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ABSTRACT 

Ewing sarcoma is an aggressive tumor arising in bones and soft tissues that 

affects children and young adults. This disease is determined by an 

aberrant chromosomal translocation that forms an oncogenic fusion 

protein, being EWSR1-FLI1 the most common. The oncogene is responsible 

for tumorigenesis through epigenetic deregulation in a particular cell 

context. It generates de novo super-enhancers that regulate crucial genes 

for cellular maintenance and tumorigenesis, and which are largely 

enriched in cofactors associated to RNA-pol II such as the Mediator 

complex.  

In order to characterize the specific functions of super-enhancer-regulated 

genes that enable tumorigenesis, we have identified in silico the Mediator 

complex subunit MED13L and RERE as genes regulated by EWSR1-FLI1-

bound super-enhancers. We found that EWSR1-FLI1 regulates the 

expression of MED13L and RERE, which are differentially expressed in 

Ewing sarcoma. Both proteins bind to overlapping regions with EWSR1-

FLI1 on CpG islands corresponding to genes involved in protein translation 

and alternative splicing. In addition, MED13L and RERE regulate the 

expression of spliceosome components by altering the splicing pattern of 

important genes for Ewing sarcoma tumorigenesis. We observed that 

Ewing sarcoma cell lines are highly sensitive to the splicing inhibitor 

Pladienolide B, and that cells respond differently depending on MED13L 

and RERE levels. Therefore, we propose that the synergistic effect due to 

the combination of Pladienolide B and the CDK8 Mediator kinase inhibitor 

BRD6989 might be further studied for consideration as a new therapeutic 

approach in Ewing sarcoma. 
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1. Pediatric cancer: a disease different from adult 

cancer 

1.1. Definition 

Cancer is a large group of diseases that can affect almost any organ or 

tissue consisting in the uncontrollable expansion of abnormal cells 1, 2. The 

features of the transformed cells and the environment in which they arise 

will define the biology of the tumor 2. Pediatric cancer is the diverse group 

of solid and hematological tumors that is developed in children and 

adolescents from 0 to 19 years old 3. Although it is considered a rare 

disease, 400000 cases emerge per year and is the main cause of death 

among children and adolescents in high-income countries 3-6. Survival 

rates are mainly dependent on the socio-economic health care status of 

each country. In high-income countries, more than 80% of children with 

cancer survive. However, in low- and middle-income countries, survival 

rates remain below 30% 3.  

 

1.2. Origin of pediatric cancer 

Pediatrics is the branch of medicine that takes care of infants, children and 

adolescents. During this period the human body grows and develops 

transforming pluripotent undifferentiated cells to thirteen billion of well-

differentiated cells that ensure the organization and function of the adult 

human body 2. The post-natal process was described by Kalberg by a 

mathematical model of infancy-childhood-puberty (ICP) 7. The three 
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components of the ICP model include the different hormonal phases that 

take place in the growth process following a sigmoid curve (Figure 1). The 

infancy period comprises the second half of pregnancy to 2-3 years after 

birth and is characterized by being non-dependent on hormones. It 

comprises a peak velocity of growth that deaccelerates during the first two 

years of life. Childhood begins after the first 2-3 years, when growth 

hormone starts to take effect. During this period, body growth remains 

slow. Finally, puberty is the period where growth hormone and sexual 

steroids cooperate until initiation of adulthood, when height and full 

reproductive maturity is achieved (at 21-25 years of age) 2, 7. 

 
Figure 1. Velocity curve of human growth. Human growth according to the Karlberg ICP 
mathematical model 7 defined by the different hormonal phases. Adapted from Mora 
(2012) 2. 

According to the ICP model, pediatric tumors can be classified as infant, 

childhood or puberty tumors as it is represented in Table 1 2, 7. Tumors that 

develop during infancy arise from cellular populations that have not 

completed differentiation. Since each tissue develops chronologically 

differently, childhood tumors develop in cellular populations of tissues or 

organs that have not completed differentiation in this stage. For example, 

childhood leukemias occur while the immune system continues its 
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development during childhood 2, 8. Finally, puberty tumors are generated 

from cellular populations that are undifferentiated and arise when the 

pubertal growth spurt occurs due to growth factors and sexual steroids are 

secreted 2, 7. 

Infancy tumors Childhood tumors Puberty tumors 

Hemangioma 

Infant neuroblastoma 

Congenital germ cell 
tumors 

Infant leukemia (ALL 
and AML) 

Atypical 
teratoid/rhabdoid 
tumor 

Central PNET 

Ependymoblastoma 

Hepatoblastoma 

Retinoblastoma 

Mesoblastic 
nephroma 

Congenital 
fibrosarcoma 

Inflammatory 
myofibroblastic 
tumor 

Pulmonary 
pleuroblastoma 

Childhood leukemia 
(ALL and AML) 

Childhood 
astrocytoma 

Nephroblastoma 
(Wilms tumor) 

Childhood 
neuroblastoma 

Embryonal 
rhabdomyosarcoma 

Langerhans cell 
histiocytosis 

Non-Hodgkin’s 
lymphoma 

Fibromatosis 

Group A posterior 
fossa ependymoma 

Hodgkin’s lymphoma 

Gonadal germ cell 
tumors 

Ewing sarcoma 

Osteosarcoma 

Desmoplastic small 
round-cell tumor 
(DSRCT) 

Synovial sarcoma 

Alveolar 
rhabdomyosarcoma 

Neuroblastoma of 
adolescents and 
young adults 

Medulloblastoma 
(SHH type of young 
adults) 

Group B posterior 
fossa ependymoma 

Table 1. Classification of pediatric tumors. ICP model of the human growth and 
development allows classification of pediatric tumors into infancy, childhood and puberty 
tumors. ALL, acute lymphoblastic leukemia; AML, acute myeloblastic leukemia; DSRCT, 
desmoplastic small round-cell tumor; PNET, primitive neuroectodermal tumor; SHH, sonic 
hedgehog homolog. Adapted from Mora (2012) 2. 
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Tumorigenesis in pediatric cancers is associated to organogenesis, growth 

and maturation considering that each tumor arises chronologically when 

the corresponding tissue arrives at maximum development 9. Besides, the 

genotypic and phenotypic characteristics of the pediatric cancer cells 

resemble the biology and environment of the undifferentiated cells from 

the developing tissues in which they arise 2, 6. In agreement with this, 

advances in next-generation sequencing have allowed to compare 

pediatric tumors with developing normal tissues to prove the 

transcriptional relationship of cancer cells to undifferentiated cells of each 

organ. For example, medulloblastoma with cerebellum precursors, Wilms 

tumors with metanephric development of the kidney; and neuroblastoma 

with sympatho-adrenal precursors of the neural crest 10-12. 

These data, together with genetic and epigenetic analyses of transcription, 

enhancer states and DNA methylation have shown that pediatric cancer 

cells exhibit defects in normal differentiation mechanisms that lead to 

blocked or impinged maturation 2, 6, 9, 13. Epigenetic deregulation has a key 

role, as has been reported to be in a locked-in state 14. Altogether, these 

data reveal a unique biology for pediatric tumors as the cell of origin of 

each tumor allows tumorigenesis in a particular development state. 

Genetic alterations occurring in cells with a high proliferation rate during 

development are the first genetic hits that will result in an accumulation 

of undifferentiated cells blocked in their maturation stage 2, 14. 
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1.3. Unique characteristics of pediatric cancers and 

differences from adult cancers 

Pediatric cancers have unique characteristics that distinguish them from 

adult cancers. 85% of adult cancers arise in the epithelia of different 

organs giving rise to carcinomas. In the case of pediatric cancers, they 

predominantly derive from mesodermal and ectodermal germ layers and 

50% are found in the hematopoietic and central nervous system, while 

only 9% have an epithelial origin 2, 6, 9. Other important features that 

separate pediatric cancers from adult cancers are the type of genetic 

alterations and the genes affected by those alterations. Adult cancers 

usually arise due to linear accumulation of mutations because of aging or 

an extended exposure to mutagens on account of environmental and 

lifestyle factors. Indeed, progenitor cells in adult tissues have accumulated 

many mutations during multiple cell cycles over the years. The genetic 

alterations frequently found in adult tumors are mutations including base 

substitutions, insertions and deletions (indels), genome rearrangements 

and changes in chromosome copy-number. In contrast, chromosomal 

fusions are often the only genetic alterations found in pediatric cancer, 

usually involving genes related to embryonic development are frequent in 

pediatric cancer, whereas the presence of translocations is much more 

restricted in adult tumors.  

The cellular processes frequently involved in adult cancers include a broad 

spectrum of signaling pathways and cell cycle regulation, such as MAPK, 

PI3K or WNT/β-catenin signaling 15, 16. After cell division, adult cells tend to 

rapidly differentiate or undergo apoptosis. Thus, multi-hit tumorigenesis 

is required to overcome cellular controls, such as that imposed by TP53, 

which prevents the accumulation of DNA damage 2, 6, 9, 15, 16. TP53 is the 
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tumor suppressor gene which is most often mutated, especially in breast, 

lung, ovarian and colon cancers. The kinase PIK3CA is the second most 

frequent mutation found above all in breast and endometrial carcinomas. 

The protooncogene KRAS is usually mutated in pancreas, lung and 

colorectal cancer. EGFR aberrant alterations are also found in lung 

adenocarcinoma and in adult glioblastoma. Other commonly mutated 

tumor suppressor genes are CSMD3 and LRP1B. Protein kinases BRAF and 

ATM, phosphatases PTPRT and PTEN, and the receptor MUC16 are also 

among the most mutated genes 15, 19.  

In contrast, many of the genetic alterations in pediatric cancer affect the 

epigenetic machinery and lead to an epigenetic deregulation that results 

in tumorigenesis when occurs in the appropriate cell environment 14. For 

example, diffuse intrinsic pontine glioma (DIPG), which originates in the 

brainstem, is genetically defined by substitution of methionine for lysine 

at site 27 of histone 3 (H3K27M) 20. Otherwise, histone modifying enzymes 

like KDM6A and chromatin remodeling complexes as the BRG1/BRM 

associated factor (BAF) complex and Polycomb repressive complex 2 

(PRC2) are also affected in some pediatric cancers like leukemias 14, 18. In 

addition, CpG-islands methylation state confers another category of 

epigenetic regulation that can be altered, such as CpG-island 

hypermethylation in posterior fossa group A ependymomas 14, 21. The 

mutational burden is low in pediatric cancers 6, 18 and it has been described 

that ~8% of cases have a predisposing germline mutation. The most 

common germline variants are found in TP53, APC, BRCA2, NF1, PMS2, 

RB1 and RUNX1 18, 22. 
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1.4. Pediatric sarcomas 

Sarcomas are a heterogeneous group of malignancies with mesenchymal 

origin that develop in bones and soft tissues such as cartilages, muscles, 

peripheral nerves, fibrous, fat, joints, deep skin tissues or blood vessels 23-

25. This type of cancer includes more than 50 different histologic subtypes 

that can arise in any part of the body at any age. They represent 1% of all 

adult solid cancers, and 21% of all solid malignancies in pediatrics 25. 

Pediatric sarcomas are the fourth most prevalent tumors after leukemia-

lymphoma, brain tumors and neuroblastoma 26. 

Each sarcoma type is characterized by specific molecular alterations that 

can be classified according to the presence of chromosomal translocations 

or activating mutations 27. For instance, translocation-driven sarcomas 

include Ewing sarcoma, alveolar rhabdomyosarcoma (RMS) or synovial 

sarcoma. Translocations give rise to fusion proteins that trigger 

tumorigenesis by transcriptional rewiring, epigenetic dysregulation or 

initiation of oncogenic signaling pathways. Most of the fusions result in the 

expression of aberrant transcription factors such as in Ewing sarcoma, 

while others codify proteins with tyrosine kinase activity like in congenital 

fibrosarcoma, or autocrine growth factors such as in 

dermatofibrosarcoma. 23, 27, 28. It has been described that these specific 

chromosomal rearrangements may be the consequence of increased gene 

size and intron length of the fusion genes, higher access to genes due to 

open chromatin conformation, proximity of the genes after three 

dimensional rearrangements, or synchronized gene expression within 

shared transcriptional hubs 23. Epigenetic dysregulation is also observed in 

sarcomas that do not carry translocations, such as embryonal RMS or in 

rhabdoid tumors, the latter of which presents mutations or deletions 



Introduction 

10 
 

affecting SMARCB1 or other members of the SWI/SNF complex. As an 

exception to the low burden of genetic alterations characteristic of 

pediatric tumors, osteosarcoma is distinguished by chromothripsis and 

genomic complexity 26. 

 

2. Ewing sarcoma: a unique chromosomal 

translocation in a suitable epigenetic 

environment 

2.1. Epidemiology 

Ewing sarcoma is an aggressive malignancy that arises in bones and soft 

tissues. Worldwide, it is the second most common malignant bone cancer 

in children and young adults, and the first in Spain. Peak incidence is 15 

years of age 25. This peak is consistent with an increased production of 

growth hormone during adolescent growth spurt that facilitates fast 

growth of bone and associated tissues 2, 7.  

Ewing sarcoma represents 2% of all pediatric cancers affecting 1.5 cases 

per million people each year 29. In Spain, the incidence rate is 5.2 cases per 

million people per year between the ages of 0 and 14 30. Incidence is 

significantly higher in European ancestry population compared to Asians 

(0.8 cases per million) or African (0.2 cases per million). Americans with 

African ancestry have also a lower incidence when compared to Americans 

with European ancestry. Environmental or lifestyle factors seem not 
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determinant for Ewing sarcoma. Instead, genetic variants of European 

ancestry influence disease risk. Prevalence is also slightly predominant in 

males, with a 3:2 ratio. 31-32. 

Most pediatric and adult sarcomas are soft tissue sarcomas, only 10% are 

bone sarcomas 25. However, 80% of patients with Ewing sarcoma have 

tumors in the bones 33. Primary sites affecting bones include lower 

extremities (41%), pelvis (26%), chest wall (16%), upper extremities (9%), 

spine (6%), hand and foot (3%) and skull (2%). Extraosseous primary Ewing 

tumors arise predominantly in paravertebral and thoracic soft tissues near 

the esophagus, pancreas, ileum, kidney, bladder, vagina, uterus, penis, 

adrenal gland, lung, breast, spinal cord, orbit, and intracranial tissue. 32% 

in the trunk, 26% in the extremities, 18% in head and neck, 16% in the 

retroperitoneum and 9% in other sites 29, 34.  

In recent years, the 5-year survival rate has increased to 75-80% for 

children younger than 15 years and to 65% for patients 15 to 19 years 34. 

However, the prognosis for patients with Ewing sarcoma over 18 years of 

age remains dismal, and it has been described that age older than 18 years 

is an independent poor prognostic factor more relevant than metastasis 30. 

Overall survival for patients with high levels of serum lactate 

dehydrogenase (LDH), large primary neoplasms, pelvic tumors and 

incomplete tumor regression after treatment is also lower. Ewing sarcoma 

has a predisposition to early metastasize to the lungs, bone and bone 

marrow. Metastasis in lymph nodes, liver and brain are rare. About 20-25% 

of patients present with metastasis at diagnosis and have a 5-year overall 

survival of <30%. Patients with metastasis exclusively in the lungs have a 

slightly better prognosis with around 50% overall survival 24, 29, 31. 
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2.2. Clinical features and diagnosis 

Ewing sarcoma patients usually present with intermittent pain and 

swelling. The pain increases at night or after exercise. In 10 to 15% of the 

cases patients develop a bone fracture. Some patients present with a 

palpable and painless mass. The diagnosis is more difficult for patients with 

pelvic, chest wall or femoral primary tumors. Cases with advanced disease 

can suffer from nonspecific constitutive symptoms such as fever, night 

sweats, fatigue, and weight loss 29, 31. The lack of specific symptomatology 

explains a median time of 2 to 5 months from initial symptoms to final 

diagnosis 34. Nevertheless, time to diagnosis is not related to metastasis or 

prognosis of the disease 31, 34. 

The diagnosis starts with physical examination and medical history since 

Ewing sarcoma may associate with rare germline mutations 31. A complete 

blood test should be run including blood count, blood serum chemistry, 

erythrocyte sedimentation rate and coagulation tests. These tests can 

reflect the levels of inflammation and bone remodeling markers, like 

alkaline phosphatase. In addition, high levels of LDH associate to tumor 

burden and are a marker of poor prognosis 29, 31, 34. Diagnostic imaging 

includes radiological evaluation; computed tomography of the lungs; and 

bone scintigraphy. Radiographs usually show lytic bone lesions that appear 

as a destructive mass or “moth eaten” pattern (Figure 2A). Images also 

might show a multilayered appearance of the diaphyseal–metaphyseal 

bone known as “onion peel” that indicates the displaced periosteum, and 

a new subperiosteal bone growing known as the Codman triangle (Figure 

2A) 29, 31. Magnetic resonance imaging is used mainly to evaluate the soft 

tissue compartment. Functional imaging includes the 18-

fluorodeoxyglucose positron emission tomography (FDG-PET) which 
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evaluates the consumption of FDG by the tumor. 18-FDG-PET scan allows 

to evaluate the presence of bone marrow metastasis making bone marrow 

aspiration not necessary anymore 31, 34.  

Final diagnosis always comes from biopsies of the tumor mass. Material is 

used for histology, immunohistochemistry (IHC) and molecular pathology. 

 

Figure 2. Histological characteristics of Ewing sarcoma tumors. A) X-ray images showing 
the Codman triangle formed as a new subperiosteal bone (1), the “moth eaten” pattern 
due to osteolytic lesions (2) and the “onion peel” aspect of periosteal layers (3) of an Ewing 
sarcoma tumor. B-C) Hematoxylin and eosin (H&E) staining of Ewing sarcoma tumors 
presenting undifferentiated small round blue cells with higher nucleus to cytoplasm ratio. 
Adapted from Grünewald et al., (2018) 31 and Riggi et al., (2021) 29. 

 

2.3. Histopathology  

Ewing sarcoma morphologically presents as small, round, undifferentiated 

blue cells, so it is included in the differential diagnosis of the small round 

blue cell tumors of childhood (Figure 2B-C) 34. They are classified as blue 

cells given the higher proportion of nucleus over cytoplasm, so the eosin 

staining is weaker 24. Cells include a round-to-oval nuclei with dispersed 

chromatin without nucleoli. Hematoxylin and eosin staining are used to 

detect these cells during diagnosis. Cytoplasm of Ewing sarcoma tumor 

cells normally presents large deposits of glycogen making them positive for 

periodic acid-Schiff staining. Cells grow firmly packed and following a 
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diffuse pattern since they do not hold a structural organization. This makes 

reticulin staining negative because of lack of matrix. 24, 31, 34. 

In addition to Ewing sarcoma, the group of small round blue cell tumors 

includes neuroblastoma, DSRCT, alveolar rhabdomyosarcoma and poorly 

differentiated synovial sarcoma, among others 29. These tumors share 

several morphological and clinicopathological features. it is therefore 

necessary to identify specific histological and genetic markers to correctly 

diagnose Ewing sarcoma. CD99 is a surface membrane glycoprotein 

expressed in approximately 95% of Ewing sarcoma tumors. However, CD99 

is also expressed in other tumors such as lymphoblastic lymphoma and 

leukemia, synovial sarcoma, alveolar RMS and gastrointestinal stromal 

tumors. In contrast, lymphoblastic lymphoma expresses CD45, while 

alveolar rhabdomyosarcoma expresses Desmin, Myogenin and MyoD1, 

whereas Ewing sarcoma does not 24, 31, 34. In some cases, depending on the 

level of neuroectodermal differentiation, Ewing sarcoma cells can display 

a rosette-like arrangement and express neural cell markers like neural-

specific enolase, S-100, Synaptophysin and CD56 and CD57. In addition, 

some of these tumors can also express neurofilaments. Ewing sarcoma 

cells also express Vimentin and 20% of the cases Cytokeratin. 

Neuroblastoma cells express S-100 as well as Ewing sarcoma cells, but are 

negative for Vimentin and positive for neurofilament staining 24, 29, 31.  

The lack of specificity in the expression of these markers prevents a final 

diagnosis of Ewing sarcoma, which makes necessary the use of molecular 

biology techniques to detect the fusion translocations and rearrangements 

that are conclusively diagnostic of Ewing sarcoma. Such techniques include 

reverse transcription polymerase chain reaction (RT-PCR), next-generation 

sequencing (NGS) and fluorescence in situ hybridization (FISH) 29, 31. 
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Regarding FISH, the commercial break-apart probes used in clinical 

diagnostic labs detects EWSR1 rearrangements, but not the EWSR1-ETS 

fusions. Since EWSR1 rearrangements can also be found in other tumors 

like desmoplastic small round cell tumors, EWSR1-NFATc2-translocated 

sarcomas or malignant rhabdoid tumors, RNA-driven techniques are used 

to detect the fusions 31.  

 

2.4. Treatment 

The treatment of Ewing sarcoma is multimodal and includes a combination 

of non-selective cytotoxic chemotherapeutics (doxorubicin, etoposide, 

cyclophosphamide, vincristine or ifosfamide); and local control measures 

including surgery and radiation therapy. Chemotherapy is used before local 

treatment to reduce tumor size and micrometastatic disease and after 

local control to remove residual cells 29, 31, 33-35. The Children’s Oncology 

Group (COG) published in 2012 the results of a randomized clinical trial 

demonstrating the effectiveness of dose intensification by interval 

compression. They showed that patients receiving fourteen cycles of 

standard doses of vincristine/doxorubicin/cyclophosphamide (VDC) 

alternated every two weeks with ifosfamide/etoposide (IE) cycles (VDC/IE), 

had an improved event-free survival (EFS). These results have established 

this multi-agent protocol as the standard first-line treatment for Ewing 

sarcoma patients 31, 33-35. 

For local therapy, surgery is the recommended modality if the tumor is 

amenable. Otherwise, radiation treatment is required when surgery 

cannot ensure normal function or physical appearance 34. Combination of 
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radiotherapy and surgery is used when tumors have been removed but 

residual microscopic disease or margins are positive 31, 34. 

Although survival rates have increased during the recent years, prognosis 

for patients with disseminated disease, with relapse or with metastasis 

remains dismal. Patients with disseminated disease are treated following 

the same principles as for localized disease patients 31, 35. However, they 

usually develop chemo and radiotherapy resistance 24, 33. Treatment for 

patients with recurrent disease is individualized depending on the time 

from diagnosis to first relapse, region of relapse, therapies received and 

toxicities presented 34, 35. The most common treatment for relapsed 

patients is the combination of vincristine/irinotecan/temozolomide (VIT) 

35. High-risk patients include those with large tumor volumes, poor 

response to chemotherapy, pelvic primary tumors, metastasis or older 

than 18 years 30, 35. In these cases, high-dose myeloablative chemotherapy 

followed by autologous hematopoietic stem cell transplant has been 

tested with no clear success 31, 34. The Spanish Sarcoma Group 

demonstrated the efficacy of two cycles of gemcitabine and docetaxel 

(G/D) in the multicenter trial GEIS-21 30. 

Despite the cure rates for patients with localized disease, the burden of 

side effects is notable. Patients can develop long term side effects such as 

reduced fertility, premature menopause, nephrotoxicity and cardiotoxicity 

35. In addition, they can develop secondary cancers associated to 

radiotherapy and chemotherapy such as myeloid dysplastic syndromes or 

leukemia 29. Therefore, it is imperative to design new and better tumor-

tailored treatments. The lack of enzymatic activity and the disordered 

structure of the fusion translocations that characterize Ewing Sarcoma 
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makes it difficult to specifically target Ewing sarcoma cells. Current 

research is looking for alternative mechanism-based therapies 29, 35.  

 

2.5. Genetic alterations  

Chromosomal translocations 

Ewing sarcoma is characterized by a very low mutation rate (0.15 

mutations/megabase) 29. In many cases, the only genetic alteration 

detected is a chromosomal translocation between genes from the FET 

family and genes from the ETS family of transcription factors. In around 

85% of the patients, the resulting chromosomal translocation is 

t(11;22)(q24;q12), giving rise to the EWS-FLI1 fusion oncogene (Figure 3A-

B). The EWS gene is also known as Ewing’s sarcoma breakpoint region 1 

(EWSR1). 10% of Ewings show an alternative translocation 

t(21;12)(q22;q12), generating the EWS-ERG fusion oncogene. EWS can also 

partner with the ETS transcription factors E1AF, ETV1 and FEV, but with a 

frequency of less than 1%. On rare cases the TLS/FUS gene, another 

member of the FET family, fuses with ETS transcription factors (Figure 3B). 

Also, EWS can undergo a translocation with genes that are not from the 

ETS family 24, 29, 34. The identification of these translocations by molecular 

techniques constitutes the definitive diagnosis of Ewing Sarcoma 24.  
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Figure 3. Chromosomal translocations in Ewing Sarcoma tumors. A) EWS and FLI1 domain 
structures indicating with dashed lines the breakpoint of each gene in the chromosomal 
translocation. B) Fusion proteins formed due to a chromosomal translocation between FET 
and ETS genes that arise Ewing Sarcoma, and frequency of each fusion. ATA, amino terminal 
transcriptional activation; DBD, DNA binding domain. Adapted from Riggi et al., (2021) 29. 

FET proteins, including EWS, are expressed in mammalian cells 

ubiquitously 24. They have the capacity to bind RNA due to an RNA 

recognition motif formed by 87 amino acids. Their structure is constituted 

by a disordered, low-complexity, prion-like N-terminal transactivation 

domain enriched in serine, tyrosine, glycine, and glutamine residues 

(SYGQ). In addition, they have three arginine-and-glycine-rich (RGG) 

repeats. Each RGG is different in length. RGG1 is separated from RGG2 by 

the RNA recognition motif, and between RGG2 and RGG3 there is a zinc-

finger domain (Figure 3A) 29. FET proteins are RNA-binding proteins 

implicated in RNA metabolism. They also regulate transcription by binding 

to the transcription factor TFIID, to the RNA polymerase II (RNA pol II) 

through the prion-like domain, and to transcription repressors and 
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activators such as p300-CBP 24, 29. In addition, FET proteins interact with the 

splicing machinery, regulating mRNA processing 24.  

FLI1, the gene that is translocated to EWSR1 in most cases, is expressed in 

mammals during development in hematopoietic and endothelial cells, and 

in neural crest-derived mesenchymal cells 24. FLI1 has two ETS-binding 

domains with a structure of helix-loop-helix, that are separated by a FLI1 

specific domain (FLS). The 5’ ETS and FLS domains form the amino terminal 

transcriptional activation (ATA) domain. The 3’ ETS domain has a DNA 

binding domain (DBD) and forms a carboxyterminal transactivation 

domain (CTA) (Figure 3A) 24, 29.  

When the translocation occurs, the N-terminal region of EWSR1 fuses to 

the C-terminal region of FLI1. The fusion protein that is formed usually 

contains exon 7 of EWSR1 and exon 6 of FLI1 in 60% of cases, or exon 5 of 

FLI1 in 25% of cases. Thus, different EWSR1-FLI1 transcripts can be 

generated depending on the breakpoint in each gene 31, 33, 34. The ATA 

domain from FLI1, which is not present in the oncoprotein, is less active 

than the N-terminal transactivation domain from EWSR1, non-active in the 

wild-type protein due to inhibition of the RGG repeats. Thus, in the fusion 

protein the ATA domain of FLI1 is substituted by the EWSR1 domain, which 

is highly active after the replacement of the C-terminal part 29. 

As it was mentioned before, EWSR1 can partner with other genes of the 

ETS transcription factor family and with other genes forming fusions 

related to other sarcomas or leukemias 24, 29. This suggests that the 

transactivation domain of EWSR1 is important for cell transformation, 

while the partner gene in the translocation would define the target genes 

in the cell of origin determining the tumor phenotype 29.  
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Non-ETS fusion proteins with EWSR1 leading to undifferentiated round-cell 

tumors include EWSR1-NFATC2, EWSR1-POUF1, EWSR1-PATZ1, EWSR1-

SMARCA, and EWSR1-SP3 29. However, non-FET and non-ETS genes can 

translocate and originate proteins that form tumors of bone and soft 

tissues like Ewing sarcoma 31, 34. In 2020, the WHO classification of 

undifferentiated small round-cell sarcomas included Ewing sarcoma, 

defined by FET-ETS gene fusions, and three main categories formed by 

EWSR1 with non-ETS gene fusions, CIC-rearranged sarcomas, and BCOR-

rearranged sarcomas. These three categories, denominated Ewing-like 

sarcomas, are biologically different and are less frequent than Ewing 

sarcoma 31, 34, 36. Pathological and clinical characteristics are also different, 

and morphology of the cells can be determinant 36. Nevertheless, patients 

developing these tumors receive the same treatment protocol as for Ewing 

sarcoma. Although BCOR-sarcoma patients behave similarly to Ewing 

sarcoma, CIC-sarcoma patients have a poorer response to therapy and 

harbor a worse prognosis 31, 34, 36.  

Additional genetic alterations 

Despite the majority of Ewing sarcomas tumors only have the EWSR1-ETS 

translocation, which is pathognomonic for the disease, some recurrent 

mutations may also be present in Ewing sarcomas. It has been described 

that mutations leading to STAG2 loss are present in 15 to 20% of patients 

31, 34, 37. STAG2 is a protein of the Cohesin chromatin complex, which is 

involved in sister chromatid embracement and three-dimensional 

structure of chromatin 31. Alterations in the expression of this protein can 

be due to point mutations, rearrangements and non-genetic 

mechanisms37. In addition, mutations in the tumor suppressor gene TP53 

can be found in 6 to 7% of the Ewing Sarcoma cases, and in 12 to 22% there 
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are deletions of the cell cycle regulator CDKN2A 31, 34. Even less frequently 

mutations are found in EZH2, ZMYM3 and BCOR genes 31. Although none 

of these mutations are necessary for tumor initiation or maintenance, they 

are associated to poor prognosis, dissemination and may accelerate the 

disease progression in advanced stages 29, 37.  

Copy number variations 

Different studies have described recurrent chromosomal alterations in 

Ewing sarcoma. Sometimes these aberrations include complete 

chromosome 2, 8 and 20 gains. Chromosome arm variations include 

chromosome 1q gain and 16q loss 31. In addition, about 25% of Ewing 

tumors display a gain of chromosome 1q that can occur concurrently with 

a deletion of chromosome 16q. This simultaneity is the result of an 

unbalanced translocation and is associated with poor prognosis, even as a 

single gain of chromosome 1q 31, 34. Chromosome 8 aberrations involve the 

gain of the entire chromosome, leading to trisomy that is present in about 

50% of the tumors 31. Finally, deletion of 9p21 is also frequent and involves 

CDKN2A 31, 37. 

Genetic predisposition 

Germline predisposition to develop Ewing sarcoma was studied by 

different sequencing studies where rare polymorphisms or mutations in 

cancer susceptibility genes related to DNA damage repair such as BRCA1 

and FANCC were described 31, 33, 34. However, the effect of this 

pathogenicity and whether Ewing sarcoma patients’ families would require 

genetic counselling is unclear 31. Genome-wide association studies were 

also performed demonstrating susceptibility loci with common variants 

affecting genes that cooperate with the EWSR1-FLI1 oncogene. These 
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genes include TARDBP, which has a similar structure to EWSR1, target 

genes of the EWSR1-FLI1 fusion as EGR2 and NKX2-2, genes of the EWSR1-

FLI1 core regulatory circuitry; and genes with a role in centrosome 

stabilization and apoptosis. Besides, it has been described that these risk 

alleles show different frequencies among populations. This might help 

explain in part the divergent incidence of Ewing sarcoma in Caucasians, 

Africans or Asians 31.  

 

2.6. Cell of origin 

To identify the precursor cell of Ewing sarcoma tumors is one of the major 

focuses of research in the field. The undifferentiated phenotype and the 

fact that tumors arise in both the periosteum of bones and soft tissues 

makes it really hard to elucidate the cell of origin 31. Ectopic expression of 

EWSR1-FLI1 in non-transformed differentiated primary cells led to cell 

cycle arrest and apoptosis. Only primary pluripotent stem cells confer the 

permissive environment required for EWSR1-FLI1 expression and 

maintenance 29. Ewing tumor cells express neural stem-cell markers such 

as CD133 and SOX2, which suggest the histogenesis in neural crest stem 

cells 29, 31, 38. However, Ewing sarcoma tumors share transcriptional 

signatures with mesenchymal stem cells (MSC) and the transcriptome of 

EWSR1-FLI1 knockdown cells resembles the one of MSCs 31, 39, 40. Besides, 

sarcomas mainly arise from MSCs. This cell lineage originates from the 

mesoderm, the embryonic layer that will generate the skeletal and 

connective tissues, among others 24, 29. Moreover, it has been described 

that mesenchymal cells can also derive from neural crest cells forming the 

mesenchyme of ectodermal origin 41. Thus, given the histological and 
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transcriptional features of Ewing sarcoma tumors, it was hypothesized an 

origin from neural crest-derived MSCs blocked in differentiation by EWSR1-

FLI1 24, 42.  

 

2.7. Disease models 

Disease models are useful tools in research, since they allow testing new 

therapies and understanding the biological mechanisms of diseases. In 

Ewing sarcoma, several attempts have been carried out to obtain a 

transgenic mouse model by expressing the oncogene in different cell 

lineages throughout development and differentiation in a variety of 

genetic backgrounds. However, most of them end up with developmental 

defects or embryonic lethality 43. The zebrafish model achieved the 

formation of tumors with similar histology to human tumors, but a p53 

mutant background was required to generate these tumors. In this 

experimental model, p53-deficient zebrafish embryos were injected with 

EWSR1-FLI1 using the Tol2 transposon and 10 out of 150 embryos 

spontaneously formed small-round-blue-cell tumors. Microarray analysis 

of the tumor transcriptomes indicated enrichment of the human Ewing 

sarcoma signature 44. More recently, a spontaneous mutant variant of the 

oncogene EWSR1-FLI1 has been shown to form tumors in Drosophila. This 

model recapitulates the oncogenic characteristics of Ewing sarcoma and 

might be suitable for further in vivo investigation of tumorigenesis and 

drug screening approaches 45.  

Other studies have attempted to generate experimental Ewing sarcomas 

by ectopic expression of EWSR1-FLI1 in different pluripotent stem cells. 
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One of these approaches used murine primary bone-derived cells from 

long bones, the rib cage and vertebrae to stably express the oncogene: 

while early passage cells were immortalized but could not form tumors, 

late-passage cells were able to develop tumors in immunocompetent 

syngeneic mice subcutaneously, intraperitoneal and intravenous. Tumors 

lacked markers for epithelial, neural, muscle, macrophage and dendritic 

lineages and presented a sarcomatous morphology with the nuclear 

compartment larger than cytoplasm 46. EWSR1-FLI1 expression in adult 

human mesenchymal stem cells (hMSC) and in pediatric hMSC could 

reproduce a transcriptome profile very similar to Ewing sarcoma. 

Nevertheless, these cells were not tumorigenic when injected into mice 47, 

48. Osteochondrogenic progenitor cells derived from the superficial part of 

long bones of late murine embryos were induced with EWSR1-FLI1 and 

Ewing sarcoma-like small tumors were obtained. However, gene 

expression similarities were not statistically significant, and tumors were 

similar to neuroblastoma and synovial sarcoma 49. Human embryonic stem 

cells (hESC) expressing the oncogene and a short hairpin RNA targeting the 

tumor suppressor gene TP53 were established to give rise to embryoid 

bodies. Ewing sarcoma gene expression signature and transformation 

features were observed in vitro, but when embryoid bodies were injected 

subcutaneously into immunocompromised mice tumors were not 

formed50.  
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3. Epigenetics: molecular mechanisms 

underlying chromatin organization 

The overall mechanisms that control cellular differentiation rely mainly 

upon epigenetic regulation. Epigenetic mechanisms will enable chromatin 

to change its configuration according to each development stage. 

Therefore, the epigenetic state will contribute to the phenotype of 

developmental tumors, especially Ewing sarcoma 14, 51, 52.  

3.1. Chromatin structure and organization 

Chromatin is a highly organized structure in the nucleus of eukaryotic cells 

that packs the DNA. It is a dynamic complex that includes the DNA and 

small basic proteins that enable to condensate the approximately 2 meters 

of DNA, in the case of human cells, into a length up to ~2 × 10−5-times 

smaller. Most of the proteins forming the chromatin are histones which are 

highly conserved in eukaryotes. Histones have a high proportion of basic 

amino acids arginine and lysine to facilitate the binding of the negatively 

charged DNA. H1, H2A, H2B, H3 and H4 are the five major groups of 

histone proteins. Histones H2A, H2B, H3 and H4 are considered the core 

histones and are formed by a folding domain that includes three α-helices 

connected by two loops to promote interactions among them. In addition, 

histones have a positively charged N-terminal tail that interacts with the 

DNA. Two copies of histones H2A, H2B, H3 and H4 are congregated forming 

an octamer with 146-147 base pairs of wrapped DNA forming a 

nucleosome, which is the basic unit of chromatin (Figure 4). Nucleosomes 

are associated to the linker histone H1 forming a chromatosome and are 
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joined by a linker DNA of about 80 base pairs associated to form 10 nm 

beads-on-a-string fibers with a beaded appearance. A higher order of 

chromatin organization is achieved with the formation of 30 nm fibers by 

chromatosome arrays packed in a two-start helical model due to the 

interactions between core histones 54, 55. 

 

Figure 4. Chromatin organization in eukaryotic cells. DNA and core histone proteins form 
nucleosome units which in turn form bead-on-a-string dispositions, chromatosome 
particles with the help of H1 linker histone and 30-nm fibers which will condensate to form 
chromosome structures in the cell nucleus. Adapted from Fyodorov et al., (2018) 56. 

Apart from histone proteins, there are non-histone chromatin proteins 

that contribute to organize the chromatin. This is an heterogeneous group 

of proteins including transcription factors that bind to DNA in the linker or 

nucleosome to regulate gene expression, proteins that limit the access of 

transcription factors to the DNA such as HP1 or the Polycomb group of 

proteins; and structural proteins that alter the chromatin fibers and the 

chromatin dynamics like HMG, CTCF and cohesins 54, 55, 57. 
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The highest level of chromatin condensation is the chromosome with the 

degree of condensation changing along the cell cycle. During interphase, 

most of the chromatin is relaxed and decondensed allowing DNA 

replication and gene expression. In these conditions, chromatin is named 

euchromatin and is organized as 30-nm fiber forming large loops or 10-nm 

fibers. Part of the chromatin is still tightly condensed and compacted 

forming heterochromatin, which favors a transcriptionally inactive state in 

these regions. Heterochromatin coincides with the condensed state that is 

present during cell mitosis when the X-shaped metaphase chromosomes 

are formed to be accurately separated to each daughter cell. Gene 

transcription is blocked at that stage. Therefore, chromatin structure is 

associated to gene expression regulation in eukaryotes 54. 

 

3.2. Definition of epigenetics 

Conrad Waddington coined the term epigenetics. He described it as “the 

branch of the biology which studies the casual interactions between genes 

and their products, which bring the phenotype into being” 57, 58. All the 

cells in an organism are genotypically equal. However, cells with different 

differentiation states, morphogenesis, functions, variability and 

adaptability to environmental changes exist. Therefore, cell type 

specialization needs a precise regulation of gene expression. Epigenetics 

consists of heritable molecular changes that alter gene expression at the 

transcriptional and post-transcriptional level, and also at the translation 

and post-translation level without altering the DNA sequence. These 

changes include DNA modifications, DNA-binding proteins, histone 

modifications and RNA-mediated processes. Nowadays the definition of 
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epigenetics has become more precise as it is understood as the bridge 

between the genotype and the phenotype of a specific cell type by 

molecular information that is not encoded in the DNA sequence 57-60. This 

information can be inherited and transferred to the progeny during mitosis 

and meiosis, but it can also be erased when histone modifications are 

removed 57, 59, 60.  

Epigenetic information can be classified as cis mechanisms, which are 

distinctive molecular marks associated with chromatin and inherited 

during DNA replication. Cis mechanisms comprehend covalent 

modifications in the DNA, like DNA methylation, or modifications in 

histones. Non-histone proteins, higher-order chromatin structure and 

nuclear localization can also encode cis epigenetic information. The other 

type of signals corresponds to trans mechanisms, when self-propagating 

transcriptional states are regulated by transcription factors and feedback 

loops. Transcription factors are inherited in each cell division even when 

the developing stimulus is withdrawn and then restart their function in the 

regulatory regions of the DNA sequence 59.  

 

3.3. Regulation of chromatin organization 

Chromatin structure and organization determines the accessibility of DNA 

to undergo gene transcription and DNA replication and repair. The dynamic 

processes to transform heterochromatin regions into euchromatin or vice 

versa are performed by epigenetic mechanisms. Therefore, the 

modifications that the chromatin suffers are essential regulators of gene 

transcriptions and, hence, of cell identity. These modifications include DNA 
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methylation, histone modifications and non-coding RNAs, among others 

(Figure 5) 57, 60- 62. 

 

Figure 5. Chromatin modifications contributing to DNA accessibility. Epigenetic 
mechanisms that regulate chromatin structure and accessibility for gene transcription or 
repression are histone modifications such as methylation or acetylation of histone tails, 
DNA methylation and non-coding RNAs like microRNAs (miRNAs). Adapted from Riggi et al., 
(2021) 29. 

DNA methylation 

Epigenetic regulation by DNA methylation consists in the covalent transfer 

of a methyl group to the 5-carbon position of the DNA’s cytosine ring. The 

reaction is catalyzed by DNA methyltransferases (DNMTs). Four DNMTs 

have been described in mammals: DNMT1, which maintains DNA 

methylation during replication; DNMT2, that is involved is weak DNA 

methylation; and DNMT3a and DNMT3b, which methylate DNA de novo 60. 

DNA methylation acts as a repressive mark by preventing binding of 

transcription factors 63. 98% of DNA methylation takes place in a CpG 

dinucleotide environment, also called CpG islands. They are DNA 

sequences that are guanine and cytosine-rich 63, 64. When these regions are 

non-methylated, as in promoters or enhancer regions, they enable the 

creation of transcriptionally active chromatin states. Instead, when they 

are methylated gene expression is silenced 64. In ESCs, part of the 

methylation also appears in a non-CpG context 63. Methylated DNA is 
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recognized by the methyl-binding family of proteins MBD that will recruit 

other chromatin remodelers or histone modifying enzymes which are also 

going to contribute to gene transcription regulation 60.  

Histone modifications 

Alteration of chromatin structure due to epigenetic mechanisms can be 

determined by histones. These mechanisms include the presence of 

different histone variants, changes in their position in chromatin and 

diverse post-translational modifications (PTMs) that will result in two main 

functions: the formation of chromatin environments and the arrangement 

of DNA-based biological processes 29, 59, 65. To establish the appropriate 

chromatin state, modifications enable the development of euchromatin 

domains for gene transcription and heterochromatin domains for gene 

repression. DNA-based functions involve gene transcription, DNA repair 

and replication and chromosome condensation 65.  

Histone PTMs are found mostly in histone tails and comprise acetylation, 

methylation, phosphorylation, ribosylation, ubiquitylation, sumoylation, 

deimination and proline isomerization. The most well-defined are the 

small covalent modifications acetylation, methylation and 

phosphorylation. Since histones are rich in the basic aminoacids arginine 

and lysine, the possibilities of PTMs are huge. Lysine residues can accept 

from one to three methyl residues and arginine can be mono- or 

dimethylated. Modifications will depend on cell signaling and will have 

different effects 60, 65. Gene activation is associated to histone H3 

acetylation of lysine 27 (H3K27ac), while methylation can be involved in 

both activation and repression 29. For instance, H3 monomethylation of 

lysine 4 (H3K4me1) characterizes active and poised enhancers, which are 
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distal DNA cis-regulatory elements that regulate gene transcription 

independently of their orientation, while H3 dimethylation of lysine 4 

(H3K4me2) defines active gene body marks, and H3 trimethylation of 

lysine 4 (H3K4me3) is a mark of active and poised transcription start sites66. 

In contrast, transcriptional repression is associated to H3 trimethylation of 

lysine 9 (H3K9me3) and lysine 27 (H3K27me3) 29.  

Histone PTMs are mediated by enzymes that can contribute to or reverse 

the modifications. Histone-modifying enzymes that can add and remove 

acetylation are histone acetyltransferases such as p300-CBP and histone 

deacetylases (HDACs). Methyl groups are added or removed by histone 

methyltransferases as the mixed lineage leukemia (MLL) complex and by 

histone demethylases in lysine residues (i.e. lysine-specific histone 

demethylase 1, or LSD1), respectively. Arginine methylation can be 

removed by deiminases. Histone phosphorylation is carried out by histone 

kinases that phosphorylate residues such as serine, tyrosine and 

threonine, and phosphatases revert these modifications 29, 59, 60.  

Histone modifications will result in their specific effects by disruption of 

interactions between nucleosomes through recruitment of non-histone 

proteins that are ATP-dependent chromatin remodeling complexes. These 

complexes cooperate with the histone-modifying enzymes to allow 

transcription or to conserve a repressed chromatin state, since 

modifications will disrupt histone charges resulting in chromatin structural 

changes. Chromatin remodeling complexes are recruited depending on the 

modifications found in each histone and their binding to specific domains 

60, 65. These complexes alter histone interactions and histone-DNA 

communications. They can act remodeling nucleosomes by mobilizing 

nucleosomes through the DNA to expose a previous closed region 
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(nucleosome sliding), by nucleosome eviction to give access to the 

associated DNA, or generating nucleosomes wrapping the DNA and 

changing the distances between nucleosomes in improper arrays 

(nucleosome spacing) 67.  

Chromatin remodeling complexes are grouped in four main families. The 

SWI/SNF complex contain a helicase-SANT (HAS) domain, but is more 

described by having a carboxy-terminal bromodomain that recognizes 

acetyl groups in lysine residues. The ISWI family has a SANT-SLIDE module, 

as well as the CHD family. In addition, this last family has chromodomains 

in tandem that interact with methyl groups. Finally, the INO80 group of 

proteins possess an insertion between the two ATP domains longer than 

the other families. They are involved in genome processes such as gene 

expression regulation, replication and DNA damage repair 67. 

Apart from histone PTMs, core histones can be exchanged by other H2A 

and H3 histone variants with their own modification patterns that are less 

frequent, such as H3.3 and H2A.Z. Chromatin remodeling complexes can 

help the replacement of these variants acting as exchanger complexes 58, 

60, 67. 

Non-coding RNAs 

Non-coding RNAs (ncRNA) are RNA transcripts that are not translated into 

proteins, but can be functional 68. They are part of the epigenetic 

regulation and include, among others, transfer RNAs (tRNAs), ribosomal 

RNAs (rRNAs), small nuclear RNAs (snRNAs) and small nucleolar RNAs 

(snoRNAs) 59, 60. They can regulate transcription, translation and splicing by 

recognition of specific sequences or RNA substrates or by catalysis. They 
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are classified as small ncRNAs if its length is <200 nucleotides or long when 

they have >200 nucleotides 60, 68.  

Small ncRNAs usually arise from cleavage of RNA precursor molecules by 

the RNAse III-family of enzymes, such as Drosha and Dicer. MicroRNAs 

(miRNAs) are single-stranded small ncRNA molecules of about 20-30 

nucleotides that originates from defective hairpin structures of lncRNAs 

precursors or by introns. They are cleaved by DROSHA and DICER and they 

inhibit translation of target mRNAs by binding them or by degradation 

through the RNA-induced silencing (RISC) complexes. Another type of 

small ncRNAs are short interfering RNAs (siRNAs), which are similar in 

length to miRNAs. They arise from double-stranded RNA precursors 

cleaved by DICER and degrade their target mRNAs. PIWI-interacting RNAs 

and repeat-associated RNAs are other classes of small ncRNAs 60.  

LncRNAs can be products of transcriptional “noise” or artefacts, or they 

can act as small ncRNAs precursors and regulate gene expression by 

inducing or repressing transcription of a downstream target gene. To do 

so, they can modify RNA Polymerase II recruitment or change chromatin 

configuration 60.  

In addition, ncRNAs can interact with the DNA methylation machinery, 

chromatin remodeling complexes and histone modifying enzymes to add 

repressive marks or activating modifications that will generate the 

epigenetic environment of each cell. For instance, inactivation of X 

chromosome in females requires a crosstalk between ncRNAs, DNA 

methylation, histone modifications and their modifying enzymes. In 

addition, their expression can be regulated by histone post-translational 

modifications and DNA methylation 58-60, 68.  



Introduction 

34 
 

3.4. Transcriptional regulatory elements in chromatin: 

promoters, enhancers and super-enhancers 

Cell identity is determined by the organized transcription of genes that will 

display different functions. For transcription to occur the enzyme RNA 

polymerase (RNA pol) cooperates with initiation factors to recognize 

promoter regions, which are DNA sequences upstream of a gene. They are 

in a closed chromatin state until they are recognized by the RNA pol and 

the pre-initiation complex (PIC) is formed. The RNA pol opens the double 

DNA strand and starts to synthetize RNA until the termination signal. Three 

different types of RNA pol exist: RNA pol I, which synthetizes ribosomal 

RNAs; RNA pol II, to transcribe mRNAs and different non-coding RNAs; and 

RNA pol III, for transfer RNAs and small ribosomal RNAs 69. 

In order to open chromatin and recognize RNA Pol, promoters are 

activated by transcription factors that can also bind to enhancer regions. 

Enhancers are cis-regulatory elements of few hundred base pairs (bp) that 

regulate transcription. When enhancer regions are located continuously 

within 12.5 Kb of each other, they are called super-enhancers (SE) 70. SEs 

are large clusters of enhancers of about 50 Kb characterized for being 

widely occupied by master transcription factors, which recognize their 

consensus binding sequences. Large complexes are also recruited to SEs, 

and many different proteins can be found in these regions, such as RNA pol 

II, the Mediator complex, cohesin proteins like NIPBL, or the member of 

the bromodomain protein family BRD4. Histone modifying enzymes such 

as the acetyltransferase p300-CBP or the LSD1-NuRD complex, proteins 

from the chromatin remodeling complexes SWI/SNF and CHD7, or methyl-

CpG binding proteins as MBD3 are likewise found enriched at SEs (Figure 

6). Thus, cofactors and chromatin regulators that have a role in gene 
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activation, DNA looping, histone modification and nucleosome remodeling 

are enriched in SE regions. As a result, the H3K27ac mark is highly enriched 

in SEs, and SE-regulated genes are more expressed than typical enhancer 

regulated genes. Consequently, SEs are more sensitive to perturbations 

due to reduction in Mediator activity or expression, and display enhanced 

DNase I sensitivity in vitro 71-74.  

SEs regulate the expression of lineage-specific genes since they are 

recognized and bound by key transcription factors important for cell 

identity, while typical enhancers regulate the expression of both cell type-

specific genes and genes expressed in multiple cell types. Therefore, SEs 

are important to establish and maintain cell state 71-74.  

 

Figure 6. Super-enhancers are highly enriched in transcription factors, RNA Polymerase 
II, cofactors and chromatin regulators. Chromatin immunoprecipitation-sequencing (ChIP-
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seq) profiles in a typical enhancer and a superenhancer in embryonic stem cells (ESCs) of 
master transcription factors, RNA pol II, Mediator subunits MED1 and MED12; cohesin 
complex subunits SMC1 and NIPBL, p300, CBP, CHD7, BRD4, SWI/SNF complex component 
BRG1, and LSD1-NuRD complex components LSD1, HDAC1, HDAC2, Mi-2b and MBD3. 
RNAPII, RNA pol II; rpm/bp, reads per million per base pair. Adapted from Hnisz et al., 
201374.  

 

4. Mediator: a multitask complex essential for 

chromatin functions 

4.1. Definition and structure 

Mediator is a large multiprotein complex with a molecular mass of 1.4 MDa 

that communicates regulatory signals from DNA-bound transcription 

factors directly to RNA pol II 71, 72, 75. It is composed of about 30 subunits 

that are numbered from MED1 to MED31, and CDK8, CDK19 and Cyclin C. 

These subunits are distributed in four modules (Figure 7): the head, the 

middle, the tail and the kinase module 71, 72, 75, 76. The head and the middle 

form the core part of the Mediator complex 77, 78. The tail and the kinase 

module have regulatory functions 77. The kinase module is the only with 

enzymatic activity and is formed by CDK8 or its paralogue CDK19, Cyclin C, 

MED12 or its paralogue MED12L, and MED13 or its paralogue MED13L 71, 

72.  
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Figure 7. The Mediator complex. Mediator complex subunits are distributed in four 
different modules: the head, the middle, the tail and the kinase module. Adapted from Yin 
et al., (2014) 71.  

Even though Mediator is highly conserved in eukaryotes, subunit 

composition and sequences have been rearranged during evolution in 

different organisms 71, 72, 75, 76, 79. In addition, subunit composition can 

change depending on the cell type or context, and subunit functions can 

be gene-specific. The complex is not restricted to a unique isoform and 

paralogues of some subunits in higher order organisms also confer 

variability to Mediator 71, 72, 75, 76. However, two principal variants with or 

without the kinase module of the complex exist, since the kinase module 

binds to Mediator reversibly 71, 72, 75-77. 

 

4.2. Functions 

Mediator is a key regulator of protein-coding genes transcription due to its 

binding to RNA pol II. Diverse subunits of the complex interact with the 

transcription factors and coactivators bound to the DNA regulatory regions 

to transduce their signals to the transcription machinery in the promoters 

of the target genes and contribute to both activation or repression. 

Therefore, Mediator acts as a transcription coordinator 71, 72, 75-78. 
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Given the high variability and redundancy of Mediator proteins, it has been 

described that the complex is able to change the composition of its 

subunits to engage in other functions and ensure specific cellular needs 

(Figure 8) 75, 77, 78. Besides facilitating transcription initiation, it interacts 

with other coactivators and corepressors that participate in transcription 

elongation and termination, mRNA splicing and ncRNAs activation, acting 

at the chromatin level 71, 75, 78. In addition, Mediator has a role in cell 

metabolism and ontogenesis 72. Thus, Mediator is a master coordinator of 

development and cell lineage specificity, and its dysregulation has been 

related to many developmental pathologies and cancers 71, 72.  

 

Figure 8. Functions and interactions of the Mediator complex. A) Mediator interacts with 
transcription factors and coactivators bound to enhancers and, with the help of cohesin 
complex and NIPBL, forms a DNA loop to recruit RNA pol II to promoters of target genes 
and activate transcription. B) Mediator recruits and activates the elongation factor TFIIH, 
which phosphorylates RNA pol II causing mRNA elongation. C) Transcription activation can 
be mediated by Mediator interacting with ncRNAs, and with RNA pol I and III for non-coding 
rRNA and tRNA transcription. D) Post-transcriptional modifications such as alternative 
splicing, mRNA polyadenylation, RNA processing and ribosome biogenesis could also be 
regulated by Mediator. E) Interactions of the Mediator complex with chromatin remodelers 
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contribute to activate transcription (red arrow) and to establish and maintain chromatin 
conformation. BAF, BRG1/BRM associated factor; GTF, general transcription factors; MLL, 
mixed lineage leukemia; TF, transcription factor. Created with Biorender.com. 

Master transcription coordinator 

Transcriptional regulation depends on DNA sequences that are recognized 

by gene- and tissue-specific transcription factors in response to 

developmental and environmental signals. These transcription factors 

recruit co-activators like p300 to transmit the regulatory signals and 

activate the transcription machinery consisting in general transcription 

factors (GTFs) TFIIA, TFIIB, TFIID, TFIIE, TFIIF and TFIIH, and the RNA pol II 

(Figure 8A). GTFs are regulatory proteins required for RNA pol II to bind 

specifically to core promoters and form the pre-initiation complex (PIC) to 

start transcription. Mediator is one of the co-activators that participates in 

PIC formation 75-77. The head module of Mediator interacts with RNA pol II 

at the C-terminal domain (CTD) of the RNA pol II subunit RPB1. Both the 

head and the middle modules interact with GTFs at promoters. Subunits 

from the tail module contact with specific transcription factors and 

activators bound to the regulatory DNA sequences, such as enhancers. 

Thus, Mediator acts as a scaffold for PIC assembly and stabilization on 

promoters 72, 75, 76, 78. 

Enhancers are located in distal regions from the transcription start sites 

(TSS) in promoters, and Mediator acts as a bridge that allows transcription 

factors bound to regulatory regions to recruit RNA pol II to promoters of 

their target genes (Figure 8A) 72, 76, 77. Consequently, when Mediator is 

bound to transcription factors and transcriptional activators, it undergoes 

a conformational change that enables it to interact with the components 

of the cohesin complex SMC1A, SMC3 and STAG2, and the cohesin-loading 

factor NIPBL forming a cell-type specific DNA loop 80.  
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Master regulators are key transcription factors that control lineage-specific 

transcriptional programs. Many of these master regulators interact with 

Mediator subunits to govern transcription and have a role in cell fate 

determination 71. Therefore, Mediator is considered an integrative hub 

between regulatory regions and transcription machinery that coordinates 

cell lineage specificity by controlling master regulators 71, 75.  

Elongation and termination 

Apart from transcription initiation, Mediator has a role in elongation and 

termination 71, 72, 76. When Mediator contributes to PIC formation and 

stabilization, it also triggers the recruitment and enzymatic activity of the 

transcription elongation factor TFIIH. Paused RNA pol II CTD is 

phosphorylated (p-CTD) at the Ser5 residue by TFIIH causing Mediator 

dissociation due to being unable to bind to p-CTD (Figure 8B). This makes 

RNA pol II to separate from the gene promoter and start the elongation 

step 71, 72, 77. In addition, Mediator is also involved in termination by MED18 

recruitment of termination factors to the 3’ end of genes 71. 

ncRNAs  

Mediator can interact with ncRNAs to mediate transcriptional activation 

(Figure 8C) 71. MED12 is recruited to regions where ncRNAs are synthetized 

to stablish DNA loops and activate target genes 71, 72, 81. Besides, Mediator 

interacts with the fourteen subunits of RNA pol I, which is responsible for 

transcription of the non-coding rRNA forming the large subunit of the 

ribosome. RNA pol III transcribes rRNA of the smallest ribosome subunit 

and non-coding tRNA, and also interact with Mediator 72.  
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RNA processing 

Mediator has also functions in post-transcriptional events by regulating 

alternative splicing (AS), alternative mRNA polyadenylation, RNA 

processing and ribosome biogenesis. The complex interacts with factors 

involved in mRNA 3’ processing and mRNA degradation (Figure 8D) 72. For 

instance, MED23 cooperates with HnRNP-L ribonucleoprotein in the 

regulation of alternative splicing, alternative cleavage and in 

polyadenylation events 71, 72. MED31/MED7 complex interacts with TREX2, 

an mRNA nuclear export factor. In addition, the polyA binding protein PABP 

and the mRNA degradation protein XRN1 can also interact with Mediator72.  

Epigenetic and chromatin regulator 

Cell-fate decisions orchestrated by Mediator take place by regulating 

master transcription factors and PIC formation, but also by interacting with 

epigenetic regulators related to chromatin architecture (Figure 8E) 71, 72, 75. 

For example, Mediator can interact with histone modifying enzymes like 

p300, the H3K9 methyltransferase G9a, the histone arginine 

methyltransferase PRMT5, or with WDR77 to recruit the DNA 

methyltransferase DNMT3A 71. In addition, Mediator binds to histone H3 

and H4 tails and to chromatin remodeling proteins to modify the DNA-

histone structure, favoring an euchromatin state with active chromatin 

markers and allowing the formation of PICs. Epigenetic repression may as 

well be due to kinase module interactions. In addition, the presence of 

Mediator at some loci is not associated with transcriptional activity, 

suggesting a role in chromatin architecture maintenance 72.  
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Role of the Mediator kinase module 

The kinase module reversibly binds to the other Mediator subunits by 

MED13 interaction 79. The head and the middle modules interact with the 

kinase module in the RNA pol II binding site. This results in the Mediator 

core displaying a closed conformation that sterically prevents RNA pol II 

binding, leading to gene repression (Figure 9) 75, 76, 79. The kinase module is 

also present in enhancer regions with the complete Mediator complex 

and, when it is dissociated from the Mediator core, PIC formation and gene 

transcription can take place 72, 78, 79. Thus, repression of RNA pol II binding 

by the kinase module occurs independently of the kinase activity. However, 

transcriptional inactivation can also occur by CDK8-dependent 

phosphorylation of transcriptional activators or initiation GTFs, for 

instance, by phosphorylating the E2F1 transcription factor 76, 82. 

 

Figure 9. Transcriptional repression by the kinase module. The kinase module reversibly 
blocks the interaction of RNA pol II with the Mediator core, resulting in transcription 
inactivation. GTF, general transcription factor; TF, transcription factor. Created with 
Biorender.com.  

In addition, the kinase module may favor transcription elongation. When 

Mediator separates from the promoter region, it binds to the kinase 

module to enhance the recruitment of CDK7 and CDK9. These cyclin-

dependent kinases are necessary for P-TEFb and BRD4 to stimulate the 
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elongation by RNA pol II 71, 72, 76, 77. Other functions in transcription of the 

kinase module depend on the cellular context and the binding of other 

transcriptional activators and coactivators 72, 75, and many developmental 

pathways depend on subunits of this module such as MED12 and MED13 

independently of the kinase function 75, 76. For instance, MED12 cooperates 

with p300 in essential active enhancers of hematopoietic stem cells 83.  

 

5. Epigenetic rewiring triggered by EWSR1-FLI1 

5.1. Epigenetic deregulation 

The EWSR1-FLI1 oncoprotein is located in the nucleus and binds to DNA 

due to the DBD of the FLI1 counterpart 24, 29. Besides, the N-terminal of the 

fusion protein includes a potent transactivation domain 24. Due to the 

translocation, the 3’ part of the fusion that corresponds to FLI1 suffers a 

conformational change that enables the activation of a more extensive 

repertoire of different genes than the wild-type FLI1 29. This allows the 

oncoprotein to act as an aberrant transcription factor that will deregulate 

the transcription of several target genes 84. Different studies have shown 

that, apart from inducing the expression of different genes, EWSR1-FLI1 

also have repressive functions 24, 29.  

Considering the low mutation rate of Ewing sarcoma, the fact that the 

fusion protein is the only genetic alteration required to induce 

tumorigenesis and that it is only tolerated in a stem cell context, it has been 

postulated that the oncogene is responsible for tumorigenesis through 

mechanisms of epigenetic deregulation 29, 47, 85, 86. Therefore, EWSR1-FLI1, 
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acting as an aberrant transcription factor, would be able to regulate 

lineage-specific epigenetic networks that will modify chromatin structure 

and DNA accessibility to promote Ewing sarcoma tumorigenesis in cells 

with the permissive cellular context 29, 59. 

 

5.2. Binding to GGAA repeats 

Transcription factors of the ETS family have a DBD ETS domain. The specific 

binding sequences contain a conserved core sequence with high affinity to 

“GGAA” repeats 87, 88. It has been described that EWSR1-FLI1 presents 

similar DNA binding affinity and specificity to GGAA repeats 89. The 

sequencing of the chromatin enriched in EWSR1-FLI1 binding revealed the 

presence of highly repetitive GGAA elements in its target genes 90. These 

repetitive elements are microsatellites formed by 10-100 copies of 2-6 bp 

sequence repeats found in non-coding regions 91. In some of the genes 

transcriptionally activated by EWSR1-FLI1, there is an enrichment in GGAA 

microsatellites and their expression is regulated according to the number 

of these elements. On the contrary, genes that are down-regulated by the 

oncogene do not harbor these repetitive motifs 90, 91. In addition, although 

other ETS transcription factors can bind to GGAA repeats, only EWSR1-ETS 

fusions are able to regulate transcription through these elements 92. Thus, 

GGAA repetitive elements, which are not conserved in other organisms, 

are considered as the EWSR1-FLI1 response elements 85, 90-92. 

Given the importance of GGAA microsatellites length for DNA binding and 

gene activation, and the differences in the incidence of Ewing sarcoma in 

diverse human populations, polymorphisms in GGAA repetitive elements 
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were studied among Caucasian and African populations. GGAA repeats 

were significantly larger and with a greater number of repeats in the 

population of African ancestry than in the Caucasian population. These 

characteristics may result in a minor transcriptional activation by EWS-

FLI1, and could explain the higher frequency of Ewing sarcoma in European 

ancestry populations 29, 91, 93.  

 

5.3. Rewiring of chromatin marks and binding proteins 

In order to enable EWSR1-FLI1 to generate the chromatin structure 

necessary for gene transcription, different histone modifications are 

established. The majority of EWSR1-FLI1 binding sites are enriched in the 

open-chromatin-associated histone mark H3K4me1. In some cases, 

EWSR1-FLI1 binds to promoter regions enriched in H3K4me3, which 

characterizes the transcriptional initiation sites. Other EWSR1-FLI1 binding 

sites correspond to enhancer regions decorated with the H3K27ac histone 

mark 85, 86. As mentioned before, these enhancer cis-regulatory elements 

are enriched in GGAA repeats that regulate the transcription of EWSR1-

FLI1-target genes 85. Binding of EWSR1-FLI1 to these microsatellites 

enables the recruitment of the SWI/SNF complex by the tyrosine residues 

of EWSR1 that are crucial for phase transition of its prion-like domain of 

EWSR1 (Figure 10A) 94. The SWI/SNF complex enables chromatin 

relaxation by blocking the deposition of H327me3 repressive histone mark 

29, 94. Besides, EWSR1-FLI1 interacts with other transcriptional activators as 

p300, leading to an active enhancer state by histone acetylation of H3K27 

29, 85. MLL complex, which methylates H3K4 histone residues to activate 

transcription, can also be recruited by the fusion oncogene 29, 66, 85. 
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Therefore, multimers of EWSR1-FLI1 bound to GGAA repeats, by recruiting 

histone modifying enzymes and chromatin remodelers, are able to form 

accessible euchromatin regions that otherwise would be in a closed 

conformation. This allows EWSR1-FLI1 to act as a pioneer transcription 

factor that enables the formation of lineage specific de novo enhancers 

that will interact with their corresponding promoters, leading to the 

expression of target genes involved in proliferation and survival 29, 31, 85, 86. 

 

Figure 10. Mechanisms of chromatin rewiring for gene activation and repression. A) 
EWSR1-FLI1 binds to de novo enhancers enriched in GGAA repeats microsatellites, and 
recruits chromatin remodeling complexes and histone modification enzymes to activate 
enhancer regulated gene expression. B) Wild-type ETS transcription factors bind to single 
GGAA regions and are displaced by EWSR1-FLI1 to inactivate enhancers regulating tumor 
suppressor and differentiation genes. BAF, BRG1/BRM associated factor; ETS WT, wild-type 
ETS; MLL, mixed lineage leukemia. Created with Biorender.com.  

On the contrary, when monomers of EWSR1-FLI1 bind to single GGAA 

elements, wild-type ETS transcription factors are replaced by the fusion 

protein (Figure 10B). These regions correspond to conserved enhancers 

that are transformed from an active to a repressed state due to chromatin 

compaction, denominated heterochromatin. Active chromatin marks and 

regulators are also displaced and tumor suppressor and differentiation 

genes are silenced 29, 31, 85. However, epigenome mapping of the EWSR1-
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FLI1 rewiring showed that there was no widespread localization of the 

oncogene in repressive chromatin. This suggests that part of the 

transcriptional repression by EWSR1-FLI1 might be indirect or caused by 

removing of active histone marks 86. 

As mentioned before, SEs are key regulatory regions for the expression of 

cell identity genes. In this respect it has been demonstrated that the 

oncogene generates new SEs in genes important for tumorigenesis 74 and 

for the establishment of a specific transcriptional program 95. In Ewing 

sarcoma, SE regions regulate lineage-specific genes that are highly 

enriched in EWSR1-FLI1 and the H3K27ac histone mark. These regions 

display repetitive GGAA microsatellites, suggesting cell-type specificity. 

Among the genes regulated by SEs in Ewing Sarcoma, there are genes that 

are highly expressed in Ewing sarcoma cell lines, are regulated by EWSR1-

FLI1, promote tumorigenesis and favor the maintenance of the cancer cell 

state. For instance, CAV1, NKX2.2 and CCND1 are specific SE-regulated 

genes in Ewing sarcoma 85, 86, 95. Another example is MEIS1, a gene with a 

pro-survival role by activating the also SE-regulated gene APCDD1 in 

association with EWSR1-FLI1 96. Therefore, EWSR1-FLI1 is able to rewire 

the epigenetic state of Ewing sarcoma cells not only by regulating gene 

promoters and creating de novo enhancers, but also creating de novo 

lineage specific super-enhancers 53, 95.  

 

5.4. DNA methylation 

DNA methylation is another epigenetic mechanism required to establish 

the appropriate chromatin state. In Ewing Sarcoma, de novo enhancers 
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regulated by EWSR1-FLI1 are localized in regions of DNA hypomethylation 

(Figure 11). Thus, DNA methylation distribution anti-correlates with 

H3K27ac active enhancer marks 29, 86, 97. This supports the notion that 

transcription factors can reduce DNA methylation at their binding sites in 

order to form euchromatin regions 86. Besides, DNA methylation signature 

of Ewing Sarcoma tumors is a specific 97.  

 

Figure 11. DNA methylation in Ewing Sarcoma. EWSR1-FLI1 reduce DNA methylation to 
allow the formation of active chromatin states. Me3, trimethylation. Created with 
Biorender.com. 

 

5.5. Non-coding RNAs 

A crosstalk between DNA methylation, histone modifications and their 

modifying enzymes, and ncRNAs is indispensable for an adequate 

epigenetic regulation. A number of ncRNA have been implicated in Ewing 

sarcoma tumorigenesis. EWSR1-FLI1 targets the expression or maturation 

of miRNAs such as miR-30 or miR-145 by direct or indirect mechanisms 29, 

98. Also, the oncogene activates the expression of other miRNAs. Both 

activation and repression mechanisms contribute to Ewing Sarcoma 

pathogenesis 98. One mechanism to avoid maturation of miRNAs is through 

TAR RNA-binding protein 2 (TARBP2) disruption 29, 99. By inhibiting miRNA 

processing, RISC complexes are not able to target and degrade mRNAs 

from genes associated to the plasticity and self-renewal of normal tissue 

stem cells such as OCT4 or SOX2. Thus, cell differentiation is impaired and 
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the expression of pluripotency genes facilitates tumorigenesis 29, 48. 

Furthermore, EWSR1-FLI1 can also regulate the expression of lncRNA that 

promote tumorigenesis. For instance, lncRNA EWSAT1 repress the 

expression of genes that favors Ewing Sarcoma progression 29, 100.  

 

6. Alternative splicing: a transcription-linked 

regulatory process of gene expression hijacked 

by EWSR1-FLI1 

6.1. Definition 

DNA is transcribed into mRNA forming a precursor sequence (pre-mRNA) 

that contains exons and introns. Exons are going to be part of the mature 

RNA, while introns are sections that will be removed from the functional 

mRNA sequence 101, 102. Introns forming the pre-mRNAs have short 

consensus sequences in both 5’ and 3’ ends, denominated 5’ and 3’ splice 

sites (SS) respectively. As pre-mRNA splicing occurs co-transcriptionally, 

changes in the transcription elongation rate or epigenetic marks can 

influence exon splicing 103. When exons are spliced together and introns 

are eliminated following the same order as they have in a gene, the process 

is called constitutive splicing. However, when this order is swapped the 

process is denominated alternative splicing 104. This results in different 

forms of mature mRNA proceeding from the same gene. Thus, alternative 

splicing is a mechanism that expands the complexity of gene expression 

and regulation in high order eukaryotes 101, 102, 104, 105. About 90-95% of 
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human genes undergo alternative splicing giving rise to different mRNA 

transcript variants. By excluding the variants that undergo nonsense-

mediated mRNA decay or by maintaining them in the nucleus, cells can 

produce distinct protein isoforms that will increase phenotypic diversity. 

Proteins can change their domain architectures, binding sites, stability, 

activity or localization depending on the protein isoform generated by 

alternative splicing 105. In addition, introducing premature stop codons by 

alternative splicing can regulate gene expression levels 102.  

Alternative splicing must be strictly regulated depending on the cell type 

and the development stage. Splicing is an important mechanism during 

development and differentiation that, among other functions, enables the 

response to environmental changes. Therefore, time and space of splice-

site needs to be controlled for a correct functioning of cells 102, 104, 105. In 

some cancers, misfunctioning of this mechanism is the basis of the 

disease104.  

 

6.2. Alternative splicing type of events 

Besides constitutive splicing (Figure 12A), mRNA variants can be formed 

by five main types of alternative splicing events 101, 102, 104-106. Exon skipping 

or cassette exons is the most common mechanism in mammalian cells 

(Figure 12B). It consists in deletion of one or more exons. Mutually 

exclusive exons correspond to two or more splicing events that take place 

coordinately to exclude a different exon in each event (Figure 12C). This is 

the most unusual type of event. Alternative 5’ splice sites, also called 

alternative donors, are the use of an alternative 5’ donor site that changes 
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the 3’ site of the upstream exon (Figure 12D). On the contrary, alternative 

3’ splice sites or alternative acceptors (Figure 12E) use the 3’ splice site to 

change the 5’ end of the downstream exon. Finally, intron retention 

consists in maintaining one or more introns in the mature mRNA variant 

(Figure 12F) 106. 

 

Figure 12. Classification of splicing events. Schematic representation of the splicing events 
that may occur in eukaryotic cells including constitutive splicing (A), exon skipping/cassette 
exons (B), mutually exclusive exons (C), alternative 5′ splice sites /alternative donors (D), 
alternative 3′ splice sites/alternative acceptors (E), and intron retention (F). Adapted from 
Jiang et al., (2021) 106. 

6.3. The spliceosome  

Splicing of pre-mRNAs is performed by the spliceosome, a multi-

megadalton flexible complex formed by small nuclear ribonucleoproteins 

(snRNPs). snRNPs contain snRNAs, the RNA-binding proteins involved in 

biogenesis, function and turnover of target RNAs; Sm proteins, of less than 

20 kDa, and like-Sm (LSm) proteins, and several associated proteins that 

work synergistically 101, 102, 104-108. Introns forming the pre-mRNAs have, in 

addition to the 5’ and 3’ SS, a conserved branch point sequence (BPS) 
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situated 18 to 40 bp upstream of the 3’ splice site (Figure 13) 101, 102, 105, 107. 

Strong splice sites correspond to the more similar sequences to the 

consensus. They are easily recognized by the spliceosome and usually 

promote constitutive splicing. However, when a splice site sequence is 

different from the consensus, and interactions with the spliceosome are 

weak, alternative splicing takes place. Apart from cis-regulation of splicing 

depending on the splice site sequences, proteins known as splicing factors 

regulate splicing in trans. Splicing factors recognize specific sequences in 

exons and introns called splicing enhancers and silencers 101. Also, in higher 

eukaryotes a polypyrimidine tract (PPT) after the BPS is necessary for 

splicing factors recognition of the 3’ splice site 107.  

 

Figure 13. Characteristics of the splicing sites. Consensus sequences in both 5’ and 3’ SS, 
and in the BPS regulate splicing. GU for 5’ SS, AG for 3’ SS, and A for BPS are nearly invariant. 
PPT sequence is also necessary for recognition of splicing factors. BPS, branch point 
sequence; PPT, polypyrimidine tract. Created with Power Point.  

In eukaryotes, there are two types of spliceosomes, the snRNP U2-

dependent, and the snRNP U12-dependent. They both function in a similar 

manner, but the snRNAs are specific to each type. The U2 spliceosome has 

U1, U2, U4, U5, and U6 snRNAs, while the U12 is composed of U11, U12, 

U4atac, U5, and U6atac. The U5 snRNA is common to both spliceosomes, 

as well as to the rest of associated proteins. Remarkably, the U2 

spliceosome is in charge of about 96% of splicing in eukaryotic cells 107. 

Splicing consists in two consecutive transesterification reactions to remove 

introns from the pre-mRNA and join exons covalently 101, 102, 107. As it is 

detailed in Figure 14, the early step of spliceosome assembly corresponds 

to the recognition of consensus sequences in 5’ and 3’ intron ends when 
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U1 snRNP is recruited to the 5’ splice site, SF1 splicing factor bind to the 

BPS, and U2AF subunits recognize the PPT and 3′ splice site, respectively. 

Afterwards, U2 snRNP recognizes the BPS and displaces SF1. The tri-snRNP 

complex U4/U6.U5 is recruited and destabilization of U1 and U4 snRNPs 

takes place to allow U6 snRNA to bind to 5’ splice site. RNA helicase DHX16 

performs the first catalytic step of splicing. This first reaction consists of 

the cleavage of the 5’ splice site, and 5’ intron end ligates to the branch 

adenosine of the intron. Subsequently, DHX38 catalyze the second 

transesterification reaction. In the second reaction, the 5’ and the 3’ ends 

of exons are ligated after 3’ splice site is cleaved by the 3’ OH group of the 

5’ exon. DHX8 releases the mature mRNA (ligated exons) generating the 

intron lariat spliceosome and DHX15 dissociates the spliceosome complex 

to enable snRNPs to be used in another splicing process 102, 104, 106, 107. 

 

Figure 14. Representation of the eukaryotic U2-dependent splicing cycle. Two consecutive 
transesterification reactions are necessary to remove introns from the pre-mRNA and join 
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exons covalently. After binding of U1, U2, U4, U5 and U6 snRNPs, and other splicing factors 
as the non-snRNP SF1 and U2AF in different steps of the process, the mRNA is formed and 
released. In U12 spliceosome U1 is replaced by U11, U2 by U12 and U4/U6.U5 by 
U4atac/U6atac.U5. DHX8, DHX15, DHX16 and DHX38 are DEAH-box ATP-dependent RNA 
helicase. SS, splice site; BPS, branch point sequence; ILS, intron lariat spliceosome. Adapted 
from Yang et al., (2022) 107.  

 

6.4. Alternative splicing in Ewing Sarcoma 

FET family of genes encode RNA-binding proteins that can mediate 

transcriptional activation by binding to hyperphosphorylated RNA pol II 

through the prion-like domain of the N-terminal part. In addition, they 

have a role in RNA splicing due to the recruitment of serine-arginine (SR) 

splicing factors by the C-terminal domain of FET. As mentioned before, the 

fusion protein EWSR1-FLI1 contains the N-terminal of EWSR1 and replaces 

the EWSR1 RNA binding domain by the DBD of FLI1. Therefore, it maintains 

the capacity to bind to RNA pol II 24, 108. The N-terminal domain of EWSR1, 

as well as EWSR1-FLI1, bind to the splicing factor SF1 that recognizes the 

BPS during splicing (Figures 13 and 14) 109, 110. EWSR1-FLI1 binds with 

higher affinity than EWSR1 to U1C, one of the three snRNAs that are part 

of the U1 snRNP forming the E complex in splicing reaction (Figure 14) 110. 

Furthermore, EWSR1-FLI1, but not EWSR1, is able to alter the 5’ splice site 

selection to form different variants of the adenoviral gene E1A 111. Also, 

EWSR1-FLI1 interacts with RNA helicase A (RHA). RHA is a protein 

implicated in RNA metabolism, whose activity is decreased by the 

oncogene 112, 113.  

Consistently, it has been reported that 43% of EWSR1-FLI1 proteomic 

interactions correspond to the GO term “RNA splicing and processing” and, 

by KEGG pathways analysis, 29% of interaction relate to members of the 
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spliceosome complex 114. Interestingly, the oncogene induces aberrant 

alternative splicing of different genes involved in tumorigenesis 114. For 

instance, EWSR1-FLI1 regulates the splicing of the SWI/SNF complex 

protein ARID1A. Since the SWI/SNF complex is required for chromatin 

relaxation, the oncogene uses a specific isoform of ARID1A that enables 

Ewing Sarcoma growth and maintenance 29, 94, 115. Thus, apart from its role 

as a transcriptional regulator, EWSR1-FLI1 modulates alternative splicing. 

These alternative splicing events usually are characterized for having 

enriched GC content, weaker splice sites, and exons with greater distance 

between 3′SS and the BPS 116.  
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EWSR1-FLI1 acts as a pioneer factor and generates active super-enhancers 

de novo, several of which are located near genes with known roles in cell 

proliferation, differentiation, and apoptosis. Subsequently, proteins such 

as the Mediator complex and chromatin remodelers are introduced to 

enhancers or SEs to activate the aberrant Ewing sarcoma transcriptional 

program.  

Therefore, the hypothesis of this project is that specific subunits of the 

Mediator complex transcriptionally regulated by EWSR1-FLI1-bound 

super-enhancers should play a key role in regulating transcription and 

changes in chromatin structure that enable tumorigenesis in Ewing 

sarcoma. 

To this end, our main objective is to identify genes of the Mediator complex 

whose expression is regulated by the binding of EWSR1-FLI1 to their super-

enhancers and to characterize their functions in Ewing sarcoma. 

To achieve the principal objective of the project, the specific aims are the 

following: 

1. To identify Mediator subunits specifically expressed in Ewing 

Sarcoma.  

2. To determine the chromatin regions bound by Mediator in Ewing 

Sarcoma. 

3. To investigate potential interactions of EWSR1-FLI1 with proteins 

of the Mediator complex. 
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4. To characterize the functional effects upon Mediator depletion in 

Ewing Sarcoma.  

5. To explore Mediator-related vulnerabilities and their specific 

inhibitors in Ewing Sarcoma. 
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1. Materials 

1.1. Plasmids 

DNA plasmids used are listed in Table 2. 

Plasmid Type Resistance Source 

EWS-FLI1-
FLAG-GFP 

Lentiviral Ampicillin In-house 

PRE Lentiviral Ampicillin Addgene 

RSV Lentiviral Ampicillin Addgene 

shMED13L Lentiviral Ampicillin In-house 

shRERE Lentiviral Ampicillin In-house 

SPARQ Lentiviral Ampicillin 
SBI System 
Biosciences 

Tet-pLKO-puro Lentiviral Ampicillin 
SBI System 
Biosciences 

VSVG Lentiviral Ampicillin Addgene 

Table 2. DNA plasmids. List of plasmids used in the experiments indicating the type, the 
selection antibiotic and the source from which they were obtained.  
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1.2. Antibodies 

Antibodies used for chromatin immunoprecipitation (ChIP), 

immunofluorescence (IF), immunohistochemistry (IHC), 

immunoprecipitation (IP) and Western blot (WB) experiments are listed in 

Table 3. 

Antibody Use 
Working 
dilution 

Reference Source 

Actin B WB 1:1000 sc-53015 
Santa Cruz 

Biotechnology 

Alexa Fluor 
546 

IF 1:100 A11035 Invitrogen 

Alexa Fluor 
647 

IF 1:100 A21237 Invitrogen 

Anti-Mouse WB 
1:10000/ 

1:20000 
P0260 Dako 

Anti-Mouse 
HRP 

IHC 100 µL K4001 Dako 

Anti-Rabbit WB 
1:10000/ 

1:20000 
P0448 Dako 

Anti-Rabbit 
HRP 

IHC 100 µL K4003 Dako 
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Flag 
IF, IP, 
WB 

1:20, 3 µL (1 
mg/mL), 
1:2000 

F1804 Sigma-Aldrich 

FLI1 
IF, IP, 
WB 

1:20, 3 µL (200 
µg/mL), 
1:1000 

sc-356 
Santa Cruz 

Biotechnology 

H3K27ac ChIP 5 µg ab4729 Abcam 

IgG 
ChIP, 

IP 
5 µg, 3 µL 
(5mg/mL) 

ab37415 Abcam 

Lamin B1 WB 1:1000 sc-374015 
Santa Cruz 

Biotechnology 

MED1 

ChIP, 
IF, 

IHC, 
IP, 

WB 

5 µg, 1:20, 
1:50, 3 µL (1 

mg/mL), 
1:2000 

A300-793A Bethyl 

MED12 

 

ChIP, 
IF, 

IHC, 
IP, 

WB 

5 µg, 1:20, 
1:50, 3 µL 
(1mg/mL), 

1:3000 

A300-774A Bethyl 

MED13L 

 

ChIP, 
IF, 

IHC, 
IP, 

WB 

5 µg, 1:20, 
1:100, 3 µL (1 

mg/mL), 
1:2000 

A300-421A Bethyl 

RBM39 WB 1:1000 sc-376531 
Santa Cruz 

Biotechnology 
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RERE 

ChIP, 
IF, 

IHC, 
IP 

5 µg, 1:20, 
1:100, 3 µL 

HPA024093 Sigma-Aldrich 

RERE 
ChIP, 
WB 

5 µg, 1:2000 PA5-90323 Invitrogen 

RERE ChIP 5 µg Orb101371_3 BioOrbyt 

RERE ChIP 5 µg A15255 ABclonal 

STAG2 

 

ChIP, 
IF, IP, 
WB 

5 µg, 1:20, 3 
µL (1 mg/mL), 

1:2000 
sc-81852 

Santa Cruz 
Biotechnology 

U2AF2 

 
WB 1:1000 sc-53942 

Santa Cruz 
Biotechnology 

Table 3. Antibodies. List of antibodies used in the experiments indicating the technique of 
utilization, the working dilution and the reference and source from which they were 
obtained. 

 

2. Tumor samples 

Tumor tissues and clinicopathologic data from four patients with Ewing 

sarcoma, four patients with rhabdomyosarcoma and four patients with 

neuroblastoma were obtained from the Biobank of Hospital Sant Joan de 

Déu (Barcelona), integrated in the Spanish Biobank Network of Instituto de 

Salud Carlos III. Placenta and tonsil tissues used as control samples were 
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obtained from the Pathological Anatomy Service of Hospital del Mar 

(Barcelona). 

 

3. Cell lines  

Ewing Sarcoma cell lines were obtained from the American Type Culture 

collection (ATCC) including A673, A4573, SK-ES-1 and TC-71 cell lines. 

Rhabdomyosarcoma cell lines RH4 and RD were also purchased from ATCC. 

HEK-293FT, HeLa, Neuroblastoma cell line SK-N-SH and adult cancer cell 

lines Caco-2, MCF-7 and MDA-MB-231 were obtained from “Banc de línies 

cel·lulars tumorals” of Hospital del Mar Research Institute (Barcelona). 

A673 TR shFLI1 cell line was obtained from Dr. Javier Alonso’s group 117.  

All cell lines were cultured in DMEM medium (Sigma-Aldrich) 

supplemented with 10% fetal bovine serum (FBS) (Lonza), 10mM of L-

glutamine (Sigma-Aldrich) and 1% of penicillin-streptomycin (Sigma-

Aldrich). When cell lines were transfected using inducible short hairpin 

RNA (shRNA) plasmids for MED13L and RERE, DMEM medium was 

supplemented with 10% FBS without tetracycline (Condalab), 10mM of L-

glutamine and 1% of penicillin-streptomycin. To induce the shRNA, 

knockdown cells were treated with 100 ng/mL for shMED13L, shRERE and 

shTET-pLKO; and 1 µg/mL for shFLI1 of Doxycycline hyclate (Sigma Aldrich) 

during 72 hours.  

Cells in culture were maintained in a humidified incubator at 370C and with 

an atmosphere of 5% CO2. Before cells reach confluence or when required 

for the experiments, cell cultures were passaged using 0.05% Trypsin-
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Ethylenediaminetetraacetic acid (EDTA) (Gibco). Cells were frozen in FBS 

with 10% DMSO (Sigma-Aldrich) and kept at -80ºC or in liquid N2.  

 

4. Transfection and infection techniques 

4.1. Oligofection of small interfering RNA 

To obtain cell lines carrying a small interfering RNA (siRNA) in order to 

express a transient knockdown, 2.5 x 105 cells/well were seeded in a 6-well 

plate. The following day, siRNA oligonucleotides (Table 4) were diluted in 

distilled water following the manufacturer’s instructions and medium of 

each well was changed to 1.5 mL of serum-free OPTIMEM medium (Gibco). 

1 µM of siRNA oligonucleotide was mixed with 2 µL of DharmaFECT 4 

transfection reagent (Horizon) in a final volume of 200 µL of OPTIMEM 

medium. Mixture was incubated 15 minutes at room temperature and 

then transferred to each well. Transfection process was repeated 24 hours 

later and cells were collected 72 hours after the first transfection to use for 

different experiments. 

Gene Forward (5’ – 3’) Source 

GFP GCUGACCCUGAAGUUCAUCUU Horizon 

MED13L 
seq#1 

CCACCAACAGUUGCAGACUUGCAAA Invitrogen 
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MED13L 
seq#2 

GACAGAAACUUUGACAGCUGUUGCA Invitrogen 

MED13L 
seq#3 

GGGCCACCGUGAUGUUGCCUAUAUU Invitrogen 

RERE 
seq#1 

CAGCAGGCCCAACUCGCCAUCUGAA Invitrogen 

RERE 
seq#2 

GCCACCUACCAAGUCAGGAAGAUUA Invitrogen 

RERE 
seq#3 

CCGUCCAGUGAAUUCUUGGACCUAA Invitrogen 

Table 4. siRNA oligonucleotides. List of siRNA oligonucleotides used to induce a transient 
knockdown including the sequence and the source from which they were obtained.  

 

4.2. Generation of stable cell lines by infection 

Ewing sarcoma cell lines stably expressing shRNAs (Table 2) were 

generated by viral infection. Briefly, HEK-293FT cells were grown in a 10-

cm plate at a very low passage and, when reached confluence, were 

seeded again with 1:3 split ratio. Transient transfection was performed the 

following day using 36 µL of X-tremeGENE HP DNA Transfection Reagent 

(Roche) diluted in 600 µL serum-free OPTIMEM medium. Transfection 

reagent dilution was mixed with 50 µL of OPTIMEM medium with 4 µg of 

the vector and the lentiviral packaging vectors (2 µg of vesicular stomatitis 

G protein (VSVG), 3 µg of PRE and 3 µg of RSV). After a 30 minutes 

incubation at room temperature, transfection mixture was added to each 

cell culture and cells were incubated at 370C in a humidified incubator for 
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48 hours changing the culture medium 24 hours after transfection. 

Supernatants of lentiviral viruses expressing the plasmid vectors were 

collected and transferred to infect A673 Ewing sarcoma cells, that had 

been seeded the previous before with a 1:3 split ratio. When lentiviral 

viruses were transferred to the appropriate cell line 2 μg/mL of 

hexadimethrine bromide (Polybrene) (Sigma-Aldrich) was used to enable 

binding of the virus to the cell membrane. 24 hours after infection cell 

medium was changed. Since vectors include an antibiotic-resistance gene, 

48 hours after infection 2 μg/mL of puromycin (Gibco) was added to the 

cell culture to positively select the cells. Similarly, generation of FLAG-

EWSR1-FLI1-GFP expressing cells were performed by viral infection, and 

infected cells were sorted in BD Influx (BD Bioscience) cell sorter to select 

GFP positive cells. Sequences of shRNAs to induce a stable knockdown are 

described in Table 5.  

Gene Vector Sequence (5’ – 3’) Source 

MED13L 
Tet-

pLKO-
puro 

CCGGGACAGAAATTTTGACAG 
CTGTTGCACTCGAGTGCAACA 

GCTGTCAAAATTTCTGTCTTTTTG 

In-
house 

RERE 
Tet-

pLKO-
puro 

CCGGCCGCCACCGTTTATGTT 
CAAACTCGAGTTTGAACATAA 

ACGGTGGCGGTTTTTG 

In-
house 

Table 5. shRNA sequences. List of shRNA sequences used in plasmid vectors including the 
type of vector, the sequence and the source from which they were obtained. 

 

5. Pharmacological treatments of cell cultures 

Treatments in vitro to study cell sensitivity were performed in 96-well 

plates seeding 3000 cells/well. Drugs and concentrations used can be 
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found in Table 6. In the case of Pladienolide B treatments, drug was 

renewed every 24 hours since it degrades. Cells were treated for 72 hours 

and cell viability was assessed with luminescence cell viability assay Cell 

Titer-Glo (Promega). After 40 minutes of incubation at room temperature 

protected from the light, 15 µL of Cell Titer-Glo/100 µL of medium were 

added to each well and plates were incubated at room temperature 

protected from the light five minutes with gently shaking and 25 minutes 

without shaking. Luminescence signal was read in Orion II luminometer 

(Berthold) and signal correspond to adenosine triphosphate (ATP) 

indicating the presence of metabolically active cells. IC50 calculations were 

performed using Graphpad Prism 8.0 and synergy analysis for combination 

treatments of Pladienolide B and BRD6989 were done with CompuSyn 

software 118. 

Inhibitor Concentration used Vehicle Source 

BRD6989 5 µM DMSO MedChemExpress 

Pladienolide 
B 

0.0001 – 100 nM DMSO 
From Dr. Juan 

Valcárcel 

Table 6. Drugs. List of drugs used in vitro including the range of concentrations used, the 
dilution vehicle and the source from which they were obtained.  
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6. DNA molecular biology techniques 

6.1. Plasmid DNA amplification 

One Shot Stbl3 competent bacteria derived from the HB101 Escherichia 

coli strain (Invitrogen) were incubated with DNA plasmids (Table 2) for 30 

minutes on ice. Bacteria were transformed by heat shock 45 seconds at 

420C and 1mL of Luria Bertani (LB) medium was added. After 1 hour 

incubation at 370C, transformed bacteria with plasmids were seeded in LB 

agar plates with 100 μg/mL of ampicillin (Sigma-Aldrich) and incubated 

overnight at 300C or 370C, depending on the plasmid, to allow colonies to 

grow. Colonies were picked and cultured in suspension overnight in 40 mL 

of LB with 100 μg/mL of ampicillin at 300C or 370C in a shaking incubator. 

The following day, plasmid DNA was purified using QIAGEN Plasmid Midi 

Kit (Qiagen) proceeding with the manufacturer’s instructions. Eluted DNA 

was quantified using the NanoDrop 1000 spectrophotometer (Thermo 

Fisher Scientific) and stored at -200C.  

 

6.2 Cloning Tet-pLKO-puro vector for shRNA expression  

Tet-pLKO-puro vector (Addgene) contains the cis-elements necessary for 

packaging, reverse transcription and integration for the production of 

lentiviral particles. This vector also includes the components for inducible 

expression of shRNA when tetracycline or doxycycline is added to culture 

medium. Tet-pLKO-puro was amplified and isolated to further digest using 

AgeI and EcoRI restriction enzymes (Thermo Fisher Scientific) following 

manufacturer’s protocols and it was gel-purified in 1% agarose D1 Low EEO 



Materials and methods 

75 
 

gel (Condalab). Oligos designed with the shRNA sequence included cloning 

sites for AgeI and EcoRI and were annealed using annealing buffer 

(Clontech, Takara) in boiling water. Annealed oligos and digested Tet-pLKO 

were ligated using 10X ligase buffer and T4 DNA ligase (New England 

Biolabs). Competent bacteria cells from Escherichia coli were transformed 

with the final product of the ligation reaction and bacteria were seed to 

obtain positive clones. Picked colonies were cultured overnight with 6 mL 

of LB and 100 μg/mL of ampicillin at 300C and DNA was purified in 50 µL 

using GenElute HP Plasmid Miniprep Kit (Sigma-Aldrich). Eluted DNA was 

digested using XhoI restriction enzyme (Thermo Fisher Scientific) and gel-

purified with GFX PCR DNA and Gel Band Purification Kit (Cytiva). Sanger 

sequencing of the Tet-pLKO shRNA constructs to verify shRNA sequence 

was done by Genomics Unit of Universitat Pompeu Fabra (Barcelona). To 

prepare the sequencing reaction, DNA was amplified using the shRNA 

sequencing primer (5’-GGCAGGGATATTCACCATTATCGTTTCAGA-3’) in a 

Polymerase Chain Reaction (PCR). PCR mix included 0.75 µL of BigDye 

(Thermo Fisher Scientific), 1.5 µL of 5X DNA Sequencing Buffer, 0.35 µL of 

10 µM sequencing primer, 0.5 µL of DMSO and 250 ng of the template to 

a final volume of 12 µL. Biometra Tone thermocycler (Analytik Jena) was 

used 3 min at 94˚0C to denature the DNA, followed by 40 cycles including 

10 seconds amplification at 960C, 5 seconds at 520C and extension for 4 

minutes at 600C. After sequencing validation, shRNA plasmid vectors were 

amplified and used for stable cell lines generation as described in 4.2 

section.  
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6.3. Chromatin immunoprecipitation 

Chromatin immunoprecipitation (ChIP) assays were performed using four 

20-cm cell plates per condition with a confluence of 75-100%. In order to 

detect proteins that might not bound directly to the DNA or have a 

dynamic interaction, cells were treated with ChIP Cross-link Gold 

(Diagenode) for 30 minutes at room temperature. Then, cells were fixed 

adding 1/10 of 1X cross-link solution (0.25 M HEPES pH 8 (Sigma-Aldrich), 

0.5 M NaCl (Merck Millipore), 5 mM EDTA (Sigma-Aldrich), 2.5 mM 

ethylene glycol tetraacetic acid (EGTA) (Sigma-Aldrich) and 1% 

formaldehyde (Sigma-Aldrich)) for 10 minutes at room temperature. 

Reaction was stopped with 1/10 stop solution (1gr of glycine (ITW 

Reagents) in 10 mL of 10 mM Tris-HCl pH 8 (Thermo Fisher Scientific) for 5 

minutes. Cells collected with ice-cold 1x PBS with 0.5 mM EDTA and 1X 

Complete protease inhibitors (Roche) were lysate using 6mL of lysis buffer 

(10 mM Tris-HCl pH 8, 0.25% Triton X-100 (Merck Millipore), 10 mM EDTA 

pH 8, 0.5 mM EGTA, 20 mM β-Glycerol-phosphate (Sigma-Aldrich), 0.1 mM 

sodium orthovanadate (Sigma-Aldrich) and 10 mM sodium butyrate 

(Sigma-Aldrich)) for 30 minutes at room temperature. Samples were 

washed with 100 µL of NaCl 5M in 5 mL of sonication buffer (10 mM Tris-

HCl pH 8, 100 mM NaCl, 1 mM EDTA pH 8, 0.5 mM EGTA, 10 mM sodium 

butyrate, 20 mM β-Glycerol-phosphate and 100 µM sodium 

orthovanadate). After centrifugation, lysates were resuspended in 800 µL 

of sonication buffer and 10% of sodium dodecyl sulfate (SDS) (Sigma-

Aldrich). Sonication was performed in a Bioruptor Pico (Diagenode) in 15 

cycles (30 seconds on and 30 seconds off each cycle) to obtain chromatin 

fragments from 200 to 500 bp. Soluble chromatin was recuperated by 

centrifugation and 50 µL were taken off to measure by NanoDrop 1000 
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spectrophotometer the concentration and were used as the input. Using 

30 µg of chromatin per immunoprecipitation (IP), chromatin was pre-

cleared for a minimum of two hours rotating at 40C by adding 1% of bovine 

serum albumin (BSA) (New England Biolabs), 10mg/mL of salmon sperm 

DNA (Invitrogen), 4 µl of IgG (Abcam, 5 mg/mL) and 60 µL protein A/G-

Sepharose (Invitrogen, 30 mg/mL). Then, chromatin was incubated 

overnight also rotating at 40C with IgG as a negative control and with the 

corresponding antibodies (Table 3). The following day, 60 µl of protein A/G-

Sepharose were used to capture the chromatin fragments bound to each 

antibody. Immunoprecipitated fragments were washed three times using 

RIPA buffer (0.1% deoxycholic acid sodium salt (DOC) (Sigma-Aldrich), 10 

mM Tris-HCl pH 8, 150 mM NaCl, 1% Triton X-100, 0.1% SDS, 1 mM EDTA 

pH 8, 0.25 mM EGTA, 10 mM sodium butyrate, 20 mM β-Glycerol-

phosphate and 0.1 mM sodium orthovanadate), three times with RIPA 

sodium buffer (11.2 mL of RIPA buffer with 2.8 mL of 5M NaCl), two times 

with lithium buffer (250 mM LiCl (Sigma-Aldrich), 1% NP-40 (Merck 

Millipore) , 1% DOC, 10 mM Tris-HCl pH 8, 1 mM EDTA, 1 mM EGTA, 10mM 

sodium butyrate and 0.1 mM sodium orthovanadate) and two times with 

Tris-EDTA (TE) at pH 7.5 (10 mM Tris-HCl and 1 mM EDTA). Chromatin-

protein complexes were eluted with 100 µl of Elution buffer (1% SDS, 30 

mM NaCl, 20 mM β-Glycerol-phosphate and 10 mM sodium butyrate in TE 

buffer) rotating at room temperature for 30-60 minutes. Cross-link was 

reversed incubating overnight at 650C with 2 µL of RNase A (Thermo Fisher 

Scientific, 10 mg/mL). Protein was digested using 2.5 µL for 

immunoprecipitations and 5 µL for input sample with Proteinase K (New 

England Biolabs) at 550C during 2 hours. Finally, chromatin was purified 

using the MiniElute PCR Purification Kit (Qiagen) and eluted in 50 µL for 

ChIP-qPCR and 25 µL for sequencing.  
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6.4. ChIP-Quantitative Polymerase Chain Reaction (ChIP-

qPCR) 

Eluted chromatin after each corresponding immunoprecipitation and input 

samples were diluted 1:4 with distilled water. A mix of 0.3 µL of 10 µM 

forward primer and 0.3 µL of 10 µM reverse primer (Table 7) with 2.4 µL 

of distilled water was distributed in each well of a 384-well plate (Applied 

Biosystems). Hereinafter, 2 µL of diluted chromatin and 5 µL of SYBR Select 

Master Mix (Applied Biosystems) were added. qPCR was performed in 

7900HT Fast Real-Time PCR (Applied Biosystems) or QuantStudio 5 

(Applied Biosystems). Each sample was run in triplicates and data was 

analyzed calculating the percent of input for each ChIP: %Input = 2(-ΔCt 

[normalized ChIP]) x 100 where normalized ChIP is Ct[ChIP] - (Ct[Input] - 

Log2(Input Dilution Factor)). 

Gene Forward (5’ – 3’) Reverse (5’ – 3’) 

ACAT1 TGAGTTTGTGCTGGGTAGGC GGGCCGGTGGTTTATGTGTA 

ACTIN B AGTGTGTGTCGCAATAGGCA GCCTTGTACCGTGAACTGGA 

CACNB2 TACTCCAGTAAATCAGGAGG TGATGGAGGTGTTGATTTTC 

DANT1 AGATGCTGATCCGCCATGTG GCCAAGCCAGTTCCTCTTGA 

DICER1 TCTTTTCCCCGATCTGTTGC TTGCTTCAGCCCAGGATTTC 

EEF1A1 ACTTTCCCAGTTTACCCCGC CCACAGTCCCCGAGAAGTTG 

LINGO1 GGGGACAGAAAAACCAACGTG GGCCCAACAACTTTTTGCCA 
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RERE CGCATTAAAAGCCGACCTGG GCACAGGGCTCATGTCTGAT 

tRNAs 
(Chr. 1) 

AGCACACCCTCCAAACACC GACCTTTTGCGGAGGTCCC 

U2 CTCGACTGCCAAGCTGAGAT ATGTGGCACGCTTTCGTTTC 

U2SURP GCCTAGGCTGGAGTTTCCTTT CAGAAGACCCTCCACTTGGT 

Table 7. Primer sequences for ChIP-qPCR. List of forward and reverse primers used for ChIP-
qPCR. All primers were obtained from Sigma-Aldrich.  

 

6.5. ChIP-sequencing and bioinformatic analysis 

ChIP-sequencing (ChIP-seq), as well as library preparation and quality 

controls, was performed at the Genomics Unit of the Center for Genomic 

Regulation (CRG, Barcelona). Sequencing was carried out in a HiSeq 2500 

platform (Illumina) with 30 – 40 million reads/sample using a 1 x 50 

flowcell sequencer. All samples were included in technical triplicates. 

Data obtained was analyzed by Dr. Luca Cozzuto from the Bioinformatics 

Unit at the CRG (Barcelona) and by Dr. Júlia Perera and Ariadna Acedo from 

the Bioinformatics Units of Hospital del Mar Research Institute 

(Barcelona). Annotation of the peaks was done using the ChIPseeker 

package 119. GENCODE version 39 was used to annotate the peaks using 

version 3.15.0 from TxDb.Hsapiens.UCSC.hg38.knownGene package. The 

consensus peak set was obtained by overlapping the three replicates and 

retaining peaks found in at least two replicates using the function 

findOverlapsOfPeaks of the ChIPpeakAnno package (version 3.30.1) using 

different windows in the maxgap argument. Consensus Peak Annotation 
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was performed by annotatePeak. Promoter region was defined from 5kb 

upstream to +100bp downstream of the transcription start site (TSS). The 

position and strand information of nearest genes were reported, as well as 

the distance from the peak to the TSS of its nearest gene and the genomic 

region. Since some annotation overlapped, ChIPseeker adopted the 

following priority in genomic annotation: Promoter > 5’ UTR > 3’ UTR > 

Exon > Intron > Downstream > Intergenic. Downstream was defined as the 

downstream of gene end. EWSR1-FLI1 consensus peaks and annotations 

were analyzed from publicly available raw data of EWS-FLI1 ChIP-seq in 

A673 cell line120 found in NCBI Sequence Read Archive (SRA; 

http://www.ncbi.nlm.nih.gov/sra) under accession number SRA096176. 

Annotation of chromatin states was done with BEDtools (version 2.30.0) 

using the chromatin states from the Epigenome Roadmap 121. Histone 

marks of E003 (H1 Cells), E008 (H9 Cells), E006 (H1 Derived Mesenchymal 

Stem Cells), E026 (Bone Marrow Derived Cultured Mesenchymal Stem 

Cells) and E025 (Adipose Derived Mesenchymal Stem Cell Cultured Cells) 

were used to check the overlap with the consensus peaks of each 

immunoprecipitation. Chromatin states categories were grouped as active 

TSS (Active TSS and Flanking Active TSS), transcription (transcription at 

gene 5’ and 3’, strong transcription, and weak transcription), enhancers 

(genic enhancers and enhancers), ZNF genes and repeats, 

heterochromatin, bivalent TSS (bivalent/poised TSS and flanking bivalent 

TSS/enhancers), bivalent enhancer, and repressed Polycomb (repressed 

Polycomb and weak repressed Polycomb). Quiescent state was discarded 

for data representation.  

DNA binding motif of each consensus peak set and of the overlapping 

peaks between different consensus peak sets was analyzed using MEME-
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ChIP web service 122. The University of California Santa Cruz (UCSC) 

Genome Browser was used to visualize the genomic data obtained 123.  

 

7. RNA molecular biology techniques 

7.1. RNA extraction 

Cells were pelleted to proceed to RNA extraction using GenElute 

Mammalian Total RNA Miniprep Kit (Sigma-Aldrich) following the 

manufacturer’s instructions. Lysis mixture was prepared using 10 µL of β-

mercaptoethanol per 1 mL of Lysis Solution and 350 µL were added to each 

sample. In order to remove cellular debris, cell lysates were filtered using 

a filtration column centrifuging 2 minutes at maximum speed. An equal 

volume of 70% ethanol was added to the filtered lysates and loaded into 

the binding columns and centrifuged at maximum speed for 15 seconds. 

Flow-through was discarded and 500 µL of Wash Solution I was added into 

the columns followed by a centrifugation 15 seconds at maximum speed. 

After this first washing step, binding columns was transferred to a new 

collection tube and 500 µL of Wash Solution II pre-diluted with ethanol was 

added. Columns were centrifuged at maximum speed for 15 seconds and 

flow-through was discarded. A second wash with Wash Solution 2 was 

done with an additional centrifugation step of 2 minutes at maximum 

speed. Binding columns were transferred to a new collection tube and 50 

µL of Elution Solution was loaded into each column and were centrifuged 

at maximum speed for 1 minute. Eluted RNA was analyzed using NanoDrop 
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1000 spectrophotometer to check quantity and quality and RNA was 

stored at -800C and kept on ice when used for experiments.  

 

7.2. PCR amplification and gel visualization  

RNA extracted from cells in culture as described in section 7.1 was 

retrotranscribed using from 500 to 2000 ng of RNA in a final volume of 12 

µL. 0.5 µL of hexamers (Roche, 600 µM) or 0.5 µL of Oligo (dT)s (Roche, 50 

µM) were added to each sample. Samples were transferred to a 

thermocycle 10 minutes at 650C to denature. Reverse transcription (RT) 

mix included per sample 4 µL of Buffer 5X (Roche), 2 µL of deoxynucleotide 

triphosphates (dNTPs) (Roche, 10 mM), 0.5 µL of RNase inhibitor (Roche, 

40 units/µL) and 0.5 µL of transcriptase reverse (Roche, 500 units). 7 µL of 

the RT mix were added to each sample and thermocycle conditions for 

reaction included 10 minutes at 250C to anneal primers, 1 hour at 500C for 

amplification and 5 minutes at 850C to inactivate enzymes.  

Gene amplification was performed using 0.5-1 µL of the RT product, 0.5 µL 

of 1 mM dNTPs, 2.5 µL of Buffer 5X (Promega), 1 µL of the corresponding 

forward primer and 1 µL of the reverse primer (10 µM) (Table 8), 0.4 µL of 

BIOTAQ™ DNA Polymerase (Bioline, 5 units/µL), 0.2 µL of DMSO and 0.75 

µL of MgCl 25 mM (Promega). PCR conditions for different genes to 

validate splicing modifications are detailed in Table 9. 
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Gene Event Forward (5’ – 3’) Reverse (5’ – 3’) 
Band 

length 
(bp) 

APAF1 
HsaEX0
005018 

TTGGGATGCGACAT
CAGCAAA 

CCATCAGGAGAA
AACATCACACCA 

246-375 

BIN1 
HsaEX0
008093 

GACAACGCGCCTG
CAAAAG 

GGAGGCTGCTTC
ACTTGCC 

234-363 

BRD8 
HsaEX0
008428 

CGTCAAGCAGTAA
AAACACCCC 

CGTCAAGCAGTA
AAAACACCCC 

278-497 

CLASP1 
HsaEX0
015474 

TCTTGAAGCTGCTG
TTGCTGA 

CTTGAGGCATCA
CTGTTGGCA 

102-126 

EZH2 
HsaEX0
023622 

GTTGTGGGCTGCA
CACTGC 

TTTTGGAGCCCC
GCTGAATAC 

218-344 

MICAL3 
HsaEX0
071906 

AGCTTCTCCGAGG
ACTCAGAC 

CTGTCTCCGAGC
TGCCTTTTG 

144-195 

SOX6 
HsaEX0
061075 

GTGATAACTACCCC
GTACAGTTCA 

ACTTGAGTTACA
GGGCTGGTC 

226-349 

U2SURP 
HsaEX0
061619 

TCGCTCCAAAGACA
AGAAGGA 

AGACCGTTCAGG
CACAAAACA 

255-432 

Table 8. Primer sequences for PCR. List of forward and reverse primers used for PCR 
validation of splicing events. Length for the bands obtained is also included. All primers 
were obtained from Sigma-Aldrich. 
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Gene APAF1 BIN1 BRD8 CLASP1 EZH2 MICAL3 SOX6 U2SURP 

Sample 
volume (µL) 

1 1 1 1 0.5 1 1 0.5 

Initial 
denaturation 

960C 3 minutes 

Number of 
cycles 

35 30 30 30 30 35 35 30 

Denaturing 
stage 

960C 30 seconds 

Annealing 
stage 

520C 
30’’ 

520C 
30’’ 

580C 
30’’ 

580C 
30’’ 

580C 
30’’ 

600C 
30’’ 

580C 
30’’ 

580C 
30’’ 

Extension 
stage 

680C 30 seconds 

Final step 680C 30 minutes 

Table 9. PCR conditions. Conditions for PCR validation of splicing event changes in each 
gene. Sample volume, number of cycles and annealing temperature are included.  

Following amplification, PCR products were loaded into a gel to perform 

electrophoresis. Gels used were agarose or polyacrylamide (Bio-Rad). 

Agarose gels were used at 1% of agarose in 1X Tris-Acetate-EDTA (TBE) 

buffer (Invitrogen) and 4 µL of SYBR Safe DNA Gel Stain (Invitrogen). 

Electrophoresis was run also in 1X TBE buffer at 100 V for 30 minutes. DNA 

ladder (Sigma-Aldrich) and samples with 3 µL of 6X Orange G loading buffer 

(10 mM Tris-HCl pH 7.5, 15% Ficoll (Merck), 0.15% Orange G (Sigma-

Aldrich) and 50 mM EDTA) were loaded. In the case of polyacrylamide gels, 

8% of polyacrylamide was polymerized using 1X TBE, 0.17% ammonium 

persulfate (APS) (Sigma-Aldrich) and 10 µL of TEMED (Sigma-Aldrich). Gels 

were run in 1X TBE buffer 25 minutes at 200 V. Gel was stained using 10 µL 
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of SYBR Safe DNA Gel Stain in 100 mL of distilled water for 30 minutes 

protected from the light. Both agarose and polyacrylamide gels 

visualization were done by UV light exposure in Gel DocTM XR+ Gel 

Documentation System (Bio-Rad) using Image LabTM software (Bio-Rad).  

 

7.3. Quantitative reverse transcription PCR (RT-qPCR) 

Purified RNA was used to perform and RT with 1 µg of RNA. Methods used 

for RT were explained in section 7.2. In addition, GoScript™ Reverse 

Transcriptase system (Promega) was used in some experiments. RNA in a 

final volume of 10 µL was denatured at 700C for 5 minutes. A mix including 

4 µL of nuclease-free water, 4 µL of GoScript™ Reaction Buffer, Random 

Primer (Promega) and 2 µL of GoScript™ Enzyme mix were added to each 

sample. Thermocycle conditions were 5 minutes at 250C to anneal primers, 

1 hour at 420C for extension and 15 minutes at 700C for enzymes 

inactivation. cDNA obtained after RT was diluted 1:10 in RNase free water 

and analyzed by quantitative PCR (qPCR). qPCR was performed in 7900HT 

Fast Real-Time PCR or in QuantStudio 5 in 384-well plates. In each well, 2 

µL of diluted cDNA, 5 µL of SYBR Select Master Mix, 0.3 µL of 10 µM 

forward primer and 0.3 µL of 10 µM reverse primer (Table 10) were mixed 

in a final volume of 10 µL. Samples were loaded in triplicates and final data 

was obtained using the fold change method 2–∆∆Ct where ∆∆Ct corresponds 

to ∆Ct (treated sample) – ∆Ct (untreated sample). ∆Ct is the Ct of the gene 

of interest – Ct of the housekeeping gene. 

To analyze expression of the small nuclear RNAs (snRNAs) RNU2-1 by qPCR, 

RT products were diluted 1:20 and 3 µL/well were used. qPCR mix including 
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0.44 µL of TaqMan Gene Expression Assay 20X for RNU2-1 

(Hs02786874_gH, Applied Biosystems) and 4,4 µL of TaqMan Universal 

PCR Master Mix (Applied Biosystems) to a final volume of 7 µL were added 

to each well. Samples were also loaded in triplicates in 7900HT Fast Real-

Time PCR or in QuantStudio 5 and data was analyzed using the fold change 

method. 

Gene Forward (5’ – 3’) Reverse (5’ – 3’) 

45sRNA GAACCTTCCGACCCCTCTC TACGAGGTCGATTTGGCGAG 

5.8sRNA 
CTTAGCGGTGGATCACTCG

G 
AGTGCGTTCGAAGTGTCGAT 

ACAT1 TCCAATTGGGATGTCTGG CTCCTCCATTGCAAATACTG 

ACTIN B 
GACGACATGGAGAAAATCT

G 
ATGATCTGGGTCATCTTCTC 

BCAT2 
GGGAACCATGAACATCTTT

G 
CATGTCCAGTAGACTCTGTC 

BCL2L15 
AACTGGTCACCCAACATCC

G 
CTGGGACTTGCCATTGCTTC 

CLK1 
AGAGACCATGAAAGCCGGT

AT 
CATGTGAACGACGATGTGAAG

T 

CLK4 
CGAGAGAAAGCTGGGGAC

AT 
TGCACTGGATTCGATACCCG 
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CXCL8 
GGAAAGTTCCAGGTGTTAG

GA 
CACCCAGTTTTCCTTGGGGT 

CXCR4 
AGGTAGCAAAGTGACGCCG

A 
TAGTCCCCTGAGCCCATTTCC 

EWS-FLI1 
CCAAGTCAATATAGCCAACA

G 
GGCCGTTGCTCTGTATTCTTA 

GAPDH ACAGTTGCCATGTAGACC AAATCCGTTGACTCCGACCTT 

GRID2 
GAAAGTGTTGGTGCAGCTC

G 
ACAGCACAAGTCAGTCGAGG 

MED12 
GGTCCGGCAACTTCAACAA

C 
CAGAACTCGCACACTCCCTT 

MED13L 
GTTGATGGCTTTTCAGCGG

G 
AGTTCAGGTAACCCACAGGC 

PRPF39 
CAGGATTTTACAGGCTGGG

TA 
TCCTGGCAGCCATCAAGT 

PTBP2 
AGTGGGTATGCCTGGAGTC

TCA 
TCTTCACACGCTGCACATCTCC 

RBM10 
CTCTACTATGACCCCAACTC

CCA 
GTCCGCCTCTCCCCATCCCA 

RBM39 
GTTCGTCGATGTTAGCTCAG

TGC 
AGCCTCATAGGTCCAGCACTT

C 

RERE 
CTTGCAGATCGGGGGCATA

G 
TCACAATTAGTGACATGGCTG

GA 
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SF1 
CCGCAGCATTACCAACACC

ACA 
CATCCGTGCTTTATCCTGAGCT

G 

SRSF10 
GTCCCACTTGATTTCTACAC

TCG 
TTCTCCTTTCATAACTCCGGCT 

TERT 
AGAGTGTCTGGAGCAAGTT

G 
GATGAAGCGGAGTCTGGAC 

UPP1 AGTCACAATGATTGCCCCGT GGCTGGGAAATTGTGTCTGC 

U2AF2 
TACGGGCTTGTCAAGTCCAT

CG 
CTGGCAGTCAAACACAGAGG

TG 

Table 10. Primer sequences for RT-qPCR. List of forward and reverse primers used for RT-
qPCR. All primers were obtained from Sigma-Aldrich. 

 

7.4. RNA-sequencing (RNA-seq) and functional analysis 

Biological triplicates including three different siRNA sequences targeting 

MED13L and three different sequences for RERE (Table 4) were used to 

perform an RNA-seq in order to study the functional effects induced by 

depletion of each gene. RNA samples were obtained as described in 

section 7.1 and library preparation using PolyA capture and quality 

controls were processed by Mar Genomics Unit from Hospital del Mar 

Research Institute (Barcelona). Samples were sequenced in a HiSeq 2500 

platform (Illumina) with a paired-end coverage and ~30 million 

reads/sample using a 2 x 75 flowcell sequencer at the Genomics Unit of 

the Center for Genomic Regulation (CRG, Barcelona). 
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Data obtained was also analyzed by Mar Genomics Unit. Raw library size 

differences between samples were treated with the weighted trimmed 

mean method (TMM) 124 implemented in the edgeR package 125. Raw 

sequencing reads were mapped with STAR (version 2.7.1a) 126. Gencode 

release 36 based on the GRCh38.p13 reference genome was used to 

annotate transcripts. The table of counts was obtained with FeatureCounts 

function in the Subread package (version 1.6.4) 127. The differential gene 

expression analysis (DEG) between conditions was assessed with 

voom+limma in the limma package (version 3.48.0) 128. Genes having less 

than 10 counts in at least 2 samples were excluded from the analysis. The 

normalized counts were used in order to make unsupervised analysis, PCA 

and clusters. For the differential expression (DE) analysis, read counts were 

converted to log2-counts-per-million (logCPM) and the mean-variance 

relationship was modelled with precision weights using voom approach in 

limma package. 

Pre-Ranked Gene Set Enrichment Analysis (GSEA) 129 implemented in 

clusterProfiler package (version 4.0.0) 130 was used in order to retrieve 

enriched functional pathways. The ranked list of genes was generated 

using the -log(p.val)*signFC for each gene from the statistics obtained in 

the DE analysis with limma 128. Functional annotation was obtained based 

on the enrichment of gene sets belonging to gene set collections in 

Molecular Signatures Database (MSigDB). The collections used in this 

project are c5.bp: Gene sets derived from the Biological Process Gene 

Ontology (GO) (version 7.2).  

Heatmaps and the corresponding Z-scores were calculated with DEG using 

a threshold of adj.P.Value < 0.05 and |logFC| > 1 on the logCPM normalized 

counts.  
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Data analysis performed with R (version 4.1.0) included limma, genefilter, 

gplots, Vennerable, and hugene20sttranscriptcluster.db packages. Results 

were validated by RT-qPCR.  

 

7.5. Splicing analysis 

RNA-seq with high sequencing depth was used to perform a splicing 

analysis after MED13L and RERE depletion by siRNA (section 4.1). 

Biological triplicates with three different siRNA sequences for MED13L and 

RERE respectively were used. Analysis was carried out by Dr. Sophie Bonnal 

from Dr. Valcárcel’s lab at the Center for Genomic Regulation (CRG, 

Barcelona). Results were analyzed using the pipeline VAST-TOOLS 131 to 

calculate the metric percent spliced-in (PSI) and compare the control with 

the studied condition. This index is the ratio between transcript reads 

when including or excluding exons 132. It indicates the splicing efficiency in 

a specific exon into the transcript population of a gene 133. A public RNA-

seq database of EWS-FLI1 knockdown by endoribonuclease-prepared 

siRNA (esiRNA) 134 was used to compare the splicing profile with the one 

of MED13L and RERE knockdowns.  

After VAST-TOOLS output, splicing events were classified into microexons 

and longer alternative exons, which are types of cassette exon splicing; 

intron retention, alternative 3’ splice site (or alt. acceptor) and alternative 

5’ splice site (alt. donor) events. A filter of delta PSI ≥ 15 was applied for 

each splicing category. The number of events higher in control, higher in 

MED13L, RERE, or EWS-FLI1 upon knockdown were obtained. Also, the 
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number of events assessed in total (total EV), and of events with dPSI≥15 

(total AS). 

 

8. Protein molecular biology techniques 

8.1. Protein extraction from cell cultures 

Protein extraction was performed directly in cell culture plates or with cells 

already harvested and pelleted. When extraction was in cell culture plates, 

plates were placed in ice. Cells were rinsed with PBS and 1 mL of RIPA-M 

lysis buffer (1% NP-40, 0.1 % DOC, 150 mM NaCl, 1 mM EDTA, 50 mM Tris-

HCl pH 7.5 and 1X Roche’s protease inhibitors) was added to the plate and 

cells were scraped. For pelleted cells, 1 mL of RIPA-M lysis buffer was 

added to homogenate cells. After lysis, cells were centrifuged for 15 

minutes at maximum speed at 40C. Supernatant was collected and kept on 

ice and pellet was resuspended with 200 µL of UREA-T buffer (50 mM Tris-

HCl pH 8.1, 75 mM NaCl, 8M Urea pH 8.66 (Sigma-Aldrich) and 1X Roche’s 

protease inhibitors) by sonication with Digital Sonifier 450 (Branson) 

during 5 seconds at 30% amplitude. Samples were centrifuged again for 15 

minutes at maximum speed at 40C and supernatant was collected and 

mixed with the previous collected supernatant. Protein samples were 

quantified using the BCA Protein Assay Kit (Thermo Scientific) following the 

manufacturer’s protocol at 562 nm in the Infinite M Nano+ (Tecan) 

spectrophotometer. Storage of samples was at -800C and they were kept 

on ice whenever used for experiments.  
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In experiments where nuclear and cytoplasmic fractions were needed to 

be separated, cells were pelleted and resuspended with 500 µL of fresh 

Buffer A (0.25 M Sucrose (Sigma-Aldrich), 10 mM HEPES pH 7.5, 3 mM 

CaCl2 (Sigma-Aldrich), 10 mM NaCl, 1 mM Phenylmethanesulfonyl fluoride 

(PMSF) (Sigma-Aldrich), 1 mM Dithiothreitol (DTT) (Cytiva), 0.25% NP-40 

and 1X Roche’s protease inhibitors). Samples were incubated for 30 

minutes at 40C and centrifuged 10 minutes at 3000 rpm at 40C. 

Supernatant corresponded to the cytoplasmic fraction and was collected. 

Pellets were rinsed twice with 125 µL of Buffer A and supernatants were 

collected as cytoplasmic fraction. Nuclear fraction was extracted using 

UREA-T buffer to break the nuclei (pellets), as described above with 250 µL 

of UREA-T so the nucleus:cytoplasm proportion was 1:3.  

 

8.2. Western blot (WB) 

20 to 50 µg of protein extracts obtained and quantified as described in 

section 8.1 were diluted with 5 µL of 4X Laemmli buffer (155 mM Tris pH 

6.8, 31% glycerol (Fluka), 3.1% SDS, 0.01% bromophenol (Sigma-Aldrich) 

and 3,5% β-mercaptoethanol (Sigma-Aldrich)) to a final volume of 20 µL of 

RIPA-M buffer. Diluted samples were boiled at 1000C for 3 minutes in order 

to denature proteins and centrifugated 1 minute at 8000 rpm. Depending 

on the weight of the protein of interest, samples were loaded in a sodium 

dodecyl sulfate polyacrylamide gel (SDS-PAGE) with 6% or 8% of 

acrylamide composition in the separating gel (380 mM Tris pH 8.8, 6/8% 

acrylamide, 0.1% SDS, 0.1% APS and 12 µL TEMED). Stacking gel 

composition was 125 mM Tris pH 6.8, 5.1% acrylamide, 0.1% SDS, 0.1% 

APS and 10 µL TEMED. Prestained protein ladder PageRulerTM (Thermo 
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Fisher Scientific) was run in parallel in the gel as a molecular weight marker. 

Electrophoresis was run at 70V for the stacking gel and at 100V for the 

separating gel with running buffer (Tris-Glycine-SDS (TGS) buffer including 

25 mM Tris, 192 mM glycine and 1% SDS) in a chamber from Bio-Rad. 

Proteins were transferred from the SDS-PAGE gel to a PVDF membrane 

(Merck Millipore) previously activated with methanol (Merck Millipore). 

Transference was carried out at 250mA with transfer buffer (20% 

methanol, 25 mM Tris and 192 mM glycine) during 2.5 hours at 40C. 

Membranes were then incubated for 1 hour with 3% BSA (Sigma-Aldrich) 

in Tris-buffered saline-Tween 20 (TBS-T) (0.1X Tween 20 (Sigma-Aldrich), 

20 mM Tris and 150 mM NaCl) at room temperature in order to block 

unspecific binding. Hybridization with primary antibody (Table 3) was done 

overnight at 40C. The following day, membranes were washed 3 times for 

5 minutes with TBS-T and incubated 1 hour at room temperature with the 

indicated secondary antibody (Table 3) coupled to horseradish peroxidase 

(HRP). Membranes were washed every 10 minutes during 2 hours with 

TBS-T. Working solution of Immobilon ECL Ultra Western HRP Substrate 

(Merck Millipore) with mixing equal parts of the peroxide solution and the 

luminol enhancer solution was prepared to cover membranes to react with 

the HRP enzyme conjugated to the secondary antibody. Membranes were 

incubated for 1 minute at room temperature, excess liquid was removed 

and membranes were covered with a plastic protector. In a dark room 

using a film cassette (Cytiva), X-ray films (Agfa) were placed on top of 

membranes during the optimal exposure time for each protein. Films were 

developed with an SRX-101A medical film processor (Konica-Minolta). 

Relative protein expression was quantified using ImageJ software.  
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8.3. Protein immunoprecipitation 

Cells were cultured in a 20 cm plate and when they reached confluence, 

they were collected and washed twice with PBS. After centrifugation 5 

minutes at 1200 rpm, cells were resuspended with 1 mL of lysis buffer 

including 0.5% Triton X-100, 1 mM EDTA, 1X Roche’s protease inhibitors 

and 1X Roche’s phosphatase inhibitors all in PBS. Cells were lysed for 10 

minutes on ice and centrifuged at maximum speed for 15 minutes. 

Supernatant was collected and pellet was resuspended with 300 µL of lysis 

buffer. After a second centrifugation, supernatant was collected and added 

to the first supernatant. Cell lysates had a concentration of 10µg/µL 

approximately and 50-100 µL were used per IP, corresponding to 0.5-1 mg 

of protein. 1/10 part of the volume used for IP was used as the input 

fraction. A step of pre-clearing before immunoprecipitation was done 

using 0.5% Triton X-100, 1mM EDTA, 1% BSA, 1 µg rabbit IgG, 25 µL of 

Dynabeads A (Invitrogen) and + 25µL of Dynabeads B (Invitrogen) 

previously washed with lysis buffer, 1X Roche’s protease inhibitors and 1X 

Roche’s phosphatase inhibitors in PBS during 2 hours rotating at 40C. For 

immunoprecipitation, beads were precipitated and supernatant was mixed 

with 25 µL/25 µL of Dynabeads A/ B, 3 µL of the specific antibody (Table 2) 

and 100 µL of lysis buffer at 40C overnight. IP with IgG was used as a 

negative control of protein binding. The following day, samples were 

washed three times with lysis buffer and supernatant was discarded. Beads 

were resuspended in 100 µL of 1X Laemmli Buffer diluted from 4X in lysis 

buffer and boiled at 1000C for 3 minutes to denature proteins and unbind 

the beads. With a magnetic separation rack, beads were discarded and 

samples were loaded in an 8% SDS-PAGE gel to analyze protein-protein 

interactions by WB.  
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9. Microscopic image techniques 

9.1. Immunohistochemistry 

Immunohistochemistry (IHC) experiments were performed in slides with 

2.5 µM sections from paraffin blocks of tumor tissues from Biobank of 

Hospital Sant Joan de Déu (Barcelona). To deparaffinize samples, they were 

heated at 600C for 45 minutes and rehydrated in an alcohol battery with 

xylol baths for 10 minutes and ethanol for 5 minutes following standard 

protocols. Slides were washed with distilled water and antigen retrieval 

was achieved with Citrate buffer at pH 6 (10 mM trisodium citrate (Merck 

Millipore)) for 20 minutes in boiling water in a pressure cooker. Slides were 

washed with distilled water to decrease temperature and washed three 

times with 1X PBS. Endogenous peroxidase was inhibited with 300 µL/slide 

of 4% hydrogen peroxide (Sigma-Aldrich) and 1% of sodium azide (Sigma-

Aldrich) in 1X PBS for 10 minutes. Slides were washed three times with 1X 

PBS and tissue was blocked with 1% BSA in 1X PBS for 1 hour. 100 µL of the 

primary antibody used (Table 3) were added in a 1:50 dilution for MED1, 

1:50 for MED12 and 1:100 for MED13L with the blocking solution and 

incubated overnight at 40C. The following day, samples were washed three 

times with 1X PBS and incubated 1 hour at room temperature with 100 µL 

of the prediluted specific secondary antibody (Dako) (Table 3). After three 

washes with 1X PBS, peroxidase activity was enzymatically detected with 

DAB (Dako) according to manufacturer’s instructions and tissues were 

incubated until they were properly stained. Sections were washed 3 times 

and counterstained in filtrated hematoxylin for 15 seconds. Then, they 

were dehydrated with 2 minutes alcohol baths and 5 minutes xylol baths. 

Finally, slides were mounted with dibutylphthalate polystyrene xylene 
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(DPX) (Sigma-Aldrich). Results were observed using Olympus BX61 

microscope and IHC images were taken with the digital camera Olympus 

DP71 using CellSense software (Olympus).  

 

9.2. Immunofluorescence 

Cells in culture were seeded directly on a slide inside a culture plate with 

a concentration of 100.000 cells/mL. The following day, samples were 

washed three times with 1X PBS containing calcium (Ca+2) and magnesium 

(Mg+2) and fixed in a freshly prepared 3.7% formaldehyde solution in PBS 

(+Ca, +Mg) for 10 minutes at room temperature. Slides were washed two 

times with PBS and cells were permeabilized with 0.2% Triton X-100 in PBS 

for 5 minutes at room temperature. After two more washing steps, non-

specific epitopes were blocked using 1% BSA and 0.03% Tween 20 in 1X 

PBS in a humid box 30 minutes at room temperature. Primary antibody 

(Table 2) was added 1:20 diluted in blocking buffer and was incubated for 

1 hour or longer. Before adding the secondary antibody conjugated to a 

fluorochrome, samples were washed extensively 5 times with 0.02% Triton 

X-100 in PBS. Secondary antibody (Table 2) was added 1:100 diluted in 

blocking buffer and incubated in a humid box at room temperature for 1 

hour. Slides were washed again 5 times with 0.02% Triton X-100 in PBX, 

liquid excess was removed and a drop of glycerol with 4′,6-diamidino-2-

phenylindole (DAPI) (Invitrogen) (40 µL of 1 mg/mL of DAPI/1 mL glycerol) 

was added to mount slides. Samples were stored at 40C protected from the 

light. Images from four channels were captured with Confocal 

multiespectral Leica TCS SP8 microscope at the Microscopy Confocal Unit 

of Hospital Sant Joan de Déu (Barcelona). Super-resolution images were 

https://www.leica-microsystems.com/es/aplicaciones/ciencias-biologicas/superresolucion/
https://www.leica-microsystems.com/es/aplicaciones/ciencias-biologicas/superresolucion/


Materials and methods 

97 
 

obtained by image deconvolution using HyVolution tool from Leica 

Microsystems and were processed and analyzed with LAS X (Leica) and 

Fiji/ImageJ softwares. Colocalization experiments were quantified by 

Overlap Coefficient and Förster resonance energy transfer (FRET) 135 using 

LAS X software (Leica). 

 

10. Statistical analysis  

Statistical analyses were conducted using the software Graphpad Prism 

8.0. All data is expressed as mean values ± standard deviation (SD). Tests 

performed in order to compare two groups are specified in each 

experiment. Statistical significance was determined by a p value of less 

than 0.05.  
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1. MED13L and RERE expression in Ewing 

sarcoma 

1.1. Data mining to identify genes regulated by EWSR1-FLI1 
binding to super-enhancers in Ewing sarcoma 

To identify important genes regulated by super-enhancers that have a role 

in Ewing Sarcoma tumorigenesis we reviewed data from a public database 

(Tomazou et al. (2015) 86) including super-enhancer-regulated genes 

bound by EWSR1-FLI1 in A673 cell line. To determine which of these genes 

might be expressed in Ewing sarcoma, we performed a hierarchical 

unsupervised analysis using hESCs and hMSCs jointly as a reference for 

Ewing Sarcoma tumors transcriptional profiles deposited in GEO. In 

addition, we extracted transcriptome data from embryonic chondrogenic 

progenitors expressing EWSR1-FLI1, the murine Ewing sarcoma model that 

best recapitulates some features of the human disease (Tanaka et al. 

(2014) 49). The crossing of these three databases identified forty-five 

common genes (Figure 15A). Among them, MED13L, one of the Mediator 

complex subunits, and the transcriptional regulator RERE were selected 

since they are potent regulatory proteins of super-enhancers. The 

enrichment in the histone mark H3K27ac and EWSR1-FLI1 binding 

characteristic of super-enhancer regions for MED13L and RERE are shown 

in Figure 15B.  

MED13L is the paralogue of MED13, a gene that is part of the kinase 

module of the Mediator complex. Both proteins are responsible for the 

reversible binding of the kinase module to the Mediator core, and may 
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have functions as transcriptional activators or repressors 71, 72, 75-77. MED13L 

is reported to be involved in important neural and cardiac developmental 

pathways 71, 75, 76, 136, 137, and has been shown to be involved in p300 

recruitment to enhancers and promoters of different oncogenes in non-

small-cell lung cancer 138.  

RERE is a nuclear coregulator that can act as a transcriptional activator or 

repressor depending on the cellular context and associated factors. It is 

involved in embryonic development and positively regulates retinoic acid 

signaling and neural differentiation through Notch-mediated Hes 

expression 139, 140. Individuals with RERE deficiency have a phenotype that 

overlaps with that of individuals affected by CHARGE syndrome. These 

patients have alterations in embryonic development generally due to 

deficiency in CHD7 (chromodomain helicase DNA binding protein 7), a 

chromatin remodeler involved in the formation of DNA loops between 

regulatory regions and the transcription machinery enriched at super-

enhancers 74, 141-143.  

 

Figure 15. Identification of genes regulated by EWSR1-FLI1 binding to their super-
enhancers in Ewing sarcoma. A) Venn diagram showing the strategy of in silico data mining 
to identify important genes for Ewing sarcoma tumorigenesis. B) Signal tracks of chromatin 
immunoprecipitation sequencing (ChIP-seq) displaying the enrichment of FLI1 120, and 
H3K27ac 86 in MED13L and RERE regions in the A673 cell line, obtained from the University 
of California Santa Cruz (UCSC) Genome Browser.  
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1.2. MED13L and RERE expression in pediatric tumors and cell 

lines 

Super-enhancer regulated genes in Ewing sarcoma tend to be highly 

expressed 86, 95. To determine the expression of MED13L and RERE in Ewing 

sarcoma and other tumor cell lines, we explored the Cancer Dependency 

Map (DepMap) database (https://depmap.org/portal/). The mean 

expression of MED13L mRNA in Ewing sarcoma was like the expression 

levels in other adult and pediatric cancer cell lines (Figure 16A). In contrast, 

RERE expression was significantly higher in Ewing sarcoma cell lines (P 

<0.0001).  

To characterize their expression at the protein level, representative 

histological sections of Ewing sarcoma and other pediatric tumors were 

analyzed by immunohistochemistry (IHC) to assess MED13L and RERE 

expression in the context of different developmental tumors. MED13L 

expression could be detected in some cells of rhabdomyosarcoma and 

neuroblastoma specimens, but the intensity was higher in Ewing sarcoma 

(Figure 16B). A similar pattern was observed for RERE, whose expression 

in Ewing sarcoma was more intense than in rhabdomyosarcoma or 

neuroblastoma (Figure 16B). Analysis of the expression of other Mediator 

subunits not directly regulated by the oncogene, such as MED1 (from the 

core complex) and MED12 (from the CDK8 kinase module) showed that 

MED1 was equally expressed in the three development tumors studied, as 

well as MED12, with an intense expression in these tumors. Therefore, 

MED13L and RERE, but not other Mediator subunits, are differentially 

expressed in Ewing sarcoma.  
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Figure 16. MED13L and RERE are differentially expressed in Ewing sarcoma. A) mRNA 
expression of MED13L and RERE in adult (n=1457) and pediatric (n=22) cancer cell lines, 
extracted from the Expression Public 23Q4 database from the Cancer Dependency Map 
(DepMap) database (https://depmap.org/portal/) (https://depmap.org). Unpaired t test 
with Mann Whitney test was performed to evaluate the differences. ****P <0.0001. B) 
Immunohistochemistry (IHC) assessing MED1, MED12, MED13L and RERE protein 
expression in representative samples of Ewing sarcoma, rhabdomyosarcoma and 
neuroblastoma tumors specimens obtained from the Biobank of Hospital Sant Joan de Déu 
(Barcelona). Scale bar: 50 µm. 
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1.3. MED13L and RERE expression depends on EWSR1-FLI1 

levels 

To determine whether EWSR1-FLI1 binding to MED13L and RERE super-

enhancers is required for their sustained expression in Ewing sarcoma, we 

investigated the dependency of their expression to EWSR1-FLI1 levels. To 

this end, we took advantage of the Ewing sarcoma cell line A673 carrying 

a doxycycline-inducible short hairpin RNA (shRNA) targeting FLI1. This 

shFLI1 exclusively knocks down the levels of EWSR1-FLI1 in these cells, 

since Ewing cell lines do not express wild-type FLI1 117. Induction of shFLI1 

with doxycycline effectively reduced EWSR1-FLI1, as shown in (Figure 

17A). Downregulation of the oncogene expression resulted in a decrease 

of RERE mRNA expression, while MED13L and MED12 mRNAs remained 

unaffected (Figure 17A). In contrast, the reduction of EWSR1-FLI1 was 

followed by a more than 50% decrease in MED13L and RERE protein levels, 

whereas MED12 was unaffected (Figure 17B). Regulation of MED13L 

protein levels by EWSR1-FLI1 suggested post-transcriptional mechanisms 

involved.  

These results indicate that MED13L and RERE expression depends on 

EWSR1-FLI1, consistent with their identification as EWSR1-FLI1 bound 

super-enhancers 86, but not for the other Mediator subunits like MED12. 
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Figure 17. The expression of MED13L and RERE depends on EWSR1-FLI1. A) mRNA 
expression levels for EWSR1-FLI1, MED12, MED13L and RERE in A673 cells expressing the 
inducible shFLI1 and treated with 1 µg/mL doxycycline, and determined by RT-qPCR. Error 
bars indicate the standard deviation of three replicates. Two-way ANOVA was used to 
analyze differences and Sidak's multiple comparisons test was performed to compare 
expression. ****P value < 0.0001. B) Western blot (WB) showing the expression levels of 
MED12, MED13L and RERE in A673 cells after inducing the expression of the EWSR1-FLI1 
knockdown with 1 µg/mL of doxycycline. Lamin B1 was used as a loading control. At the 
bottom, WB quantification of band intensities relatives to Lamin B1, performed with Image 
J software. 

 

2.  Chromatin occupancy of MED13L and RERE  

2.1. Mediator and RERE bind mainly to intergenic regions 

The Mediator complex has an important role as a transcriptional regulator 

by interacting with different chromatin cofactors and forming DNA loops 

between regulatory regions and promoters of target genes 71, 72, 75. As for 

RERE, the similarity of phenotypes due to deficiencies in this protein and 

CHD7 suggested that they might share chromatin distribution in gene 

regulatory elements 74, 141, 142. To explore chromatin regions specifically 
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bound by MED13L and the putative binding sites of RERE in Ewing sarcoma, 

we performed chromatin immunoprecipitation experiments followed by 

sequencing (ChIP-seq) in the A673 cell line. We determined the binding 

sites of MED13L and RERE, and of the MED1 and MED12 subunits, whose 

expression is not regulated by the oncogene. In addition, we determined 

chromatin regions enriched in acetylated histone lysine 27 (H3K27ac), 

which characterizes enhancers, super-enhancers and promoters, and 

STAG2 binding, since this cohesin plays a key role in chromatin loop 

formation in Ewing sarcoma cells 80. The chromatin sites bound by EWSR1-

FLI1 were obtained from Bilke et al., (2013) 120, and were used to identify 

the regions shared by Mediator, RERE and the oncogene in A673 cells. 

Three replicates of each chromatin immunoprecipitation condition were 

sequenced and overlapping peaks in at least two replicates were used for 

the ChIP-seq analysis. Each peak was annotated to a gene (Figure 18A) and 

genomic distribution was classified as distal intergenic, intergenic, intron, 

exon, downstream and promoter regions (see Materials and Methods, 6.5 

section). H3K27ac and EWSR1-FLI1 signals were enriched at promoter 

regions (Figure 18B). In contrast, peaks of the Mediator subunits, RERE and 

STAG2 were more commonly found in distal intergenic regions. With 

respect to binding to gene regions, MED1, MED13L, RERE and STAG2 

displayed a preferential enrichment in introns. In contrast, EWSR1-FLI1, 

H3K27ac and MED12 were equally enriched in intronic and exonic regions. 

These data indicated that genome-wide distribution of MED13L, RERE and 

STAG2 differs from EWSR1-FLI1. It is important to note that MED12 

displayed a genomic distribution similar to EWSR1-FLI1, suggesting that 

some Mediator subunits may have specific functions. Indeed, the binding 

pattern of MED12 –but not that of other Mediator subunits- resembles 
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that of H3K27ac, a widely distributed signal that decorates active 

promoters. This distribution of MED12 is consistent with its high 

expression in all the pediatric tumors studied (Figure 16B), and with the 

role of MED12 in maintaining the active state of specific stem cell 

enhancers 83.  

Genome-wide analysis of DNA binding motifs enriched in chromatin 

regions recognized by EWSR1-FLI1 120, MED13L, RERE and STAG2 revealed 

that MED13L, RERE and STAG2 bind to sequences distinct from EWSR1-

FLI1. Whereas the oncogene binding sites are enriched in the GGAA 

repetitive motifs already described 87-91, the binding peaks of MED13L, 

RERE and STAG2 were enriched in CA microsatellite regions. These results 

confirm that MED13L, RERE and STAG2 display a different genomic 

distribution than the oncogene (Figure 18C).  

 

Figure 18. Chromatin regions bound by Mediator, RERE and STAG2 in Ewing sarcoma. A) 
Table displaying the number of peaks and associated genes obtained by ChIP-seq for 
EWSR1-FLI1, H3K27ac, MED1, MED12, MED13L, RERE and STAG2 in A673 cells. EWSR1-FLI1 
peaks and associated genes in A673 cells were extracted from Bilke et al., (2013) 120. B) Bar 
plots depicting the genomic distribution of EWSR1-FLI1 120, H3K27ac, MED1, MED12, 
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MED13L, RERE and STAG2 in A673 cells. C) Top MEME DNA binding motif for EWSR1-FLI1 
120, MED13L, RERE and STAG2 peaks and their corresponding E value. 

In order to elucidate the transcriptional states associated to chromatin 

regions enriched by EWSR1-FLI1 120, H3K27ac, MED1, MED12, MED13L, 

RERE and STAG2, we annotated the chromatin state of each peak in the 

genome of H1 and H9 human embryonic stem cells (hESC), and H1- and 

bone marrow (BM)-derived mesenchymal stem cells (MSC) 121 (see 

Materials and Methods, 6.5 section). Similar categories were grouped to 

represent the results obtained, considering that the quiescent state, which 

corresponds to low levels of all histone marks, was excluded from the 

representation for the sake of clarity. This analysis showed that EWSR1-

FLI1 and H3K27ac binding was enriched in chromatin states corresponding 

to active transcription start sites (TSSs), and to a lesser extent to 

transcriptionally active regions and enhancers in the four stem cell lines 

(Figure 19). In contrast, the binding sites of the MED13L, MED1, RERE and 

STAG2 in hESCs mainly corresponded to transcription-associated 

chromatin, followed by heterochromatin regions and zinc finger protein 

(ZNF)-regulated genes that changed to states associated with Polycomb-

repressed regions in more differentiated cells such as H1- or BM-derived 

MSCs. Thus, the chromatin status associated with MED13L and RERE 

binding diverges from that of EWSR1-FLI1, further confirming their 

different genomic distribution. 
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Figure 19. Chromatin states associated to the binding sites of EWSR1-FLI1, H3K27ac, 
Mediator, RERE and STAG2. Bar plots showing the classification of the chromatin states 
annotated in the Epigenome Roadmap 121. Cell lines used were ESC lines H1 and H9, H1-
MSC, and BM-derived MSC. BM, bone marrow; ESC, embryonic stem cell; MSC, 
mesenchymal stem cell; TSS, transcription start site; ZNF, zinc finger. 

 

2.2. MED13L and RERE share binding in a high percentage of 

chromatin regions 

As mentioned above, RERE was initially identified as a nuclear receptor 

that functions as a transcription factor to modulate the expression of its 

target genes 139, 140, but to date a relationship with Mediator has not been 

described. Since our ChIP-seq analysis revealed a striking similarity in the 

genomic distribution of RERE, Mediator subunits and STAG2, we 
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intersected the binding peaks of each protein to elucidate whether they 

bind to the same chromatin regions. Eighty per cent of the RERE peaks 

(corresponding to 3876 peaks) overlapped with peaks bound by at least 

one of the three Mediator subunits analyzed (MED1, MED12 and MED13L), 

and 44% of the RERE peaks (1948 peaks) overlapped with all three units 

simultaneously (Figure 20A). These data indicate that RERE mostly binds 

to the same chromatin regions as the Mediator complex, and therefore, 

may cooperate with its function. On the other hand, 78% of the STAG2 

bound regions (3780 peaks) were also enriched in MED13L or RERE (Figure 

20B). Two representative examples of these genomic regions are TAF1 and 

LINGO1, where Mediator, RERE and STAG2 are found in the enhancer and 

promoter regions, respectively (Figure 20C-D). Since the conformational 

change induced by the Mediator complex that allows the formation of DNA 

loops requires interaction with STAG2, these data suggest that MED13L 

and RERE could also be part of the complex protein-DNA loop.  
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Figure 20. Mediator, RERE and STAG2 bind to overlapping chromatin regions. A) Venn 
diagram showing the intersection of ChIP-seq peaks for MED1, MED12, MED13L, and RERE 
in A673 cells. B) Intersection of MED13L, RERE and STAG2 ChIP-seq peaks in A673 cells 
depicted in a Venn diagram. C-D) ChIP-seq signal tracks for FLI1 120, H3K27ac, MED1, 
MED13L, RERE and STAG2 in TAF1 and LINGO1 loci, generated with the University of 
California Santa Cruz (UCSC) genome browser. E-F, EWSR1-FLI1. 

 

2.3. MED13L and RERE binding to chromatin is specific to 
Ewing sarcoma  

Next, we investigated whether MED13L and RERE recognize the same 

targets in other cell lines or, in contrast, are specific of Ewing sarcoma cells. 

We chose CACNB2, DANT1, EEF1A1, tRNAs, U2 and RERE among the genes 

that have peaks of MED13L and RERE. Although having MED13L and RERE 

peaks, U2SURP could only be validated for RERE binding. LINGO1 gene only 

present binding peaks of MED13L. ChIP-qPCR in the Ewing sarcoma cell 

lines A673 and SKES1 and rhabdomyosarcoma cell lines RH4 and RD 
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showed enrichment of MED13L (Figure 21A) and RERE (Figure 21B) in 

these targets in Ewing sarcoma, but not in rhabdomyosarcoma cell lines, 

indicating that chromatin binding sites of MED13L and RERE are specific of 

Ewing sarcoma.  

 

Figure 21. MED13L and RERE binding is specific to Ewing sarcoma. ChIP-qPCR experiments 
of MED13L (A) and RERE (B) targets in the Ewing sarcoma cell lines A673 and SKES1 and in 
the rhabdomyosarcoma cell lines RH4 and RD. Data represent the enrichment ratio of 
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immunoprecipitated samples relative to input. IgG was used as a negative control for each 
immunoprecipitation and ACAT1, ACTIN B and DICER1 were used as control regions. 

 

3. Characterization of chromatin regions 

enriched in MED13L, RERE and EWSR1-FLI1 

3.1. Mediator, RERE and the oncogene share their binding to 
a subset of genes 

The above results indicated that chromatin regions enriched in MED13L 

and RERE largely differed from EWSR1-FLI1 bound regions. To determine 

whether, albeit in a minority, there were chromatin sites where the 

oncogene could coincide with MED13L and RERE recruitment, we crossed 

MED13L and RERE peaks with the EWSR1-FLI1 peaks 120. This analysis 

identified only 80 and 51 common peaks with MED13L and RERE, 

respectively (Figure 22A). Examples of those few regions with enrichment 

in MED13L, RERE and the oncogene include CASC3 and ZMIZ1, as shown in 

Figure 22B. This poor overlap is consistent with the divergent genomic 

distribution of the peaks and the chromatin states associated (Figure 18-

19), where MED13L and RERE bind to different chromatin regions 

compared to EWSR1-FLI1. For STAG2, the overlapping regions with EWSR1-

FLI1 were also very limited (Figure 22A).  
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Figure 22. MED13L, RERE and STAG2 overlap in discrete regions with EWSR1-FLI1. A) Venn 
diagram depicting the overlap between ChIP-seq peaks for MED13L, RERE or STAG2 and 
EWSR1-FLI1 in A673 cells. B) ChIP-seq signal tracks for FLI1 120, H3K27ac, MED1, MED12, 
MED13L, RERE and STAG2 in CASC3 and ZMIZ1 genic regions, generated with the UCSC 
genome browser. E-F, EWSR1-FLI1. 

Genome browser visualization of the EWSR1-FLI1 binding peaks and the 

chromatin regions enriched in Mediator, RERE and STAG2 showed that 

although most of the oncogene peaks did not coincide with the other 

proteins, they were often located in the same genes. Crossing the genes 

associated with MED13L, RERE, or STAG2 peaks and genes associated to 

EWSR1-FLI1 peaks revealed 34% of MED13L-bound genes (1108 genes), 

34% of RERE-bound genes (1160), and 35% of STAG2-bound genes (1265) 

were coincident with genes associated to EWSR1-FLI1 peaks (Figure 23A). 

This result suggests that, in co-occupied genes, Mediator and RERE could 

be contributing to the formation of DNA loops or stabilization between the 

EWSR1-FLI1-binding regulatory regions and the promoter of target genes, 

potentially mediated by STAG2. An example of co-occupied genes by 
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Mediator, RERE, STAG2 and EWSR1-FLI1 is JARID2, as shown in Figure 23B. 

In this genomic region, EWSR1-FLI1 binding corresponds to a distal region 

enriched in H3K27ac, characteristic of (super)enhancer regions, whereas 

Mediator, RERE and STAG2 are bound closer to the gene promoter.  

 

Figure 23. MED13L, RERE and STAG2 binding to EWSR1-FLI1-associated genes. A) 
Intersection between genes associated to ChIP-seq peaks for MED13L, RERE, and STAG2 
with genes associated to EWSR1-FLI1 binding peaks 120 in A673 cells. B) ChIP-seq signal 
tracks for FLI1 120, H3K27ac, MED1, MED13L, RERE and STAG2 in JARID2, from the UCSC 
genome browser. E-F, EWSR1-FLI1. 

 

3.2. Chromatin regions bound by Mediator, RERE, STAG2 and 
EWSR1-FLI1 are characterized by an enrichment of tandem 
repeats  

Next, we wished to investigate the few discrete regions where MED13L and 

RERE overlap with EWSR1-FLI1 binding. These genomic regions were 

mainly characterized by tandem peaks of Mediator, RERE, STAG2 and the 

oncogene and by being non-coding regions regulated by CpG islands 

(Figure 24A). Examples of these regions include the lncRNA DANT1, that is 

formed within the DXZ4 microsatellite repeat region of chromosome X; the 
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genomic regions coding for the ribosomal subunits RNA5S and RNA5.8S; 

and the tRNA loci. In addition to these regions, Mediator, RERE, STAG2 and 

EWSR1-FLI1 were coincident in their binding to the EEF1A1 protein-coding 

gene. While ribosomal RNAs and tRNAs are directly involved in ribosome 

function, EEF1A1 encodes a protein responsible for the enzymatic delivery 

of aminoacyl tRNAs to the ribosome. Furthermore, Gene ontology (GO) 

analysis of the genes associated with these peaks revealed an enrichment 

in the category “Ribosome” for cellular component and “Structural 

constituent of ribosome” for molecular function (Figure 24B), supporting 

the role of Mediator, RERE and EWSR1-FLI1 in the co-regulation of 

translational rewiring in Ewing sarcoma.  

The consensus DNA-binding motif of MED13L is the IRF7 motif (e values: 

1.7e-006) and the GGAA single FLI1 motif (e value = 2.3e-002), while the 

consensus DNA binding motifs of RERE are the SP2 and SP3 binding motifs 

(e value = 2.4e-055) (Figure 24C). These motifs are separated from the 

GGAA microsatellite repeats specifically bound by EWSR1-FLI1 in cis-

regulatory regions 87-91. 



Results 

118 
 

 

Figure 24. Mediator, RERE, STAG2 and EWSR1-FLI1 form tandems of enriched peaks in 
CpG islands that correspond to non-coding regions. A) ChIP-seq signal tracks from UCSC 
Genome Browser for FLI1 120, MED1, MED12, MED13L, RERE and STAG2 in tRNAs regions 
(chromosome 1). B) Bar plots displaying statistically significant categories from Gene 
Ontology (GO) analysis of the genes bound by MED13L or RERE and EWSR1-FLI1 in A673 
cells with adjusted P value <0.05. Analysis was performed with gProfiler online database 144 
(https://biit.cs.ut.ee/gprofiler/gost). CC, cellular component; GO, Gene ontology; MF, 
molecular function. C) Top MEME DNA binding motif for overlapping peaks in the same 
genomic region of EWSR1-FLI1 with MED13L or RERE and their corresponding E value. E-F, 
EWSR1-FLI1. 

 

3.3. MED13L, RERE and EWSR1-FLI1 regulate ribosomal 
subunit expression in Ewing sarcoma cell lines 

Ribosomal subunits 45s and 5.8s are one of the singular regions where 

Mediator, RERE, STAG2 and EWSR1-FLI1 colocalize in chromatin. To explore 

https://biit.cs.ut.ee/gprofiler/gost
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whether MED13L and RERE binding to these regions influences their 

expression, we used two different approaches. The first consisted in 

depleting MED13L and RERE by transient short interfering RNA (siRNA) in 

the A673 cell line, using three different siRNA sequences for each protein. 

Validation of the siRNA efficacy was determined by RT-qPCR and WB 

(Figure 25A-B). The second approach was the expression of inducible 

shRNAs in A673 cells. For this, A673 cells were infected with a lentivirus 

carrying doxycycline-inducible shRNAs and a puromycin selection cassette, 

and culture in the presence of puromycin to generate stable cell lines. 

Expression of the shRNAs was induced using 100 ng/mL of doxycycline 

after culturing the cells for 72 hours, and knock-down efficacy was also 

validated by RT-qPCR and WB (Figure 25C-D).  

 
Figure 25. Knockdown of MED3L and RERE by small interfering RNA (siRNA) and by 
inducible short harpin RNA (shRNA) in the A673 cell line. A) Validation by RT-qPCR of 
MED13L and RERE depletion by siRNA using three different sequences for each target. 
Values were normalized to Actin B. B) WB validation of MED13L and RERE depletion by 
siRNA. Lamin B1 was used as a loading control. C) RT-qPCR validation of MED13L and RERE 
knockdown by inducible shRNA using 100 ng/µL of doxycycline. Values were normalized to 
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Actin B. D) WB showing MED13L and RERE downregulation by inducible shRNA using 100 
ng/µL of doxycycline. Lamin B1 was used as a loading control. 

Once the knockdown approaches were validated, we determined the 

ribosomal RNA levels in A673 cells by inducing depletion of MED13L, RERE 

and EWSR1-FLI1, and in cells transiently oligofected with MED13L and 

RERE siRNA sequence #1. Downregulation of FLI1, MED13L and RERE 

significantly reduced 45S RNA and 5.8S RNA levels in A673 cells (Figure 

26A). In contrast, oligofection of the rhabdomyosarcoma cell line RH4 with 

the same siRNAs for MED13L and RERE did not result in reduced expression 

of these ribosomal subunits (Figure 26B). These results suggest that 

MED13L, RERE and EWSR1-FLI1 regulate the expression of these ribosome 

subunits in Ewing sarcoma.  

 

Figure 26. The expression of ribosomal RNAs depends on MED13L and RERE. A) 45s and 
5.8 ribosomal RNA expression in A673 cells depleted from FLI1, MED13L and RERE. Values 
were normalized to Actin B. B) RT-qPCR of 45s and 5.8s ribosomal RNA in the 
rhabdomyosarcoma cell line RH4 depleted from MED13L and RERE by siRNA. Values were 
normalized to Actin B. Two-way ANOVA was used to analyze differences. Sidak's multiple 
comparisons test was performed to compare expression after FLI1, MED13L and RERE 
knockdowns. ***P value 0.0005, ****P value < 0.0001. 
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3.4. EWSR1-FLI1 binding to U2 chromatin regions but not 

MED13L and RERE result in transcriptional changes 

Other chromatin regions that display enrichment of Mediator, RERE, STAG2 

and EWSR1-FLI1 in tandem peaks of CpG islands is the U2 snRNA locus 

(Figure 27A). U2 is an essential component of the splicing machinery that 

is organized as a nearly perfect tandem array containing 5 to 22 copies of 

a 5.8 kb repeated unit 145. As with ribosomal RNAs, we investigated U2 

expression after MED13L and RERE depletion in A673 cell line by inducing 

the shRNAs with 100 ng/mL of doxycycline, and by siRNAs (Figure 27B). 

We did the same for FLI1 knockdown by inducible shRNA with 1 µg/mL of 

doxycycline in A673 cell line. Although we observed that U2 expression 

tends to decrease upon MED13L and RERE depletions, downregulation 

only reached statistical significance after FLI1 knockdown suggesting that 

the oncogene could be regulating U2 transcription. 
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Figure 27. MED13L and RERE bind to and regulate expression of U2 spliceosome factor. 
A) UCSC Genome Browser ChIP-seq signal tracks for EWSR1 120, H3K27ac, MED1, MED12, 
MED13L, RERE and STAG2 at the snRNA U2 genomic region in chromosome 17 in A673 cell 
line. B) RT-qPCR determination of snRNA U2 expression upon FLI1, MED13L and RERE 
knockdowns in A673 cell line when compared to their control. Values are normalized to 
Actin B. Two-way ANOVA and Sidak's multiple comparisons test were used to analyze 
expression differences. *P value < 0.0314.E-F, EWSR1-FLI1. 

 

3.5. EWSR1-FLI1 is required for MED13L and RERE binding to 
shared chromatin regions 

Our in-silico screening identified MED13L and RERE as super-enhancer 

regulated genes bound by EWSR1-FLI1, and we showed that their 

expression is dependent on oncogene levels. These data suggested that 

EWSR1-FLI1 ensures that the Ewing sarcoma cell produces enough of these 

proteins to mediate its tumorigenic effects. To determine whether the 

oncogene is also required for the recruitment of MED13L and RERE to their 
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co-bound chromatin regions, we performed a ChIP-qPCR experiment using 

the A673 cell line carrying an inducible shFLI1 117. After inducing FLI1 

knockdown with 1 µg/mL of doxycycline for 72 hours, ChIP-qPCR using 

MED13L and RERE antibodies was performed. As shown in Figure 28, 

depletion of EWSR1-FLI1 impaired MED13L and RERE binding to target 

genes, suggesting that the oncogene is required for MED13L and RERE 

binding to the unique chromatin regions where they coincide. 

Furthermore, as RERE lies in a genomic region bound by MED13L and RERE 

but not by the oncogene, the decrease of MED13L and RERE binding after 

FLI1 depletion suggests that the oncogene is also responsible for their 

binding to regions where EWSR1-FLI1 is not present.  

 

Figure 28. EWSR1-FLI1 is necessary for MED13L and RERE binding to their target regions. 
ChIP-qPCR of MED13L (A) and RERE (B) in the A673 cell line bearing the inducible FLI1 
knockdown or the control vector, and treated with 1 µg/mL of doxycycline. Data correspond 
to the enrichment ratio of immunoprecipitated samples relative to input. IgG was used as 
a negative control for each immunoprecipitation and DICER1 was used as control region. 
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4. Mediator and RERE interactions in Ewing 

sarcoma 

4.1. Proteins of the Mediator complex colocalize with EWSR1-
FLI1 

ChIP-seq data showed that the oncogene binds to up to 30 percent of the 

genes to which MED13L and RERE bind, even though they do not share the 

same chromatin binding sites. To investigate the possibility that EWSR1-

FLI1 localizes to nuclear regions near MED13L and RERE either because 

they are in the same chromatin region or because they are in contact 

through chromatin loops, we studied their subcellular distribution by 

immunofluorescence (IF). To overcome the technical limitation due to both 

MED13L and FLI1 antibodies being produced in rabbit, A673 cells were 

transduced with a FLAG-tagged EWSR1-FLI1 in a GFP-bearing lentiviral 

construct (see Materials and Methods section 4.2). Thus, subcellular 

localization of the ectopic oncogene could be detected with a mouse FLAG 

antibody. This approach was validated by IF using confocal microscopy, as 

the signal corresponding to the FLAG-tag oncogene effectively overlapped 

with the endogenous FLI1 in the discrete nuclear domains (Figure 29A). 

Once proper localization of the tagged oncogene was confirmed, FLAG-

EWSR1-FLI1-transduced A673 cells were fixed and subjected to 

immunostaining to simultaneously detect MED13L and FLAG in transfected 

cells (GFP positive) (Figure 29B). Confocal imaging revealed the subcelullar 

localization of MED13L being mainly nuclear, with a small fraction seen in 

the cytoplasm. With respect to the oncogene (FLAG), the subcellular 
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distribution was nuclear, as expected, but the signal was weak, and few 

nuclei had an intensity that would not allow conventional colocalization 

analyses. Therefore, we recorded the intensity histogram of each 

fluorochrome in a selected nuclear region. Plot profiling showed that the 

fluorescent signals of FLAG and MED13L were coincident, suggesting that 

FLAG-EWSR1-FLI1 and MED13L colocalize in discrete nuclear regions 

(Figure 29C). Technical limitations precluded the study of FLAG-EWSR1-

FLI1 colocalization with other Mediator subunits and RERE.  
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Figure 29. MED13L colocalize with FLAG-tagged EWSR1-FLI1. A) EWSR1-FLI1 was Flag-
tagged and cloned into a lentiviral vector with GFP. A673 cells were infected with lentiviral 
FLAG-EWSR1-FLI1 supernatants, and double immunofluorescence (IF) to detect FLAG (blue) 
and FLI1 (red) was performed. Cell nuclei were identified by DAPI staining (grey). GFP 
(green) indicated cells infected with FLAG-EWSR1-FLI1. Scale bar: 10 μm. B) IF detection of 
FLAG (blue) and MED13L (red) in A673 cells expressing FLAG-EWSR1-FLI1-GFP. Cell nuclei, 
in grey. Scale bar: 10μm. C) Plot profile (right) depicting the histogram intensities of 
MED13L (red) and FLAG (blue) in a region of the cell nucleus of an A673 cells expressing 
FLAG-EWSR1FLI1-GFP (left). Obtained with LAS X (Leica) software. Scale bar: 10 μm. 
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4.2. Proteins of the Mediator complex interact with EWSR1-

FLI1 

The subcellular distribution of EWSR1-FLI1 and MED13L suggested that the 

two proteins may physically interact at least in some chromatin regions. To 

investigate this possibility, we performed immunoprecipitation (IP) assays 

in A673 extracts with antibodies for FLI1, MED1, MED12, MED13 and RERE, 

and the interacting proteins were analyzed by WB. MED13L and MED12 

immunocomplexes effectively pulled down endogenous EWSR1-FLI1, 

although MED12 and MED13L could not be detected when the oncogene 

was pulled down with a FLI1 antibody, probably due to steric hindrance 

effects (Figure 30A). To overcome this limitation, we transduced A673 cells 

with the FLAG-tagged oncogene, and cell extracts were 

immunoprecipitated with a FLAG antibody. WB confirmed the presence of 

endogenous MED13L in the FLAG-EWSR1-FLI1 complex (Figure 30B). This 

result reveals a direct interaction of EWSR1-FLI1 with this subunit of the 

kinase module of the Mediator complex. In addition, MED1 was detected 

when MED12 and MED13L were immunoprecipitated, the MED12 subunit 

was observed in immunoprecipitations of MED1 and MED13L and, 

conversely, MED13L was detected in MED12-bound immunocomplexes. 

These results indicate that the Mediator subunits analyzed interact among 

themselves as part of the same complex. 

Unsuccessfully we tried to detect any potential interaction between 

endogenous RERE and the subunits of the Mediator complex or EWSR1-

FLI1, likely due to the limited availability of commercial RERE antibodies. 
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Figure 30. The Mediator complex proteins MED12 and MED13L interact with EWSR1-FLI1. 
A) Equal amounts of A673 cell extracts were immunoprecipitated with antibodies against 
FLI1, MED1, MED12 and MED13L, and bound proteins were detected by WB with the 
indicated antibodies. IgG was used as a negative control. Ten percent of the cell lysates 
were used as input. β-Actin was used as loading control. B) A673 cells were infected with 
lentiviral FLAG-EWSR1-FLI1 supernatants and cell extracts were generated. 
Immunoprecipitations using antibodies against FLAG and MED13L were performed, and 
bound proteins were detected.  

 

4.3. RERE colocalizes with STAG2 in discrete nuclear domains 

As mentioned above, Mediator, RERE and STAG2 bind to overlapping 

chromatin regions. Since technical problems prevented the detection of 

direct interactions between RERE and the other proteins by IP techniques, 

we investigated the subcellular localization of RERE, whose antibody was 

generated in rabbit, and STAG2, detected with a mouse antibody, therefore 

compatible for colocalization studies. Merging images with fluorochromes 

corresponding to cell nucleus (blue), RERE (red) and STAG2 (green) showed 

yellow spots that indicate RERE and STAG2 colocalization in discrete 

nuclear domains (Figure 31A). Confocal quantitation resulted in an Overlap 

Coefficient correlation of 0.77, indicating a less than 290 nm distance 

between the two proteins (Figure 31B). This data suggests that RERE is part 
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of the complex formed by STAG2 in DNA loops linking regulatory regions 

and promoters of target genes.  

Study of the colocalization between STAG2 and the Mediator complex 

subunits MED1, MED12 and MED13L was challenging due to signal 

disbalance. In addition, RERE colocalization with Mediator subunits was 

not feasible since the antibodies for all these proteins were of rabbit origin.  

 

Figure 31. RERE colocalizes with STAG2 in the nucleus of A673 cells. A) IF staining of STAG2 
(green) and RERE (red) in A673 cells. Cell nuclei were stained with DAPI staining (blue). 
Scale bar: 10µm. B) Merged dual IF image detecting STAG2 and RERE (top) and mask image 
(bottom) showing quantification of colocalization by Overlap Coefficient in A673 cells using 
Leica LAS X software. Scale bar: 10µm. Data is represented as mean ± S.E. of 2 fields. 

 

4.4. STAG2 and EWSR1-FLI1 stand in close proximity in the 
nuclei of A673 cells.  

In the literature is described how the Mediator complex forms a DNA-loop 

between gene regulatory regions and promoters with the help of the 

cohesin STAG2 80. In A673 cells, EWSR1-FLI1 cooperates with STAG2 to 
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stablish part of the oncogenic neo-enhancer or super-enhancer-promoter 

structure 146, 147. Altogether, these data suggested that STAG2 and the 

oncogene, if not directly interacting, could stand in close proximity in the 

nuclei of Ewing sarcoma cells. To explore this possibility, subnuclear 

colocalization of STAG2 and EWSR1-FLI1 was studied by IF (Figure 32A). 

Merging of the three fluorochrome signals revealed yellow spots in 

discrete regions corresponding to FLI1 and STAG2 colocalization. Confocal 

quantification of both signals resulted in an Overlap Coefficient of 0.85, 

indicating that FLI1 and STAG2 stand at <290 nm distance (Figure 32B). To 

better characterize this result, we performed Fluorescence Resonance 

Energy Transfer (FRET), which determines the interaction between to 

molecules within several nanometers. FRET is a process by which transfer 

of energy occurs from an excited state fluorophore to a second 

chromophore in close proximity 135. FRET mean efficiency for FLI1 and 

STAG2 interaction was 0.24 (Figure 32C), which states that FLI1 and STAG2 

co-localize at less than 100 Å, a distance close enough for molecular 

interactions to occur.  

Altogether, these data indicate that EWSR1-FLI1 is in the same nuclear 

domains as STAG2, and probably Mediator and RERE, and suggest that the 

interaction between these proteins and the oncoprotein results in the 

formation of DNA loops leading to the approximation of (super)enhancers 

to promoters and thus the transcriptional machinery. 
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Figure 32. STAG2 colocalizes with EWSR1-FLI1 in the A673 nucleus. A) 
Immunofluorescence (IF) detection of STAG2 expression (red) and EWSR1-FLI1 (green) in 
A673 cells. Cell nuclei were identified by DAPI staining (blue). Scale bar: 10µm. B) Merged 
IF image of STAG2 and EWSR1-FLI1 in A673 cells and its corresponding mask image from 
the quantification of STAG2 and FLI1 colocalization by Overlap Coefficient using Leica LAS 
X software. Scale bar: 10µm. Data represent mean ± S.E of 4fields. C) Colocalization analysis 
of STAG2 and EWSR1-FLI1 by fluorescence resonance energy transfer (FRET). Left and 
middle images depict EWSR1-FLI1 and STAG2 before and after photobleaching. Sixteen 
regions of interest (ROI) were analyzed from different cells. FRET efficiencies were 
calculated with Leica LAS X software during STAG2 photobleaching. Data represent mean 
± S.E. 
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5. Transcriptional changes in MED13L- and RERE-

depleted Ewing sarcoma cells  

5.1. MED13L and RERE depletion affects the same subset of 
genes  

To determine the transcriptional changes mediated by MED13L and RERE, 

A673 cells transiently expressing three different siRNA sequences for each 

MED13L and RERE were used as biological replicates, and their RNA was 

purified and sequenced. Bioinformatic analysis identified upregulated and 

downregulated transcripts in MED13L- and RERE-depleted cells when 

compared to their expression in control (siGFP) cells (Figure 33A). The 

number of differentially expressed genes (DEGs) in MED13L-depleted cells 

was slightly higher than that in RERE (4866 vs. 4295, respectively; p <0.05). 

Interestingly, 2766 (60%) of these DEGs were shared by both conditions 

(Figure 33B). These data agreed with ChIP-seq results, in which about 71% 

of MED13L and RERE binding sites overlapped (Figure 20A), suggesting 

that these two proteins share a functional role in Ewing sarcoma. It is 

important to remark that RNA sequencing was conducted using PolyA 

capture methodology, which precludes the detection of non-coding genes 

such as tRNAs, rRNAs or snRNAs, genes the oncogene binds to as shown 

by ChIP-seq. When the transcriptomes of MED13L and RERE knockdown 

cells were independently analyzed using control A673 cells (siGFP) as a 

reference, similar proportions of up- and down-regulated genes were 

observed (Figure 33A), further supporting the shared function of MED13L 

and RERE. 



Results 

133 
 

 

Figure 33. Differentially expressed genes (DEGs) in MED13L- and RERE-depleted A673 
cells by siRNA. A) Descriptive table depicting the number of DEGs in MED13L- and RERE-
depleted A673 cells, identified by RNA-seq. Data represents the mean of three replicates 
corresponding to each siRNA sequence. DEGs were obtained considering the indicated 
bioinformatics parameters. B) Venn diagram showing intersection between DEGs in 
MED13L- and RERE-depleted A673 cells (p val <0.05). DE, differentially expressed; FC, fold 
change.  

Validation of the transcriptional changes was performed by RT-qPCR in 

A673 cells oligofected with three different sequences of siRNA of MED13L 

and RERE (Figure 34).  

 

Figure 34. Transcriptional changes in MED13L- and RERE-depleted A673 cells. Validation 
by RT-qPCR of some of the transcriptional changes identified by RNA-seq in MED13L- or 
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RERE-depleted cells. Values are normalized to GAPDH and Actin B1. Two-way ANOVA and 
Dunnett's multiple comparisons test were used to statistically analyze the differences in 
expression. ****P value< 0.0001, ***P value <0.0005**P value <0.01, and *P value <0.05. 

 

5.2. MED13L and RERE depletion impairs the expression of 
genes involved in RNA metabolism and ribosome function 

DEGs in MED13L- and RERE-depleted cells compared to control cells were 

represented in heatmaps (Figure 35A-B). Gene Set Enrichment Analysis 

(GSEA) revealed that genes downregulated after MED13L depletion 

corresponded to ribonucleoproteins, protein translation and mRNA 

catabolic processes (Figure 35C), whereas RERE downregulation resulted 

in reduced expression of genes involved in mRNA splicing and aerobic 

electron transport chain (Figure 35D). Up-regulated genes in the MED13L 

knockdown condition included genes involved in acid catabolic processes, 

endothelial cells apoptosis and cell adhesion. For RERE-depleted cells, acid 

catabolic processes, intraciliary and microtubules in RERE-depleted cells 

(Figure 35C and 35D, respectively).  
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Figure 35. MED13L and RERE depletion impairs the expression of genes involved in RNA 
metabolism. A-B) Heatmaps depicting changes in gene expression in A673 cells oligofected 
with three different siRNAs for MED13L (A) and RERE (B). Heatmaps display DEGs with an 
adjusted P value < 0.05 and |log FC| > 1 on the logCPM normalized counts. Z-scores are 
shown in the heatmaps. Control and MED13L/RERE replicates are indicated below. C-D) Bar 
plot of top five significantly reduced terms in MED13L (C) and RERE (D) depleted cells (NES 
positive), and top five significantly enhanced terms in MED13L (C) and RERE (D) depleted 
cells (NES negative). Adjusted P value <0.05. FC, Fold change; CPM, counts per million; NES, 
normalized enrichment score. 

Gene concept network representation of the genes that contributed most 

to the enrichment in each category confirmed that the top 5 enriched 

terms for genes whose expression was reduced in MED13L-depleted cells 

were related to mRNA metabolic process, mRNA processing, 

ribonucleoprotein complex biogenesis, ribosome biogenesis and 

ribonucleoprotein complex subunit organization (Figure 36A). For RERE-

depleted cells, RNA splicing and mRNA processing (Figure 36B). The top 

categories for genes induced in MED13L defective cells included 

extracellular structure organization, homophilic cell adhesion via plasma 

membrane adhesion molecule, positive regulation of GTPase activity, 
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regulation of GTPase activity and organic acid catabolic process (Figure 

36C). For RERE-depleted cells, cilium organization, monocarboxylic, 

organic acids, small molecules catabolic processes and protein transport 

along microtubules (Figure 36D). In summary, MED13L and RERE depletion 

resulted in impaired expression of genes involved in RNA metabolism and 

enhanced expression of genes related to cell structure and environment, 

and catabolic metabolism. 
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Figure 36. MED13L and RERE depletion mainly reduce the expression of genes involved 
in splicing. Gene-Concept Networks of the top five significantly downregulated terms in 
MED13L (A) and RERE (B) depleted cells, and upregulated terms in MED13L (C) and RERE 
(D) depleted cells. The subset of represented genes contributing most to the enrichment 
result was ordered by -log(P. value)*significant FC. Thus, in positively enriched gene sets 
(NES > 0) the genes are ordered in decreasing order of importance, and in negatively 
enriched gene sets (NES < 0) in increasing order of importance. FC, fold change; NES, 
normalized enrichment score. 
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To determine whether the transcriptional changes were due to direct 

binding of MED13L or RERE to the corresponding gene regions, RNA-seq 

and ChIP-seq data were intersected. This overlap revealed binding of 

MED13L and RERE to the genomic regions of 8-12% of upregulated and 

downregulated DEGs in MED13L- and RERE-depleted cells (Figure 37A). GO 

analysis of directly regulated genes showed that upregulated genes in 

MED13L- and RERE-depleted cells are involved in the organization of the 

cytoskeleton and cellular components, whereas downregulated genes 

participate in mRNA metabolic processes (Figure 37B). Thus, the 

functionality of genes directly regulated by MED13L and RERE is like that 

of global DEGs identified by RNA-seq. As indicated above, the number of 

DEGs directly regulated by MED13L and RERE is possibly underestimated, 

because of the limitation of RNA-seq to detect only changes in protein-

coding genes.  
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Figure 37. RNA-seq and ChIP-seq data integration. A) Venn diagrams depicting the overlap 
between genes associated to a ChIP-seq peak of MED13L or RERE and the upregulated or 
downregulated DEGs after MED13L and RERE siRNA knockdown. B) Bar plots showing 
statistically significant biological process categories from Gene Ontology (GO) analysis of 
the genes bound by MED13L or RERE and EWSR1-FLI1   in A673 cells with adjusted P value 
<0.05. Analysis was performed with gProfiler online database 144 
(https://biit.cs.ut.ee/gprofiler/gost).  

 

 

https://biit.cs.ut.ee/gprofiler/gost
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5.3. Expression of spliceosome factors is dependent on 

MED13L and RERE levels 

MED13L- and RERE-depleted cells were defective in the expression of 

genes involved in mRNA metabolism (see above). GSEA from our RNA-seq 

data revealed an impoverishment in genes belonging to the biological 

process category of regulation of RNA splicing (Figure 38A). These effects 

were validated for selected genes by RT-qPCR and WB (Figures 38B and 

38C, respectively).  

 

Figure 38. MED13L and RERE depletion affects the expression of splicing factors. A) Heat 
map depicting significant expression changes of GSEA genes corresponding to regulation of 
mRNA splicing induced by RERE and MED13L knockdown by siRNA in the A673 cell line. B) 
mRNA levels of different splicing factors after MED13L and RERE depletion by siRNA in the 
A673 cell line. Values were normalized to GAPDH. Statistical test to study significant 
differences was performed with two-way ANOVA and Dunnett's multiple comparisons test. 
****P value< 0.0001, **P value <0.01, and *P value <0.05. C) Western blot showing the 
changes in protein expression of splicing factors after MED13L and RERE knockdown using 
three different siRNA sequences in A673 cells. Lamin B1 was used as a loading control.  
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6. MED13L and RERE regulate the alternative 

splicing machinery 

6.1. MED13L and RERE depletion favors long exon inclusion in 
genes involved in chromatin organization and cell cycle 

Alternative splicing (AS) generates transcriptomic complexity through 

differential selection of cassette alternative exons, alternative 5′ and 3′ 

splice sites, mutually exclusive exons, and alternative intron retention 106. 

To better explore the role of MED13L and RERE in splicing, we carried out 

an analysis of the RNA-seq data using the pipeline VAST-TOOLS 131 (see 

Materials and Methods, 7.5 section). Public RNA-seq database including 

EWSR1-FLI1 esiRNA in A673 cell line was analyzed 134. The events 

differentially occurring in each condition (control vs. MED13L-, RERE-, or 

EWSR1-FLI1-knockdown) were quantified according to the percent spliced-

in (PSI). The number of events assessed in total (total EV) and events with 

a dPSI≥15 (total AS) was also categorized (Figure 39A). Classification of 

splicing categories revealed that both MED13L and RERE knockdown 

specifically increased events belonging to the category of longer 

alternative exons and had limited effects on other splicing categories. As 

described with ChIP-seq and RNA-seq data, we observed an overlap 

between the splicing regulation profiles in MED13L- and RERE-depleted 

cells. Events comprising alternative exons, intron retention and alternative 

3’ splice site regulated by MED13L and RERE overlapped significantly (R > 

0.9), whereas alternative 5’ splice sites exhibited weaker overlapping 

(Figure 39B). The splicing profiles in MED13L- and RERE-depleted cells 

were different from those of EWSR1-FLI1, whose downregulation did not 
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affect particular categories of splicing, suggesting that the oncogene would 

specifically regulate one type of splicing through the action of MED13L and 

RERE (Figure 39A, and data not shown). In addition, in accordance with the 

higher number of alternatively spliced long exons, most of the events 

evaluated after MED13L and RERE knockdown correspond specifically to 

exon inclusion in both conditions (Figure 39C). 

 

Figure 39. MED13L and RERE depletion promote inclusion of long exons. A) Summary of 
the VAST-TOOLS output comparing three controls (siControl) vs. three knockdown samples 
(siMED13L, siRERE and esiEWSR1-FLI1 134). The events were classified as microexons, longer 
alternative exons, intron retention, alternative 3’ splice site (or alt. acceptor) and 
alternative 5’ splice site (alt. donor) events. For each category, the number of events higher 
in control, higher upon knockdown, the number of events assessed in total (total EV), and 
events with differential percent spliced-in index (dPSI) ≥15 (total AS) are shown. B) Linear 
plot displaying the correlation between dPSI of genes affected by MED13L and RERE 
knockdown considering the four splicing datasets. C) Bar plot depicting the percentage of 
events related to exclusion versus inclusion upon MED13L and RERE knockdown by siRNA 
in A673 cells. AS, alternative spliced; EV, events; dPSI, delta percent-spliced-in. 

Alternative splicing alterations in the form of inclusion of exons lead to 

larger mRNA isoforms. Inversely, when exons are skipped, they result in 

shorter isoforms. To validate the splicing profile originated due to MED13L 

and RERE depletion by siRNA, mRNA isoforms of some genes were 

analyzed by PCR and ran in agarose or polyacrylamide gels (see Materials 
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and Methods, 7.2 section). The splicing profile of some of the affected 

genes was determined in A673 cells. APAF1, BRD8, EZH2, and U2SURP 

transcripts underwent exon inclusion after MED13L and RERE depletion 

(Figure 40). On the contrary, the larger exons of BIN1, CLASP1, MICAL3, 

and SOX2 were excluded and smaller transcripts increased (Figure 40).  

 

Figure 40. Alternative splicing profile changes upon MED13L and RERE knockdown by 
siRNA. Validation by PCR of alternative splicing changes in selected genes induced by 
MED3L and RERE depletion by siRNA in Ewing Sarcoma A673 cell line. Sequence #1 for 
MED13L and RERE siRNA knockdown was used to perform these experiments.  

To elucidate which pathways were affected by alternatively spliced genes 

in MED13L- and RERE-depleted cells, we conducted Gene Ontology 

analysis. In the MED13L and RERE knockdown conditions, the main 

categories included chromosome and chromatin organization, histone 

modifications, organelle regulation and cell cycle process, and in RERE-

depleted cells also macro autophagy (Figure 41A-B). These results indicate 

that both MED13L and RERE regulate splicing of a specific subset of genes 

that influence general cellular functions. Ontology analysis of genes whose 
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splicing was affected by EWSR1-FLI1 silencing included DNA repair, 

cytoskeleton organization, histone modification, neuronal development 

and protein modification by conjugation or removal of small proteins 

(Figure 41C). Therefore, splicing regulation by MED13L and RERE would be 

different from that of EWSR1-FLI1. The oncogene regulated splicing would 

affect genes with a wide range of functions, whereas MED13L and RERE 

controlled splicing would specifically regulate chromatin organization and 

the cell cycle. 

 

Figure 41. MED13L and RERE knockdown affects the splicing of genes involved in 
chromosome organization and cell cycle. GO biological process categories for 1191 genes 
associated to AS events induced by siRNA MED13L knockdown (A), 1162 genes associated 
to AS events induced by RERE knockdown by siRNA (B) and 846 genes with altered splicing 
due to EWSR1-FLI1 siRNA 134. (C). Analyses were performed with the TopGene online 
database 148 (https://toppgene.cchmc.org/). GO, gene ontology.  

 

6.2. Molecular mechanisms involved in AS in MED13L- and 
RERE-depleted cells 

Transcription by RNA polymerase II gives rise to all nuclear protein-coding 

mRNAs and a large set of non-coding RNAs, and is strictly regulated and 
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coordinated by RNA maturation processes, including splicing 149. To 

investigate the possibility that MED13L and RERE directly binds to the 

genomic regions affected by co-transcriptionally regulated AS, we crossed 

the coordinates of the regulated events with the binding sites of MED13L 

and RERE, previously determined by ChIP-seq. We found that only two of 

about 1500 regulated events had binding of MED13L and RERE in the same 

coordinate of the splicing event. Furthermore, only sixty-six MED13L and 

RERE binding sites corresponded to genes displaying an altered splicing 

profile (data not shown). These data indicates that the effects of MED13L- 

and RERE-depleted cells on AS might be mediated by splicing factors and 

not directly, co-transcriptionally regulated.  

To assess this hypothesis, we generated lists of splicing 150 and spliceosome 

regulatory genes 151 from public databases. RNA-seq data from MED13L- 

and RERE-depleted cells were interrogated to identify AS factors whose 

expression was directly regulated by MED13L and RERE. 24-22% of splicing 

regulators were DEGs in MED13L- and RERE-depleted cells, while 13-15% 

of spliceosome genes were DEGs in cells with MED13L and RERE 

knockdowns (Figure 42A-B). Among the genes to which MED13L and RERE 

bind, only 5% were splicing factors and, of these, 2% were differentially 

expressed in cells expressing MED13L and RERE knockdowns (Figure 42A-

B). In contrast, 39% of the AS regulatory network genes were found to be 

direct EWSR1-FLI1 targets, along with enrichment of the oncogene in 29% 

of spliceosome components (Figure 42C). These data indicate that the 

effects of MED13L and RERE depletion in AS are mediated by the controlled 

expression of splicing factors. This is consistent with GSEA from the RNA-

seq showing regulation of mRNA splicing and the binding of MED13L and 

RERE to genes involved in mRNA metabolism that are transcriptionally 
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altered (Figure 35-38). Instead, EWSR1-FLI1 regulation of splicing is 

accomplished through binding to the splicing network.  

 

Figure 42. MED13L and RERE depletion affects the expression of AS regulatory genes and 
spliceosome components. Venn Diagrams displaying the overlap between AS regulatory 
network genes (left) and core spliceosome genes (right) with DEGs in MED13L (A) and RERE 
(B) depleted cells identified by RNA-seq and ChIP-seq annotated genes for MED13L (A), 
RERE (B) and EWSR1-FLI1 (C) in A673 cells. AS regulatory genes were obtained from Han et 
al., (2017) 151 and core splicesome genes from Wahl and Lührmann (2015) 150. AS, 
alternative splicing. 
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6.3. Global impact of AS events in MED13L- and RERE-

depleted cells on protein-coding features 

To determine the impact of the AS events on protein diversity due to 

MED13L and RERE depletion, we used the VastDB protein impact database 

(https://vastdb.crg.eu). AS events were classified as exon inclusion or 

skipping and effects were grouped as generation of alternative 3’ or 5´ 

untranslated region (UTR), alternative protein isoforms, uncertain impact 

with changes in the coding sequence (CDS), open reading frame (ORF) 

disruption, protein isoforms when splice site is used, and non-coding 

isoforms. Prediction of the effects due to inclusion and skipping events 

favored by MED13L and RERE knockdowns involved alternative protein 

isoforms and ORF disruption (Figure 43). Hence, MED13L and RERE would 

mediate AS events that will end up in the formation of new protein 

isoforms that might contribute to Ewing sarcoma tumorigenesis.  

 

Figure 43. Prediction of AS impact in MED13L- and RERE-depleted cells on protein-coding 
features. Bar plots representing the prediction of the percentage of incidence of the protein 
impact caused by AS changes in exon inclusion and skipping after MED13L (A and B, 
respectively) and RERE (C and D, respectively) depletion by siRNA in A673 cells. Protein 

https://vastdb.crg.eu/
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impact dataset was downloaded from VastDB online database (https://vastdb.crg.eu/). 
CDS, coding sequence; ORF, open reading frame; UTR, untranslated region. 

 

7. AS-based vulnerabilities in Ewing Sarcoma 

7.1. Splicing inhibitor Pladienolide B  

Direct regulation of MED13L and RERE expression by the oncogene 

suggested that tight control of AS is critical in Ewing sarcoma. Pladienolide 

B is a splicing inhibitor that targets the spliceosome factor SF3B1, 

preventing U2 assembly into the splicing stie since it stabilizes U2 in the 

BPS 107, 152, 153. To assess splicing related vulnerabilities, we used 

Pladienolide B inhibiting U2 function as the main splicing factor and a 

target of EWSR1-FLI1, MED13L and RERE. We determined the IC50 in Ewing 

sarcoma cell lines A673, A4573, SKES1, and TC71, and other tumor types 

cell lines to test the specificity and sensitivity. Cell viability assays indicated 

that Ewing sarcoma cell lines were more sensitive to Pladienolide B 

treatment compared to any other cell lines tested (Figure 44).  

 

Figure 44. Ewing sarcoma cell lines are more sensitive to Pladienolide B inhibitor. Cell 
viability and IC50 calculation for the cell lines A673, A4573, SKES1 and TC71 (Ewing 
sarcoma), RH4, RD (rhabdomyosarcoma), SK-N-SH (neuroblastoma), HeLa (cervix cancer), 
CaCo2 (colon cancer) and MCF7 (breast cancer) with different concentrations of 

https://vastdb.crg.eu/
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Pladienolide B after 72 hours. Ordinary one-way ANOVA and Dunnett's multiple 
comparisons test were used to compare treatment differences between A673 and the 
other cell lines. ****P value <0.0001, **P value 0.088, *P value 0.0374.  

 

7.2. Effect of Pladienolide B on MED13L- and RERE-depleted 
cells  

To corroborate MED13L and RERE role in splicing regulation, A673 cells 

expressing inducible shRNAs for MED13L or RERE were treated with 

Pladienolide B for 72h. Since splicing is an essential mechanism for all the 

cells, low doses of the splicing inhibitor were used for the experiment as 

the inhibitory effect of high doses would mask the knockdown effect. We 

observed that control cells were significantly more sensitive than MED13L- 

and RERE-depleted cells (Figure 45) suggesting that MED13L and RERE 

drive splicing in the A673 cell line.  

 

Figure 45. MED13L and RERE depletion decreases Pladienolide B inhibitory effect.  
Calculation of cell viability of A673 cell line after MED13L (shMED13L) and RERE (shRERE) 
inducible knockdown with 100 ng/mL of doxycycline, as compared to shControl with 
different Pladienolide B concentrations. Cells were treated for 72 hours. Two-way ANOVA 
and Dunnett's multiple comparisons test were used to compare treatment differences upon 
MED13L and RERE depletion. ****P value <0.0001. 

 



Results 

150 
 

7.3. Treatment with Pladienolide B in combination with CDK8 

inhibitor BRD6989 

Pladienolide B derivatives have been tested in clinical trials. Although 

treatment with these inhibitors affected splicing in tumors, no therapeutic 

advantages were observed. In addition, ocular toxicities appeared in some 

cases 152, 154, 155. Considering this, we sought to find combined treatments. 

As MED13L is part of the Mediator kinase module, we used BRD6989, an 

analog of cortistatin A which is the natural inhibitor of the CDK8 Mediator 

kinase 156. Ewing sarcoma and other pediatric and adult cancer cell lines 

were treated for 72 hours with increasing doses of Pladienolide B from 

0.01 to 100 nM. Since BRD6989 has low solubility, ultrasonication and high 

DMSO amounts were required causing an impact on cell viability. 

Therefore, combination experiments were designed to test different 

concentrations of Pladienolide and a fixed concentration of BRD6989 of 5 

µM. Cell viability assays showed that the combination was more effective 

than Pladienolide B as single therapy in Ewing sarcoma cell lines and in 

HeLa and MCF7 cell lines. In the case of the rhabdomyosarcoma cell lines 

RH4 and RD, the combination was not more effective than single 

Pladienolide B treatment. Nevertheless, sensitivity was higher for the 

Ewing sarcoma cell lines A673 and SKES1 (Figure 46). CompuSyn software 

analysis revealed that combination of Pladienolide B and BRD6989 was 

synergistic in A673 and in MCF7 cell lines (data not shown). 
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Figure 46. Ewing sarcoma sensitivity to Pladienolide B treatment in combination with 
BRD6989. Cell viability and IC50 calculation for the cell lines A673, SKES1, RH4, RD, HeLa 
and MCF7 with different concentrations of Pladienolide B inhibitor (black) and with 
Pladienolide B in combination with 5 µM of BRD6989 (blue) after 72 hours. IC50 values are 
indicated for each treatment.
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1. MED13L and RERE expression in Ewing 

sarcoma 

EWSR1-FLI1 is, in most cases, the only genetic alteration found in Ewing 

sarcoma tumors since they have a low mutation rate (0.15 

mutations/megabase) 37. Considering this and the activating and 

repressing transcriptional abilities of the oncogene, it is widely assumed 

that the oncogene is the sole responsible for tumorigenesis by epigenetic 

deregulation in the right cellular context 29,85, 86, 94. Changes in histone 

modifications and recruitment of diverse proteins orchestrated by the 

oncogene contribute to alter the chromatin conformation to generate de 

novo enhancers and super-enhancers. As in many other types of tumors, 

super-enhancers regulate the expression of important genes for cell state 

maintenance and tumorigenesis 73, 74, 86. In this project, we have identified 

MED13L and RERE as EWSR1-FLI1 super-enhancer-regulated targets in the 

A673 cell line 86, which are differentially expressed in Ewing sarcoma.  

MED13L is a subunit of the kinase module of the Mediator complex, which 

acts as a coordinator of cell lineage specificity by interacting with master 

transcription factors that will regulate gene expression 88-90. In the case of 

RERE, the phenotypic similarities of patients with RERE and CHD7 

deficiencies 141, 142, 143 prompted us to consider that RERE might also be part 

of the complex of DNA loops formed between regulatory regions and their 

target genes. Thus, RERE would have a role in transcription regulation and 

chromatin architecture.  
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Significant enrichment of chromatin regulators and cofactors associated 

to RNA pol II in super-enhancer regions leads to high expression of 

associated genes 74. For instance, super-enhancer-regulated genes such as 

MEIS1 or CCND1 are highly expressed in Ewing sarcoma 95, 96. According to 

the DepMap database (https://depmap.org/portal/), which collects gene 

expression at the mRNA level in hundreds of tumor cell lines, RERE is 

significantly overexpressed in Ewing sarcoma cell lines, but MED13L 

expression is like other cancer cell lines. Mediator is found in all eukaryotic 

cells and plays an essential role in a plethora of complex chromatin 

functions. However, Mediator subunits may have altered expression 

patterns in many types of cancer 157. This fact could explain why MED13L 

mRNA levels were similar to those of other tumors. For instance, in non-

small-cell lung cancer, MED13L was more expressed than in normal lung 

tissue 138 and, in colon cancer cell lines, MED13L has been reported to be 

required for expression of cancer-associated super-enhancer genes 158. 

Another explanation could be that, due to the experimental culture 

conditions, tumor cell lines are artificially enriched in cancer stem cells, in 

which the role of Mediator would be particularly important for aberrant 

expression of lineage master genes. Nevertheless, immunohistochemistry 

of primary Ewing sarcoma tumors showed that MED13L and RERE were 

differentially expressed compared to other pediatric tumors.  

RERE mRNA and protein levels, but not MED12 levels, were dependent on 

EWSR1-FLI1 expression, indicating the specificity of transcriptional 

regulation by EWSR1-FLI1 of this gene. In contrast, while MED13L protein 

levels were effectively lowered, MED13L mRNA levels were not altered 

when the oncogene levels were reduced. This apparent inconsistency 

between MED13L mRNA and protein levels suggests MED13L post-
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translational regulation by EWSR1-FLI1. Possibly by altering transcription-

associated MED13L splicing, which generates diverse mRNA species with 

different translational efficiencies. Also, microRNAs regulated by the 

oncogene could be interfering in MED13L translation, similarly to miR-30 

interacting with the 3’UTR region of CD99 to regulate its protein expression 

but not the mRNA levels 159. In any case, our findings suggest a role of the 

two super-enhancer-regulated genes MED13L and RERE in Ewing sarcoma 

tumorigenesis.  

 

2. Chromatin regions bound by MED13L and 

RERE 

As mentioned previously, the Mediator complex functions as a dynamic 

bridge to bind enhancers and super-enhancers to promoters of target 

genes forming DNA loops 71, 73, 74, 77, 79, 80. The chromatin remodeler CHD7 

has been shown to interact with p300 and to localize to distal genomic 

regions corresponding to enhancers 160. Considering the overlapping 

phenotype of individuals with deficiencies in CHD7 and RERE, we expected 

RERE to be found in similar chromatin regions. In addition, a role for RERE 

in chromatin regulation has been previously described, recruiting histone 

deacetylases HDAC 1 and 2 and histone methyltransferase G9a through 

their ELM2/SANT domains 161, 162. Our ChIP-seq results demonstrate that 

the Mediator complex and RERE bind to genome-wide overlapping regions 

in A673 cells. The peaks corresponded mainly to distal intergenic regions 

and transcription-associated chromatin states in H1 cells. The relationship 
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of RERE with the Mediator complex has not previously been described in 

Ewing sarcoma, nor in any other cellular context. 

The architecture of DNA loops formed in chromatin is arranged by 

Mediator binding to cohesin proteins such as STAG2 80. We observed that 

most STAG2-binding regions were also enriched in MED13L and RERE. In 

addition, STAG2 was, similarly to MED13L and RERE, enriched in distal 

intergenic regions and transcription-associated chromatin states. This 

suggested that MED13L, RERE and STAG2 might be regulating the same 

chromatin functions. In contrast, we observed that the genomic 

distribution of MED12 and the associated chromatin states were different 

from those of MED1 and MED13L. Although Mediator complex is 

conserved in eukaryotes and mainly functions as a transcription 

coordinator, subunits composition and functions can differ depending on 

the cell context 71, 72, 75, 76. For instance, MED23 is involved in insulin-

signaling by inducing RAS-MAPK-dependent pathways, while MED1, 

MED15 and MED23 have been reported to be involved in lipid metabolism. 

Both MED12 and MED13L are part of the kinase module of Mediator, 

which has been implicated in different developmental pathways75. MED12 

is required for the activation of super-enhancer genes in colon cancer 158 

and in mouse ESC (mESC) 83. In the latter, MED12 induces super-enhancer 

pluripotency genes by promoting a DNA loop due to the interaction with 

the cohesin loading factor NIPBL 80, 83 and by stabilizing p300 binding 

leading to an enrichment in histone H3K27ac at specific enhancers 83. The 

same function has been reported for MED13L in non-small-cell lung cancer 

and colon cancer cell lines, where is required for p300 to stablish H3K27ac 

marks and enable the expression of super-enhancer genes 138, 158. In 

contrast, in mouse hematopoietic stem cells, MED12 activation of super-
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enhancers was independent of MED13 activity, indicating that although 

both subunits are part of the kinase module, they do not consistently 

operate as a single unit 83. In line with this, our ChIP-seq results indicate a 

different role for MED13L and RERE in Ewing sarcoma, as supported by 

their genomic distribution and regulation by EWSR1-FLI1. 

Genome-wide analysis of the DNA binding motifs for MED13L, RERE and 

STAG2 showed enrichment in CA microsatellites. Microsatellites represent 

3% of the human genome, with dinucleotides repeats being the most 

frequent. Among them, CA repeats present with length polymorphisms 

and are the most recurrent followed by AT, GA and GC 163. CA 

microsatellites participate in the modulation of gene expression by 

stablishing a Z-DNA (left-handed DNA) conformation. For instance, the 

expression of IFN-γ, EGFR or HSD11B2 depends on CA repeats 

polymorphisms 164. Hui et al. demonstrated that CA microsatellites 

enhance intron splicing through length-dependent binding of the splicing 

factor hnRNP-L to genes with CA-rich enhancers such as eNOS 165. Our 

findings show that MED13L and RERE binding to genes of the splicing 

machinery could not account for the observed alterations in the AS pattern 

(~10% and ~7% of MED13L and RERE ChIP-seq targets correspond to 

spliceosome components or splicing regulators, respectively). Considering 

the role of CA microsatellites in splicing regulation, the enrichment of 

MED13L and RERE binding in these repeat elements could explain, in part, 

the regulation of the splicing machinery by MED13L and RERE. To address 

this issue, experiments to document changes in the AS pattern using 

different lengths of CA repeats in spliceosome genes bound by MED13L 

and RERE should be performed.  
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3. Chromatin regions enriched in MED13L, RERE 

and EWSR1-FLI1 

It is well established that EWSR1-FLI1 binding sites correspond to 

enhancer, super-enhancer and promoter regions enriched in single or 

repeat GGAA motifs 85, 86. DNA-loops formed through Mediator connect 

the cis-regulatory regions and their target promoters and require the 

interaction with components of the cohesin complex such as STAG2 80. 

Adane et al. 146 and Surdez et al. 147 described that STAG2 loss of function, 

which is present in 15 to 20% of patients 31, 34, 37, induces a chromatin 

rewiring by promoting anchored chromatin extrusion at CTCF loop 

boundaries. These STAG2 knockout studies in Ewing sarcoma cell lines 

showed how enhancer-promoter interactions were disrupted, inducing a 

different EWSR1-FLI1 transcriptome that prompted metastatic features. 

Our ChIP-seq experiments revealed EWSR1-FLI1 overlapping in discrete 

regions with MED13L, RERE and STAG2. In contrast, ~35% of genes with a 

peak associated with MED13L, RERE, or STAG2 were shared with a gene 

associated to an EWSR1-FLI1 peak. Furthermore, immunoprecipitation and 

immunofluorescence analyses showed that EWSR1-FLI1 interacts with 

STAG2 and MED13L and co-localizes in the same regions. In addition, 

overlapping co-localization of RERE and STAG2 could be detected in the 

nuclei of A673 cells. Taken together, our results strongly suggest the 

participation of MED13L, RERE and STAG2 in the EWSR1-FLI1 regulatory 

elements and their target promoters in Ewing sarcoma. To test this 

possibility, 3D chromatin conformation experiments are planned to 
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decipher the role of MED13L and RERE in the chromatin architecture of 

Ewing sarcoma and their relationship with STAG2.  

To improve our understanding of the role of MED13L and RERE in Ewing 

sarcoma, we examined the discrete regions of overlap between EWSR1-

FLI1 and MED13L and RERE. Our data indicate that these regions 

correspond to CpG islands and most of them display peaks in tandem and 

encode ncRNAs. Annotation and mapping of tandemly repeated genomic 

elements, such as rRNAs or alpha satellites, by high-throughput 

sequencing methods are challenging tasks. These regions denominated 

“dark” or “black” may harbor signal enrichments due to genomic 

amplification, which could result in inaccurate data analysis 166. However, 

the tandem regions detected in our analysis did not correspond to black 

regions annotated in the blacklist of the ENCODE project, except for a few 

regions of ribosomal subunits. These results indicate that genomic regions 

enriched with overlapping EWSR1-FLI1, MED13L and RERE were accurately 

determined. 

CpG islands are usually devoid of DNA methylation, constituting 

transcriptionally active regions in promoters 64. In vertebrate cells, 

approximately 70% of the annotated coding gene promoters are in these 

guanine- and cytosine-rich sites, making these regions sites of 

transcriptional initiation. Apart from this, CpG islands are also found in 

distant regions from annotated transcription start sites. For example, 

transcription of the ncRNA AIRr starts in an intragenic CpG island. In the 

same way, the non-coding transcript KCNQ1OT1 is transcribed in a CpG 

island found in intron 10 of KCNQ1. Therefore, CpG islands can be found 

initiating the transcription of ncRNA 64. In agreement with this, binding of 

EWSR1-FLI1, MED13L and RERE in CpG-rich sites could be potentially 
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activating the expression of important ncRNAs for tumorigenesis. This 

possibility is supported by the enrichment in H3K27ac of these regions, 

which would be associated with their transcriptional activation. In this 

regard, our results point to an EWSR1-FLI1-orchestrated regulation of non-

coding regions that involves Mediator and RERE. Since we performed RNA-

seq after MED13L and RERE depletion using PolyA capture methodology, 

which allows the detection of coding mRNAs but not ncRNAs, we do not 

know whether MED13L or RERE affect their expression levels. ChIP 

detection of RNA polymerase I, II and III in these regions and sequencing 

of bulk RNA might be useful to better characterize the transcriptional 

changes of non-protein coding genes upon MED13L and RERE depletion.  

Some of the non-coding protein genomic regions characterized by tandem 

peaks of Mediator, RERE, STAG2 and the oncogene include the tRNA loci 

and the genomic regions coding the ribosomal subunits RNA5S and RNA5-

8S. Control of translation is the last layer of regulation of gene expression. 

Since proteins are crucial for all biological functions such as cell 

homeostasis, survival or differentiation, their synthesis must be fine-tuned 

to obtain the accurate levels in the precise context. The number of active 

ribosomes depends on the number of mRNAs, the mRNA coding length, 

the rate of ribosome attachment to the mRNA and the rate of elongation. 

All these processes will determine the protein synthesis rate and can be 

modified according to the cell needs 167. Cancer cells take advantage of this 

regulatory mechanism to increase their aberrant proliferation. Therefore, 

the levels of the mRNAs used as template for protein synthesis, tRNAs, 

ribosomes, microRNAs and mRNA interacting proteins can be altered in 

cancer. For instance, altered levels of translation initiation factors such as 

eIF3 and eIF4E have been reported in lung and prostate cancer, 
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respectively 168. Dysregulation of ribosome biogenesis in cancer not only 

increases protein levels required to meet high metabolic demands, but 

also facilitates cancer progression by maintaining stem-cell features. 

Indeed, increased rRNA production by the MYC oncogene is necessary for 

tumor progression in mouse models of B-cell tumors induced by this 

oncogene 169. In addition, augmented pre-rRNA expression was observed 

in alveolar rhabdomyosarcoma 170. In relation to the Mediator complex, it 

has been reported that the MED17 subunit (of the head module) interacts 

with RNA polymerases pol I and III, which transcribe ribosome subunits 

and tRNAs 72. Interestingly, CHD7, the protein whose deficiency causes a 

RERE-like phenotype, is found at rRNA transcription sites in the nucleoli in 

the colorectal cancer cell line DLD1. Furthermore, this chromatin 

remodeler binds to demethylated regions of rRNA chromatin, indicating its 

direct regulation of rRNA transcription 171. These results, together with our 

ChIP-seq data and the observed downregulation of genes involved in the 

ribonucleoprotein complex and ribosome biogenesis after MED13L 

depletion, demonstrate that MED13L and RERE are contributing to the 

translational rewiring that confers an advantage for Ewing sarcoma 

tumorigenesis. 

The most significant binding motif of EWSR1-FLI1 is the GGAA 

microsatellite repeats 92. However, the MED13L regions that overlap with 

the oncogene showed enrichment in IRF7 and FLI1 binding motifs. In the 

case of RERE, the binding sites shared with EWSR1-FLI1 were enriched in 

SP2 and SP3 binding motifs. Notably, IRF7, SP2 and SP3 were identified as 

part of the Ewing sarcoma regulatory network according to two expression 

arrays including 117 and 85 patient samples, respectively 172. This 

variability in the binding motifs enriched in regions shared with the 
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oncogene and MED13L and RERE prompts us to hypothesize that Mediator 

and RERE would have functions at these discrete genomic sites other than 

transcriptional activation. However, the involvement of STAG2 in these 

regions needs to be clarified, as it also binds to regions enriched in EWSR1-

FLI1, MED13L and RERE.  

 

4. Functional effects induced by MED13L and 

RERE 

In this work, siRNA and shRNA methodologies were employed to analyze 

the functional effects of MED13L and RERE. Even though protein 

expression was reduced after MED13L-induced knockdown, mRNA was 

not altered. Our results suggest that MED13L shRNA may be preventing 

translation by inhibiting mRNA entry into the ribosome. In addition, as cells 

were collected 72 hours after knockdown induction, mRNA levels might be 

restored to increase transcription due to the importance of the gene for 

cell function. Despite numerous attempts, MED13L and RERE knockouts 

could not be achieved in the A673 cell line using CRISPR-Cas9. Therefore, 

we were unable to validate in MED13L and RERE knockout cells the 

functional effects identified by shRNA and siRNA technologies. This failure 

might be attributed to technical limitations or to the possibility that these 

genes are essential for cell viability. Our ChIP-seq data show that most 

Mediator subunits overlap in the same genomic regions, except for MED12 

binding, which exhibits a more extensive chromatin distribution in addition 

to the regions shared with MED13L. Although only MED13L and RERE are 
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regulated by EWSR1-FLI1, our data suggest a redundancy of Mediator 

subunits in bound chromatin regions, making the dependence on MED13L 

and RERE for cell viability in Ewing sarcoma unlikely. Therefore, new 

approaches with alternative methodologies to generate knockouts are 

needed. 

MED13L and RERE depletion by shRNA and siRNA technologies resulted in 

impaired expression of proteins involved in RNA metabolism, and 

specifically of proteins of the alternative splicing machinery. Alternative 

splicing alterations have been described in many types of cancer. Different 

cancer-related mechanisms, such as nonsense-mediated mRNA decay, 

non-coding RNAs or aberrant post-translational modifications can alter 

splicing. Therefore, they cause modifications in the function or localization 

of splicing factors, alterations in the downstream targets of the splicing 

factors and changes in mRNA isoforms that will facilitate tumor initiation 

and progression. Indeed, transcription of the splicing factors can be 

modified in cancer cells 107. It is well known that EWSR1-FLI1 plays a role in 

alternative splicing by interacting with the splicing machinery, and 

regulates the splicing of many genes that are important for 

tumorigenesis29, 114, 115. Mediator complex is also involved in the regulation 

of alternative splicing in other cellular contexts 71, 72. Our data show that 

EWSR1-FLI1, Mediator and RERE bind to tandemly arrayed chromatin 

regions corresponding to the leading splicing factor U2, and EWSR1-FLI1 

regulates U2 expression. We have shown that the expression of 

spliceosome components and regulators is deregulated by MED13L and 

RERE depletion, leading to the splicing pattern in the A673 cell line. 

Importantly, our bioinformatics analysis revealed that the alternative 

splicing profile induced by EWSR1-FLI1 differed from that regulated by 
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MED13L and RERE. Overall, our data suggest that the oncogene elicits a 

broader regulation of alternative splicing and, by regulating MED13L and 

RERE expression, specifically controls one type of splicing in specific 

subsets of genes. Therefore, in accordance with other groups that have 

previously suggested the presence of transcription factors that could be 

managing the utilization of specific splice sites 38, 116, we propose MED13L 

and RERE as mediators of some of the aberrant alternative splicing events 

observed in Ewing sarcoma. 

 

5. Alternative splicing-related vulnerabilities in 

Ewing sarcoma  

Sustained expression of genes regulated by super-enhancers is relevant to 

maintain essential cell functions that constitute potential therapeutic 

targets. In this regard, it is difficult to translate the treatment of specific 

cancer-related splicing isoforms by RNAi-based approaches to the clinic, 

whereas the treatment of the splicing machinery has emerged as a 

potential new therapeutic strategy. Considering the altered splicing 

patterns observed in many cancers, many different small molecules have 

been developed to block the function of specific splicing proteins. Most of 

them target SF3B1, since this protein complex is involved in each step of 

the way173.  

To assess the vulnerability conferred by aberrant alternative splicing in 

Ewing sarcoma conferred by both the oncogene and MED13L and RERE, 
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we used the splicing inhibitor Pladienolide B. This inhibitor interferes with 

the interaction of SF3B1 with the pre-mRNA, while the synthetic 

Pladienolide B analog E7107 inhibits the ATP-dependent RNA remodeling. 

Both inhibitors alter the recognition of BPS by U2 snRNA, causing a 

different splicing pattern 173. Pladienolide B has been used in vitro and in 

vivo in gastric and cervical cancers and in erythroleukemia 152 and, in 

human cervical carcinoma cells, Pladienolide B induced cell cycle arrest, 

apoptosis and p73 splicing 153. Our work demonstrated the functional 

relevance of splicing regulation in Ewing sarcoma by MED13L and RERE 

with Pladienolide B treatment, as Ewing sarcoma cell lines were more 

sensitive to Pladienolide B compared to any other cell lines tested. 

Furthermore, depletion of MED13L and RERE renders the cells less 

sensitive to the inhibitor. Our results support those of Grohar et al. 174 and 

Laurence et al.180, who demonstrated the higher sensitivity of Ewing 

sarcoma cell lines to Pladienolide B. Grohar et al. 174 observed that 

disruption of the spliceosome machinery led to the formation of differently 

spliced EWSR1-FLI1 transcripts that downregulated the expression of 

classical oncogene target genes. However, they did not inquire into the 

different splicing isoforms of other genes that the inhibitor could be 

hampering to prevent expression of the target genes and tumorigenesis. 

In this respect, a transcriptome analysis to determine splicing alterations 

in MED13L and RERE knockdown cells after Pladienolide B treatment could 

be useful to elucidate changes in mRNA isoforms that impair cell viability.  

The ocular side effects observed in phase I clinical trials with Pladienolide 

B derivatives 152, 154, 155 encouraged us to consider combination treatments 

with Pladienolide B. Lawrence et al. 175 reported that Pladienolide B and its 

derivative E7107 are the splicing inhibitors to which Ewing sarcoma cell 
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lines show the greatest sensitivity, and found a synergistic effect of E7107 

in combination with vincristine which induced enhanced apoptosis and G1 

phase accumulation compared to control cells. Since we have observed the 

involvement of the Mediator kinase module subunit MED3L in splicing 

regulation in Ewing sarcoma, we used BRD6989 to inhibit Mediator kinase 

CDK8 in combination with Pladienolide B. BRD6989 is the analog of 

cortistatin A, a natural compound that was described to inhibit Mediator 

kinases causing the up-regulation of super-enhancer-associated genes 

involved in tumor suppressor and lineage functions in acute myeloid 

leukemia (AML) such as IRF8 or ETV6 156. Our findings indicate that Ewing 

sarcoma cell lines were more sensitive to the combination, which was 

synergistic in the A673 cell line. To further validate the combination of 

Pladienolide B and BRD6989 as a promising new therapeutic strategy in 

Ewing sarcoma, in vivo experiments would be necessary to test the effect 

on tumor volume after single and combined treatments.  

 

6. Thesis main points 

In summary, in this project we have identified MED13L and RERE as direct 

EWSR1-FLI1 target genes, which are differentially expressed in Ewing 

sarcoma. We have demonstrated that the oncogene directly interacts with 

Mediator subunits, and that the oncogene recruits specifically Mediator, 

RERE and STAG2 to specific genomic regions. Besides these chromatin 

regions shared with the oncogene, MED13L, RERE and STAG2 are enriched 

in discrete genomic regions that correspond to CpG islands where they are 

disposed as tandems in non-coding regions. MED13L and RERE depletion 
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results in altered splicing and translational rewiring. In addition to the role 

on splicing regulation, our data suggest that MED13L and RERE would be 

contributing to the DNA-loop formation between neo-enhancers and 

super-enhancers and the promoter of target genes. In these regions, 

where EWSR1-FLI1 is bound to GGAA repeat elements, Mediator would 

facilitate the acquisition of an Ewing sarcoma transcriptome. The role of 

Mediator in Ewing sarcoma would likely be extended to the establishment 

of a particular chromatin conformation, since STAG2 is also present in 

MED13L/RERE-enriched regions. Our future work will focus on elucidate 

Mediator and RERE implications in Ewing sarcoma chromatin architecture. 

Taken together, our results unveil a new mechanism used by EWSR1-FLI1 

to promote tumorigenesis.  

 

Figure 47. Mediator and RERE functions in Ewing sarcoma. Visual representation of the 
functions described for Mediator and RERE in this work. EWSR1-FLI1 chromatin rewiring 
requires Mediator, RERE and STAG2 to form dynamic loops between the regulatory regions 
and the target genes that form Ewing sarcoma transcriptome. In addition, our project also 
describes the recruitment by EWSR1-FLI1 of Mediator, RERE and STAG2 to non-coding 
regions that would result in alterations in alternative splicing and translation control. 
Created with Biorender.com. 
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The work compiled in this thesis demonstrates the role of super-enhancer-

regulated genes MED13L and RERE in Ewing sarcoma while uncovering a 

new mechanism involved in EWSR1-FLI1-driven tumorigenesis. Thus, we 

conclude that: 

1. MED13L and RERE expression is under the control of EWSR1-FLI1-

regulated super-enhancers. Both genes are differentially expressed in 

Ewing sarcoma. 

2. RERE would interact with the Mediator complex containing MED13L in 

the same chromatin regions.  

3. EWSR1-FLI1 binds to MED13L, MED12 and STAG2, while RERE, STAG2 

and the oncogene colocalize in A673 cells, indicating that Mediator, STAG2 

and the oncogene interact in discrete nuclear domains.  

4. Mediator, RERE and STAG2 would contribute to the formation of DNA-

loops between neo-(super)-enhancers and promoters of EWSR1-FLI1 

target genes in Ewing sarcoma.  

5. Mediator, RERE and STAG2 bind to discrete genomic regions that overlap 

with EWSR1-FLI1. These regions are CpG islands where peaks are in 

tandem and correspond to noncoding genes mainly involved in ribosomal 

functions.  

6. The MED13L and RERE binding in these CpG-enriched regions is 

mediated by EWSR1-FLI1 and the enrichment is specific to Ewing sarcoma.  

7. Depletion of both MED13L and RERE deregulates the same subsets of 

genes involved in alternative splicing regulation in Ewing sarcoma.  
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8. MED13L and RERE depletion promotes the inclusion of long exons in 

genes related to chromatin organization and histone modifications 

through indirect regulation of spliceosome genes. EWSR1-FLI1 

downregulation causes a broader effect on alternative splicing.  

9. Ewing Sarcoma cell lines are more sensitive than other tumor cell lines 

to the splicing inhibitor Pladienolide B and MED13L and RERE depletion 

reduces this sensitivity.  

10. The combination of Pladienolide B and the CDK8 inhibitor BRD6989 has 

a synergistic effect on the Ewing Sarcoma cell line A673, suggesting a 

potential new therapeutic approach.  
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