HPRT   Hypoxanthine-guanine phosphoribosyltransferase 

HRP   Horseradish peroxidase 

IFITM1  Interferon induced transmembrane protein 1 

IFN   Interferon 

IgG   Immunoglobulin G 

IHC   Immunohistochemistry 

i.p.   intra peritoneal 

kDa   Kilo Dalton 

LTR   Long terminal repeats 

mRNA   messenger RNA 

MSC   Mesenchymal stem cell 

NTC   non-template control 

PBS   Phospahte buffered saline 

PCR   Polymerase chain reaction 

PI   Propidium iodide 

PNET   primitive neurectodermal tumor 

PRC2    Polycomb repressive complex 2 

PVDF   Polyvinylidene Fluoride 

qRT-PCR  quantitative real time PCR 

rev (primer)  reverse 

RT   Reverse transcriptase or room temperature 

SAM   Significance analysis of microarrays 

s.c.   sub-cuntaneous 

SDS   Sodium dodecyl sulfate 

SDS-PAGE  SDS polyacrylamide gel electrophoresis 

shRNA  small hairpin RNA 

siRNA   small interfering RNA 

ss   single stranded 

STEAP1  Six transmembrane epithelial antigen of prostate 1 

SUZ12  Suppressor ofzeste homolog 12 (Drosophila) 

TBST   Tris-buffered saline Tween-20 

TEMED  N,N,N`,N`-Tetramethylethan-1,2-diamin 
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TSA   Trichostatin A 

TSS   Transcriptional start site 

VC   Vector control 
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