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Abstract 

Pediatric brain tumors are a leading cause of cancer mortality among children and 
adolescents (age 0-19) because of the paucity of effective treatment regimens. Especially for 
ependymoma, surgical intervention combined with focal radiotherapy is the current 
standard of care in routine clinical practice while this regimen very often induces irreversible 
damage on the developing brain and patients frequently still suffer from tumor recurrence. 
Thus, generating de novo representative tumor models to decipher the underlying molecular 
mechanisms of tumorigenesis is imminent and crucial to provide more precise and 
mechanism-of-action based treatment plans. In my thesis, I applied various techniques to 
create in vivo models for several brain tumor types and identified potential therapeutic 
vulnerabilities. 

Chapter 2 focuses on dissecting the role of oncogenic fusion genes in C11orf95 fusion-
positive supratentorial ependymoma (ST-EPN), a type of pediatric brain tumor with poor 
prognosis. C11orf95 is a zinc finger protein that binds to DNA but has not yet been well 
characterized. I performed in-utero electroporation in mouse embryos and found all tested 
C11orf95 fusion genes were able to drive malignant transformation in the cerebral cortex. The 
tumors faithfully recapitulated molecular characteristics of their human counterparts. The 
zinc finger domain and the fusion partners were essential for tumor formation. Cross-species 
genomic analyses demonstrated that C11orf95-related fusions can increase the expression of 
a sonic hedgehog mediator gene, GLI2. Targeting GLI2 with arsenic trioxide prolonged 
survival in mouse models, providing a basis for further preclinical studies for C11orf95 
fusion-positive tumors. Based on these findings, C11orf95 is now officially designated as zinc 
finger translocation associated (ZFTA) by the HUGO Gene Nomenclature Committee. In the 
latest edition of the WHO classification of central nervous tumors, the group of ST-EPN with 
ZFTA fusion genes is now named as Supratentorial ependymoma, ZFTA fusion-positive (ST-
EPN-ZFTA). 

In Chapter 3, I investigated on a novel group of neuroepithelial tumors harboring 
PLAGL1 fusion (NET_PLAGL1) that has been identified in 2021 only. Mouse model 
generation via in-utero electroporation unfortunately failed. However, after I had performed 
substantial methodological optimization, overexpression of PLAGL1 fusion gene through a 
doxycycline-mediated system in human induced pluripotent stem cell-derived neural stem 
cells, followed by in vivo orthotopic transplantation successfully led to brain tumor formation 
in mice. This inducible in vivo system offers a reliable model to study NET_PLAGL1 tumors 
as well as a versatile tool to answer various biological questions behind brain tumorigenesis. 



Array-based DNA methylation analysis to accurately classify tumors has been 
developed as a routine diagnostic tool for brain tumors and sarcomas. Since mouse models 
are the most widely used in vivo systems in pediatric cancer research, it is important to assess 
the molecular similarity across species based on the methylome. In Chapter 4, I describe the 
approach of generating a mouse model biobank for pediatric cancers. I collected and profiled 
86 murine tumor models and 40 normal tissue controls. DNA methylation-based clustering 
showed that samples from the same model clustered together and the copy number 
alteration pattern of ependymoma and glioma (e.g TFG-MET fusion-driven) mouse models 
recapitulate their human counterparts. This validated biobank will serve as a beneficial 
resource for future developmental studies such as identifying cellular origin of the tumor 
and decoding the composition of tumor immune microenvironment. 

  



Zusammenfassung  

Pädiatrische Hirntumoren sind die häufigste Ursache für Krebssterblichkeit bei 
Kindern und Jugendlichen (0-19 Jahre), da es nur wenige wirksame Behandlungsmethoden 
gibt. Vor allem bei Ependymomen ist ein chirurgischer Eingriff in Kombination mit einer 
fokalen Strahlentherapie der derzeitige Therapiestandard, obwohl diese Behandlung sehr 
oft irreversible Schäden am sich entwickelnden Gehirn verursacht und die Patienten häufig 
immer noch unter Tumorrezidiven leiden. Daher ist die Erstellung repräsentativer 
Tumormodelle zur Entschlüsselung der zugrunde liegenden molekularen Mechanismen der 
Tumorentstehung dringend erforderlich, um präzisere und am Wirkmechanismus 
orientierte Behandlungskonzepte zu erstellen. In meiner Dissertation habe ich verschiedene 
Techniken angewandt, um in-vivo-Modelle für verschiedene Hirntumorarten zu erstellen 
und mögliche therapeutische Angriffspunkte zu identifizieren. 

Kapitel 2 befasst sich mit der Untersuchung der Rolle onkogener Fusionsgene beim 
C11orf95-Fusions-positiven supratentoriellen Ependymom (ST-EPN), einem pädiatrischen 
Hirntumor mit schlechter Prognose. C11orf95 ist ein Zinkfingerprotein, das an die DNA 
bindet, aber noch nicht gut charakterisiert wurde. Ich führte in-utero Elektroporations-
Experimente in Mausembryonen durch und stellte fest, dass alle getesteten C11orf95-
Fusionsgene in der Lage waren, eine bösartige Transformation in der Großhirnrinde 
auszulösen. Die Tumore rekapitulierten die molekularen Merkmale der humanen Tumoren 
dieser molekularen Subgruppe. Die Zinkfinger-Domäne und die Fusionspartner waren für 
die Tumorbildung essentiell. Speziesübergreifende Genomanalysen zeigten, dass C11orf95-
Fusionen die Expression eines Sonic-Hedgehog-Vermittlergens, GLI2, erhöhen können. Die 
gezielte Inhibition von GLI2 mit Arsentrioxid verlängerte das Überleben in Mausmodellen, 
was eine Grundlage für weitere präklinische Studien zu C11orf95-positiven Tumoren bildet. 
Auf der Grundlage dieser Ergebnisse wird C11orf95 nun vom HUGO-Gen-
Nomenklaturausschuss offiziell als Zinkfingertranslokations-assoziiert (ZFTA) bezeichnet. 
In der neuesten Ausgabe der WHO-Klassifikation von Tumoren des Zentralnervensystems 
(5. Edition) wird die Gruppe der ST-EPN mit ZFTA-Fusionsgenen nun als supratentorielles 
Ependymom, ZFTA-Fusions-positiv bezeichnet. 

In Kapitel 3 untersuchte ich eine neue Gruppe von neuroepithelialen Tumoren, die 
eine PLAGL1-Fusion (NET_PLAGL1) aufweisen, die erst 2021 identifiziert wurde. Die 
Erzeugung von Mausmodellen mittels in-utero-Elektroporationstechnik schlug in diesem 
Fall leider fehl. Nachdem ich jedoch erhebliche methodische Optimierungen vorgenommen 
hatte, führte die Überexpression des PLAGL1-Fusionsgens durch ein Doxycyclin-
vermitteltes System in aus menschlichen induzierten pluripotenten Stammzellen 
abgeleiteten neuralen Stammzellen und die anschließende orthotope in-vivo-Transplantation 



erfolgreich zur Bildung von Hirntumoren in Mäusen. Dieses induzierbare in-vivo-System 
bietet ein zuverlässiges Modell zur Untersuchung von NET_PLAGL1-Tumoren sowie ein 
vielseitiges Instrument zur Beantwortung verschiedener biologischer Fragen der 
Hirntumorentstehung. 

Array-basierte DNA-Methylierungsanalysen zur molekularen Tumorklassifikation 
wurden als diagnostisches Routineinstrument für Hirntumore und Sarkome entwickelt. Da 
Mausmodelle die am häufigsten verwendeten In-vivo-Systeme in der pädiatrischen 
Krebsforschung sind, ist es wichtig, die molekulare Ähnlichkeit zwischen verschiedenen 
Spezies auf der Grundlage des Methyloms zu bewerten. In Kapitel 4 beschreibe ich den 
Ansatz zur Erstellung einer Mausmodell-Biobank für pädiatrische Krebserkrankungen. Ich 
sammelte und profilierte 86 Maustumormodelle und 40 Normalgewebekontrollen. Die auf 
DNA-Methylierung basierende Clusterbildung zeigte, dass Tumorproben desselben 
Modells zusammen clustern und das Muster der Kopienzahlveränderungen von 
Ependymom- und Gliom- (z.B. TFG-MET-fusionsgesteuerten) Mausmodellen diejenigen in 
humanen Tumoren derselben Gruppe rekapituliert. Diese validierte Biobank wird als 
nützliche Ressource für künftige Entwicklungsstudien dienen, z. B. zur Identifizierung des 
zellulären Ursprungs des Tumors und zur Entschlüsselung der Zusammensetzung der 
immunen Mikroumgebung des Tumors. 
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Introduction  

 

1.1     A brief introduction to cancer genomics 

As a disease of genome, cancer originated from DNA sequence changes in oncogenes 
and/or tumor suppressor genes (Stratton et al., 2009). In 2011, Hanahan and Weinberg 
proposed 8 processes as hallmarks of cancer which include maintaining proliferative 
signaling, evading growth suppressors, allowing replicative immortality, resisting cell death, 
inducing angiogenesis, activating invasion and metastasis, reprogramming of energy 
metabolism and evading immune destruction. Across all these hallmarks, genome instability 
is the underlying basis that engenders the genetic diversity through which multiple hallmark 
functions were fostered (Hanahan & Weinberg, 2000, 2011). 

Cancer genomics is a relatively new field of research that emerged alongside the 
evolution of sequencing technology in the end of the 20th century to study the human genome. 
By sequencing the genetic material of tumor cells and comparing the sequences to 
healthy tissue, cancer genomics allow scientists to discover genetic differences at molecular 
level that contribute to the uncontrolled cell growth which lead to cancer. A substantial 
amount of information can be retrieved from the genomics data, such as single nucleotide 
variants, chromosomal rearrangements, insertions or deletions, alternatively spliced 
transcripts, gene fusions and chromosomal copy number variations (Garraway & Lander, 
2013).  

The completion of Human Genome Project at the turn of the millennium provides a 
basis for the design of high-density microarrays to detect genomic alterations through 
hybridization of nucleic acids (Lander et al., 2001; Lipshutz et al., 1999; Venter et al., 2001). 
In the context of cancer genomics, microarrays have a broad range of prominent applications 
including but not limited to gene expression monitoring (Lockhart et al., 1996), detection of 
single nucleotide polymorphisms (Cutler et al., 2001), detection of foreign DNA (such as 
from virus; Wang et al., 2002) and aberrations in DNA methylation patterns (Yan et al., 2001). 
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1.2     Brain tumor classification 

 According to the previous WHO guidelines, the classification of CNS tumors was 
mainly performed by the neuropathologists based on the morphological similarity of tumor 
cells to their presumed cellular origin. This was evaluated mostly by hematoxylin and eosin 
(H&E) staining and in certain cases by immunohistochemical (IHC) staining of molecular 
signatures of the tumors (Louis et al., 2007). Using this information, tumors have been 
subclassified based on their aggressiveness into four grades, from grade I (benign) to grade 
IV (very aggressive) (Louis et al., 2016). However, CNS tumors are histologically highly 
diverse and were reported for considerable inter-observer viability in histopathological 
diagnosis in previous studies, for instance, in ependymomas (EPN), CNS primitive 
neuroectodermal tumors and diffuse gliomas (Ellison et al., 2011; Sturm et al., 2016; van den 
Bent, 2010). 

During the last decade, the revolution in molecular biology dramatically changed the 
way to stratify pediatric CNS tumor, which has yielded progressively more detailed insights 
into the genetic basis for each type of tumor (Louis et al., 2017). In the updated WHO 
classification in 2021, an increasing number of pediatric CNS tumor is classified using their 
genetic information which has been recognized by the WHO (Brat et al., 2020; Brat et al., 2018; 
Ellison et al., 2020; Ellison et al., 2019; Louis et al., 2019; Louis et al., 2016; Louis et al., 2021; 
Louis et al., 2020; Louis et al., 2018). Some molecular stratification was introduced such as 
WNT medulloblastoma and Sonic Hedgehog medulloblastoma (Kijima & Kanemura, 2016). 
Additionally, several fluorescence in situ hybridization (FISH) as well as DNA methylation 
analyses for single gene evaluation were implemented in clinical diagnoses. However, 
standardization of various diagnostic methods remained difficult and the discordance of 
these methods might lead to confusion in clinical decision-making and misinterpretation of 
results from clinical trials. 

DNA methylation is described as the methylation of the 5-carbon on cytosine 
residues in CpG dinucleotides (CpG island), which is an extensively characterized 
modification of chromatin. CpG islands are primarily concentrated in the transcription 
starting sites, gene body and enhancer regions which indicates the central role of DNA 
methylation in regulating gene expression. Mapping of DNA methylation profile between 
normal and cancer genomes reveals that around 5% to 10% of typically unmethylated CpG 
islands located in promoter regions become aberrantly methylated in diverse cancer 
genomes (Bird, 2002). With the advances of technology in genomics, genome-wide and 
single-base resolution DNA methylation profiles or 'methylomes' can be achieved (Lister et 
al., 2009). In cancer, methylome profiling is a highly robust and reproducible method which 
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provides not only information on somatically acquired alterations in DNA methylation, but 
also traits that reflect the cellular origin of the tumor (Fernandez et al., 2012; Hovestadt et al., 
2014; Hovestadt et al., 2013). In the past decade, DNA methylation profiling has been 
extensively used for classification of brain tumors as well as identification of new tumor 
entities (Capper et al., 2018; Johann et al., 2016; Koelsche et al., 2015; Korshunov et al., 2016; 
Korshunov et al., 2014; Lambert et al., 2013; Mack et al., 2014; Pajtler et al., 2015; Reuss et al., 
2015; Sturm et al., 2016; Sturm et al., 2012; Thomas et al., 2016). A massive joint effort from 
an international collaboration profiled 2801 brain tumors and non-neoplastic brain tissues 
with DNA methylation microarray, resulting in a reference cohort consisting of 82 brain 
tumor classes (Capper et al., 2018). Using this reference cohort, a classifier tool was 
developed to automatically classify new samples and is available online for free2. This tool 
might change the diagnosis in up to 12% of the cases, compared to the standard methods, 
that has a significant impact on clinical decision-making (Capper et al., 2018).  

 

1.3     Gene fusion in tumor 

In the early 2000, the emergence of next-generation (NGS) revolutionized the field in 
the way that sequencing became high-throughput, less laborious, faster and cheaper 
(Garraway & Lander, 2013). As an important member of NGS family, RNA sequencing 
(RNA-seq) enlarges the research spectrum in oncology, which includes investigations on 
differential gene expression analysis and cancer-specific biomarkers, tumor 
microenvironment (TME) and immunotherapy, tumor heterogeneity and drug resistance, 
fusion gene detection and so forth (Hong et al., 2020; Mortazavi et al., 2008). 

Chromosomal rearrangements bringing to the fusion of two genes can lead to 
aberrant expression of oncogenic fusion proteins driving tumor formation, such as BCR-ABL, 
the first onco-fusion gene discovered in chronic myeloid leukemia patients in 1973 (Rowley, 
1973). In clinical practice, the conventional method for detection of fusion genes is FISH and 
IHC. To utilize the biopsies more efficiently, combining multiple investigations in one single 
assay is demanded. Thus, several computational tools were developed to identify gene 
fusions from RNA-seq data, for instance, FusionSeq (Sboner et al., 2010), deFuse (McPherson 
et al., 2011), InFusion (Okonechnikov et al., 2016) and Arriba (Uhrig et al., 2021). As the tools 

 

2 https://www.molecularneuropathology.org/mnp/ 
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turn into more accurate and efficient, fusion detection from RNA-seq data becomes a routine 
task in cancer research and genomic-guided precision oncology (Heydt et al., 2021).  

Many fusion proteins involve receptor tyrosine kinase that aberrantly activates 
signaling pathways for cell survival, such as ALK fusions in non-small cell lung carcinoma 
(Devarakonda et al., 2015; Gainor et al., 2013; Wong et al., 2009). In some circumstance, 
transcription factors (TF) are fused with a partner gene that triggers undesirable gene 
expression like EWSR1 fusions in Ewing sarcoma (Downing et al., 1993). A systematic review 
in 2022 greatly recapitulated 110 reported unique fusion genes in pediatric central nervous 
system (CNS) neoplasms, including 65% kinase fusions and 33% of TF fusions (Roosen et al., 
2022). TF is a family of protein that primarily binds to DNA to regulate the expression of 
target genes. The common shared features among all TFs are DNA-binding domain and 
transactivation domain (TAD). In numerous cancer types, the alteration of TF activity leads 
directly to the dysregulation of gene expression pattern resulting in uncontrolled 
proliferation (Bushweller, 2019). To survey the interactions between TFs and DNA, 
chromatin immunoprecipitation followed by DNA sequencing (ChIP-seq) is an essential 
technique, that can also be used to determine TF localization on a specific genomic locus 
(Solomon et al., 1988; Staynov & Crane-Robinson, 1988). An alternative novel method to 
study protein-DNA relation is cleavage under targets and release using nuclease 
(CUT&RUN) sequencing, which provides higher resolution and less background signal 
compared to ChIP-seq (Bushweller, 2019). 

 

1.4     Pediatric central nervous system tumors 

1.4.1 Overview 

Cancer is the second most common cause of death among children and adolescents 
(age under 20) in the United States, surpassed only by injuries, based on the latest cancer 
statistics from 2022 (Cunningham et al., 2018; Siegel et al., 2020). Leukemia is the most 
common cancer in children (age 0-14), accounting for 28%, followed by CNS tumors (26%; 
Figure 1-1a). Cancer types and their distribution differ in adolescents (age 15-19): CNS 
tumors are most common (21%), followed closely by lymphoma (19%; Figure 1-1b). Overall, 
pediatric CNS tumors are the most common solid tumor and the most frequent cause of 
cancer-related mortality and morbidity in children age 0-19 years in the United States 
(Ostrom et al., 2021; Ostrom et al., 2015).  
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Figure 1-1 | Case distribution and international classification of childhood cancer type in the United 
States  

Case distribution for (a) children (age 0-14) and (b) adolescents (age 15-19). CNS: central nervous system. 
Data derived from Siegel et al., 2020. 

 

According to the latest statistics from Central Brain Tumor Registry of the United 
States (CBTRUS), pediatric gliomas account for circa 42.8% of brain tumors in children and 
adolescents ages 0-19 years (I will refer to pediatric hereafter). Pilocytic astrocytoma is the 
most common glioma (15.3%), followed by other gliomas (12.6%), diffuse & anaplastic 
astrocytoma (4.8%) and ependymoma (EPN, 4.7%). Embryonal tumors are the second largest 
category for malignant pediatric CNS tumors (9.2%), in which medulloblastoma (MB) is the 
most frequent (6.4%; Figure 1-2; Ostrom et al., 2022). 
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Figure 1-2 | Distribution of all primary CNS tumors by histopathology in children and adolescents (ages 
0-19 years).  

5-year total = 25,340; annual average cases = 5,068; CBTRUS Statistical Report: US Cancer Statistics – NPCR 
and SEER, 2015-2019. Figure adapted from Ostrom et al., 2022 Fig. 19b. 

 

The overall outlook for pediatric cancers has improved enormously over the last 50 
years. In the mid-1970s, the 5-year survival rate for children under 14-year-old was only 58% 
and for adolescents aged between 15 and 19-year-old was 68% (Siegel et al., 2021). In the past 
decade, the 5-year survival rate has been increased to 84.7% for children and 85.9% for 
adolescents diagnosed with cancer (Howlader N, 2021). 

Although survival rate for most pediatric cancers have improved, the progress was 
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has recently overtaken leukemia as the leading cause of cancer fatalities among children 
(Curtin et al., 2016). 

Of note, compared to adult cancers, pediatric malignancies are fundamentally 
different in many aspects. The former is often associated with an extended exposure to 
carcinogens while tumors in childhood predominantly result from an aberrant development 
at early stage or due to cancer predisposition syndrome in approximately 10% of patients 
(Pfister et al., 2022). In contrast to adult tumors, pediatric tumors typically bear a much lower 
somatic mutational burden and are generally caused by a single driver event, such as an 
onco-fusion caused by a gene translocation or driving mutations (e.g. BRAFV600E in gliomas; 
(Gröbner et al., 2018; Ma et al., 2018). Another typical feature in childhood tumors that could 
directly affect the treatment outcome, especially immunotherapy, is the limited level of 
infiltrated immune cell (Y. Grabovska et al., 2020; Wienke et al., 2021; Wu et al., 2020). 
Therefore, assessing pediatric patients based on the criteria from adult tumors is not 
appropriate and the discrepancy between the two categories need to be taken into account 
during the treatment planning. In fact, single-agent chemotherapy trials of seven different 
chemical compounds on high-grade glioma (HGG, WHO grade III and IV) showed a distinct 
and relatively dismal outcome on pediatric patients compared to the adult patients, despite 
the similarity in tumor morphology (Jones et al., 2012). With a worldwide effort of numerous 
international laboratories and consortia, for the first time, pediatric tumors are listed in the 
new 5th edition of the WHO classification of tumors as a separate section, while previously 
they were classified with adult tumors the respective organ systems (Louis et al., 2021; Pfister 
et al., 2022). 

In most cases, neurosurgical procedures remain the first-line treatment procedure for 
pediatric brain tumors. Depending on the tumor type, surgical interventions allow to obtain 
tumor tissue for diagnostic procedures, to re-establish normal cerebrospinal fluid (CSF) 
pathways, sometimes through diversion of CSF, tumor debulking and/or complete tumor 
resection (Heuer et al., 2007). A frequent therapeutic modality after surgery is radiotherapy, 
followed by chemotherapy either as an adjuvant treatment in case of removable tumors or 
as first-line treatment when the tumor is unresectable (Pollack et al., 2019). Although 
advances in therapeutics have generally improved survival rates, there have been growing 
concerns regarding a considerable morbidity generated by the cancer treatment in childhood, 
including organ failure, neurodisability, subfertility, other endocrinopathies, or second 
malignancies (Behjati et al., 2021). More precise and targeted treatment regimens need to be 
applied to cure the young patients by reducing the sequelae. To achieve this goal, deeper 
understanding of the molecular biology and the underlying mechanisms of the 
tumorigenesis in pediatric brain tumors is urgently needed.  
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1.4.2 Ependymoma 

Ependymomas (EPN) are CNS tumors that can occur both in children and in adults. 
EPNs most commonly arise in the fourth ventricle but can be observed throughout the entire 
neuraxis (Katrin Scheinemann, 2015; Pajtler et al., 2015). EPNs account for 4.7% of all CNS 
tumors among all pediatric patients (Figure 1-2). Pediatric EPNs have poor prognoses and 
high tumor recurrence. Most childhood cancer patients who survived 5 years after the 
diagnosis of the primary tumor can subsequently survive up to 15 years with a high 
probability, while in the case of EPNs, a tremendous decline in survival was observed (Ward 
et al., 2014). Overall, pediatric patients diagnosed with EPNs have a 5-year and a 10-year 
survival rate of 70% and 52%, respectively (De et al., 2018; Marinoff et al., 2017). 

The unfavorable clinical outcome is associated with the limited treatment regimens. 
The current standard-of-care for pediatric EPN patients includes maximal safe surgical 
resection, followed by focal radiotherapy which mostly will cause long-term sequalae in 
children (Kilday et al., 2009; Merchant et al., 2009). As there is no convincing role for 
conventional chemotherapeutic procedures in the treatment of EPNs, targeted treatment is 
urgently needed for the pediatric patients with aggressive EPNs (Katrin Scheinemann, 2015).  

EPNs have long being classified solely based on histopathology into four subtypes: 
subependymomas (WHO grade I), myxopapillary ependymomas (WHO grade I), classic 
ependymomas (WHO grade II) and anaplastic ependymomas (WHO grade III; Figure 1-3a; 
Louis et al., 2017). However, the utility of histologic grading of EPN for risk stratification has 
been discussed controversially, with no consistent associations of tumor grade and patient 
outcome (Ellison et al., 2011). Recent genomic studies have allowed for subdivision, based 
on the anatomical area, of supratentorial (ST), posterior fossa (PF), and spinal (SP) EPN into 
10 molecularly distinct groups with biologically homogenous features and clearly distinct 
clinical outcome (Figure 1-3a; Ghasemi et al., 2019; Johnson et al., 2010; Pajtler et al., 2015; 
Parker et al., 2014; Taylor et al., 2005; Witt et al., 2011).  

Within the ST compartment, underlying molecular signatures including DNA 
methylation and transcriptome analysis define three major groups: ST-SE, ST-EPN-YAP1, 
and ST-EPN-ZFTA (formally ST-EPN-RELA; Figure 1-3a; Pajtler et al., 2015). ST-SE are 
fusion-negative molecularly classified subependymoma that are mostly observed in adults. 
ST-EPN-YAP1 tumors are enriched for gene fusions involving the Hippo effector YAP1 and 
primarily affect infants (median age of 1.5 years). More than 70% of the ST-EPN account for 
ST-EPN-ZFTA, which are associated with a worse prognosis than the other two groups 
(Figure 1-3a and b; (Pollack et al., 2019). ST-EPN-ZFTA predominantly contain oncogenic 
fusions between RELA, the transcription factor involved in the canonical NF-κB signaling, 
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and ZFTA, a less well-characterized neighboring gene on chromosome (chr.) 11 (Malgulwar 
et al., 2018; Pajtler et al., 2015; Parker et al., 2014). The ST-EPN-ZFTA is the first molecular 
group among pediatric CNS tumors that has been included in the 2016 WHO classification 

and all 10 groups were finally integrated into WHO classification in 2021 (Louis et al., 2016; 

Louis et al., 2021). 

Apart from chromothriptic events on chr. 11 surrounding the fusion, the genome of 
human ST-EPN-ZFTA is generally stable, and additional recurrent alterations other than 
focal CDKN2A/B deletions have not yet been identified (Pajtler et al., 2015). The tumor 
formation by transplantation of mouse neural stem cells overexpressing ZFTA-RELA fusion 
in Cdkn2a null background clearly prove the transforming capacity of the fusion gene (Parker 
et al., 2014). A more recent study using RCAS/TVA system (principle explained in section 
1.5.3) illustrates that ZFTA-RELA serves as a single driver in tumor formation in vivo (Ozawa 
et al., 2018). However, the role of the RELA fusion partner ZFTA in ST-EPN-ZFTA, is not yet 
fully understood. Further characterization of ZFTA and its fusions in ependymal 
tumorigenesis is the key event to find relevant molecular targets to provide more therapeutic 
options to save our patients in the future.	 
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Figure 1-3 | Illustration of the 10 recognized groups of ependymomas.  

a, Graphical illustration of key genetic and epigenetic findings in the 10 molecular groups of ependymomas 
classified by DNA methylation profiling. b, Estimate of the overall frequency of the different groups of 
ependymomas. Figure adapted from Ghasemi et al., 2019; Pajtler et al., 2015; Pollack et al., 2019. 

 

1.4.3 NET_PLAGL1 

Apart from the 10 molecular groups of EPNs presented in Figure 1-3a, there is still a 
proportion of tumors, which does not match with one of these groups although being 
histopathologically diagnosed as EPNs. Recent collaborative efforts have identified a novel 
highly distinct cluster based on DNA methylation profiling with a relatively wide spectrum 
of histopathological diagnoses, including 60% of tumors designated as EPN (Figure 1-4a; 
Sievers et al., 2021). RNA sequencing unveiled recurrent fusions harboring the pleomorphic 
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adenoma gene-like 1 (PLAGL1) gene in 95% of the analyzed samples, among which the most 
common fusion was EWSR1-PLAGL1 followed by PLAGL1-FOXO1 fusion and PLAGL1-
EP300 fusion. At the time of diagnosis, median age of the patients was 6.2 years (Figure 1-
4b) and the sex distribution was relatively balanced (Figure 1-4c). All tumors in the cohort 
were located in the ST compartment (Figure 1-4d). Median progression-free survival was 35 
months (Figure 1-4e). To gain further insights into the molecular biology of this novel cluster 
in the interest of finding potential therapeutic targets, models are urgently needed.  
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Figure 1-4 | DNA methylation profiling identifies a molecularly distinct group of neuroepithelial tumors.  

a, t-distributed stochastic neighbor embedding (t-SNE) analysis of DNA methylation profiles of the 40 
tumors of NET-PLAGL1 investigated together with 1100 reference brain tumor samples. b, At time of 
diagnosis with the median age of 6.2 years; c, Patient sex distribution; d, Tumor location distribution; e, 
Time to progression or recurrence of NET_PLAGL1 cohort for whom follow-up data were available (n = 11). 
Figure adapted from Sievers et al., 2021. 

 

1.5     Brain tumor modeling 

1.5.1 Overview 

On average, it takes 10.5 years and 1.1 billion US dollar to develop one successful 
drug (Wouters et al., 2020). Only around 10% of drugs make it all the way from Phase I 
clinical trial to approval and the success rate in oncology trials is the lowest among major 
diseases, with a depressing 3.4% (Mullard, 2016; Wong et al., 2018). Extensive endeavor has 
been made on the side of basic and translational research, while only few outcomes can be 
beneficial to the patients. Generating tumor models that efficiently transfer the knowledge 
from bench to bedside plays a key role in filling this gap. 

About 80 years ago, scientists successfully generated a carcinogen-induced model for 
studying brain malignancies (Seligman et al., 1939). 40 years later, the first pediatric brain 
tumor models were created in 1980s by transplanting cancer cells into immunodeficient mice, 
resulting in brain tumors histologically similar to high-grade glioma (HGG), 
medulloblastoma (MB) and atypical teratoid rhabdoid tumor (AT/RT; Friedman et al., 1988; 
Friedman et al., 1985; Jacobsen et al., 1985; Keles et al., 1995; Pietsch et al., 1994; Wasson et 
al., 1990; Yachnis et al., 1998).  

To date, a decent amount of in vitro and in vivo models has been developed using 
various techniques specifically for pediatric brain tumors. Both methods are used to 
investigate molecular characteristics behind tumorigenesis as well as to determine whether 
a new therapeutic strategy meets the requirement for clinical success (Huszthy et al., 2012). 
The current guidelines to describe a good animal model is: short latency, high incidence rate, 
presenting histopathological and molecular features of human disease, as well as ability to 
predict treatment response in patient (Perrin, 2014). While faithfully recapitulating tumor 
biology, in vitro culture conditions of brain tumor models should be suitable for high-
throughput screenings as well (Li, 2005). Every system is individually limited; no single 
model can fully reflect the complexity, advancement and drug responsiveness of a human 
tumor. Therefore, attention should be placed on understanding the benefits and barriers of 
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the model and choice should be made according to the purpose of the study. It is critical to 
use a strategic combination of approaches to translate effectively any findings to the clinic to 
benefit the patients (Dobson & Gopalakrishnan, 2018; Huszthy et al., 2012; Neumann, 
Swartling, et al., 2017). In the following sections, commonly used in vitro and in vivo models 
for pediatric brain tumor research will be introduced. 

 

1.5.2 In vitro models 

In vitro models were utilized for decades to identify the genetic and epigenetic 
alterations in tumor cells contributing to the underlying biological mechanisms of 
tumorigenesis (Goodspeed et al., 2016; Hemmati et al., 2003; Singh et al., 2003; Suslov et al., 
2002; J. Xu et al., 2012). Cultured cells also play a prominent role in predicting drug response 
and resistance in a high-throughput manner to evaluate potential treatment efficacy 
(Goodspeed et al., 2016; Houghton et al., 2007; Li, 2005; Morfouace et al., 2016; Rubinstein et 
al., 1990; Sewing et al., 2017).  

Model systems for neuro-oncology research include tumor cell lines, cultured in 
monolayer or as neurospheres, and an emerging potent technology, brain organoids 
(Ballabio et al., 2020; Bez et al., 2003; Lovett et al., 2020). In vitro cultures are relatively 
uncomplicated to handle because they are robust, low-cost, grow fast, can be engineered 
easily and be stored long-term (Neumann, Swartling, et al., 2017). Another important feature 
for these models is that the culture conditions are well-defined, which provides a controlled 
environment for studying specific molecular functions.  

Over 60 pediatric cancer cell lines have been established including MB, EPN, HGG 
and AT/RT, both primary culture and continuous cell lines (Xu et al., 2015). Primary culture 
refers to the culture of tumor cells directly harvested from patients, which shows high 
resemblance to the original tumor and are usually heterogenous mixture of different cell 
populations. After the first passage, cells are increasingly put under a selective pressure in 
the culture media until they either stop growing or become a continuous cell line. Cell lines 
are often cultured in serum-containing media that can trigger cell differentiation, gradually 
leading to a genetic and phenotypic drift from the original tumor over time and eventually 
becomes a homogenous population (Ivanov et al., 2016; Ledur et al., 2017; Lee et al., 2006; 
Jingying Xu et al., 2012).  

The challenge was addressed after the establishment of neurosphere models, that are 
cultured in serum-free media and maintain tumor heterogeneity, making them an attractive 
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alternative to serum cultured cells (Sandén, 2016; Wenger et al., 2017; Zhou et al., 2017). 
However, neurosphere culture does not overcome the general limitations shared among the 
in vitro models such as lack of tumor microenvironment (TME), which can lead to biased 
interpretation of tumor cell behavior (Hanahan & Weinberg, 2011; Lilienblum et al., 2008). 
For instance, glioblastoma (GBM) cells cultured without TME highly enriches a 
subpopulation called glioma stem cell-like cells, which represent solely a relatively small 
portion of the original tumors (Caragher et al., 2019; Xiao et al., 2017). 

This drawback can be, to some extent, addressed using a more complex in vitro 
modeling system, brain organoid. Organoids are embryonic stem cell (ESC)- or induced 
pluripotent stem cell (iPSC)-derived 3-dimentional structures that bear some level of self-
organization and mimic, at least partially, in vivo organs (Di Lullo & Kriegstein, 2017). Up 
till now, a variety of protocols for generating brain organoid have been established, aiming 
to model the development of cortical (Birey et al., 2017; Kadoshima et al., 2013; Lancaster et 
al., 2013; Qian et al., 2016), hippocampus (Sakaguchi et al., 2015), midbrain (Jo et al., 2016; 
Monzel et al., 2017; Qian et al., 2016), hypothalamus (Qian et al., 2016), cerebellum 
(Muguruma et al., 2015; Qian et al., 2016) and anterior pituitary (Suga et al., 2011). Not only 
as models of development, but also can these organoids be used as a platform to study brain 
tumorigenesis in a more robust and accurate way (Sakaguchi et al., 2015). Several pediatric 
CNS tumor organoid models for MB and GBM were generated very recently that 
recapitulate their human counterparts (Ballabio et al., 2020; Hubert et al., 2016; Linkous et al., 
2019; Ogawa et al., 2018). It is a versatile in vitro model that forms distinct, complex, 
biologically relevant structures, making it a promising tool to unveil the complexity of tumor 
network and as drug screening platforms. Despite the advantages, the absence of stroma 
cells, tissue-resident immune cells, and in particular, vasculature, a key role in blood-brain 
barrier (BBB) which is a unique network in the brain and has notably a huge impact on drug 
delivery (Pardridge, 2002; Sarkaria et al., 2018; Stamatovic et al., 2016; Sweeney et al., 2018). 
Recently, a protocol for generating blood vessel organoid was released and a vascularized 
brain organoids began to emerge, while mimicking a BBB effect remains challenging (Sun et 
al., 2022; Wimmer et al., 2019). 

 

1.5.3 In vivo – Genetically engineered mouse models 

Only 1% of genes are not shared between mouse and human, and on average, 85% 
of the genome is identical across the two species (Waterston et al., 2002). With the advantages 
of their natural properties, such as short life span (1-2 years), fast reproduction cycle (19-21 
days), small body size (20-60 grammes), and fully characterized genome information (Smith 
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et al., 2017), mice gained their place as the most widely used experimental animals in 
biomedical research as well as the gold standard for drug safety and efficacy testing in the 
pharmaceutical industry (Hickman et al., 2017; Monaco et al., 2015; Polli, 2008). Highly 
conserved molecular and cellular mechanisms in the CNS of human and mouse made the 
latter the most prevalent model organism in pediatric brain tumor research (Chan et al., 2009; 
Dobson & Gopalakrishnan, 2018; Liao & Zhang, 2006; Miller et al., 2010; Monaco et al., 2015). 

With increased understanding of genomic alterations in CNS tumors and 
considerable progress in gene editing technologies, the use of genetically engineered mouse 
models (GEMM) in studying pediatric brain diseases drastically augmented (Huszthy et al., 
2012). GEMMs, in many instances, recapitulate tumor initiation and progression in an 
integrated organism with an intact immune system, functional BBB and undisrupted 
microenvironment, making them particularly attractive models for investigating tumor-host 
interactions and testing new therapeutic strategies (Niclou et al., 2008; Simeonova & Huillard, 
2014). The alterations of genes in GEMMs may be conventional or conditional to control the 
expression in a spatial and temporal manner, using systems like Cre-LoxP, tamoxifen or 
tetracycline/doxycycline-controlled transcription activation (Kim et al., 2018; Robertson et 
al., 2019; Simeonova & Huillard, 2014). Over the past 30 years, a substantial amount of 
GEMMs were generated for pediatric CNS tumors, notably MB and gliomas (extensively 
reviewed by (Li & Langhans, 2021). 

The germline GEMMs are generated via ex vivo genome editing of ESCs followed by 
injection of successfully genetically modified ESCs into blastocysts and subsequently 
transplanted into foster mice (Day et al., 2015; Koller et al., 1989; Thompson et al., 1989). This 
technique requires extensive breeding scheme, which is laborious, time-consuming and 
pricy. One of the biggest intrinsic drawbacks is the difficulty of studying multiple genes 
involved in tumorigenesis at the same time (Zuckermann, 2016).  

A somatic gene transfer technology was developed using replication-competent 
avian sarcoma-leukosis virus long terminal repeat with splice acceptor/tumor virus A 
(RCAS/TVA) system that can bypass the shortcomings from the germline GEMMs (Orsulic, 
2002). Since RCAS retrovirus can exclusively transduce genetically engineered mammalian 
cells that express the cognate avian retroviral receptor TVA, the RCAS/TVA gene delivery 
system can be applied in various germline TVA-expression GEMMs (Orsulic, 2002). The 
application spectrum can be extended by crossing a GEMM in which Cre-activatable 
conditional TVA-expression is under the control of ubiquitous promoter Rosa26 with a large 
number of available Cre-expressing mouse lines (von Werder et al., 2012). Furthermore, the 
TVA-expressing cells are susceptible to multiple RCAS infections simultaneously or 



Chapter 1  

 

- 16 - 

sequentially, which render this model system possible to evaluate tumor etiology in the 
situation of synergistic effect of multiple altered genes (von Werder et al., 2012). Various 
pediatric CNS mouse models established with RCAS/TVA system were already published 
and present high resemblance to their human counterparts, including MB, EPN and gliomas 
(Gronych et al., 2011; Li & Langhans, 2021). This system allows to identify putative cellular 
origin of the tumor. It was shown using a RCAS/TVA system that NES, GFAP and BLBP-
positive neural stem/progenitor cells in the ventricular zone can give rise to ST-EPN-
RELA/ZFTA (Ozawa et al., 2018). However, as emphasized in the overview section, there is 
no perfect model; the transduction efficiency is low (<20%) in vivo, the RCAS viral packaging 
capacity is limited to 2.8 thousand base pairs (kbp) thus larger cancer-related genes of 
interest cannot be investigated, and only mitotic cells can be infected in vivo due to the 
natural property of retroviruses (von Werder et al., 2012). Moreover, the RCAS/TVA system 
can be applied exclusively on cells at neonatal or postnatal stage, where many neural stem 
and progenitor cells are already committed to various lineages, thus it is not suitable for 
studying pediatric tumors that occur at prenatal stage (Meyer, 2007; Stiles & Jernigan, 2010). 

To circumvent these difficulties, another somatic gene transfer technique, in utero 
electroporation (IUE), was introduced into the field of pediatric brain tumor modeling. The 
IUE technique was developed in 2001 by two Japanese labs, intending for gene analyses 
through gain- or loss-of-function approaches in the developing mouse brain (Saito & 
Nakatsuji, 2001; Tabata & Nakajima, 2001). To achieve this, DNA is microinjected into the 
ventricular zones of the mouse brain between embryonic days 11.5 after conception (E11.5) 
and E16.5, followed by applying repetitive square pulses from outside the uterus using 
forceps-type electrodes (Arabzade et al., 2021; Saito, 2006, 2010; Saito & Nakatsuji, 2001). To 
date, genes have been successfully transfected to diverse CNS areas including telencephalon 
(Borrell et al., 2005; Mizutani & Saito, 2005; Saito & Nakatsuji, 2001), diencephalon (Saito & 
Nakatsuji, 2001), midbrain (Saito & Nakatsuji, 2001), hindbrain (Kawauchi et al., 2006) and 
spinal cord (Ding et al., 2004; Saba et al., 2005; Saba et al., 2003). In 2015, Zuckermann et al. 
generated the first mouse models for sonic hedgehog (SHH) MB and GBM using IUE 
(Zuckermann et al., 2015). Two years later, Kawauchi et al. constitutively overexpressed Myc 
together with dominant-negative form of Trp53 in mouse cerebellum, via the combination of 
IUE and transposon system, successfully leading to a novel Group 3 MB mouse model 
(Kawauchi et al., 2017). Pajtler et al. established as well a mouse model for ST-EPN-YAP1 
using IUE and transposon by overexpressing YAP1-MAMLD1 fusion gene in mouse cerebral 
cortex (Pajtler et al., 2019). 

Transposons are genetic elements allowing gene shifting from one location of the 
genome to another, which are found throughout all kingdoms of life (Ni et al., 2008). This 
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natural gene transfer machinery is utilized as experimental tools for shipping a variety of 
external DNA sequences into the genomes of target cells, to overexpress the oncogenic driver 
genes, impair tumor suppressor genes and introduce reporter genes. The mechanism of these 
systems is dependent on a cut-and-paste mode, during which an enzyme called transposase 
(TPase) excises the transposon flanked by terminal inverted repeats (TIR) from the donor 
vector, and reintegrates into a new chromosomal locus (Figure 1-5; Sandoval-Villegas et al., 
2021). The most widely used transposon systems are Sleeping Beauty (SB; Ivics et al., 1997; 
Ivics et al., 1996), PiggyBac (PB; Cary et al., 1989; Fraser et al., 1996) and Transposable element 
of Oryzias latipes, number 2 (Tol2; Koga et al., 1995; Koga et al., 1996). Their benefits and 
barriers are thoroughly reviewed by (Sandoval-Villegas et al., 2021). Of note, Tol2 system, 
compared to the other two, can deliver up to 12 kbp to mammalian cells without decreased 
integration efficiency and has lower overproduction inhibition effect (Balciunas et al., 2006; 
Grabundzija et al., 2010).  
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Figure 1-5 | Illustration of transposase-mediated cut-and-paste principle.  

The transposase (TPase) recognizes and binds to the terminal inverted repeats (DNA in yellow), 
subsequently induces double-stranded DNA break and excises the gene of interest (DNA in blue-red) from 
the donor vector (DNA in dark grey). The transposon-TPase complex encounters its target site (DNA in 
black) and eventually integrates into the target genome (DNA in light grey). Figure created with 
BioRender.com 

 

While traditional methods for constructing locus-specific genetic modifications are 
tedious and expensive, the recently developed groundbreaking gene editing approach, 
clustered regularly interspaced short palindromic repeats (CRISPR)/CRISPR associated 
protein 9 (Cas9) technology, has significantly reduced the time for engineering (Mou et al., 
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2015; Yang et al., 2014). Its efficiency and versatility accelerate germline engineering and also 
facilitate somatic engineering, which dramatically broadens the application of GEMM in 
oncology (Weber & Rad, 2019). With the help of single-strand guide RNA, endonuclease 
Cas9 is recruited to the recognized DNA sequence and induces the double-stranded DNA 
break at the target site. Subsequently, gene editing can be attained via DNA repair, including 
high-fidelity homology directed repair pathways and error-prone non-homologous end 
joining (Jinek et al., 2012). CRISPR/Cas9-mediated in vivo somatic gene editing can be used 
to create chromosomal rearrangements at endogenous level, which mimic the situation in 
human diseases (Heyer et al., 2010). The adaptability of the CRISPR system to the scientific 
question and the possibility to broaden the experimental design has opened up to high-
throughput screenings in vivo to identify, for instance, a functional landscape of suppressors 
in GBM within the native microenvironment of the mouse brain (Chow et al., 2017). 

The above-described autochthonous GEMMs have great utility, most are not fitting 
the scheme of large-scale first-line drug screening because of high cost, long timelines, and 
in certain cases difficulties in obtaining synchronous tumorigenesis (Day et al., 2015). A 
GEM-derived allograft model has been developed to reduce price and to obtain a low 
variance in tumor latency/synchronicity for better uniformity of the model (Heyer et al., 
2010). To generate allograft models, tissue fragments are harvested from GEMM tumors and 
expanded, without in vitro manipulation, by orthotopic or subcutaneous transplantation into 
syngeneic hosts. Therefore, GEMM tumor cells can be banked to facilitate large-scale 
production, allowing for high-throughput in vivo drug efficacy screenings in preclinical 
studies (Heyer et al., 2010). Allograft models are also amenable for evaluating metastatic 
disease and understanding stromal-tumor interactions (Day et al., 2012; Sreedharan et al., 
2017; Wang et al., 2011). However, in vivo serial passaging increases the growth rate and 
deviate the tumor characteristics from primary tumors due to further evolution and/or 
clonal selection of certain aggressive populations, depleting heterogeneity (Huszthy et al., 
2012; Mak et al., 2014; Wang et al., 2011). Therefore, tumor models based on transplantation 
should be monitored for molecular and histological similarity to original tumors.  

With the rapid advances in genome engineering, the size of the tool box for creating 
specific GEMMs to address complex and precise scientific questions is magnified. 
Nevertheless, species discrepancy remains an unsurmountable impediment. 
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1.5.4 In vivo – Xenograft models 

A way to circumvent this problem is xenograft modeling, which refers to the 
engraftment of human cells, subcutaneously or orthotopically into a host animal. In oncology, 
xenograft models essentially refer to patient-derived xenografts (PDX) which highly mimic 
the original tumor histologically and molecularly as well as stromal-tumor interactions (Day 
et al., 2015; Hermans & Hulleman, 2019; Huszthy et al., 2012; Zarzosa et al., 2017). Early in 
the 1980s, PDX models were already implemented in preclinical trials and showed high 
correlation to their patient counterpart in response of chemotherapy (Fiebig et al., 1984; 
Houghton et al., 1982; Mattern et al., 1988). In most cases, the host animals used for PDX 
generation are immunodeficient mice, for instance, the most frequently used Non-obese 
diabetic/Severe combined immunodeficient (NOD/SCID)/Gamma (NSG). Human bone 
marrow engrafting into immunodeficient mice can reconstitute a human immune response, 
which provides an avenue to study the involvement of the immune system in CNS 
tumorigenesis, and to assess the effect of immunotherapies (Sengupta et al., 2018). 

Undoubtedly, there are some downsides to work with PDX, like with any model. 
Similar to allografts, multiple passages select the most aggressive cells, tumor lag time 
decreases with increasing passage, and the cell–matrix interactions and BBB can be disrupted 
(Huszthy et al., 2012; Leten et al., 2014; Mak et al., 2014; Neely et al., 1983; Neumann, 
Swartling, et al., 2017). PDX models are restricted by the amount of available patient material 
as well as the fluctuating engraftment rates (tumors with poor prognosis often present high 
engraftment rates). In addition, results may only reflect individual samples; thus, typically a 
large cohort size is needed to obtain unbiased outcome especially for tumors with significant 
heterogeneity, coming with high cost and high effort (Dobson & Gopalakrishnan, 2018). To 
establish a sufficient repertoire of robust and representative preclinical models accurately 
reflecting human disease and providing efficient platforms for preclinical drug testing, an 
international Innovative Therapies for Children with Cancer Pediatric Preclinical Proof-of-
Concept Platform (ITCC-P4)3 is currently undergoing the development, which encompasses 
400 PDXs as well as around 15 GEMMs.  

By nature of the technique, implementing the original tumor material directly into 
the host animal does not allow to investigate tumor initiation. Fortunately, this limitation 
can be bypassed using human induced-pluripotent stem cell (hiPSC)-derived xenograft 
models. hiPSC-derived xenograft models marry the versatility and flexibility of the stem cell 

 

3 https://www.itccp4.eu 



Chapter 1  

 

- 21 - 

technology with all the advantages of PDX setting such as the microenvironment provided 
by the host animal and no species difference between the original disease and engrafted cells. 
Basically, desired cell types were differentiated from hiPSCs and genetically modified in vitro, 
subsequently injected into immunodeficient mice. Stem cell technology allows iPSCs to 
differentiate into theoretically any kind of neural and glial cell lineages in vitro, namely 
neural stem cells (NSC), oligodendrocyte progenitor cells (OPC), Purkinje cells, astrocytes 
and neurons (Danjo et al., 2011; David Gordon, 2009; Douvaras et al., 2014; Eiraku & Sasai, 
2012; Krencik & Zhang, 2011; Muguruma et al., 2010; Wichterle et al., 2002). Key factors for 

neural induction from iPSCs were reported such as inhibition of TGFb and BMP signaling 
pathways. To date, a large variety of NSC differentiation protocols are available on the 
market among which monolayer method and embryoid body formation are the most 
prevalent (Hong & Do, 2019). Among pediatric CNS tumors, only few of them have clear 
trace of cellular origin, for instance, SHH MB was proved to be driven by aberrant activation 
of SHH pathway in granule neuron progenitors during cerebellar development (Kool et al., 
2008; Schüller et al., 2008; Yang et al., 2008). Several sutdies suggested that EPN were likely 
originated from radial glia cells which are NSCs giving rise to both neuronal and glial lineage 
(Campbell & Götz, 2002; Dwyer et al., 2016; Taylor et al., 2005). Downregulation of NANOG 
and OCT3/4 with upregulation of NES and PAX6 are commonly used biomarkers to 
characterize NSCs (Chambers et al., 2003; Dahlstrand et al., 1995; Mitsui et al., 2003; 
Morshead et al., 1994; Ng & Surani, 2011; Reynolds & Weiss, 1992; Sansom et al., 2009). A 
recent study successfully created a low-grade glioma model by intracranial injection of NF1-
null and KIAA1549-BRAF-expressing hiPSC-derived neural stem cells (iNSC) into 
immunodeficient mice (Anastasaki et al., 2022). Haag et al. demonstrated that identical 
genome mutations in distinct iPSC-derived cell types (iNSC vs. iOPC) may behave 
differently; diffuse intrinsic pontine glioma (DIPG) formation in mice engrafted with 
H3K27M and TP53 altered iNSCs but not with iOPCs suggested the cellular origin property 
of NSCs in DIPG tumorigenesis (Haag et al., 2021). HiPSC-derived xenografts are gaining 
increasing attention as a great potential to generate de novo models for previously hard-to-
engraft less aggressive brain tumors, and to advance our understanding of the cellular origin 
of these malignancies. 

 

1.6     Objective of the study 

With the rapid advances in cancer genomics, DNA methylation-based molecular 
classification is changing the perspective of clinical diagnosis for pediatric CNS tumors 



Chapter 1  

 

- 22 - 

(Capper et al., 2018). According to the molecular classification, several histologically EPN-
like tumors formed discrete clusters apart from the defined 10 groups of EPN. Some clusters 
harbor ZFTA fusion genes including canonical ZFTA-RELA and other new fusion genes (e.g., 
ZFTA-MAML2). Another distinct cluster NET_PLAGL1 was named after the recurrent 
PLAGL1 fusions found in the tumors. These fusion genes show high likelihood as oncogenic 
drivers in tumorigenesis. The objective of my thesis was to establish new models for these 
newly identified tumor entities by employing various brain tumor modeling strategies 
described above. Thereafter, I used the models that faithfully recapitulate their human 
counterparts to unravel the decode molecular mechanisms of tumorigenesis and explore the 
potential therapeutic vulnerabilities.  
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Chapter 2  

 

Cross-species analysis identifies GLI2 as 

oncogene in ZFTA/C11orf95 fusion-positive 

supratentorial ependymomas 

 

2.1     Summary 

This project focused on dissecting the role of tumor-driving fusion genes in 
supratentorial ependymoma (ST-EPN), a rare type of pediatric brain tumor with a poor 
prognosis. C11orf95-RELA fusions are frequently found in ST-EPN and were proven to be 
the oncogenic drivers in these tumors (ST-EPN-RELA; Ozawa et al., 2018; Parker et al., 2014). 
Recently, our lab identified de novo fusions of C11orf95 to numerous fusion partners different 
from RELA, e.g., MAML2, MAML3, NCOA2 and SS18, suggesting a general role of C11orf95 
in tumorigenesis of ST-EPN. Using in vivo mouse models and in utero electroporation-based 
gene transfer technology, I found that both, the partner gene and the zinc finger (ZF) DNA 
binding domain of C11orf95, were essential to exert tumorigenesis. Applying cross-species 
comparative analyses, I showed that C11orf95-related fusions alter the expression of several 
specific transcriptional activators, such as the transcription factor GLI2, a sonic hedgehog 
signaling mediator gene. Targeting GLI2 with arsenic trioxide caused extended survival of 
tumor-bearing animals, identifying a potential therapeutic vulnerability in C11orf95 fusion-
positive tumors. Based on these findings, C11orf95 is now officially designated as zinc finger 
translocation associated (ZFTA) by the HUGO Gene Nomenclature Committee. In addition, 
the WHO has accepted based on our work to call the group of supratentorial ependymoma 
carrying a fusion containing the ZFTA fusion gene Supratentorial ependymoma, ZFTA 
fusion-positive (ST-EPN-ZFTA; Louis et al., 2021; Zheng et al., 2021). 
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2.2     Various ZFTA-positive fusion genes were identified and formed 

separate clusters from the canonical ST-EPN-RELA cluster 

Based on the DNA methylation profiling, our lab previously identified new clusters 
in addition to the three conventional ST-EPN groups, named Clusters 1-4. These clusters 
contain samples with partly calibrated scores < 0.9 for ST-EPN-RELA (Capper et al., 2018). 
Within these clusters, RNA-sequencing revealed fusions of ZFTA with different partner 
genes, including MAML2 (n = 15), MAML3 (n = 2), SS18 (n = 2), NCOA2 (n = 9) and a new 
type of ZFTA-RELA (Type 8; n = 2; Figure 2-1b).  
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Figure 2-1 | New fusion genes and genetic heterogeneity in ST-EPN tumors.  

a, Unsupervised clustering based on DNA methylation of ependymoma samples (n = 1028) using t-SNE 
dimensionality reduction. b, t-SNE analysis based on DNA-methylation profiling depicting fusions detected 
in each novel clusters. Cluster 2 and 4 show fusions of ZFTA with genes other than RELA, while cluster 1 
and 3 depict different variants of ZFTA-RELA-fusions. Figure provided by David Ghasemi. 

 

In order to validate the fusion breakpoints detected in silico, I performed the reverse 
transcription followed by PCR (RT-PCR). I amplified the region that covers the fusion 
breakpoint and extracted and sequenced the PCR fragment (Figure 2-2a). Various new fusion 
breakpoints sharing the common partner ZFTA were validated: ZFTA-MAML2, ZFTA-
MAML3, ZFTA-NCOA2 and ZFTA-SS18. All validated fusion genes were in frame, leading 
to the expression of the corresponding fusion proteins (Figure 2-2b).  

 

Figure 2-2 | New fusions genes are validated by RT-PCR and subsequent Sanger sequencing.  

a, Sanger sequencing confirmed fusion constructs detected by RNA-sequencing. b, Illustration of the 
different fusion protein constructs containing ZFTA that were detected in the Clusters 1-4 (c.f. Figure 2-1b). 
ZF: zinc finger domain, TAD: transactivation domain.  
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2.3     The most N-terminal ZF domain from ZFTA is indispensable for 

tumor formation in vivo 

The ZFTA-RELA fusion gene has been proven to drive tumor formation, when 
delivered to neonatal forebrain cells positive for either NESTIN, GFAP or BLBP using the 
RCAS/TVA system (Ozawa et al., 2018), suggesting that canonical ST-EPN-RELA formation 
may result from single-hit oncogenesis in cells at an early stage during development. This 
prompted me to test whether the respective fusions detected in Clusters 1-4 are sufficient to 
cause tumor formation as well.  

 

2.3.1 ZFTA fusion proteins induce tumor formation in mouse model by IUE 

To investigate this, I cloned the recurrently identified fusion genes (ZFTA-RELA, 
ZFTA-MAML2, ZFTA-MAML3, and ZFTA-NCOA2) into the Tol2-based doner vector (pT2K) 
that allows the expression of fusion genes together with the luciferase reporter in the target 
cells (c.f. section 1.5.3 and Figure 1-5 for principles of Tol2 transposon system). All the fusion 
genes were tagged with the human influenza hemagglutinin surface glycoprotein (HA) 
allowing further detection for the fusion proteins via immunostainings. The reporter gene 
luciferase was co-expressed through the internal ribosome entry site (IRES) which allowed 
to follow the tumor development in vivo via injection of luciferin, a substrate of luciferase 
enzyme (Hastings, 1996). Bioluminescence is produced during the catalytic reaction of 
luciferase-luciferin which can be easily detected through a non-invasive in vivo imaging 
system (IVIS®) in the living mice. To generate a stable expression of the fusion gene in the 
cell of interest in the mouse brain, I used the in-utero electroporation (IUE) gene transfer 
technology combined with Tol2 transposon system (Tabata & Nakajima, 2001). In short, I 
injected the mixture of pT2K plasmid with the Tol2 transposase (T2TP) into the cells of the 
cortical ventricular zone via a microinjector at embryonic day 13.5 (E13.5) and applied an 
electric pulse immediately after the injection to deliver the plasmids into the cells (Figure 2-
3). 
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Figure 2-3 | Graphical illustration of the in-utero electroporation technique.  

All plasmid constructs are tagged with the human influenza hemagglutinin surface glycoprotein (HA). 
ZFTA or ZFTA-fusion constructs were cloned into the pT2K transposable vector and injected with the Tol2 
transposase (T2TP) into the lateral ventricle of E13.5 wild-type mice followed by transfection using an 
electroporation-based in vivo gene transfer approach. CAG: CMV early enhancer/chicken beta actin 
promotor, IRES: internal ribosomal entry site, Tol2: Tol2 terminal inverted repeats sequence recognized by 
T2TP. Figure created with BioRender.com. 

 

As expected based on the results from our previous study (Pajtler et al., 2019), when 
we electroporated canonical ZFTA–RELA or YAP1–MAMLD1, the fusion proteins induced 
tumor formation in the cerebral cortex with a median survival of 44 and 29.5 days (n = 11/11 
for ZFTA–RELA and n = 30/30 for YAP1–MAMLD1), respectively, whereas no tumors were 
formed by overexpression of wild-type ZFTA (n = 0/13; Figure 2-4a). When I overexpressed 
ZFTA–MAML2 (n = 11/11), ZFTA–MAML3 (n = 5/11), and ZFTA–NCOA2 (n = 5/5) fusion 
genes, they induced tumors with a median survival of 29, 142, and 36 days, respectively, 
with 100% penetrance except for ZFTA-MAML3 (Figure 2-4a). Histopathological assessment 
using H&E staining the ZFTA fusion–driven mouse tumors showed 3 common features that 
share with human tumors: 1) high density of small round cells, 2) highly vascularized and 3) 
sharp demarcation from the surrounding healthy brain regions (Figure 2-4b, c, d and e). 
Together, all the newly identified recurrent ZFTA fusion genes were able to drive 
tumorigenesis in vivo and displayed common histological features.  
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Figure 2-4 | ZFTA fusion-driven mouse models generated by IUE displayed similar features.  

a, Kaplan-Meier survival curves of the animals electroporated with ZFTA or indicated ZFTA fusion genes. 
Note that YAP1-MAMLD1 was used as a positive control. b-e, Micrographs (H&E) of ZFTA fusion-driven 
tumors in mice. (Scale bar = 300 μm and 50 μm for insets). 

 

2.3.2 A shared ZFTA DNA binding domain is essential for tumor formation 

Based on the fact that 1) ZFTA contains four ZF domains which function as DNA 
binding domain (Figure 2-2b) and 2) nuclear localization signal (NLS) mapper detected 
several NLS regions across the ZF domains (Kosugi et al., 2008; Kosugi, Hasebe, Matsumura, 
et al., 2009; Kosugi, Hasebe, Tomita, et al., 2009), I decided to investigate the role of ZF1 (most 
N-terminal ZF DNA binding domain) as this domain is the only ZF shared by all of ZFTA in 
tumorigenesis. I first applied immunohistochemistry staining on the mouse ZFTA fusion-
driven tumors using an antibody against HA-tagged fusion proteins. Results showed a 
nuclear localization of the ZFTA fusion proteins in all tumors (Figure 2-5a, b and c). I 
subsequently deleted the ZF1 (∆ZF1) from all the fusions and overexpressed these in human 
HEK293T cells (Figure 2-5d, e, f, g, h and i). Staining against the fusion proteins (anti-HA, in 
red) and cell nuclei (DAPI, in blue) revealed the shuttling of the ZFTA(∆ZF1)-RELA fusion 
from the nucleus to the cytoplasm (Figure 2-5d and g), while the nuclear localization capacity 
retained in the ZFTA(∆ZF1)-MAML2 and ZFTA(∆ZF1)-NCOA2 fusion in HEK293T cells 
(Figure 2-5e, h, f and i). The result also implied that ZF1 is part of a NLS in the canonical 
ZFTA-RELA fusion. The fact that alternative ZFTA fusion proteins can still shift to the 

0 100 200 300 400
0

50

100

Days

Pe
rc
en
t s
ur
vi
va
l ZFTA (n = 13)

YAP1-MAMLD1 (n=30)

ZFTA-RELA (n=11)
ZFTA-MAML2 (n=11)
ZFTA-NCOA2 (n=5)
ZFTA-MAML3 (n = 11)

Median survival

44 days

29 days

36 days

142 days

29.5 days

C11orf95-RELA C11orf95-MAML2 C11orf95-NCOA2

ZFTA-MAML2ZFTA-RELA ZFTA-NCOA2

H
&E

ZFTA-MAML3
F

a

b c ed

Figure 2-4



Chapter 2 

 

- 29 - 

nucleus suggested the potential NLS located in the other ZF domains of ZFTA and/or fusion 
partners. 

 

Figure 2-5 | Localization of ZFTA-related proteins in mouse and human cells. 

a-c, IHC staining using an anti-HA antibody on respective ZFTA-RELA/MAML2/NCOA2-driven tumors 
in mice (Scale bar = 50 μm). d-f, Immunofluorescence (IF) staining against HA for ZFTA fusions 
overexpressed in HEK293T cells. g-i, IF staining against HA for ZFTA(∆ZF1)-RELA/MAML2/NCOA2 
overexpressed in HEK293T cells. (Scale bar = 10 μm). 

 

Since ZFTA-RELA serves very likely as a transcription factor (TF), the fact that it was 
excluded from the nucleus by deleting the ZF1 might cause the loss of function of the fusion 
protein subsequently hamper the tumor formation. Indeed, in-utero electroporation of the 
ZFTA∆ZF1 fusion genes failed to develop tumors in mouse (Figure 2-6). On the other hand, 
nuclear translocation still took place without ZF1 in the other ZFTA fusions which lost the 
tumorigenesis capacity in vivo as well, strongly indicating the importance of the DNA-
binding ability of ZF1 in tumor formation. 
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Taken together, most common alternative ZFTA associated fusion types identified in 
human supratentorial tumors invariably lead to brain tumor formation in vivo. This result 
strongly suggested that a ZF domain shared among all fusion types was found to be essential 
for tumorigenesis and may function as a transcriptional regulator. 

 

Figure 2-6 | ZF1 shared between all ZFTA fusions is essential for tumor formation in vivo.  
In vivo bioluminescence images at weeks 1, 2 and 4 after birth of the electroporated animals with the 
respective Kaplan-Meier survival curves of mice electroporated with ZFTA-RELA and ZFTA(∆ZF1)-
RELA/MAML2/NCOA2 constructs. 

 

2.3.3 ZFTA fused with potent transactivation domains do not demonstrate 

transformation capacity in vivo 

Transactivation domains (TAD) represented another shared element among 
oncogenic fusion proteins which located at the C-terminal of the proteins (Figure 2-2b). To 
further investigate the role of TADs for tumor formation, I generated artificial fusions that 
consisted of ZFTA and potent TADs, VP64 (Beerli et al., 1998), or EP300 (Eckner et al., 1994) 
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instead of fusion gene partners (Figure 2-7a). None of the animals electroporated with ZFTA–
VP64 or ZFTA–EP300 developed tumors during surveillance over 12 months (Figure 2-7b, n 
= 0/6). These findings suggest that in addition to ZF1 further oncogenic mechanisms are 
associated with domains of the respective fusion partners. Importantly, this does not 
preclude an oncogenic role for the TAD within ZFTA–RELA and alternative fusion types, as 
Kupp et al. demonstrated that the TAD of RELA also contributes to the fusion-associated 
transcriptional program through recruitment of transcriptional coregulators (Kupp et al., 
2021). 

 

Figure 2-7 | ZFTA fused with potent transactivation domains do not demonstrate transformation capacity 
in vivo.  

a, Illustration of artificial ZFTA-VP64 and ZFTA-EP300 fusion protein structures. HA: Human influenza 
hemagglutinin surface glycoprotein, NLS: nuclear localization signal (originally designed as part of VP64 in 
Beerli et al., 1998). b, In vivo bioluminescence images at indicated age of animals electroporated with ZFTA-
VP64 and ZFTA-EP300. 

 

2.3.4 Mouse models recapitulate human ST-EPN-ZFTA tumors at molecular level 

Next, with the help of Konstantin Okonechnikov, I investigated the molecular 
characteristics of mouse tumors with ZFTA fusion genes. Total RNA was extracted from the 
snap-frozen mouse tumor chunk followed by Affymetrix microarray expression profiling. In 
order to integrate the human data, Konstantin and I first selected top 5000 most differentially 
expressed orthologous genes between the canonical ST-EPN-RELA and ST-EPN-YAP1. 
Principal component analysis of these selected genes demonstrated global differences at the 
transcriptome level between mouse tumors driven by ZFTA fusion genes andYAP1-
MAMLD1 fusion gene (Figure 2-8a; Pajtler et al., 2019). Unsupervised hierarchical clustering 
of the same gene set revealed distinct molecular signatures from the ZFTA-RELA, ZFTA-
MAML2 and ZFTA-NCOA2-driven mouse tumors. These ZFTA fusion-positive mouse 
tumors clustered together with human ST-EPN-RELA but not with human ST-EPN-YAP1 

1 2 3 4

ZFTA-VP64
ZFTA

78.2kDaVP64

NLS HA

2 weeks
ZF
TA
-V
P6
4

2

4

8

6
105

ZF
TA
-E
P3
00

5

7

9

1031

ZFTA-EP300
ZFTA (type1)

99.5kDaEP300

FLAG

a b 3 weeks 4 weeks 8 weeks

Figure 2-7

1 week 2 weeks 3 weeks 4 weeks

Radiance
(p/sec/m2/sr)

Radiance
(p/sec/m2/sr)



Chapter 2 

 

- 32 - 

tumors (Figure 2-8b). Provided that the activation of L1CAM and CCND1 as well as the 
activation of the NF-kB signaling pathway are striking molecular characteristics of ST-EPN-
RELA (Parker et al., 2014), we examined these characteristics in the ZFTA fusion-driven 
murine tumors. CCND1 but not L1CAM was highly expressed across all types of the fusion-
driven tumors (Figure 2-8c and d).  

 

Figure 2-8 | ZFTA fusion-associated murine tumor models share molecular characteristics with human 
ST-EPN-RELA.  

a-b, Principal component analysis in a and hierarchical clustering in b based on orthologous genes expressed 
in human ST-EPN-RELA (solid red) and ST-EPN-YAP1 (solid cyan) tumors and murine ZFTA-RELA 
(hollow red), ZFTA-MAML2 (hollow green), ZFTA-NCOA2 (hollow purple) and YAP1-MAMLD1-driven 
(hollow cyan) tumors. Each dot represents one tumor. c, Expression level of Ccnd1/CCND1 in mouse (left) 
and in human (right); ****P < 0.0001. d, Expression level of L1cam/L1CAM in mouse (left) and in human 
(right); ns, nonsignificant; *P < 0.0332; ****P < 0.0001. 

 

However, I did not observe any global activation of the NF-κB pathway in the ZFTA 
fusion-driven models, indicating that aberrant activity of this pathway is not contributing to 
tumorigenesis in mice (Figure 2-9). In line with these findings, Kupp et al. observed that 
altering the Rel-homology domain in ZFTA-RELA fusions, which represents the DNA 
binding domain shared by the NF-κB family proteins for their signal transduction, did not 
result in loss of oncogenicity in mice (Kupp et al., 2021). As a direct transcriptional target of 
NF-κB pathway, CCND1 was still upregulated without the global activation of this pathway 
(Guttridge et al., 1999; Hinz et al., 1999), suggesting that abnormal expression of CCND1 in 
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ST-EPN-ZFTA was attributed to other signaling pathways or ZFTA fusion proteins per se 
since they are very likely transcription regulators (Figure 2-8c). 

 

Figure 2-9 | The NF-kB signaling pathway is not activated in newly identified ZFTA fusion-driven 
tumors. 
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Heatmap showing expression of NF-kB pathway target genes in human ST- EPN-RELA and Cluster 1-4 (a, 
n = 66) and indicated mouse models (b, n = 20). 

 

2.4     Cross-species analysis identifies putative oncogenes 

downstream of ZFTA-fusions 

Since there was evidence that the same DNA binding domain of ZFTA is required 
for oncogenicity, I further explored common downstream effectors induced by 
transactivation of the ZFTA-associated fusion genes (Figure 2-2b). To this end, we chose a 
cross-species approach to concisely match signaling pathways between human tumors and 
mouse models. To exclude the ependymoma cell identity signature genes across molecular 
groups that we had observed previously (Mack et al., 2018), we selected differentially 
expressed genes for human primary ST-EPN-RELAs significantly upregulated compared to 
all other molecular groups of EPNs (n = 3825 genes; Figure 2-10a). We used a similar 
approach to compare gene expression data from ZFTA-driven mouse tumors against data 
from murine YAP1-MAMLD1 tumors representing the only available alternative faithful 
model system (Pajtler et al., 2019). We found that 2637 genes shared by ZFTA fusion-driven 
murine tumors are significantly higher expressed in comparison to YAP1-MAMLD1 tumors 
(Figure 2-10b). Filtering for orthologues in both mouse and human data resulted in 535 genes 
commonly upregulated in ZFTA fusion-related tumors across species (Figure 2-10).  
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Figure 2-10 | Cross-species comparison narrowed down the putative downstream candidate oncogenes.  

a, Differential expression analysis on Affymetrix microarray data of ST-EPN-RELA vs. all other EPNs 
human samples and b, on Affymetrix microarray data of ZFTA-fusion-driven murine models vs. YAP1-
MAMLD1-driven murine. Integrated analysis resulted in 535 differentially expressed orthologous genes 
shared between human and mouse tumors. The Affymetrix data for human EPNs were generated using 
Affymetrix GeneChip Human Genome U133 Plus 2.0 Array and published in Pajtler et al., 2015. 

 

A gene ontology analysis on the list of 535 genes revealed enrichment for cancer-
related signaling pathways and partly convergence into known ST-EPN-RELA group-
associated pathways, e.g., MAPK signaling (Figure 2-11a). I also found several well-known 
oncogenes, such as the sonic hedgehog (SHH) mediator gene GLI2, the WNT-mediator gene 
LEF1 and the EPN oncogene EPHB2 shared by ZFTA fusion-driven tumors (Figure 2-11a). 
Moreover, I found all three genes were specifically upregulated among the genes with 
highest expression in human ST-EPN-RELA as compared to other molecular groups of EPNs 
based on transcriptomics (Figure 2-11b).  

Figure 2-10

a b
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Figure 2-11 | Gene Ontology analysis indicates numerous upregulated genes implicated in cancer-
related pathways.  

a, Heat map reporting 32 genes implicated in cancer-related signaling pathways, which were extracted from 
a gene ontology analysis of 535 genes after human-mouse orthologous selection. b, Comparison of mRNA 
expression levels for GLI2, EPHB2 and LEF1 among different molecular groups of human EPNs based on 
Affymetrix gene expression data. 

 

“To further explore potential direct interactions of ZFTA fusions with Gli2, Lef1 and 
Ephb2 gene loci, in collaboration with Stephen Mack’s lab, we performed chromatin 
immunoprecipitation sequencing (ChIP-seq) with antibodies against HA and H3K27ac as 
well as assay for transposase-accessible chromatin using sequencing (ATAC-seq) analyses 
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on ZFTA– RELA-driven murine tumor cells. Indeed, the ZFTA–RELA fusion was found to 
directly bind to H3K27ac-marked open chromatin regions of Gli2, Lef1, and Ephb2 (Figure 2-
12).” 

 

Figure 2-12 | Chromatin immunoprecipitation sequencing on IUE-derived ZFTA-RELA mouse tumors. 

Plots of normalized and scaled ZFTA-RELA-HA, ATAC and H3K27ac RPKM profiles for candidate genes 
Gli2, Ephb2 and Lef1 in IUE-based ZFTA-RELA mouse tumor. Signals derived from ChIP-seq (peaks shown 
on the figures) showed interactions between ZFTA-RELA/ATAC/H3K27ac and the gene loci of 
Gli2/Lef1/Ephb2. Figure generated in collaboration with Stephen Mack. 

 

In addition, we reanalyzed the ChIP-seq against H3K27ac and RELA on human 
canonical ST-EPN-RELA and -YAP1 tumors generated previously in our lab in collaboration 
with Stephen Mack (Figure 2-13; Mack et al., 2018). In ST-EPN-RELA, the peaks presented 
on GLI2, EPHB2 and LEF1 gene loci partially overlapped with the RELA-subgroup-specific 
enhancers indicated as red lines in the figure. Consistent with the mouse data, this result 
showed that GLI2, EPHB2 and LEF1 are ST-EPN-RELA tumor-specific enhancer genes in 
human (Figure 2-13). 
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Figure 2-13 | Chromatin immunoprecipitation sequencing on human ST-EPN-RELA and -YAP1. 

Plots of normalized and scaled H3K27ac and RELA RPKM profiles for candidate genes GLI2, EPHB2 and 
LEF1 in human ST-EPN-RELA (n = 3) and ST-EPN-YAP1 (n = 3). ST-EPN-RELA-specific enhancer regions 
are given as red lines. Data generated in collaboration with Stephen Mack and published in Mack et al., 2018. 
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2.5     GLI2 represents a candidate downstream target of ZFTA 

fusion-associated tumorigenesis in vivo 

To examine a potential functional implication of the revealed genes for ZFTA-driven 
tumorigenesis, I subsequently generated plasmids harboring ZFTA-RELA together with 
genes encoding a dominant-negative form of Gli2, Lef1 and Ephb2, respectively (Figure 2-14). 
A dominant-negative mutation adversely affects the normal, wild-type gene function 
competitively within the same cell. The plasmids were then delivered into the mouse brain 
at E13.5 stage using the same IUE technique as described above. 

 

Figure 2-14 | Graphical illustration of the dominant-negative forms of the candidate genes. 

a, Illustration of the proteins GLI2, EPHB2, LEF1 and their respective dominant-negative forms. DBD: DNA 
binding domain, LBD: ligand binding domain, TM: transmembrane domain, PDZ: beta-catenin-binding 
domain, CAD: context-dependent activation domain, HMG: high-mobility group DNA-binding domain, aa: 
amino acid. b, Illustration of the plasmid vector carrying ZFTA-RELA fused to the genes encoding a 
dominant-negative form of indicated oncoproteins with T2A self-cleaving peptides. 

 

2.5.1 A dominant-negative form of GLI2 hampers tumor initiation in the ZFTA-RELA 

IUE model 

While the genes encoding the C-terminal portion of LEF1 and the ectodomain of 
EPHB2 did not prevent tumor development, the N-terminal portion of GLI2 (dnGLI2) that 
competitively inhibits GLI2 transactivation hampered the tumor initiation (Figure 2-15a and 
b). The result indicated the requirement of GLI2 function for ZFTA fusion-associated 
tumorigenesis. Moreover, we found that GLI2 transcription factor binding sites were highly 
enriched in histone H3K27ac-marked enhancers and super-enhancers of human ST-EPN-
RELAs reported in the previous study from our lab (Mack et al., 2018), further suggesting a 
decisive role of this oncogene. 

a b
1544aaGLI2 ActivatorRepressor DBD

dnGLI2 Repressor DBD 599aa

986aaEPHB2 PDZLBD TM Kinase

621aadnEPHB2 LBD TM
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Figure 2-15 | Co-expressing dnGli2 together with ZFTA-RELA in vivo suppresses the tumor formation.  

a, Kaplan-Meier survival curves of mice electroporated with ZFTA-RELA (median survival = 44 days) or 
ZFTA-RELA-T2A-dnGli2 (solid line), -dnEphb2 (dashed line, median survival = 36 days), -dnLef1 (dotted 
line, median survival = 20 days) constructs. ****P < 0.0001, *P = 0.0201, ns: non-significant. b, In vivo 
bioluminescence images at week 1-4 after birth of animals electroporated with indicated constructs. c, 
Transcription factor enrichment analysis of GLI2 within histone H3K27Ac-marked enhancers across human 
primary ST-EPNs and PF-EPNs. 
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2.5.2 GLI2 knockdown in vitro induces a decrease in cell proliferation and increase in 

cell apoptosis 

To investigate whether GLI2 contributes to progression of ST-EPN-RELA tumors, I 
decided to analyze tumor cell behavior upon GLI2 knockdown (KD) in vitro using cell 
proliferation and cell apoptosis as readout. For this purpose, I used a characterized ST-EPN 
cell line, EP1NS, which expresses ZFTA-RELA fusion. I created two doxycycline (dox)-
inducible shRNAs targeting two different locations of the coding region of human GLI2 
(shGLI2_1 and shGLI2_2; Figure 2-16a) as well as a non-targeting control shRNA (shControl). 
EP1NS cells were infected with a lentivirus containing either shGLI2_1 or shGLI2_2 and 
selected positive cells with puromycin. I observed approximately 40% reduction of GLI2 at 
the transcriptional level 48h after administration of doxycycline (2 μg/mL; Figure 2-16b).  

 

Figure 2-16 | Inducible GLI2 knockdown system in vitro. 

a, Illustration of the shRNAs targeting indicated regions on the human GLI2 transcript. b, Relative 
expression of GLI2 at mRNA level in the EP1NS cell line 48h after dox-treatment inducing shGLI2 expression. 
P value determined by paired t test. shGLI2_1: n = 4, mean = 0.6529, SD = 0.07702, P = 0.0041; shGLI2_2: n 
= 4, mean = 0.6137, SD = 0.1887, P = 0.0465. shControl: n = 4, mean = 1.076, SD = 0.134. **P < 0.005, *P < 0.05 

 

In order to analyze the cell proliferation upon GLI2 KD, I labelled the cells with a 
DNA intercalator ethinyldesoxyuridin (EdU) 96h after shRNA induction. Cell number, 
labelling time, and EdU concentration might affect the readout and these parameters vary 
depending on the cell type. Therefore, I assessed the readout using various conditions and 
prior to the experiment. It is better to assess the readout when 30-50% of the cells are 
proliferating because when more cells are labelled with EdU, it is very likely that some cells 
are already entering the second cell cycle which makes the result hard to interpret. In the 
end, 6 hours EdU labelling time matched the requirement (Figure 2-17a). Regarding the 
seeding number of the cells, I observed an over-confluence with 200 thousand (200K) seeding 
number by the end of 96h dox treatment, which could inhibit cell growth and subsequently 
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affects the result. In contrast, no over-confluence was perceived with 100K seeding number 
which presented a more reliable result. Within the 6 hour - 100K cells settings, the EdU 
concentration did not seem to be an influential factor (Figure 2-17a). The shGLI2-expressing 
cells showed a significant decrease in cell proliferation as compared to the shControl-
expressing cells (Figure 2-17b). In addition, I stained the cells with Annexin V, a cell marker 
for early apoptosis, to explore a potential effect of GLI2 KD on this cellular process. I 
observed significantly increased apoptotic events in the KD cells when compared to the 
control cells (Figure 2-17c). These results indicate that the inhibition of GLI2 expression in 
ST-EPN cell line leads to a reduced proliferation and increased cell death, which may 
contribute the slowdown of ST-EPN tumor progression in vivo. 

 

Figure 2-17 | Change in cell proliferation and cell apoptosis in a ST-EPN-RELA cell line upon GLI2 
knockdown. 

a, Determination of the optimal parameters for the EdU assay in the EP1NS cell line. b-c, Relative level of 
EdU (b) and Annexin V (c) in the EP1NS cell line 96h after dox-treatment normalized to the ones without 
dox-treatment. P value determined by paired t test. For EdU: shGLI2_1: n = 6, mean = 72.17%, SD = 7.627, P 
< 0.0001; shGLI2_2: n = 6, mean = 76.33%, SD = 3.983, P = 0.0009; shControl: n = 6, mean = 98.5%, SD = 7.530. 
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For Annexin V: shGLI2_1: n = 6, mean = 113.5%, SD = 10.86, P = 0.0251; shGLI2_2: n = 6, mean = 127.5%, SD 
= 16.06, P = 0.0223; shControl: n = 6, mean = 94.67%, SD = 12.36. ****P < 0.0001, ***P < 0.001, *P < 0.05 

 

2.5.3 Gli2 knockout in vivo hampers ZFTA-RELA-driven tumorigenesis 

To understand the importance of Gli2 in tumor initiation, I generated an “All-in-one” 
plasmid which allows the overexpression of ZFTA-RELA fusion together with the knockout 
of Gli2 via CRISPR/Cas9 system (Figure 2-18a). This vector was based on a PiggyBac 
transposon system (PB), which integrates the gene of interest specifically at TTAA 
tetranucleotides in the genome (Cary et al., 1989; Chen et al., 2020). The mice electroporated 
with sgRNA targeting Gli2 (sgGli2) completely hampered tumor formation while with 
control sgRNA (sgCtl), mice developed tumor with 70% of penetrance (Figure 2-18b and c). 
The median survival of mice carrying ZFTA-RELA-sgCtl (297 days) is much longer than the 
one of overexpression of ZFTA-RELA alone (77 days) in the PB system (Figure 2-18b). This 
could be attributed to the low integrity efficiency of the gene of interest into the genome due 
to the nearly tripled size of the gene. 
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Figure 2-18 | Gli2 knockout in vivo hampers ZFTA-RELA-driven tumorigenesis 

a, Graphical illustration of “All-in-one” plasmid expressing ZFTA-RELA and knockout gene of interest via 
CRISPR/Cas9 system. b, Kaplan-Meier curves of the electroporated mice with ZFTA-RELA with Tol2 
system (red line) and PB system (red dashed line); all-in-one construct with ZFTA-RELA and sgGli2 (yellow 
dashed line) or sgCtl (black dashed line). c, In vivo bioluminescence images 1-4 weeks after birth of animals 
electroporated with indicated constructs. 

 

2.5.4 Arsenic trioxide treatment in vivo extends the survival 

To further evaluate the functional role of GLI2 for tumor progression in vivo, I treated 
the IUE-based ZFTA-RELA-expressing mice with arsenic trioxide (ATO). ATO is a blood 
brain barrier-penetrating drug which includes GLI2 in its target spectrum (Neumann, 
Wefers, et al., 2017). The mice were treated with either 2.5 mg/kg ATO or vehicle 5 times per 
week via intraperitoneal injection as soon as the luciferase signal reached ca. 5x106 
photons/sec. I measured the luciferase signal weekly for tracking the tumor evolution 
(Figure 2-19a). The ATO-treated animals demonstrated extended survival when compared 
to vehicle-treated controls (Figure 2-19b and c). Together, both in vitro and in vivo data 
suggest GLI2 as a potential therapeutic target in ZFTA fusion-positive ST-EPN tumors. 

a b

0 100 200 300 400
0

50

100

Days

Pr
ob
ab
ili
ty
 o
f S
ur
vi
va
l

ZFTA-RELA (Tol2), n = 9

ZFTA-RELA-sgCtl, n = 7

ZFTA-RELA (PB), n = 3

ZFTA-RELA-sgGli2, n = 5

c

ZF
TA
-R
EL
A-
sg
Ct
l

1 week 2 weeks 3 weeks 4 weeks

ZF
TA
-R
EL
A-
sg
G
li2

2

4

8

6
106

4

6

8

104

Radiance
(p/sec/m2/sr)



Chapter 2 

 

- 45 - 

 

Figure 2-19 | ATO treatment in IUE-based ZFTA-RELA mouse model. 

a, Graphical illustration of the ATO drug treatment plan. b, Kaplan-Meier curves of the electroporated mice 
treated with ATO (blue curve, median survival = 36 days) or vehicle (black curve, median survival = 13 
days). P value determined by Log-rank test (P = 0.0104). All error bars represent standard deviation (SD) c, 
In vivo bioluminescence images post-treatment of ATO or vehicle on ZFTA-RELA fusion-driven mouse 
models over 8 weeks. Figure 2-19a created with BioRender.com 
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2.6     Establishment of ZFTA-RELA-driven allograft model 

During the treatment of IUE-based ZFTA-RELA mouse models with ATO, I realized 
that the intra-strain variability of tumor occurrence presented in CD-1 outbred mouse line 
caused a significant difference in the starting time points of the treatment, which 
subsequently prolonged the time of the experiment and led to a considerable number of 
single treatments. Therefore, I engrafted the same pre-defined number of tumor cells from 
IUE-generated primary tumors into NSG mice to create a reliable allograft mouse model with 
synchronized tumor onset for future preclinical studies.  

For the allograft models, I injected freshly prepared mouse tumor cells (1 Mo 
cells/mouse) intracranially into the cerebral cortex of the recipient mice and retransplanted 
the tumor cells in vivo for up to 3 passages (Allograft P1, P2 and P3). Detailed experimental 
procedure is described in Chapter 6 section 6.4.2. Tumors developed in all mice and at 
passage 3 the latency was significantly reduced albeit less cells were inoculated (0.5 Mo cells; 
Figure 2-20a). The survival curve of passage 3 is steeper which implies that tumors of this 
model have a more homogenous and aggressive growth pattern, and thus might be more 
suitable treatment studies (Figure 2-20a). Assessment of histopathology showed similar 
tumor morphology during the in vivo passaging (Figure 2-20b). Clustering based on DNA 
methylation profiling was performed in section 4.4), which showed molecular resemblance 
of the allograft models to the primary mouse tumors (Figure 4-2a and c). Analysis of 
expression profile is still ongoing.  

 

Figure 2-20 | ZFTA-RELA allograft model 

a, Kaplan-Meier curves of the ZFTA-RELA IUE-based mouse model (red) and the respective allograft 
models in passage 1, 2 and 3 (orange, yellow and green). b, Representative images of H&E staining for 
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ZFTA-RELA allograft P1, P2 and P3. Dashed lines indicate the tumor area. H&E staining from b, was 
performed by Nina Hofmann. 

 

2.7     Establishment of IUE mouse tumor cells cultured in vitro 

One of the bottlenecks of studying ST-EPN is that only very few models are available. 
To my knowledge, besides the limited number of human cell lines and in vivo models such 
as IUE-based and RCAS/TVA-based mouse models mentioned in the beginning of this 
chapter, there are no human or mouse ST-EPN tumor cells that can be reliably long-term 
cultured in vitro. The largest advantage of an in vitro model is the strictly controlled 
environment and relatively easy manipulation and read-out. Therefore, in addition to the 
allograft model, I decided to culture the IUE-based mouse tumor cells in a dish. I tested 
several published neural sphere cultural media and commercialized neural progenitor 
media listed below (Table 2-1).  

 

Table 2-1 | Overview of neurosphere culture media 

Recipe for neural stem cell maintenance media (NSCMM) was provided by Daniel Haag which were 
designed for culturing iPSC-derived NSCs. Rcipe for tumor sphere media (TSM) was established by Monje’s 
lab, initially used for mouse NSC culture and DIPG primary tumor cell culture (Lin & Monje, 2017). 
NeuroCult™ proliferation media for human and rodent cells are commercially available from StemCell and 
the recipes are proprietary. 

 

Media Recipe Reference

Neural stem cell  
maintenance media 

(NSCMM)

DMEM/F12,  
B27 (minus VitaminA, 1x),  
GlutaMAX,  
Non-essential amino acid (1/2x),  
CHIR-99021 (1.5 µM), 

SB-525334 (2.5 µM), 
bFGF (40 ng/mL),  
EGF (40 ng/mL),  
hLIF (5 ng/mL),  
Heparin (2 µg/mL)

Haag et al. 2021

Tumor sphere media 
(TSM)

Neurobasal-A Medium (1X),  
D-MEM/F-12 (1X), 
HEPES Buffer (1M),  
MEM Sodium Pyruvate (1mM),  
Non-essential amino acid 
(0.1mM), GlutaMAX,

Antibiotic-Antimycotic (1X),  
B27 (minus VitaminA, 1x),  
bFGF (20 ng/mL),  
EGF (20 ng/mL),  
PDGF-AA (20 ng/mL),  
Heparin (2 µg/mL)

Lin & Monje 2017

NeuroCultTM NS-A 
proliferation media for human 

(hNCM)
Catalog # 05751 STEMCELL

NeuroCultTM proliferation 
media for mouse and rat 

(mNCM)
Catalog # 05702 STEMCELL
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I found that only in NeuroCultTM proliferation media for mouse & rat (mNCM), 
ZFTA-RELA-expressing mouse tumor cells can steadily expand. I performed 
immunofluorescence staining against the HA-tagged ZFTA-RELA fusion to validate the 
fusion gene expression in the cultured mouse tumor spheres (Figure 2-21). Consistent with 
the previous observation in the IUE mouse tumor (Figure 2-5), only a portion of the cells 
expressed the fusion gene (Figure 2-21). Intriguingly, fusion-harboring cells (HA-positive) 
did not overlap with the proliferating cells (Ki67-positive), which suggested a complex cell-
cell communication across the fusion-positive and -negative cells (Figure 2-21). At molecular 
level, DNA methylation profiling of these in vitro cultured cells was investigated (results 
shown in Chapter 4 section 4.4) and their expression profile need to be further explored 
which is not part of this thesis. In the future, this model can serve as a robust complementary 
tool to study the underlying molecular mechanism of ST-EPN-ZFTA as well as various drug 
screenings in vitro. 

 

Figure 2-21 | Mouse tumor spheres cultured in vitro 

Representative images of immunofluorescence staining against HA (yellow) and Ki67 (magenta). Cell nuclei 
were labelled with DAPI (blue). Scale bar = 100 µm. 

 

2.8     Discussion 

In this Chapter, a comprehensive molecular analysis of ST-EPN that identified 
additional satellite clusters related to ST-EPN-RELA was first introduced. The RELA fusion 
partner ZFTA was found to be a recurrent partner in alternative translocations within tumors 
that constituted these satellite clusters. These clusters are now included in the latest version 
of the Heidelberg Brain Tumor Methylation Classifier as part of the novel molecular family 
of ZFTA fusion-positive ST tumors (Capper et al., 2018; Hemmati et al.). The aim of this part 
of my thesis was to further investigate the biological heterogeneity of ST-EPN as a basis for 
identifying potential therapeutic vulnerabilities.  
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To this end, I first validated the expression of various ZFTA fusion proteins in ST 
tumors. Each of these fusion proteins caused tumor formation as single-hit in the cerebral 
cortex of mice, implying that they share oncogenic mechanisms. In line with the study from 
Kupp et al., I indeed identified a zinc finger DNA-binding domain of the fusion partner 
ZFTA as an essential element for tumorigenesis. This also resulted in the new official 
designation zinc finger translocation associated (ZFTA) by HUGO for the gene formerly known 
as C11orf95. In addition, protein structural comparison of all ZFTA fusion partners identified 
the presence of a shared transactivation domain (TAD), raising the possibility that ZFTA 
fusion oncoproteins activate oncogenes through recruitment of TAD to its targets.  

Interestingly, the newly identified ZFTA fusion genes induced tumors with different 
penetrance and latency. This may be attributed to variable effects of the fusion partners on 
the transcriptional machinery in neural stem/progenitor cells (NSC). For instance, MAML2 
and MAML3 are known to be cofactors of NOTCH, which is responsible for clonal expansion 
of cortical progenitors in the ventricular zone. However, MAML2 shows much stronger 
transcriptional activation of Hes genes than MAML3 (Wu et al., 2002). Therefore, ZFTA-
MAML2- mediated enhancement of oncogenic signaling is likely to expand the fusion 
bearing NSCs more efficiently. In line with this speculation, I observed reduced survival in 
mice electroporated with ZFTA-MAML2 compared to ZFTA- MAML3. Considering that NF-
κB signaling is involved in NSC proliferation in the cerebral cortex (Widera et al., 2006; 
Young et al., 2006), ZFTA-RELA is also likely to expand the progenitor pool of the transfected 
cells, thus shortening the latency of tumor formation. Since the ZFTA fusion-positive ST 
tumors are characterized by distinct methylation profiles, it could also be hypothesized that 
each fusion oncoprotein may exert transformation activity in different NSC subtypes already 
committed to specific progenitors, as was reported for medulloblastoma (Schuller et al., 2008; 
Yang et al., 2008). 

In addition, single cell RNA-sequencing on a cohort of ST-EPN-RELA and posterior 
fossa group A ependymoma (PF-EPN-A) revealed a larger inter-tumoral heterogeneity for 
ZFTA-RELA-positive tumors compared to PF-EPN-A (Gojo et al., 2020). Future single cell 
studies coupled with technologies for profiling the chromatin landscape may enable the 
inference of developmental lineages. 

Notably, the ZFTA-positive oncoproteins were not detectable in all cells within the 
tumor area in mouse models, which underpinned the heterogeneity of these tumors. Partial 
expression of the fusion proteins in the tumor region strongly suggested the potential 
transformation capacity of the fusion proteins on the surrounding cells. This may serve as a 
basis to investigate the dependency of fusion protein expression during tumor development 
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and progression. It could be that the fusion protein simply acts as a trigger of the tumor 
initiation. In this case, identifying the way of communication between fusion bearing cells 
and surrounding cells as well as factors driving progression and proliferation of fusion-
negative cells are critical to find out further therapeutic approaches. On the other hand, if 
both the tumor development and progression are reliant on the fusion gene expression, 
targeting the fusion genes using gene therapies or fusion proteins via vaccination would be 
an interesting therapeutic approach.  

A previous animal study revealed the NF-κB- and non-NF-κB-related impact of 
ZFTA-RELA fusions on tumor formation by mutagenesis (Ozawa et al., 2018). In our study, 
we did not observe NF-κB pathway activation in tumors using IUE-based models. Consistent 
with this result, Arabzade et al. demonstrated that a major component of the fusion binding 
is tumor-specific and not observed in canonical NF-κB-related gene expression. In addition, 
Kupp et al. found that the Rel-homology domain is not required for fusion-driven gene 
expression. It remains to be further elucidated if at least transactivation domains that 
represent a shared pattern between fusions that cluster together and lack the Rel-homology 
domain, such as ZFTA-NCOA1, ZFTA-NCOA2 and ZFTA-MAML2, may contribute to 
tumorigenesis through binding of transcriptional cofactors. Indeed, integrated cross-species 
analyses identified downstream targets shared by ST tumors with ZFTA fusions suggesting 
similar transcriptional activation processes. The results stress that GLI2 functions as a 
relevant downstream oncogene in ZFTA fusion-driven ST tumors and pharmacological 
inhibition could significantly reduce tumor growth.  

This study showed that GLI2 expression was modulated directly by ZFTA-RELA 
fusion protein via ChIP-seq and motif enrichment analysis. In addition to the modulation at 
transcriptional level, activation of numerous signaling pathways as well as protein 
stabilization processes may result in GLI2 upregulation. Although expression of canonical 
SHH signaling-related genes were not affected in ZFTA fusion-positive tumors, e.g., PTCH1, 
SMO, SUFU, the other non-canonical signaling pathways such as MAPK/Ras that has been 
proven to be involved in GLI2 regulation appeared on the list using GO-term analysis 
(Kasper et al., 2006; McCleary-Wheeler, 2014). Strikingly, FGFR3 is highly upregulated in ST-
EPN-RELA and all ZFTA fusion-positive tumor models, which is one of the ligands that 
activates MAPK/Ras pathway, subsequently stabilizing GLI2 and preventing its 
degradation by the proteosome, thus resulting in upregulation of GLI2 activity independent 
of SHH signaling. In vitro evaluation of mouse basal cell carcinoma cells treated with an 
EGFR inhibitor gefitinib, another activator of the MAPK/Ras pathway, and the GLI inhibitor 
GANT1 demonstrated a synergistic effect in reducing cellular proliferation (Schnidar et al., 
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2009). Therefore, we have planned to study the effect of a combined treatment with FGFR3 
inhibitor and GLI2 inhibitor in ZFTA fusion-positive tumor models in the future. 

Among the non-canonical SHH pathways altering GLI2 expression, TGFβ is probably 
the most well-characterized, which allows a rapid induction of transcription of GLI2 through 
the binding of SMAD3 on the GLI2 promoter region (Dennler et al., 2009). Intriguingly, this 
region also includes TCF/LEF-binding site whereby Wnt signaling can participate through 
the binding of β-catenin region (Dennler et al., 2009). It implies that potentially the 
upregulation of LEF1 in ZFTA fusion positive tumors does not contribute directly to cell 
proliferation/survival but rather indirectly through the transcriptional activation of GLI2. 
This mode of action could very well explain the reason why overexpression of dominant-
negative LEF1 did not diminish tumor formation in vivo. 

With regard to EPHB2 that was previously described as ependymoma-associated 
oncogene and found to have transformation capacity when overexpressed in Blbp positive 
NSCs extracted from Cdkn2a-/- mice (Johnson et al., 2010). I found downstream effectors of 
EPHB2-mediated signaling, e.g., ABL1, CCND1 and CDC42 were also upregulated in ST-
EPN-RELA. However, in our ZFTA-RELA mouse model the presence of a dominant-
negative EPHB2 (dnEPHB2) did not attenuate tumor formation (Jørgensen et al., 2009). 
EPHB2 is member of ephrin receptor family (Eph). The ligands of Eph are called ephrins. 
Eph/ephrin signaling is a considerably complex pathway which is involved in development, 
homeostasis and pathogenesis and interplay with numerous cancer-related signaling 
pathways such as Wnt and MAPK (Gucciardo et al., 2014). Interestingly, Eph/ephrin 
pathway has been shown to both induce and suppress tumor cell proliferation depending 
on cell types, tumor categories and stages. On one hand, activation of EPH signaling presents 
a tumor-suppressive effect in, for example, glioblastoma, breast, colorectal, prostate and skin 
cancer (Chiu et al., 2009; Miao et al., 2009; Noblitt et al., 2004; Noren et al., 2006; Teng et al., 
2013; Wykosky et al., 2005; Wykosky et al., 2008). EPHA signaling negatively regulates ERK 
activation in fibroblasts, endothelial cells as well as in tumor cells (Fu et al., 2010; Herath et 
al., 2009; Kuang et al., 2010). One comprehensive study demonstrated the cross-
phosphorylation effect between EPHA and EPHB receptors in HEK293 and COS7 cells in 
vitro. Notably, in presence of EPHB2, EPHA signaling was successfully stimulated and the 
activation depends on the ratio of EPHA and EPHB (Janes et al., 2011). High-level of EPHB 
inhibited EPHA phosphorylation thus might increase tumor cell proliferation via ERK 
phosphorylation (Guo et al., 2006; Janes et al., 2011). Therefore, when overexpressing 
dnEPHB2 in mouse, it is possible that the tumor-suppressive EPHA signaling was disturbed 
therefore compensated the inactivation of EPHB2 oncosignaling in ZFTA fusion-positive 
tumors (Figure 2-23a). However, on the other hand, a reverse pattern has also been observed: 
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overexpression of EPHA/B in several cancers is associated with tumor higher grades and 
aggressiveness (Brantley-Sieders et al., 2011). In line with this report, Janes et al. also 
confirmed that EPH signaling cascade can be triggered by the recruitment of EPHA to 
dnEPHB2/ephrin complex. Therefore, although dnEPHB2 inhibited EPHB/ephrin 
coupling-mediated pathway in a competitive manner, the effect can still be by-passed by the 
EPHA/EPHB association and cross-activation (Figure 2-23b). CRISPR/Cas9-mediated 
inducible EPHB2 knockout could potentially better evaluate its functional role in tumor 
initiation and progression. 

 

Figure 2-22 | Graphical illustration of two potential mechanisms on dnEPHB2 and EPHA cross-activation. 
Figure created with BioRender.com. 

 

In summary, the first part of my thesis demonstrated the transforming capacity of 
ZFTA-containing fusions, provided representative mouse models, and presented a rationale 
for further preclinical studies blocking central molecular dependencies of these fusions. As 
a consequence from this work, tumors containing a canonical or alternative ZFTA fusion are 

now classified as supratentorial ependymoma, ZFTA fusion-positive in the 5th edition of the 
WHO Classification of Central Nervous System Tumours.   

Hypothesis 1a Hypothesis 2b
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Chapter 3  

 

Modeling a newly identified supratentorial 

brain tumor driven by PLAGL1 fusion genes 

 

3.1     Summary 

In recent years, DNA methylation profiling has been used to define molecular groups 
of EPN amongst different anatomical sites in the CNS with distinct pathological 
characteristics and molecular alterations (Pajtler et al., 2015). Within the supratentorial 
compartment, in addition to the previously described ZFTA fusion-positive and YAP1 
fusion-positive molecular groups, our lab identified rearrangements involving PLAGL1, 
particularly EWSR1-PLAGL1 fusion, as a molecular hallmark of a novel group of 
supratentorial neuroepithelial tumors (NET_PLAGL1; Sievers et al., 2021). Modeling these 
tumors according to previously established protocols (Zheng et al., 2021) with in utero 
electroporation in mice has failed, which was probably associated with species-related 
difference in microsatellite sequences involved in EWSR1 function. However, after I had 
performed numerous methodological optimizations, overexpression of EWSR1-PLAGL1 
fusion gene via a doxycycline-mediated system in human induced pluripotent stem cells 
(iPSCs)-derived neural stem cells (iNSCs) followed by in vivo orthotopic transplantation 
successfully led to supratentorial brain tumor formation in mice. DNA methylation profiling 
followed by an unbiased clustering approach located these tumor models closely to teratoma, 
potentially due to the strong stem cell-associated methylation signature pattern of iNSCs. 
Although not part of this thesis, using expression profiling and/or biomarker validation (e.g., 
immunohistochemistry staining against H19 and IGF2) may provide better insights into 
these models. In the future, further validation and refinement of this inducible modeling 
system will provide not only a reliable in vivo model to study PLAGL1 fusion-positive 
supratentorial neuroepithelial tumors, but also a general tool to unravel molecular 
mechanisms behind the tumor development of these brain malignancies, e.g., to answer the 
question whether distinct fusions are needed for tumor initiation only or also drive 
progression. 
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3.2     A new neuroepithelial tumor cluster was identified with 

PLAGL1 fusion 

By investigating a large cohort of DNA methylation data, our group recently 
identified a molecularly discrete groups of supratentorial neoplasms with partly ependymal 
appearance (Sievers et al., 2021). These neuroepithelial tumors reveal recurrent fusions 
involving the pleomorphic adenoma gene-like 1 (PLAGL1) gene, and were named 
NET_PLAGL1 accordingly (Figure 1-4a). Within the NET_PLAGL1 cluster, EWSR1-PLAGL1 
is the most common fusion gene (n = 13/19) based on RNA-sequencing results, followed by 
PLAGL1-FOXO1 (5/19) and PLAGL1-EP300 (1/19) (Figure 3-1). 
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Figure 3-1 | Illustration of PLAGL1 fusion genes and respective protein structures 

a

b

c
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Fusion status of samples within the PLAGL1 cluster was assessed by RNA-seq (n = 20): EWSR1-PLAGL1 (n 
= 13), PLAGL1-FOXO1 (n = 5), PLAGL1-EP300 (n = 1), fusion negative (n = 1). NET: neuroepithelial tumor. 
a, In the EWSR1-PLAGL1 fusion, exons 1–9 of EWSR1, as the 5’ partner, are fused to exon 5 of PLAGL1. b, In 
PLAGL1-FOXO1 fusion, exons 1–5 of PLAGL1 are fused to exons 2–3 of FOXO1 as the 3’ partner. c, In 
PLAGL1-EP300 fusion, exons 1–5 of PLAGL1 are fused to exons 15–31 of EP300 as the 3’ partner. All fusions 
conserve the zinc finger structure (C2H2 type) of PLAGL1 as part of the fusion products. Figure adapted 
from Sievers et al., 2021. 

 

I first validated the fusion breakpoint by RT-PCR on patient-derived tumor RNA in 
the same way as described in the section 2.2 (Figure 3-2). All validated fusion genes (n = 3) 
resulted in in-frame expression of the fusion proteins EWSR1-PLAGL1 or PLAGL1-FOXO1. 
Based on the RNA-seq data, the fusion protein contains the N-terminal Ewing sarcoma 
activation domain (EAD) from EWSR1, the DNA binding domain (DBD) as well as the C-
terminal transactivation domain (TAD) from the PLAGL1 (Figure 3-2). The intact DBD and 
TAD of PLAGL1 indicated that the gene transcription function was retained in the fusion 
gene, strongly suggesting an oncogenic implication of this fusion gene via aberrant 
activation of gene transcription. 

 

Figure 3-2 | Validation of EWSR1-PLAGL1 fusion breakpoint by RT-PCR 

Fusion breakpoint validation with RT-PCR followed by Sanger sequencing. N-terminal part of EWSR1 is 
fused with C-terminal part of PLAGL1. EAD: EWS activation domain, DBD: DNA binding domain, TAD: 
Transactivation domain. 
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3.3     EWSR1-PLAGL1 fusion did not lead to malignant 

transformation applying established in utero electroporation 

protocols 

3.3.1 IUE approach using EWSR1-PLAGL1 at E13.5 time point 

To understand the role of EWSR1-PLAGL1 fusion gene for brain tumor development, 
I first attempted to overexpress the fusion gene in the developing supratentorial mouse brain 
using the well-established method in utero electroporation (IUE), as described in Chapter 2 
(Figure 2-3). When the fusion gene was successfully delivered into the cortical ventricular 
zone at embryonic day 13.5 (E13.5), I could not observe any tumor formation in the mouse 
brain during a follow-up period of 1 year (n = 6; Figure 3-3). 

 

Figure 3-3 | IUE approach using EWSR1-PLAGL1 at E13.5 time point 

Representative figures of in vivo bioluminescence images of mice from postnatal age week 1 to week 4 
electroporated with the EWSR1-PLAGL1 fusion. 

  

3.3.2 IUE approach using EWSR1-PLAGL1 at different time points 

In addition, I also delivered the fusion gene at E14.5 and E16.5 to also target different 
cell stages of the apical progenitors lining the ventricular zone during the mouse brain 
development (Di Bella et al., 2021). However, it did not result in tumor formation following 
IUE at any of the indicated time points (Figure 3-4). 
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Figure 3-4 | IUE approach using EWSR1-PLAGL1 at different time points 

Representative in vivo bioluminescence images of mice electroporated EWSR1-PLAGL1 fusion at E13.5, E14.5 
and E16.5 time point. 

 

3.3.3 IUE approach using murine Ewsr1 fused to human PLAGL1 at E13.5 

Following negative results of all experiments described above, I assumed a species-
related issue regarding EWSR1 that has been revealed and discussed among researchers in 
the Ewing sarcoma field for many years. In fact, there is a difference between species in the 
distribution of the microsatellite GGAA repeats. These microsatellite GGAA repeats interact 
with the EWSR1 transcription factor and play an essential role for EWSR1 transcriptional 
function (Riggi et al., 2014). For that reason, I next created an artificial chimeric fusion protein 
containing the mouse Ewsr1 (mEwsr1) N-terminal EAD region and the DBD as well as the 
TAD of human PLAGL1 (Figure 3-5a). The intent was to investigate whether the mEwsr1 
could recapitulate the human counterpart by activating the corresponding set of 
downstream oncogenes in mice in a species-specific manner. However, I did not observe any 
tumor in mice electroporated with the mEwsr1-PLAGL1 fusion gene (Figure 3-5b).  

Taken together, I tried to model EWSR1-PLAGL1 fusion-driven brain tumors in vivo 
using the IUE technique but none of the attempts led to tumor formation. The fact that also 
other groups have not been able to generate a mouse model for EWSR1 fusion-driven 
sarcomas yet is most probably associated with a species-specific microsatellite repertoire. 
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Figure 3-5 | IUE approach using mouse Ewsr1 fused with human PLAGL1 at E13.5  

Representative in vivo bioluminescence images of mice electroporated with the mEwsr1-PLAGL1 fusion in 
postnatal age week 1 to week 4. 

 

3.4     In vitro modeling of EWSR1-PLAGL1 fusion-driven tumors 

using iPSC-derived iNSCs 

Based on the results above, I decided to use human iPSCs (hiPSCs) to overcome 
species-related hurdles. HiPSC can be derived into a variety of cell types in vitro to facilitate 
model generation of tumors with different cellular origins, as mentioned in the introduction 
(Chapter 1). Since NET_PLAGL1 cohort shows high similarity to neuroepithelial cell, which 
is a type of neural stem cell; thus, I decided to use hiPSC-derived neural stem cells (iNSC) as 
a model system to analyze the EWSR1-PLAGL1 fusion gene function in vitro. 

 

3.4.1 Forebrain neural stem cells derived from hiPSCs were used for tumor modeling 

Numerous neural stem/progenitor cell (NSC) differentiation protocols are available 
based on the literature. Given that all the reported human PLAGL1 fusion-driven CNS 
tumors are located in the cerebral cortex (Sievers et al., 2021), I decided to use the monolayer 
neural induction protocol from StemCell Technologies to generate forebrain NSCs (forNSC). 
This protocol is relatively simple to conduct and time-saving compared to most other 
protocols (Figure 3-6). 
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Figure 3-6 Timeline for StemCell monolayer neural induction protocol. 

iPSC: induced pluripotent stem cell, NSC: Neural stem cell, mTeSR+: iPSC culture medium from StemCell 
Technologies, NIM: Neural induction medium, SMADi: SMAD inhibitor, NPM: Neural Progenitor Medium. 

 

 After generating iNSC with the monolayer protocol, I performed qPCR to validate 
expression of a set of marker genes for forNSCs. I used previously generated hindbrain NSCs 
(hinNSC) published in (Haag et al., 2021) and a commercialized human embryonic stem cell 
derived NSCs (H9NSC) as control. As expected, NANOG and OCT3/4, being iPSC marker 
genes, were significantly downregulated in all NSCs (Figure 3-7). SOX2, as a general stem 
cell marker, maintained a stable expression level across the differentiation process. The NSC 
markers NES and PAX6 were upregulated in NSCs compared to iPSCs. OTX2, FOXG1, SIX3 
and NKX2.1 as forNSC markers showed expression levels that were decreased in hinNSCs 
and increased in forNSCs, respectively (Figure 3-7). In contrast, hindbrain markers, such as 
GBX2 and NKX6.1, presented a reversed pattern (Figure 3-7). Interestingly, the H9NSCs 
showed a hindbrain biomarker spectrum as well. In addition, expression level of the glial 
marker GFAP did not change during neural induction (Figure 3-7). 

 

The mRNA level of NES did not show a tremendous increase from iPSCs to forNSCs 
but when I performed the immunofluorescence staining against NESTIN protein on forNSCs, 
it was clearly more expressed than in iPSCs. Probably the translational level of NES is largely 
increased with a relatively less pronounced increase at transcriptional level. 
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Figure 3-7 | Marker gene expression in iNSCs 

RT-qPCR was used to validate the marker gene expression in iPSC, hinNSC with 2 different differentiation 
protocols, H9NSC and forNSC (n = 2) 

 

3.4.2 Neural stem cell maintenance media was optimal for growth of forNSC 

By the end of the neural induction process, I cultured the differentiated iNSCs in the 
neural progenitor medium (NPM) recommended by the StemCell Technologies. However, 
after 2 passages I found the iNSCs were proliferating surprisingly slowly in NPM. For this 
reason, I cultured the iNSCs derived from 2 iPSC lines (771-3G and NH50191) in 3 distinct 
media in order to test which one provides the best supporting environment for cell growth. 
INSCs from both lines showed heterogenous morphology when cultured in NPM or in 
NeuroCult media (NCM). Three days after seeding the cells, they were still not confluent 
(Figure 3-8a, b, c and d). While in the neural stem cell maintenance media (NSCMM) created 
by my colleague Daniel Haag adapted from (Palm et al., 2015), the iNSCs nicely formed 
neural rosettes with homogenous cell morphology and higher cell density (Figure 3-8e and 
f). The NSCMM was clearly more suitable for iNSC growth with both cell lines compared to 
the other media tested. 
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Figure 3-8 | Media comparison for iNSC 

Passage 6 of iNSCs derived from 2 iPSC lines (771-3G and NH50191). Cells cultured in Neural progenitor 
medium (NPM) (a, b), in NeuroCult medium (NCM) (c, d) and in Neural stem cell maintenance medium 
(NSCMM) (e, f). 

 

3.4.3 Comparison of transfection methods for gene delivery in iNSCs 

To deliver the fusion genes into iNSCs, there are several transfection/transduction 
methods available, for instance electroporation- or liposome-based transfection (lipofection) 
as well as viral transduction. Here, I briefly list the advantages and disadvantages of these 3 
methods (Table 3-1).  
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Table 3-1 | Comparison of the advantages and disadvantages of 3 transfection methods. 

 

 In the beginning, I chose to use the electroporation method because it is the most 
widely used transfection technique in stem cell research and was also proven to be very 
efficient and less laborious compared to the other methods.  

The electroporation method is a physical transfection technique which relies on the 
temporal destabilization of the cell membrane caused by its exposure to high-intensity 
electric pulses. The destabilized cell membrane becomes permeable and allows exogenous 
DNA to enter into the cell. The most critical parameter in this technique is the intensity and 
duration of the electrical pulse.  

The Neon™ electroporation transfection system is an easy-to-use device that can 
transfect various cell types with high efficiencies. However, this method can cause huge 
amount of cell death if the transfection is not performed under optimal conditions. The 
optimal conditions depend largely on the cell type. Therefore, I tested different parameters 
that were recommended by the manufacturer and/or previously used in the lab for iNSCs 
(Figure 3-9). I was performing the test while I was generating the iNSCs in section 3.4.1. For 
that reason, all preliminary tests were carried out on the commercialized NSC line H9NSCs. 
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To test the electroporation conditions, I simply delivered a plasmid pT2K-CAG-
IRES-GreenFire that expresses the fluorescent protein GFP into the NSCs and then assessed 
the GFP-positive cell proportion by fluorescent-activated cell sorting (FACS). Applying 
1400V for 20ms with 2 sequential pulses showed the highest transfection efficiency (55.8%) 
among the 3 programs I tested (Figure 3-9) despite slightly higher cell death rate (data not 
shown). 

 

Figure 3-9 | Optimization of the electroporation program for transfection of NSCs 

 

However, even a transfection efficiency of 55.8% is relatively low for the 
electroporation technique. Therefore, I was asking myself what if this outcome was not due 
to the transfection per se, rather an issue of plasmid expression in the cells. One of the well-
known features, but with unclear mechanism, of stem cells is promoter silencing and 
previous studies showed that this phenomenon was frequently observed in neural stem cells 
in which some promoters overcome this issue better than the others (Chung et al., 2002). This 
prompted me to test the expression level of different constitutive promoters in iNSCs to 
identify the most suitable one for generating a stable cell line. Four different commonly used 
constitutive promoters were available in our lab: phosphoglycerate kinase (PGK), human 
elongation factor-1alpha (EF1α), cytomegalovirus (CMV) and cytomegalovirus early 
enhancer/chicken beta-actin hybrid (CAG). GFP was used as reporter gene and the optimal 
electroporation program tested above was applied for the transfection in H9NSCs. It turned 
out that EF1α promoter was the most efficient resulting in 99.6% of GFP positive cells, 
followed by CAG (75.8%) and PGK (44.2%). The CMV promoter was not suitable as it 
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resulted in 2.81% GFP-positive cells only. In addition, the EF1α promoter showed a higher 
fluorescence intensity than all other promotors tested (Figure 3-10). 

The reason for the higher transfection efficiency of CAG driven GFP in this 
experiment (75.8%) compared to the previous one (55.8%) was most likely due to the type of 
GFP. In the program test (Figure 3-9) I was using a plasmid expressing GreenFire that has a 
destabilized GFP (half-life: 2 hours) while in the promoter test (Figure 3-10), all the constructs 
carry copGFP (aka ppluGFP2), which is a more stable and superbright green fluorescent 
protein from copepod Pontellina plumate (Shagin et al., 2004).  

 

Figure 3-10 | Comparison of promoter expression levels in iNSCs 

 

Although the results from the optimization with the Neon™ electroporation system 
were exciting, I had to test another transfection method due to lack of material. I ran out of 
the Neon™ pipette tip for the Neon™ device and COVID pandemic-related supply chain 
issues resulted in significant delays of placed orders. I subsequently decided to try out the 
liposome-based transfection technique. 

Liposome-based transfection techniques involve the use of liposomes forming a 
complex with DNA which is overall positively charged, allowing the interaction with 
negatively charged cell membrane and in consequence facilitate the uptake by endocytosis. 
Fugene® (Promega) and TransIT® (Mirus) are both liposome-based transfection reagents 
and were routinely used in our lab. Since the NSCs are considered as a hard-to-transfect cell 
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type, I tested different DNA/reagent ratio (1:3, 1:4 and 2:6) according to recommendations 
from both the manufacturer and peers. Results were astonishing, since using the EF1α 
promoter expressing GFP, I observed around 90% GFP positive cells with both Fugene® and 
TransIT®, which is extremely high for NSC transfection (Figure 3-11). For the CAG promoter, 
efficiency was still about 60% for Fugene® and 50% for TransIT®, respectively. While the 
difference in DNA/reagent ratio did not affect the transfection efficiency with TransIT®, it 
did increase 10-15% with Fugene® (Figure 3-11). 

 

Figure 3-11 | Optimization of Liposome-based transfection in H9NSCs 

 

Based on the previous test, I used the 1:3 ratio to infect the iNSC that I generated in 
section 3.4.1 with the StemCell monolayer protocol. Unexpectedly, the transfection efficiency 
was largely lower in iNSC compared to H9NSC with both Fugene® (19.5% vs. 89.9% with 
EF1α promoter, 6.15% vs. 57% with CAG promoter) and TransIT® (33.8% vs. 90.5% with 
EF1α promoter, 10.1% vs. 52.7% with CAG promoter) transfection reagents. However, 
TransIT® seemed to be relatively more efficient than Fugene® in this context (33.8% vs. 
19.5% with EF1α promoter, 10.1% vs. 6.15% with CAG promoter) and also EF1α was still 
more efficient that CAG (19.5% vs. 6.15% with Fugene®, 33.8% vs. 10.1% with TransIT®, 
Figure 3-12). 
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Figure 3-12 | Liposome-based transfection in iNSCs 

 

3.4.4 Establishment of dox-inducible fusion gene expression in iNSCs 

Following extensive optimizations of the transfection method including 
identification of the most suitable promoter, I decided to use TransIT with the Tol2 system 
to generate an iNSC line stably expressing the PLAGL1 fusion gene. I cloned the fusion genes 
EWSR1-PLAGL1 and ZFTA-RELA (as control) into the pT2K vector under the EF1α promoter, 
which carries GreenFire as reporter gene. Unfortunately, after delivering the plasmids into 
iNSCs, I observed a high rate of cell death in GFP positive cells with both fusion constructs 
but not when using the empty control vector. This result suggested that either the fusion 
proteins are toxic for the iNSCs or the iNSCs are too sensitive to handle both the transfection 
and the overexpression of the fusion genes at the same time. Based on the successful 
transformation of mouse NSCs using the ZFTA-RELA fusion gene by (Parker et al., 2014), I 
assumed timing to be the limiting factor. Therefore, I used a dox-inducible vector TLCV2 as 
backbone, in which Cas9 expression was controlled by a tetracycline-dependent promoter 
(TRE). I replaced the Cas9 gene with the fusion genes EWSR1-PLAGL1, ZFTA-RELA or YAP1-
MAMLD1 (Figure 3-13). The other two fusion genes were proven to be oncogenic drivers in 
several studies and were used as positive controls here (Ozawa et al., 2018; Pajtler et al., 2019; 
Parker et al., 2014). 
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Figure 3-13 | Graphical illustration of the dox-inducible constructs. 

TLCV2: Addgene plasmid #87360 (Barger et al., 2019), TRE: tetracycline-dependent promoter, puro: 
puromycin, rtTA: reverse tetracycline-controlled transactivator. 

 

 TLCV2 is a lentiviral-based vector which requires co-delivery of the packaging 
vectors into the target cells in order to produce a lentivirus carrying our gene of interest. 
Viral transduction as a transfection method has the advantage of being highly efficient as 
well as having a broad range of targetable cell types (Table 3-1). However, it is more 
laborious than the other methods, including additional experiments such as virus 
production and titration.  

After virus production and titration, I infected HEK293T cells to determine the dox 
concentration and validate the protein expression of the fusion genes upon dox induction. 

Infected cells went through a 4-day puromycin selection (5 µg/mL) after the infection to 
eliminate non-infected cells. All fusion proteins were tagged with HA. Western blot against 
HA or GFP clearly showed that the increment of fusion protein expression or GFP was 
proportional to the increase of dox concentrations for all 3 constructs (Figure 3-14). 
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Figure 3-14 | Protein expression validation in HEK293T cells via Western blotting 

 

 However, when I performed the same experiment in iNSCs, I could barely detect any 

fusion protein expression even with high dox concentrations (5 µg/mL). Only GFP protein 
expression could be detected by WB (Figure 3-15). I repeated the experiment with a double 
amount of the protein input and obtained a similar result. Knowing that the fusion gene and 
GFP are separated by a 2A system under the same TRE promoter, the protein ratio of fusion 
to GFP is theoretically 1 : 1, as presented in the HEK293T cells (Figure 3-14). These results 
indicated that there was a potential degradation preference for the fusion proteins in iNSCs.  
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Figure 3-15 | Protein expression validation in iNSCs via Western blotting 

 

 Not only via WB, but also under the fluorescent microscope I noticed an increase of 
GFP positive cells upon dox induction in iNSCs harboring the control construct (Figure 3-
16a-f). Similar results were observed with EWSR1-PLAGL1 as well as YAP1-MAMLD1 
fusion. However, as soon as dox was added to the media of cells transfected with ZFTA-
RELA, these cells started to die. And this cell death was shown mainly in GFP positive cells 
(Figure 3-16g). This result strongly suggested that the cell death observed previously with 
the constitutive promoter was essentially due to the double stress from the transfection 
procedure and the overexpression of the oncoprotein. By using the dox-inducible system, I 
managed to overcome this issue for EWSR1-PLAGL1 and YAP1-MAMLD1 fusion. However, 
the problem with ZFTA-RELA fusion still remained. 
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Figure 3-16 | iNSCs express GFP upon dox induction. 

Live cell fluorescence image of control iNSCs without dox (a) and with 0.008 µg/mL (b), 0.04 µg/mL (c), 0.2 
µg/mL (d), 1 µg/mL (e) and 5 µg/mL (f). g, Live cell fluorescence image of iNSC expressing ZFTA-RELA 
fusion upon 5 µg/mL dox. 

 

 When adding high dose of dox on the iNSCs, I could not trigger the fusion gene 
expression in a considerable fraction of the cell population. Although YAP1-MAMLD1 

showed the highest GFP positivity (50% with 5 µg/mL dox), all other constructs did not even 
reach 35% including the control (Figure 3-17a). While in HEK293T cells, the activation was a 
lot stronger and in a larger fraction of cell population (Figure 3-17b). Perhaps the non-
responsive cells suffered from an impaired drug-uptake capacity or an insufficient 
sensitivity against dox.  

To evaluate this possibility, I added a higher concentration of dox (10 µg/mL) to the 
cells. However, cells died within a day after the treatment, suggesting that dox became 
cytotoxic for these cells at 10 µg/mL. To further explore the potential causes for the 
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heterogenous gene expression, I made use of the puromycin (puro) resistance gene which is 
part of the viral genome that was integrated into the target cells (Figure 3-13). Instead of a 4-

day puro selection (2 µg/mL), I applied a prolonged selection (7 days) to eliminate the non-
infected cells. Despite the extended selection, it was still possible that some cells lose their 
resistance during the expansion of the population. To address this issue, I employed a second 
round of puro selection for 2 days right before the dox administration. However, the result 
was not distinguishable from the first attempt (Figure 3-17a). Together, these findings 
revealed that in iNSCs, there is a preference in protein degradation for fusions over the 
reporter; the prolonged or additional round of puro selection did not improve the transgene 
inducibility in these cells. 

 

Figure 3-17 | Protein expression upon dox induction in iNSCs and HEK293T 

Percentage of GFP positive cells in iNSCs (n = 2, a) and HEK293T (b) upon dox induction with different 
concentration. 

 

3.4.5 Cell proliferation did not increase upon dox induction 

In spite of the dox-responsiveness issue, an obvious change in phenotype was 
present, for example, the enormous cell death events with ZFTA-RELA expression in NSCs 
(Figure 3-16g). I decided to investigate the effect of dox-induced fusion gene expression on 
cell proliferation. To address this question, I employed the same EdU assay as described in 
section 2.5.2 and determined the best EdU incubation time as 2 hours (Figure 3-18a). Only 
EWSR1-PLAGL1 expression resulted in a decreased cell proliferation while other fusion 
genes did not show significant changes (Figure 3-18b). This result suggested that EWSR1-
PLAGL1 fusion gene might play an inhibitory role in cell growth in iNSC in an in vitro 
environment. 
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Figure 3-18 | Cell proliferation did not increase upon dox induction in vitro. 

a, Test of best EdU incubation time for iNSCs. b, iNSCs expressing control construct (TLCV2) and fusion 
genes (EWSR1-PLAGL1, ZFTA-RELA, YAP1-MAMLD1). The percentage of proliferating cells indicated as 
EdU positive population.  

 

3.5     Orthotopic transplantation of iNSCs into immunodeficient 

mice 

Studies repeatedly demonstrated that cells could behave very differently depending 
whether exposed to an in vitro or an in vivo environment (Sugai et al., 2016). Especially in 
cancer, tumor cells interact extensively with the surrounding cells where the tumor 
microenvironment plays a huge role in supporting survival and development of the tumor 
cells (Hanahan & Weinberg, 2011). To assess effects of dox-based fusion gene induction in 
vivo, I labelled the dox-inducible fusion-expressing iNSCs from section 3.4.4 with GreenFire 
reporter gene to allow for tracking of cell growth in living mice through the detection of 
bioluminescence. One week after injecting labelled cells orthotopically into the cerebral 
cortex region of immunodeficient mice (NSG), I fed the mice with food pellets containing 
200 mg/kg dox in order to activate the fusion gene expression (Figure 3-19). 
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Figure 3-19 | Graphical illustration of the strategy to activate fusion gene expression in immunodeficient 
mice. 

Human induced pluripotent stem cells (iPSC) were first differentiated into neural stem cells (iNSC) using 
monolayer protocol. INSCs were infected by lentivirus carrying dox-inducible fusion gene and selected 
using puromycin (iNSC-iFus). Prior to injection, iNSC-iFus were labelled with GreenFire to allow in vivo cell 
tracking (iNSC-iFus-GF). Subsequently, these cells were orthotopically inoculated into cerebral cortex of 
NSG mice. Mice were fed with dox-containing food pellet to induce fusion gene expression. 

 

 Within a month after starting dox food administration, 3 mice already showed 
symptoms related to neurological disorders. At day 72, 92% (22/24) of mice with or without 
dox diet displayed neurological symptoms and approximately 4 months after starting dox, 
regardless of the fusion genes and diet, all 24 mice were sacrificed due to hydrocephalus 
with comparable time of median survival (Figure 3-20). 

 

Figure 3-20 | Kaplan-Meier curves of NSC mice inoculated with different fusion gene-expressing iNSCs. 
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 To further investigate the potential causes of hydrocephalus in mice, I first tried to 
localize the previously injected cells. The GFP reporter allowed me to spot these cells in 
freshly dissected brains. The iNSCs without dox induction migrated towards the olfactory 
bulb following the rostral migratory stream in most cases (Figure 3-21a, b, c and d, c.f. Figure 
3-21i). Similar as in the olfactory bulb, GFP-positive cells were also identified in the sub-
granular zone of the dentate gyrus in the hippocampus (Figure 2-21a, b and c). In some brains, 
GFP-positive cells were also detected around the hypothalamus region (Figure 2-21a, c, d 
and e). Excitingly, the EWSR1-PLAGL1-expressing (dox-induced) cells did not show the 
migratory behavior but formed a tumor-like structure in the cerebral cortex near the cortical 
ventricular zone instead (Figure 3-21f). ZFTA-RELA-expressing cells presented both 
migratory behavior and tumor-like structure (Figure 3-21g). On the contrary, cells expressing 
YAP1-MAMLD1 migrated towards the olfactory bulb only and did not form any tumor-like 
lump (Figure 3-21h). This result indicated that human iNSCs derived from iPSC recapitulate 
the general NSC migratory features in the mouse brain while expression of the fusion genes 
could alter the migration behavior. The migration behavior of non-dox exogenous iNSCs 
caused neurological disorders comparable to the ones with dox induction in a short time 
period rendering these not suitable as controls (Figure 3-20). It is also possible that the 
number of inoculated cells was too high (1x 106 cells/mouse) and therefore resulted in 
elevated pressure inside the mouse brain. 
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Figure 3-21 | Sagittal plane of the mouse brains showing the location of GFP positive iNSCs. 

The upper row represents the mice without dox food (a-d). The lower row represents the mice with dox 
food (e-h). Each column represents the indicated control/fusion construct. i, Mouse sagittal brain 
illustration taken from gensat.org 

 

 A previous study from our lab had shown that no symptoms were observed in mice 
after injection of 4 x 105 cells into the brain around the pons region (Haag et al., 2021). I 
therefore decided to inject 2 x 105 cells instead of 1 x 106. With 5 times less injected cells, mice 
carrying dox-inducible EWSR1-PLAGL1 fusion survived longer with or without dox 
administration (Figure 3-22a). Although the mice with lower injected cell number showed a 
moderate level of bioluminescence signal at the beginning of the dox induction, the signal 
increased at a comparable speed between the mice with and without dox (Figure 3-22b).  
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Figure 3-22 | Comparison of inoculated cell number for iNSCs carrying EWSR1-PLAGL1. 

a, Kaplan-Meier curves of the mice with different inoculated cell number (purple vs. black) and with or 
without dox food (dashed line vs. solid line). b, The development of the bioluminescence signal of mice 
inoculated with iNSC over time.   

 

 To further examine histology of these mice, I performed H&E staining on the brains 
injected with iNSCs carrying the EWSR1-PLAGL1 fusion of mice fed with or without dox, 
respectively. Histopathology showed low cell density in mice without dox and high cell 
density in those with dox (Figure 3-23a, b and c). Successful activation of the fusion protein 
expression upon dox was proven by the positive signal of HA tag via immunohistochemistry 
staining (Figure 3-23d, e and f). The expression of the proliferation marker Ki67 also 
indicated the high proliferative characteristic of the tumor cells (Figure 3-23g, h and i). In 
summary, these results demonstrated feasibility of using the dox-inducible system to induce 
tumors in immunodeficient mice inoculated with human iNSCs carrying the EWSR1-
PLAGL1 fusion. In addition, these findings further underlined differences in growth 
behavior of iNSCs between in vivo and in vitro settings. 
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Figure 3-23 | Histopathology of the EWSR1-PLAGL1 fusion-carrying mice. 

H&E staining of the mice inoculated with EWSR1-PLAGL1-carrying iNSCs, without dox (a), with dox (b) 
and a zoom-in of a tumor formed after induction with dox (c). Immunohistochemistry staining against HA 
of the mice inoculated with EWSR1-PLAGL1-expressing iNSCs, without dox (d), with dox (e) and a zoom-
in of with dox (f). Immunohistochemistry staining against Ki67 of the mice inoculated with EWSR1-PLAGL1-
expressing iNSCs, without dox (g), with dox (h) and a zoom-in of with dox (i). 

 

3.6     Tumor classification based on DNA methylation 

Next, I characterized the EWSR1-PLAGL1-positive tumors at the molecular level. As 
control, I took the GFP-positive cell bulk from the mice without dox diet as well. To this end, 
I assessed whether the mouse samples clustered together with their human counterparts at 
the DNA methylation level. After the profiling on DNA methylation microarray, Martin Sill 
helped to analyze and integrate the data into the published DNA methylation classifier 
(version 12.5), which contains the human data from NET-PLAGL1 cohort (Capper et al., 
2018). According to the classifier, EWSR1-PLAGL1-positive (dox-induced) mouse tumors 
were predicted as embryonal tumor with multilayered rosettes (ETMR) and samples without 
dox induction were identified as teratoma.  
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3.7     Discussion 

Based on DNA-methylation and expression profiling a previous study from our lab 
identified a rare group of pediatric supratentorial brain tumors with often ependymoma-like 
histology. This newly defined entity shows recurrent gene fusions involving the PLAGL1 
gene, among which EWSR1-PLAGL1 most frequently occurs (n = 13/19; Sievers et al., 2021). 

The unsuccessful modeling of EWSR1-PLAGL1 fusion positive tumors in mice using 
in utero electroporation was most probably related to the lack of relevant species-specific 
microsatellite GGAA repeats, which are essential for oncogenic function of EWSR1 fusion in 
human tumors (Riggi et al., 2014). 

To overcome the species barrier, I used human iNSCs derived from iPSC as host cells 
to model the PLAGL1 fusion-driven tumor. Following a monolayer NSC differentiation 
protocol, I successfully obtained iNSCs expressing forebrain marker genes. The media 
comparison showed that these cells proliferate very well when cultured in the NSCMM 
while it is not the case in NPM and NCM. To efficiently incorporate genes of interest into the 
genome of iPSC-derived NSC (iNSC), I optimized several transfection methods (Table 3-2). 
An interesting remark regarding the media is that NSCs are not prone to be transfected using 
liposome method in NSCMM and other than in NPM NSCs cannot be successfully 
transfected. It is possible that some molecules in the NSCMM inhibit the liposome-DNA 
complex formation. Therefore, using NPM on the day of transfection could solve this 
problem meanwhile keep cells growing. 

 

Table 3-2 | Overview of transfection settings for NSCs. 

 

 Numerous studies have been carried out to prove that individual promoter systems 
have different abilities to trigger transgene expression in embryonic stem cells (ESCs) in vitro 

Optimal setting Advantages Disadvantages Notes

Electroporation 1400V, 20ms, 2 pulses Fast 
High efficiency

Expensive 
High cell death

Try 1300V, 30ms, 1 pulse 
if too much cell death

Lipofection
Fugene 1:3 or 1:4 DNA 
TransIT 1:3 DNA

Fast 
Cheap Low efficiency

Avoid the transfection in 
NSCMM

Viral 
transduction /

Generating a 
stable line

Laborious 
Safety concern /
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and in vivo (Chung et al., 2002; Norrman et al., 2010; Xia et al., 2007). Consistent with the 
results from ESCs, EF1α promoter followed by PGK promoter showed a considerably higher 
efficiency for gene expression in NSCs. It was also shown that in contrast to human 
promoters (e.g., EF1α), viral-derived promoters (e.g., SFFV) are strongly methylated during 
differentiation independent of the transgene, resulting in promoter silencing (Herbst et al., 
2012). EF1α was also found to be the most stable promoter during differentiation (Norrman 
et al., 2010). 

 Due to the massive cell death after delivering the fusion genes in vitro, I finally 
generated stable NSC lines expressing fusion genes solely upon dox induction. However, a 
large proportion of the cells were non-responsive to dox even with two rounds of puro 
selection. The genetic heterogeneity (e.g., copy number of transgene) and/or epigenetic 
silencing (e.g., DNA methylation) can be responsible for the compromised fusion gene 
induction (Bencsik et al., 2016). To assess heterogeneity, copy numbers of the transgene in 
selected and sorted NSCs could be measured via qPCR to determine the minimum copy 
number needed for transgene expression. As epigenetic silencing by DNA methylation 
and/or histone acetylation might be another reason causing repression of the fusion gene, 
treating cells with a DNA hypomethylating agent (e.g., decitabine) or a histone deacetylase 
inhibitor (e.g., sodium butyrate) might overcome this phenomenon (Kantarjian et al., 2003; 
Mariani et al., 2003).  

The fact that about 40-60% of the NSCs after puro selection did not respond to dox 
induction might also have caused heterogenous tumor formation in vivo. Applying a FACS 
could largely eliminate the non-responsive cells and resulted in a more homogenous 
population prior to the transplantation (Bencsik et al., 2016). 

While the NSCs harboring EWSR1-PLAGL1 fusion displayed a decrease in cell 
proliferation upon dox induction in vitro, they formed proliferating tumors in the cerebral 
cortex in vivo with increased Ki67. Although PLAGL1 has long been considered as tumor 
suppressor gene (Jarmalaite et al., 2011; Kowalczyk et al., 2015; Lemeta et al., 2007; Vega-
Benedetti et al., 2017), more and more evidence showed its oncogenic role in certain type of 
tumors, e.g., glioma and clear cell renal cell carcinoma (Keck et al., 2023; Kowalczyk et al., 
2015; Vega-Benedetti et al., 2017). Given that cancer cells behave differently in vitro, in vivo 
and ex vivo (Hum et al., 2020) and distinct pathways can be triggered leading to changes in 
cell behavior (Ahmadiankia, 2020), the differential behaviors in vitro and in vivo may also be 
related to the dual role of PLAGL1 in tumor suppressor and oncogenic signaling pathways. 

One hypothesis for the discrepancy of cancer cell behavior between in vivo and in 
vitro environment is that the surrounding non-malignant cells plays an indispensable role in 
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supporting the tumor growth. Given that PLAGL1-associated tumor induction and growth 
was observed in vivo within this thesis, it might be interesting to decipher the essential 
signaling pathways and/or molecules that impact PLAGL1 function. For instance, we 
intended to perform single-cell RNA-seq on human NET_PLAGL1 tumors to decode the 
complex network of tumor microenvironment (TME). However, we were limited by the lack 
of fresh-frozen material of PLAGL1 tumors. An alternative would be using a co-culture of 
glial cells (astrocytes, microglia, oligodendrocyte etc.) or neurons together with the fusion-
bearing cells to understand the role of tumor-associated cells in tumorigenesis. In addition, 
I observed that not all the cells in tumor area showed expression of the fusion gene (HA-
negative in IHC), suggesting that these might be cells from TME that play a supporting role 
for tumor growth. Using a human tissue specific antibody (e.g., anti-human nuclear antigen) 
could identify whether these HA-negative cells in the TME are from the host or the dox non-
responsive human NSCs (Zhang et al., 2021). 

 I assumed that NSCs are the cells-of-origin of the PLAGL1 fusion-positive tumors. 
However, it is also possible that tumors derive from another progenitor cell type (e.g., radial 
glial cells). A model of Ewing sarcoma carrying EWSR1-FLI1 fusion was able to be 
established via overexpressing the fusion gene in specific progenitor cells while it was not 
successful in other cell types (Tanaka et al., 2014). Similarly, in diffuse intrinsic pontine 
glioma carrying the H3.3-K27M mutation only iNSCs gave rise to tumors in mice but not 
iOPCs (Haag et al., 2021). Since various differentiation protocols are available for generating 
different neural progenitor cells, such as neural epithelial stem cell (NESC; Huang et al., 
2019)) or radial glial cell (RGC; Duan et al., 2015)), a strategy to further explore progenitor 
cell dependency could be to generate iPSCs carrying dox-inducible fusion genes being 
differentiated into NESCs or RGCs (Figure 3-24). 
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Figure 3-24 | Graphical illustration of the strategy to activate fusion gene expression in different neural 
progenitor cells. 

 

After injecting the dox-inducible EWSR1-PLAGL1-containing iNSCs into mouse 
brains, I observed cell accumulation in the olfactory bulb and around hypothalamus 
(indicated by GFP-positive cells) in mice without dox diet (Figure 3-21a, b, c and d). It is 
possible that some of the inoculated cells migrated towards the olfactory bulb along the 
rostral migratory stream and some others were carried by the flow of cerebrospinal fluid to 
the third ventricular zone and resided around hypothalamus (Magnon et al., 2011). 

 Although EWSR1-PLAGL1-expressing (dox-induced) iNSCs formed a supratentorial 
brain tumor in mice upon dox-induction, the iNSCs without dox caused hydrocephalus in 
the brain as well, leading to a comparable overall survival. DNA methylation clustering 
showed a match to teratoma for iNSCs without dox, which is not astonishing since the 
pluripotent stem cells are able to give rise to tumor formation, particularly teratomas (Ben-
David & Benvenisty, 2011; Hentze et al., 2009; McDonald et al., 2020). Several studies already 
proved that it is possible to generate NSCs through teratoma formation and the isolated 
NSCs have the potential to undergo a natural course of neural development (Hong et al., 
2016; Kim et al., 2019). To avoid the formation of teratoma in vivo, potential strategies could 
be to utilize a different iPSC line or to titrate the number of injected cells (Lee et al., 2009). 
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 In summary, I validated EWSR1-PLAGL1 fusion breakpoint in NET_PLAGL1 cohort 
and generated supratentorial brain tumor expressing EWSR1-PLAGL1 fusion in mice using 
dox-inducible iPSC-derived iNSC xenograft technology. DNA methylation profiling showed 
high similarity of these tumors to ETMR, however, further molecular characterizations such 
as expression profiling need to be performed to depict the nature of generated PLAG1 
fusion-driven mouse brain tumor. 
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Chapter 4  

 

Murine model biobank for pediatric tumors 

based on DNA methylation profiling 

 

4.1     Summary 

Recent advances in molecular profiling methods led to the identification of multiple 
new molecularly defined tumor-types and -subtypes, distinguished by characteristic DNA 
methylation signatures. While the analysis of the human methylome using microarrays has 
become an affordable and routine method in many labs, this technology has not been 
available for murine samples until recently. 

In the past 5 years, we have successfully generated a variety of mouse models for 
childhood tumors (e.g., brain tumors and sarcomas) using both, genetically engineered 
mouse models (GEMMs) as well as somatic gene transfer approaches. Most of these models 
faithfully reflect the human tumor counterpart at the histological level. It is also important 
to assess the molecular similarity across species. With the recently released Infinium Mouse 
Methylation BeadChip, we now set out using these models to generate a first DNA 
methylation-informed biobank for murine pediatric tumors.  

I collected and profiled more than 80 mouse models (in total 315 samples) of pediatric 
tumors including gliomas, medulloblastomas, ependymomas and sarcomas, as well as 136 
normal brain and muscle control tissues. DNA methylation-based clustering showed that 
samples from the same model clustered together. Primary tumors were also associated with 
their allograft models, confirming the stability and liability of in vivo passaging. The copy 
number variation of certain models recapitulated their human counterparts. One of the 
ultimate aims is to perform cross-species comparative analysis of established mouse models 
and the human counterparts, assessing how faithfully each models reflects the human 
situation, which is not part of the thesis. In addition, I will also analyze model-specific 
immune microenvironment and putative cells-of-origin, which is difficult in the human 
context due to the lack of material. I will correlate these to murine tumor samples and 
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thereby provide novel insights into tumor origins. In summary, this study will generate a 
validated biobank of murine models for pediatric cancers and provide a valuable resource 
for future developmental studies and preclinical trials. 

 

4.2     Material comparison 

Our lab has been working on mouse models for pediatric CNS tumors over many 
years and the list of established mouse models is constantly expanding. However, the 
available type of material is not unified: some are preserved as formalin-fixe paraffin-
embedded (FFPE) blocks while the others are fresh-frozen (FrFr) tumor chunks.  

The FFPE process is known to affect DNA integrity (Auerbach et al., 1977; Bonnet et 
al., 2018; Bresters et al., 1994; Feldman, 1973), limiting the use of techniques requiring high-
quality DNA, such as Infinium Methylation microarrays. To overcome this limitation, I 
isolated the DNA from two samples of the same mouse tumor (in total 3 models): one 
underwent FFPE fixation and was stored at room temperature while the other sample was 
stored as FrFr tissue at -80°C. After DNA extraction, FFPE samples were subjected to an 
additional DNA restoration procedure. In a high-grade glioma (HGG) model and two 
ependymoma (EPN) models, the FFPE samples bundled together with their matched FrFr 
samples in an unsupervised clustering (Data processed by Martin Sill, Figure 4-1). This 
comparison was previously validated with human samples on the Infinium Human 
Methylation Microarray (Moran et al., 2014). Here we showed that the methylation 
signatures of FFPE samples are comparable to those from FrFr samples, which enabled us to 
analyze both types of materials on the Infinium Mouse Methylation array. 
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Figure 4-1 | FFPE and FrFr sample comparison 

Unsupervised hierarchical clustering of the 10000 probes with highest standard deviation between the 
analyzed HGG model and two EPN models. In each case, signatures from FFPE and FrFr samples are 
comparable. Data processed by Martin Sill. 

 

4.3     Biobank generation 

Subsequently, I collected samples from models that colleagues and I generated over 
time. Up to this point, I profiled 315 samples including 276 samples from CNS tumors and 
39 sarcoma samples (Table 4-1). These included electroporation-based models, RCAS models, 
GEMMs and allograft models. For each tumor entity, multiple subtypes were included 
(Table 4-1). Most models were analyzed as biological triplicates and some of them are, due 
to the missing material, only in duplicates. 
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Table 4-1 | Overview of profiled mouse models  

 

 DNA methylation is an epigenetic imprint which can be stably inherited across 
multiple cell divisions. During development and cell differentiation, DNA methylation is 
dynamic, but some DNA methylation patterns may be retained as a form of epigenetic 
memory (Kim & Costello, 2017). Methylome has already been used to identify the cellular 
origin of various cancers (Bormann et al., 2018; Servidei et al., 2021; Simon et al., 2022). To 
investigate the cellular origin of murine tumors, I isolated 130 normal brain tissue controls 
at different time points of brain development (P0, P7, P14, P21 and P28) from different 
locations in the brain (cerebral cortex, thalamus, brain stem and cerebellum) at which most 
brain tumors of our cohort occur (Table 4-2). The normal muscle control samples were kindly 
prepared by Roland Imle. 

 

 

Table 4-2 | Overview of profiled control tissues 
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4.4     Clustering 

After profiling collected samples on the Infinium Mouse Methylation Microarray, 
Martin helped me to process the data. The OpenSesame pipeline provided by Laird’s lab was 
applied on the raw data (Zhou et al., 2018), which automatically filtered out poor performing 
probes. The standard deviation (SD) of each CpG probe across all samples was calculated, 
and a tSNE based on the top 10,000 probes with highest SD was generated (Figure 4-2). 

The t-SNE illustrates the similarity between mouse models and normal tissue 
controls. Models from the same tumor entity cluster together, indicated by the color code on 
the right side of the figure. Synovial sarcoma models form a distinct cluster while the other 
sarcoma models mixed together. All available allografts from IUE-models (up to passage 3) 
cluster together with the original tumor for ST-EPN-ZFTA (Figure 4-2a) and for TFG-MET, 
Trp53 KO (Figure 4-2b). This showed the stability and liability of in vivo passaging of tumor 
cells. In vitro cultured ependymoma tumor cells from IUE-based mouse models up to 
passage 7 cluster together but not with the original tumor (Figure 4-2c). Interestingly, the 
normal brain controls displayed discrete clusters not only based on the brain location but 
also the mouse species (CD-1 vs. Bl6; Figure 4-2 circle vs. triangle). Overall, the results 
indicated that DNA methylation-based clusters can robustly separate different tumor 
entities and the mouse tumor cells retain their original DNA methylation pattern during in 
vivo passaging while these change when cultured in vitro. 
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Figure 4-2 | t-SNE of all the mouse model samples and normal tissue controls 

a, Allograft models from IUE-based ST-EPN-ZFTA mouse model. b, Allograft models from IUE-based TFG-
MET mouse model with Trp53 KO. c, Cell cultures derived from IUE-based ST-EPN-ZFTA mouse model. 
Data processed by Martin Sill and illustrated by Stefanie Volz 
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4.5     Copy number variation 

Since almost two decades, copy number variation (CNV) involving unbalanced 
rearrangements that change the composition of DNA, has been extensively studied and CNV 
can be associated with diseases (Levy et al., 2007; Redon et al., 2006). Recurrent CNVs 
continue to be described in different cancer types (Lee & Scherer, 2010). Therefore, it is 
essential to look into the CNV profiles of mouse models to investigate whether they 
recapitulate the pattern of their human counterparts. 

In the IUE-based mouse models for ZFTA fusions, the CNV profile showed a 
relatively flat genome, which matched the patient data (Figure 4-3). 
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Figure 4-3 | Copy number profile of ZFTA fusion-driven samples 

a, CNV from ZFTA fusion-driven mouse models. b, CNV from a ZFTA-MAML2-driven human tumor. 

 

Various murine CNS tumors display an altered CNV pattern. For instance, one of the 
high-grade glioma models (PPP1CB-ALK; Trp53 KO) showed a loss of chromosome 4, which 
was identified in all three analyzed tumor samples (Figure 4-4). The murine chromosome 4 
is syntenic to human chromosome 1p, which is frequently lost in human pediatric glioma.  
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Figure 4-4 | Copy number profile of PPP1CB-ALK fusion-driven mouse models 

 

 Another high-grade glioma model with TFG-MET rearrangement recapitulated the 
human counterpart as well based on CNV profile. The profile indicated that all TFG-MET 
models harbor a gain of chromosome 11, which corresponded to human chromosome 17. 
This feature was also well preserved in the allograft models throughout 3 subsequent in vivo 
passages (Figure 4-5). In addition, allograft models also gained additional chromosome 
alterations which were not present in the primary tumor, such as loss of chromosome 16 
(Figure 4-5).  

 

Figure 4-5 | Copy number profile of TFG-MET fusion-driven mouse models and their allografts up to 
passage 3 
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4.6     Discussion 

Although mouse modelling is still indispensable for understanding tumor 
development and for preclinical drug studies, the similarity and faithfulness of murine 
models to the human disease have so far not been evaluated on a DNA-methylation level. 
Therefore, with the recently released mouse methylation microarray, we generated a mouse 
model biobank for pediatric tumors based on DNA methylation. 

One of the ultimate goals was to implement the mouse samples into the existing 
human methylation classifier (Capper et al., 2018). Because of the pronounced species-
related probes on the array, models always clustered with each other and separate from the 
human samples. Using orthologue filtering to narrow down to 1500 CpG sites, some models 
(e.g., medulloblastoma) clustered together with their human counterpart within a limited 
cohort size (Schoof et al., 2022). When enlarging the cohort, we again failed to circumvent 
the species effect. Alternative analysis methods need to be developed for this purpose. 

Obvious separation of control samples from CD-1 and Bl6 mice was observed based 
on the DNA methylation clustering. Therefore, mouse strain difference needs to be taken 
into consideration for future analysis. For instance, while performing clustering of purified 
control cells with tumor cells for deciphering immune cell composition and cellular origin of 
the tumor, the strain must be matched. 

Immune therapies are an attractive anti-cancer approach in addition to the 
conventional surgical intervention, chemotherapy, and radiotherapy that may be 
particularly effective to target diffusely-growing tumors (Hinrichs & Rosenberg, 2014; Quail 
& Joyce, 2013, 2017). A comprehensive study has analyzed the DNA methylation profile of 
a large pediatric brain tumor dataset to identify the main immune cell composition in 
pediatric CNS tumors using in silico deconvolution methods: CD4+/CD8+ T-cells, B-cells, 
Tregs, natural killer cells, eosinophils, neutrophils and monocytes (Yura Grabovska et al., 
2020). To decipher the tumor immune microenvironment in the murine models, I will purify 
immune cell populations and use the derived methylation signatures to explore the model-
specific immune microenvironment.  

The cellular origin is a major factor to determine molecular types of the tumor 
(Alcantara Llaguno et al., 2015). Recent studies showed that tumors derived from distinct 
cell-of-origins demonstrated different behaviors in glioblastoma and Merkel cell carcinoma 
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models (Alcantara Llaguno et al., 2015; Gravemeyer et al., 2022). These findings suggest that 
the cellular origin essentially contributes to the development of tumor and highlights the 
importance of better comprehending the nature of cell-of-origin in tumors. In spite of the 
dynamic changes during tumor cell differentiation, DNA methylation patterns remain an 
epigenetic marker of cellular memory (Kim & Costello, 2017; Moran et al., 2016). Therefore, 
it is reasonable to explore the cellular origins of tumor based on DNA methylation profiles. 
To this end, I will purify and profile well-defined cell types such as NSCs, astrocytes, radial 
glial cells, granule neural progenitors and unipolar brush cells in order to correlate identified 
signatures to mouse tumor samples, thereby providing novel insights into tumor origins. 
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Chapter 5  

 

Discussion, conclusions and future directions 

 

5.1     Models for newly identified brain tumors 

During my PhD studies, I validated new recurrent fusion genes discovered in 
pediatric supratentorial brain tumors: ZFTA- or PLAGL1-containing fusions. These two 
fusion partners are hallmarks of the relevant DNA methylation-based clusters and both 
contribute to the name of each cluster: supratentorial ependymoma ZFTA fusion-positive 
(ST-EPN-ZFTA) and neuroepithelial tumor PLAGL1-positive (NET_PLAGL1), respectively. 
I established mouse models for ZFTA fusion-driven tumors using in utero electroporation-
based gene transfer technique and I employed a doxycycline-mediated fusion gene-
expressing human iNSC xenograft to model PLAGL1 fusion-driven tumors.  

In the field of neuroscience, in utero electroporation (IUE) was first used to elucidate 
functions of genes and neural circuits during brain development (Saito, 2015). The highlight 
of this technique is that it allows to induce somatic gene transformations in a targeted area, 
which is particularly well suited to studying genes that are lethal while altered throughout 
the embryo during the development. Combining the IUE and the Tol2 transposon system, I 
expressed the ZFTA fusion genes constitutively in the NSCs located in cortical ventricular 
zone at E13.5 embryonic development stage, which subsequently leaded to tumor formation 
in cerebral cortex in mice. Alongside Tol2 system, I have successfully generated comparable 
ZFTA-RELA-positive brain tumors using another transposon system, Piggybac, which 
integrates specifically at TTAA tetranucleotides in the genome (Cary et al., 1989; Chen et al., 
2020). This indicates the tumorigenesis of ZFTA-RELA is transposon-independent. On top of 
the stable expression of the genes of interest, Tet-On and Tet-Off system can also be 
combined to render the system inducible (Sato et al., 2013), which makes in utero 
electroporation a more powerful and versatile tool. 

While modeling NET_PLAGL1 tumors, it was unsuccessful to induce tumors in mice 
via IUE at embryonic stage 13.5, 14.5 or 16.5 with EWSR1-PLAGL1 fusion. The EWSR1 gene 
has been intensively studied as a hallmark feature in the Ewing sarcoma field (Florencia 
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Cidre-Aranaz, 2021) and countless attempts and efforts have been made to generate Ewing 
sarcoma mouse models (Minas et al., 2017). Nevertheless, there was little progress regarding 
this topic. The most widely accepted leading cause is related to differences in GGAA 
microsatellites between organisms (Gangwal et al., 2008; Patel et al., 2012). Therefore, despite 
numerous advantages provided by the IUE technique, the species discrepancy remains the 
inevitable drawback. For this reason, I used human cells to surmount this barrier and 
obtained mouse tumors via orthotopic xenografting of iPSC-derived iNSCs carrying a 
doxycycline-induced EWSR1-PLAGL1 fusion gene. Although the DNA methylation pattern 
of these tumors displayed strong iPSC signatures, expression profiles might circumvent this 
obstacle and show a similarity to the human tumor to some extent.  

To obtain a more controlled experimental subject for pre-clinical drug treatment 
studies, I established allograft models for ZFTA-RELA-driven brain tumors. The first 
intention was to generate CD-1 syngeneic models however, the transplanted tumor cells did 
not survive probably due to the high polymorphism of the CD-1 mouse strain (Aldinger et 
al., 2009). Therefore, I used immunodeficient NSG mice as recipient resulting in tumor 
growth with 100% penetrance. Nonetheless, the lack of proper immune system might bias 
the result in case of high immune-infiltrative tumors. Establishing a syngeneic mouse model 
using an inbred strain such as C57BL/6 or BALB/c could overcome this restriction while the 
bottleneck becomes the primary tumor via IUE. Given the potential strain difference in 
tumor susceptibility, IUE might not induce tumors in C57BL/6 or BALB/c mice. Another 
technical constraint is the survival rate of embryos after suffering the electric pulses, 
especially with the inbred strains that usually have significantly smaller litter sizes. Instead 
of in utero, postnatal electroporation could largely increase the survival while more 
differentiated cells will be targeted as well (Dehay & Kennedy, 2007; Di Bella et al., 2021; 
Dwyer et al., 2016). 

The allograft models demonstrated a substantial reduction in latency when 
increasing the passage number in vivo, as reported by other peers previously (Lampreht 
Tratar et al., 2018). Furthermore, according to the DNA methylation profiling, additional 
genomic alterations appeared during the passage. It was also reported that the blood-brain-
barrier was disturbed in the intracranially injected mouse models due to the injury caused 
by the surgery (Leten et al., 2014). Therefore, when interpreting the outcome from the 
allograft models, we should take the above points into account. Since each allograft model 
behaves differently, it is hard to apply a general rule and standardize the protocol. 
Importantly, one must always confirm that the allograft still resembles the original tumor at 
histologic and molecular level before performing any preclinical study. 
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5.2     Cellular origin 

Finding out the cellular origin of a tumor is beneficial for a variety of studies, 
including tumor modelling and targeted therapy. Numerous attempts have been carried out 
since decades to identify the cell-of-origin of tumors; several were successful, but some still 
remain debatable. It is therefore an urgent and important quest to develop a systematic 
method to identify the origin of a tumor.  

Overexpression of ZFTA fusions using IUE in vivo gene transfer technology targeting 
NSCs located in the lateral ventricle that eventually gave rise to supratentorial 
ependymomas in mice proved that NSCs could be one of the candidates of cell-of-origin for 
supratentorial ependymomas, which is in line with the ependymoma formation using 
RCAS/N-TVA in vivo system (Ozawa et al., 2018). 

A substantial number of studies showed that DNA methylation pattern preserves 
the epigenetic memory of the cells thus could potentially reflect the cellular origin (Kim & 
Costello, 2017; Moran et al., 2016). This is why we are trying to identify the cellular origin of 
the mouse tumor models based on DNA methylation profiling. Furthermore, with the 
development of iPSC-related technique, it is not unimaginable to generate a DNA 
methylation classifier with all known normal human cell types derived from iPSCs as 
reference. The ultimate goal would be to identify or at least to narrow down the potential 
cell-of-origin of a certain tumor by comparing DNA (deconvoluted) methylation patterns of 
the tumor and normal cells. 

 

5.3     Future directions 

While I established new mouse models and revealed important genes involved in 
ST-EPN-ZFTA, many pertinent questions remain. Discussed below are some that I consider 
most compelling in relation to my work.  

 

5.3.1 Oncogenic driver dependency during tumor development? 

I have demonstrated that the ZFTA-associated fusion genes are able to induce tumor 
formation without additional gene alterations which implied the decisive role of these fusion 
genes in tumor initiation. The follow-up interesting question would be whether the fusion 
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gene is required for the maintenance of tumor progression. A first step to answer this 
question would be to knock-out the fusion gene in all available ST-EPN-ZFTA models, 
including human and mouse cell lines, and assess the cell survival and/or proliferation. In 
addition, one could also generate an IUE mouse model in which the expression of the fusion 
gene can be manipulated via Tet-On/Tet-Off (Figure 5-1) or TAG protein degradation 
system (Nabet et al., 2018). 

 

Figure 5-1 | Graphical illustration of Tet-On system 

 

As mentioned in Chapter 2, based on IHC staining against HA-tagged fusion 
proteins, a portion of cell populations located in the tumor area did not seem to harbor the 
oncogenic driver. Another pertinent observation is that when culturing the IUE-based mouse 
tumor cells in vitro, in some cases they lost the fusion gene expression but kept proliferating 
intensively. It would be interesting to investigate whether these cells still form tumors in 
mice. Furthermore, sorting out the IUE-based tumor cells with or without fusion and 
subsequently transplant these orthotopically into mouse brains could provide further 
insights into the dependency of fusion proteins in tumor progression. 

 

5.3.2 Co-factors of the fusion gene for transcription?  

Given that 1) The discrepancy in the latency of IUE-based mouse models implies the 
variable transformation capacity of the ZFTA fusion genes; 2) the artificial ZFTA-VP64 or -
EP300 did not induce tumor formation in vivo, I hypothesize that additional elements are 
implicated in the ZFTA fusion-mediated oncogene activation. The transcription factors exert 
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gene expression via specific assortment of mediators/co-factors which can alter transcription 
efficiency. I think it is beneficial to identify important co-factors of ZFTA fusions via, for 
instance, immunoprecipitation followed by mass spectrometry. This might provide new 
insights into the underlying mechanism of how ZFTA fusions activate oncogene expression. 
Further investigation might provide evidence which co-factors could be alternative 
therapeutic vulnerabilities. 

 

5.3.3 Intercellular communication? 

Over the past decade, the tumor microenvironment (TME) has been increasingly 
studied and was proven to functionally contribute to the hallmarks of cancer (Hanahan & 
Weinberg, 2011). In this complex TME network, how cells communicate and support each 
other remains the most important and interesting topic to explore. When performing co-
staining against the proliferative marker Ki67 and HA-tag in ZFTA-RELA and YAP1-
MAMLD1-driven mouse tumors, I found that the signal from these 2 markers did not overlap. 
This suggests that tumor cells communicate and sustain proliferative features via paracrine 
signaling. The aberrant expression of tyrosine kinase receptors EGFR, FGFR and EPHB2 
provides strong supports for this hypothesis. The EPH/ephrin pathways can enhance 
malignant transformation in several tumors and it is also well established that the 
EPH/ephrin signals can promote tumor angiogenesis (Ahmadiankia, 2020; Ahmed & 
Bicknell, 2009). Although it has been shown a decade ago that overexpression of EPHB2 in 
NSCs can drive brain tumor formation in mice, the role of EPH/ephrin signaling in EPN is 
still poorly understood (Johnson et al., 2010). Applying single-cell RNA-sequencing (scRNA-
seq) on human tumors might help to uncover the intricate interactions between the EPN 
tumor cells and its TME. Indeed, a recent study using scRNA-seq revealed clear tumor 
heterogeneity in ST-EPN based on in silico analysis (Gojo et al., 2020). Further in-depth 
analyses and validations could help to explore more drugs targeting the paracrine signaling 
to diminish the support for cell proliferation. 

Besides cell-cell contact, cells also communicate over secreted molecular factors 
through a highly complex system such as extracellular vesicles (EVs), among which 
exosomes are rising as novel intercellular messenger in both physiological and pathological 
conditions (Maia et al., 2018). Increasing evidence reinforced the key role of exosome in CNS 
tumor progression by providing an advantageous environment to promote tumor cell 
proliferation. Furthermore, tumor cells secrete exosomes in the TME to protect their 
proliferative feature by decreasing the inflammatory reaction thus suppressing the immune 
response (Harding et al., 2013; Maia et al., 2018). Recent studies illustrated that glioma cells 
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communicate via EV trafficking and glioma tumor cells secret a different repertoire of 
exosome content from the normal cells in TME which could influence malignant features of 
gliomas (Huang et al., 2022; Redzic et al., 2014; Skog et al., 2008; Tűzesi et al., 2017). Our lab 
has identified ST-EPN-ZFTA-specific EV populations using multi-omics data (Maass et al., 
2022). However, further mechanistic investigations are needed to better understand the 
potential role of the EVs in cell-cell communication regarding the EPN therapeutic protocols. 

 

5.3.4 Cancer stem cells? 

A growing number of human tumors have been reported to comprise sub-
populations with cancer stem cell (CSC) properties, functionally defined by their potent 
tumor-initiating capacities following serial transplantation into mice, which is the gold 
standard assay for CSCs. The presence of CSCs has been proved prospectively in various 
solid tumors including breast, colorectal and glioblastoma (Al-Hajj et al., 2003; O’Brien et al., 
2007; Singh et al., 2004). Patients diagnosed with ST-EPN-ZFTA suffer tremendously from 
the relapses despite the surgical intervention and/or radiotherapy (Messahel et al., 2009), 
which gave a hint for the existence of persisting CSCs. The fact that the ZFTA-RELA fusion 
can generate allograft mouse models further corroborates that ST-EPN-ZFTA tumors contain 
CSCs as well. To be able to identify these CSCs is crucial for developing targeted therapies 
and increase the progression free survival of affected patients. Marking cells with uniquely 
distinguishable dyes or genetic elements has long been used for pinpointing their lineages. 
In recent years, the barcoding strategies have been harnessed in multiple model systems 
through a variety of forms (Alemany et al., 2018; Kalhor et al., 2018; McKenna et al., 2016). 
The Cre-recombinase-driven Polylox and the dox-inducible CRISPR/Cas9 barcoding system 
were established to trace the hematopoietic stem cell lineages in a physiological manner in 
mice (Bowling et al., 2020; Pei et al., 2019). Using these genetically engineered barcoded mice 
to generate ZFTA fusion-driven mice via in-utero electroporation followed by serial 
transplantation, it is conceivable to reveal the properties of CSCs in ST-EPN-ZFTA tumors.  

 

5.3.5 Which cells support fusion positive cell growth? 

Overexpression of EWSR1-PLAGL1 fusion gene in vivo showed a completely 
different behavior from in vitro cultures. It is quite interesting to understand the underlying 
mechanism that triggered this opposite phenomenon. There must be additional signaling 
pathways being activated by the surrounding normal cells to stimulate the proliferative 
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feature of the fusion-containing cells. To identify the key factors/pathways, perhaps one 
simple way would be to co-culture the fusion-positive cells together with each known TME 
cells respectively, such as astrocytes, neurons and neural stem cells, or even combinations of 
several cell types. Once such proliferative phenotype is reproduced in vitro, multi-omics 
analysis of the cells as well as the supernatant could unveil the mystery of the behavior 
discrepancy, with the intention that one can mimic the in vivo environment in a dish to create 
a more reliable and less laborious model for brain tumor study. Moreover, in line with the 
important involvement of intercellular communication in EPN, finding out the supporting 
factors is imminent for developing further EPN treatment options. 

One remaining puzzling piece is that ZFTA-RELA and YAP1-MAMLD1 fusion did 
not induce tumors in human iNSCs and ZFTA-RELA even provoked apoptosis in this 
condition, while studies have illustrated that using mouse Cdkn2a-/- NSCs overexpressing 
ZFTA-RELA fusion rendered the cells malignant and formed brain tumors after orthotopic 
transplantation. Perhaps introducing a second hit such as CDKN2A KO could recover the 
proliferative feature of ZFTA-RELA-positive cells.  

 

5.4     Concluding remarks 

The studies described here provided representative mouse models for 
C11orf95/ZFTA fusion-driven tumors. Cross-species analyses identified C11orf95/ZFTA-
specific oncogenic signaling pathways. Further in vitro and in vivo investigations validated 
GLI2 as potential therapeutic vulnerability in these tumors. C11orf95 is now officially 
designated as zinc finger translocation associated (ZFTA) by the HUGO Gene Nomenclature 
Committee. In addition, the WHO has accepted to name the group of supratentorial 
ependymoma carrying a fusion containing the ZFTA fusion gene Supratentorial 
ependymoma, ZFTA fusion-positive (ST-EPN-ZFTA). However, lots of obstacles emerged 
while modeling the PLAGL1-driven supratentorial brain tumors. Eventually, doxycycline-
mediated EWSR1-PLAGL1-expressing human NSCs induced tumor formation after 
orthotopic transplantation in vivo but further effort still needs to be put on characterizing this 
tumor model at molecular level. Lack of tools to study the rare tumors is a general issue in 
the field thus it is urgent to expand the model repertoire for pediatric brain tumors. DNA 
methylation-based mouse model biobank could potentially provide a new platform to 
validate mouse models as well as to study the TME and the cellular origin of tumors, which 
is an exciting avenue in the near future.  
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Chapter 6  

 

Materials and Methods 

Parts of the written contents of the following chapter have been published in the 
research article “Cross-species Genomics Reveals Oncogenic Dependencies in 
ZFTA/C11orf95 Fusion–Positive Supratentorial Ependymomas” to Cancer Discovery in 
2021. Contributions of authors other than myself are indicated. 

 

6.1     Molecular biology methods 

6.1.1 Plasmid cloning  

Tol2-based overexpressing plasmids: The full or partial coding regions of human 
ZFTA, RELA, MAML2, MAML3, NCOA2, EWSR1, and PLAGL1 cDNAs with a C-terminal 
HA tag were amplified by PCR and cloned into pT2K-IRES-Luc plasmid vectors using In-
Fusion HD Cloning kit (Takara Bio). Dominant negative Gli2 was amplified by RT-PCR on 
total RNA of mouse granular neural progenitor cells. pT2K plasmids were co-transfected 
with Tol2 transposase encoded in the pCAGGS plasmid. For the generation of ZFTA∆ZF1-
RELA/MAML2/NCOA2 cDNA, a sequence of zinc finger domain was chosen based on 
UniProt prediction. The protein expression of all cloned overexpressing plasmids was 
confirmed by transient overexpression in HEK293T cells followed by protein extraction and 
Western blotting. 

Dox-inducible shRNA plasmids: Human EPN cell line EP1NS was transduced with 
lentiviral pLKO-tet-on vector system (plasmid #21915, Addgene) containing a puromycin-
resistance gene, and a tet-responsive element for dox-inducible expression of shRNA against 
GLI2 (shGLI2_1 and shGLI2_2) or a non-targeting control shRNA (shControl). The dox-
inducible vectors were generated according to a publicly available protocol (Wee et al., 2008; 
Wiederschain et al., 2009). Lentiviral particles were generated in HEK293T cells. Virus-
containing supernatant was collected to infect EP1NS cell line. 
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Dox inducible fusion expressing plasmids: HEK293T and EP1NS cells were 
transduced with the dox-inducible lentiviral vector system TLCV2 (plasmid #87360). The 
Cas9 sequence was replaced by EWSR1-PLAGL1, ZFTA-RELA or YAP1-MAMLD1 fusions 
using BshTI and BamHI cloning sites. Lentiviral particles were generated in HEK293T cells. 

 

6.1.2 RNA Isolation and cDNA synthesis 

Total RNA was extracted from cryo-preserved mouse tissues using a RNeasy Plus 
Mini Kit together with QIAshredder (QIAGEN) according to manufacturer’s instructions 
and stored in -80 ºC until use. cDNAs for downstream application were prepared using the 
SuperScript VILO cDNA Synthesis Kit (Invitrogen). 

 

6.1.3 Quantitative RT-PCR 

qRT-PCR mix was prepared following manufacturing protocol of Power SYBR Green 
PCR Master Mix (Applied Biosystems). qPCR was performed using the QuantStudio 5 RT-
PCR system (Applied Biosystems). The cycling conditions used were 95 °C for 10 minutes 
and 40 cycles of 95 °C for 15s and 60 °C for 1 minutes following dissociation analysis. All 
qPCR reactions were done in triplicate and normalized to TBP mRNA levels. 

 

6.1.4 Genomic DNA extraction 

Genomic DNA extraction from fresh-frozen tumor chunk from the mouse models 
mentioned in Chapter 4 were performed using QIAamp DNA mini kit (#51304, QIAGEN) 
according to the manufacturer’s instructions.  

Maxwell RSC DNA FFPE kit (#AS1450, Promega) was used to extract genomic DNA 
from FFPE samples in Chapter 4. To extract tumor cells from the mouse brain embedded in 
paraffin block, I first cut the block with microtome into 10 mm thick slices and mount on 
glass slides. Then I used a scalpel to scratch off the area with tumor cells identified via H&E 
staining, and collect them into a 1.5 mL microcentrifuge tube. Maximum 2 mm3 volume of 
tissue was collected per sample. Afterwards, according to the manufacturer’s instruction, the 
samples were processed. 
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6.1.5 Western blotting 

The protein expression of the plasmids used in this study was validated by western 
blotting according to the following procedures: HEK293T cells were transfected with the 
plasmids and harvested 48h after transfection. The cell pellets were lysed with RIPA buffer 
and 20 μg of the protein lysates were used for protein detection. Briefly, proteins were 
denatured for 5 minutes at 95 °C, loaded on NuPAGE Bis-Tris (#NP0301BOX, Invitrogen) 
and separated at 120 V for 2h. Proteins were transferred to methanol-activated PVDF 
membrane by tank electrotransfer in Towbin buffer for 1h at 110 V. Membrane was blocked 
with 5% skimmed milk in 0.5% Tween/TBS (TBST) for 1h at RT prior to overnight incubation 
with primary antibodies (section 7.3). After washing with TBST, membrane was incubated 
with secondary antibody for 1h at RT. The membrane was developed with either ECL 
(RPN2106, GE Lifesciences) or ECL Prime (RPN2232, GE Lifesciences) as recommended by 
the manufacturer followed by exposure to autoradiography films in a dark room.  

 

6.1.6 CUT&RUN  

CUT&RUN assay was performed as described in (Skene et al., 2018). Briefly, 0.5-1 
million cells were captured with BioMagPlus Concanavalin A beads and incubated with 
primary antibody for 10-20 mins at room temperature. After washing away the EDTA in the 
buffer and unbound antibody with dig-wash buffer (20mM HEPES pH 7.5, 150mM NaCl, 
0.5mM Spermidine, 1x Complete Protease Inhibitor EDTA-Free and 0.05% Digitonin), 
protein A-MNase was added and incubated for 10-20mins. The cells were washed again and 
placed in an ice-water pre-chilled metal block at least 5mins. CaCl2 was added to the final 
concentration of 2 mM to activate protein A-MNase for 30mins on the ice-water chilled metal 
block. The reaction was stopped by addition of equal volume of 2XSTOP buffer (340 mM 
NaCl, 20mM EDTA, 4mM EGTA, 0.02% Digitonin, 5μL/ml RNase A, 50μg/ml glycogen and 
2 pg/ml heterologous spike-in DNA). The protein-DNA complex was released and DNA 

was extracted with Gel and PCR Clean-up kit (Macherey-Nagel NucleoSpin®, cat. 
no.740609.250) or Phenol-chloroform-isoamyl alcohol precipitation (for small fragment 
DNA), followed by Qubit fluorometer and Agilent 4200 Tapestation quality and size 
distribution control. (Performed by Stephen Mack) 
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6.2     Cell biology methods 

6.2.1 Immunohistochemistry staining 

Brains with tumor from electroporated mice were dissected and fixed with formalin 
at 4 °C for minimum 24h up to 1 week. Fixed brain was placed in a tissue embedding cassette 
and dehydrate in the following solutions sequentially with indicated time. 

Solution Time x Number 

70% Ethanol 30 min 
80% Ethanol 30 min 
90% Ethanol 4 h 
100% Ethanol 10 h 
100% Ethanol 7 h x 2 
Xylene 4 h 
Xylene 6 h x 2 
Paraffin 6 h 
Paraffin 4 h x 2 

Dehydrated samples were then embedded in paraffin and cut into 5 μm-thick 
sections with microtome (Leica Biosystem). Sections were mounted on SuperFrost Plus 
adhesive microscope slides (Thermo) and dried overnight at 37 °C. 

Before performing staining, FFPE samples were deparaffinized in the following 
solutions sequentially with indicated time.   

Solution Time x Number 

Xylene 10 min x 2 
100% Ethanol 2 min x 2 
95% Ethanol 2 min 
70% Ethanol 2 min 
H2O Wash 

 

Hematoxylin & Eosin staining: After deparaffinization, the sections were stained in 
hematoxylin solution for 2 min followed by washing with running tap water for 2 min. Then 
the samples were stained again with eosin solution for 2 min and quickly wash in water 10 
times up and down. 



Chapter 6 

 

- 109 - 

DAB staining for Figure 2-5: After deparaffinization, the sections were pre-treated in 
citrate buffer at 100 ˚C for 30 minutes. Then the sections were incubated with anti-HA 
antibody (section 7.3) diluted with Dako REAL Antibody Diluent (Agilent #S2022) at room 
temperature (RT) overnight. DAB staining was performed the next day using SuperVision 2 
HRP-polymer kit (DCS PD000POL) following the protocol provided by the manufacturer.  

DAB staining for Figure 3-23: After deparaffinization, the sections were pre-treated 
in citrate buffer at 100 ˚C for 20 minutes. Then the sections were blocked with 10% normal 
donkey serum for 1 h and incubated with anti-HA or anti Ki67 antibody (section 7.3) at RT 
overnight. Next day, the sections were incubated with biotinylated secondary antibodies for 
30 min and signals were amplified by a horseradish peroxidase system (ABC kit, Vector) 
followed by DAB staining (Nichirei N-Histofine® DAV-2V). Nuclei were counterstained 
with hematoxylin. 

After staining, the sections were subjected to dehydration process again with the 
following steps and were mounted with cover media Eukitt® (Orsatec) followed by drying 
overnight under the chemical hood. Images were acquired with confocal microscopes (ZEISS 
Cell Observer) or Histoscanner. 

Solution Time x Number 

70% Ethanol 1 min 
95% Ethanol 1 min 
100% Ethanol 1 min x 2 
Xylene 2 min x 2 

 

6.2.2 Immunofluorescence staining 

HEK293T cells were cultured on glass coverslips one day before transfection. 
Plasmid constructs were transfected using Fugene® (Promega) following the instructions 
provided by manufacturer. 48h after transfection, cells were fixed with 4% 
paraformaldehyde for 20 minutes followed by 10 minutes permeabilization with Triton 
buffer (0.1% Triton in PBS). After washing with PBS two times, the primary antibody (section 
7.3) was applied directly on the cells for 1 hour at RT. The antibody solution was removed 
by absorption with Whatman filter paper before washing the coverslips two times 5 minutes 
with PBS. The corresponding secondary antibody was applied subsequently, incubated for 
30 minutes and three times washed for 5 minutes in PBS. Finally, cells were washed briefly 
in ddH2O in order to remove salts and pure ethanol before they were mounted on 
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microscopy glass slides with Fluoromount-GTM containing 1 μg/mL DAPI (Southern 
biotech). Fluorescent images were captured using a confocal laser-scanning microscopy 
(LSM780 and 800, Zeiss; and SP5, Leica).  

 

6.2.3 Cell proliferation assay 

Infected EP1NS or iNSCs were selected with 1 or 5 μg/mL puromycin. The shRNA 
or fusion gene expression was achieved by adding a range of doxycycline concentration 
every 48h to the medium. For proliferation assay, 96h after dox administration, the cells were 
treated with EdU (final concentration: 10 μM) for 12h and subsequently harvested with 
Accutase solution. EdU-incorporated cells were labeled using a Click-iT EdU Alexa Fluor 
647 Flow Cytometry Assay Kit (Life Technologies) according to the manufacturer’s protocol. 
The cells were passed through a 35 μm cell strainer yielding a single cell suspension and 
analyzed by flow cytometry using a FACS Fortessa flow cytometer (BD Biosciences). 

 

6.2.4 Apoptotic assay 

For apoptosis assay, the infected cells were harvested 96h after dox treatment, and 
were subsequently washed twice with Cell Staining Buffer (BioLegend). Cells were then 
stained with Annexin V-APC and DAPI diluted in Annexin V Binding Buffer using 
Apoptosis Detection Kits (BioLegend) according to the manufacturer’s protocol. Samples 
were analyzed by flow cytometry using a FACS Fortessa flow cytometer (BD Biosciences).  

 

6.3     In vitro culture experiments 

All cells were maintained in a humidified 5% CO2 atmosphere at 37 °C and 
subcultured when cell confluency reached approximately 80%. Mycoplasma contamination 

was assessed periodically by GATC/Eurofins. To determine the exact cell number, 10µl of 

cell solution was mixed with 10µl of 0.4% TC10 trypan blue dye (BioRad). 10µl of the mixture 
was loaded into the counting chamber of dual-chamber slides (BioRad) and the viability and 
cell number were determined using TC20 Automated Cell Counter (BioRad). 
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6.3.1 Cell culture 

HEK-293T (CRL-3216) cells were purchased from ATCC. HEK-293T cells were 
cultivated with Dulbecco’s Modified Eagle Media (DMEM, Thermo Fisher) supplemented 
with heat-inactivated 10% fetal bovine serum (FBS, Thermo Fisher), 2 mM L-glutamine, 100 
U/mL penicillin and 100 μg/mL streptomycin.  

EP1NS cells were originally published in (Milde et al., 2011) and were cultured on 
Geltrex-coated plates in Neurobasal-A medium supplemented with 1µg/mL Heparin, 2mM 
L-Glutamine, Pen-Strep, 1 x B27, 10ng/mL bFGF and 20ng/mL EGF. Medium change was 
performed 2-3 times per week. While passage the cells, Accumax was used for detaching the 
cells from the matrix (5 minutes at 37 degrees). 

Human iPSCs were cultured in mTeSR+ medium (StemCell Technologies). Once the 
hiPSCs reached an optimal density of 70% coverage, the cells were passaged and expanded. 
Cells were washed once with 1-2ml DPBS followed by the addition of 1ml enzyme-free 
passaging reagent ReLeSR™ (StemCell Technologies). ReLeSR™ was aspirated within 30 
seconds, partially covering the cells with a thin film. To enable cell dissociation, the plate 
was incubated for 3 minutes at 37°C, 5% CO2. After incubation, 1ml of mTeSR+ was added 
and the colonies were dissociated by firmly tapping on the side of the plate for 30-60 seconds. 
The broken-up colonies were collected in a 15ml canonical tube and flicked until the colonies 
became small (mean cell aggregate size 50-200µm). Cells were split up in an up to 1 : 50 ratio 
and seeded on Matrigel-coated plates at 37°C, 5% CO2. After splitting, cells were maintained 
by daily media change. 

 

6.3.2 Monolayer neural differentiation and NSC culture 

Neural differentiation of hiPSC 771-3G NPCs was performed using STEMdiff™ 
Neural System (StemCell Technologies) according to both the manufacturer’s protocol and 
a modified version of the commercial protocol, with the aim to generate forebrain-like NSCs. 
Briefly, iPSC lines were grown in mTeSR+ on Matrigel-coated 6-well plates until the day of 
differentiation. At the start of the induction protocol, the cells were washed once with 2 mL 
PBS and dissociated by adding 1 mL/well Accumax (Sigma) for 5 minutes at 37°C. The wells 
containing detached colonies were washed with 5 mL DMEM/F-12, collected into a 15 mL 
tube and centrifuged for 5 min at 300g. 1 x 106 single cells were then resuspended in 2 mL 
STEMdiff™ Neural Induction Medium (NIM) + SMADi on Matrigel-coated 6-well plates. To 
increase the survival rate of the cells, the media were supplemented with 10 μM Rho-
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associated kinase inhibitor (ROCKi, Y-27632, Enzo) on the day of re-plating and passaging. 
Full media changes were carried out on the following three days. On the fourth day of the 
induction protocol, the cells were passaged using Accumax as described above and 1x106 
cells/well were plated on Matrigel-coated 6-well plates in NIM. After three passages, the 
cells were cultured in NSC Maintenance Medium (NSCMM) composed of DMEM/F12, 
GlutaMAX (1x), B27 supplement (1x), NEAA (0.5x), 5 ng/mL h-LIF, 1.5 µM CHIR99021, 2.5 
µM SB525334, 40 ng/mL FGF2, and 40 ng/mL EGF, 2 μg/mL Heparin. The media was 
changed daily and after the cells reached the appropriate density. 

 

6.3.3 Neon electroporation 

Plasmid DNA mix was extracted from bacteria with EndoFree DNA extraction Maxi 
Kit (QIAGEN) and prepared for 10 µg/106 cells in high concentration. NSCs were cultured 
in NSCMM until 80-90% confluence and ready to be split. Single-cell suspension with a 
density of 106 cells/µL was prepared using Accumax (Sigma) as mentioned in 6.3.2. The 
electroporation followed the protocol provided by the manufacturer (Invitrogen Neon™ 
Transfection System, #MPK10096). In short, cells were resuspended in buffer R from the kit 
and mixed with the pre-prepared plasmid DNA mix. DNA-cell mix was transferred into the 
electrolyte buffer E2 with Neon™ pipette tip by fixing the pipette on the Neon™ station. The 
electroporation was applied via the Neon™ device according to the programs showed in the 
experiment. Electroporated cells were placed immediately on the Matrigel-coated plate. 
Medium was changed the next day. The transfection efficiency was analyzed based on GFP 
reporter by FACS Fortessa flow cytometer (BD Biosciences). 

 

6.3.4 Liposome-based transfection 

Liposomes-based transfection was realized using either Fugene® (Promega) or 
TransIT® (Mirus) according to the protocols provided by the manufacturer. Transfection 
reagent was warmed up to room temperature (RT) before use. For a 6-well plate format, 2 – 
4 µg plasmid DNA was prepared in 400 µL OptiMEM® Reduced-Serum Medium (Gibco). 
Transfection reagent was added directly into the medium with a ratio of DNA(µg) : 
reagent(µL) = 1 : 3, vortexed well and incubated at RT for maximum 15 min. The mixture 
was added on top of the cells with a confluency of 60-70% without further mixing. Medium 
was changed the next day. The transfection efficiency was analyzed based on GFP reporter 
by FACS Fortessa flow cytometer (BD Biosciences). 
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6.3.5 Lentivirus production, concentration and quantification of titer 

All the lentiviruses used in the thesis were produced using Fugene® liposome-based 
transfection on HEK293T cells with low passage number (less than passage 10). DNA mix 
for virus production was prepared as following: packaging plasmid (psPAX2, 2 µg) + 
envelop plasmid (pMD2.0, 2 µg) + lentiviral transfer plasmid (4 µg) for one 10 cm Petri dish. 
For virus production and concentration, the protocol below was used: 

Timepoint Procedures 

Day 0 Seed 5 x 106 HEK293T cells in one 10 cm Petri dish 

Day 1 
Transfect DNA mix into cells using Fugene® liposome-based 
transfection 

Day 2 Remove the medium and add 5mL fresh media 

Day 4 

Collect the supernatant containing viruses and centrifuge 5 min at 300 
x g 
Pass the supernatant through 0.45 µm filter 
Add 3 volume of Lenti-X™ Concentrator (Clontech) 
Incubate at 4°C for 30 min and centrifuge 45 min at 1500 g 
Remove the supernatant and resuspend the pellet in 1/100th of the 
original volume with PBS 

After the production and concentration, virus titer was determined directly on cells 
of target (EP1NS or iNSCs). Cells of target were seeded the day before virus concentration 
with 200K cells/well in 6-well plate. The concentrated viruses were added 10 µL to each well 
with a dilution of 1/10th, 1/100th,1/1000th, 1/10000th and undiluted. The media were changed 
freshly the next day and the tier was analyzed 2 days after based on GFP reporter by FACS 
Fortessa flow cytometer (BD Biosciences).  

 

6.4     In vivo mouse experiments 

CD-1 mice used for in utero electroporation were obtained from Charles River and 
housed in a vivarium with a 12h light/dark cycle with access to food and water ad libitum. 
The day of the plug and the birthdate are designated as embryonic day (E) 0.5 and postnatal 
day (P) 0, respectively. Allografting of IUE-based mouse tumor cells and engrafting of iPSC-
derived cell suspensions were carried out in immundeficient NSG mice. NSG mice for 
transplantation as well as pregnant CD-1 mice for IUE were generated at the animal core 
facility at German Cancer Research Center and the vaginal plug date was recorded by the 
technicians. All animal experiments carried out during the thesis were conducted according 
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to the animal welfare regulations approved by the Animal Care and Use Committee of the 
National Institute of Neuroscience, NCNP in Japan (Approval number: 2019028R1) and the 
responsible authorities in Germany (Regierungspräsidium Karlsruhe, approval number: G-
255/19, G-260/19, G-168/17 and G-75/20). 

 

6.4.1 In utero electroporation 

Before surgery, the injection needle was prepared using Borosilicate Glass Capillary, 
which was pulled on a micropipette puller with the following setting: heat = 560, pull = 150, 
velocity = 75, time = 250, and ground at an angle of 30 degree to make a sharp-angled tip 
allowing smooth injections into the developing brain through the uterus wall. The plasmid 
solution was prepared as follows: endotoxin-free DNA plasmid mixture was diluted with 

PBS into a final concentration of 1 µg/µL. 1 µL 1% filtered Fast Green solution was added 
per 20 µL plasmid solution for dying purpose. One day before the surgery, animals were 
provided with metamizol as pain killer in the drinking water at a concentration of 800 
mg/kg/day. On the day of surgery, 20 minutes before starting the surgery, 5 mg/kg 
carprofen was injected to the dam subcutaneously. The surgery table and material were 
prepared as indicated in Figure 6-1 and cleaned with disinfectant to create an aseptic surgical 
environment.  

 

Figure 6-1 | Layout of surgery table prior to in utero electroporation 
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At E13.5, E14.5 or E16.5, the pregnant animals were anesthetized using 2%-2.5% 
isoflurane and fixed on a heating pad in dorsal decubitus (Figure 6-2a). The peritoneum fur 
was shaved and cleaned with skin disinfectant and 70% ethanol and eye ointment was 
applied to prevent corneal injury. A small skin incision of about 2.5 cm was made on the 
ventral side of the mouse followed by an incision of abdominal muscle (Figure 6-2b and c). 
The animal was then covered by a sterile gauze to reduce the risk of infection (Figure 6-2d). 
One side of uterine horn was gently retrieved and placed on the sterile gauze (Figure 6-2e). 
I injected approximately 1-2 μL of the plasmid solution into one side of the lateral ventricle 
of the brain (Figure 6-2f and g) and subsequently electroporated with 5 mm-diameter 
forceps-like electrodes (32 V, 50 ms-on, 450 ms-off, five pulses, (Figure 6-2h). During the 
surgery, warm PBS was dripped on the uterus to keep it hydrated. I placed back the 
manipulated uterus into the abdomen after all embryos, except the ones at the extremity, 
being injected and electroporated and same procedure was repeated for the other side of 
uterine horn. In the end, the peritoneum incision was sewed back using resorbable suture 
and the skin was closed by surgical clips (Figure 6-2i and j). The mouse was then placed back 
into a clean cage and carefully monitored for the next day. Mice received metamizol in the 
drinking water at the same concentration up to 2 days after the surgery.  
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Figure 6-2 | Illustration of surgical procedures for in utero electroporation 

a, Anesthetized dam was placed in dorsal decubitus on a heating pad and cleaned with disinfectant. b, A 
2.5 cm skin incision was performed with sharp-end scissors. c, An incision of abdominal muscle was 
performed with blunt-end scissors. d, Sterile gauze was placed on the animal. e, Uterine horn was pulled 
out of the peritoneum and placed on the sterile gauze. f, Head of embryo (outer white dashed line) was 
fixed by ring-shaped iris forceps and the needle was inserted into the lateral ventricle (inner white dashed 
line). g, Plasmid mixture was injected into lateral ventricle using microinjector and visualized by Fast Green 
dye. h, Electric pules were applied via 5 mm-diameter forceps-like electrodes and the anode (+) was placed 
on the side of injection. i, Abdominal muscle was sewed using resorbable string with running suture. j, Skin 
was closed using surgical clips. 

 

6.4.2 Intracranial injection 

Cells for inoculation were harvested and dissociated using Accumax solution, 

washed with DMEM/12 and passed through a 40 mm cell strainer. Resulting single cell 
suspensions were pelleted for 5 minutes at 300 g and cells were resuspended in a small 

volume of complete NSCMM at a density of approximately 1 x 105 cell/µL. Analgesia was 
administered to female NSG mice (6-8 weeks) by subcutaneous injection of carprofen (5 
mg/kg). After 20 minutes, animals were anaesthetized by isoflurane (1.5 - 2.5% (v/v)) and 
Puralube Vet Ointment sterile ocular lubricant (MWI Veterinary Supply) was applied to both 
eyes. After negative reflex testing (toe pinch), animals were fixated in a stereotactical frame 
and a 5 mm incision in the scalp was introduced. For local anesthesia, 0.25% bupivacaine 
was applied to the incision. A 18G cannula (diameter: 1.27 mm) was used to drill a small hole 
into the skull (location coordinates: 1 mm posterior to bregma; 1 mm to the left side of the 
midline; 1.5 mm deep). The Hamilton needle was then introduced into the brain and the cell 

suspension (4 µL media) was injected within a time frame of 2 minutes. The needle stayed in 
the tissue for another 2 minutes to avoid any reflux of the cell suspension. After slow removal 
of the needle the incision was closed by tissue adhesive. Only after recovery of the animal in 
a separate clean cage, was it placed back into the original cage. Operated animals were 
treated with carprofen subcutaneously (5 mg/kg) 20 minutes prior to the surgery. Mice 
implanted with human iPSC-derived iNSCs or IUE-derived mouse tumor cells were 
monitored regularly for signs of tumor formation, which can include distention of the 
calvarium, head tilt, reduced feeding, weight loss, dehydration, hunched posture, eye 
irritation, or poor grooming habits. In addition, tumor formation was regularly monitored 
by bioluminescence imaging of luciferase activity using an In Vivo Imaging System (c.f. 
section 6.4.3). Upon observation of symptoms, mice were euthanized, and tumor presence 
was confirmed visually during tissue resection. (Adapted from (Haag et al., 2021) 
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Figure 6-3 | Graphical illustration of stereotactic intracranial injection 

The injection location: 1 mm posterior to bregma, 1 mm to the left side of the midline, 1.5 mm deep. Figure 
created with BioRender.com 

 

6.4.3 In Vivo Imaging System (IVIS®) 

For tumor formation analysis using IUE technology, electroporated animals were 
selected at postnatal day 7 (P7) by intraperitoneal (i.p.) injection of D-Luciferin (150 mg/kg) 
and subsequent bioluminescence imaging with IVIS Lumina LT Series III Caliper (Perkin 
Elmer). Mice without any bioluminescence signal at P7 were sacrificed immediately. 
Afterwards, tumor growth was monitored at P14, P21, P28 and every following 4 weeks by 
bioluminescence imaging until the mice reached endpoint criteria. For iNSC injected mice, 
bioluminescence imaging was carried out every 2 weeks starting from the day of dox 
treatment. 

 

6.4.4 In vivo ATO treatment 

A stock solution of 20 mg/mL ATO in 1 M NaOH was prepared. It was further 
diluted to 0.5 mg/mL ATO with PBS, and the solution was sterile-filtrated. The vehicle 
solution was prepared the same way but without ATO. When the bioluminescence signal of 
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the electroporated animals reached ca. 5 x 106 photo/second, the animals were allocated 
randomly to vehicle- and ATO-treatment group and treated five days per week either with 
2.5 mg ATO/kg/day (i.p). or the equivalent volume of vehicle solution. Prior to the 
treatment, 20% mannitol in 0.9% saline was i.p injected into mice (5 mL/kg) to disrupt the 
blood–brain barrier. The mice were monitored daily for tumor-specific symptoms and 
euthanized when it exhibited neurological symptoms.  

 

6.5     Data analyses 

6.5.1 Tumor cross-species verification  

The Affymetrix data cohorts were used for cross-species analysis. Human Affymterix 
data from corresponding study (Pajtler et al., 2015) was integrated from R2 system. The list 
of common mice-human gene orthologs from AGDEX Affymetrix reference (14635 genes in 
total) was integrated for gene probes selection in further comparison between human tumor 
and mouse model datasets. Initially differentially expressed orthologous genes between the 
ST-EPN-YAP1 and ST-EPN-RELA tumors starting from top 5000 most evident (min adjusted 
p-val < 0.0006) were applied as the target reference to confirm the model’s correspondence 
based on unsupervised hierarchical clustering and principal component analysis as it was 
described previously (Pajtler et al., 2019). Further, in order to increase the specificity for 
ZFTA-driven effects, evident differentially expressed genes of ST-EPN-RELA tumors vs all 
other EPN groups were integrated for target candidate selection (n = 3825, min. adjusted p-
val < 0.05). Differentially expressed genes between models were detected using limma R 
package (Ritchie et al., 2015) with adjusted p-val < 0.05.  

For the gene ontology and pathway analysis the common orthologs between mouse 
models and human tumors were selected from differentially expressed genes specific for ST-
EPN-RELA against all other EPN groups and for each ZFTA-driven model against 
MAMLD1-YAP1 control. Gene ontology analysis was performed using ClueGO tool (Bindea 
et al., 2009) by focusing the top 300 top evident genes. (Performed by Konstantin 
Okonechnikov) 
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6.5.2 Cut & Run and ChIP data processing  

Paired-end reads were adapter and quality trimmed using Trimgalore (v0.6.5, 
default parameters, www.bioinformatics.babraham.ac.uk/projects/trim_galore) and 
aligned to mouse genome mm10 using Bowtie2 (v2.3.5.1, parameters: --local -D 20 -R 3 -N 0 
-L 20 -i S,1,0.50 --no-unal --no-mixed --no-discordant --phred33 -I 10 -X 700). Duplicated 
reads were then marked and removed using picard MarkDuplicates (v2.21.1) 
(http://broadinstitute.github.io/picard/), and Samtools (v1.9), respectively with default 
parameters. For Rela and HA samples, only fragments of size less than 120bp were retained. 
Deeptools (v3.4.3) (Ramírez et al., 2016) was used to convert all the resulting BAM files to 
Bigwig format for visualization. MACS2 (v2.2.7.1) was used to call peaks, on the resulting 
BAM files, with a p-value threshold of 1e-3 (Zhang et al., 2008). A set of 6845 peaks were 
inferred in the HA CUT&RUN by overlapping the called peaks from the two independent 
mice using bedtools2. This set was further filtered to remove any overlaps with non-specific 
IgG peak signals (from both mice), resulting in 5608 peaks. The peaks were then annotated 
to nearest genomic features using annotatePeaks.pl from Homer (v4.11.1) (Heinz et al., 2010). 
(Performed by Stephen Mack) 

 

6.5.3 Mouse DNA methylation array data processing  

The Illumina Infinium Mouse Methylation BeadChip was used to obtain genome 
wide DNA from tumor and normal control tissues, according to the manufacturer’s 
instructions (Illumina, San Diego, USA).  

Data was generated at the Genomics and Proteomics Core Facility of the DKFZ 
(Heidelberg, Germany). DNA methylation data was generated from both fresh-frozen and 
formalin-fixed paraffin-embedded (FFPE) tissue samples. For most fresh-frozen 
samples, >500ng of DNA was used as input material. 250ng of DNA was used for most FFPE 
tissues. On-chip quality metrics of all samples were carefully controlled. 

All computational analyses were performed in R version 4.1.1 (R Development Core 
Team, 2022). Raw signal intensities were obtained and preprocessed from IDAT-files using 
the sesame Bioconductor package version 1.10.5.  

The beta methylation values have been filtered to the10,000 CpG probes with highest 
standard deviation across all samples in the cohort. 
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Non-linear dimension reduction of this filtered data set has been performed by 
applying t-distributed stochastic neighbor embedding using the implementation available 
in the R-package Rtsne version 0.16 with a perplexity parameter of 20 and 2500 iterations. 

Copy number variation analysis has been performed by applying the functions 
available in the Bioconductor R-package sesame version 1.10.5. The functions originally only 
available for human DNA-methylation data have been slightly adapted to work with the 
mouse methylation array data. To this end gender specific reference data sets have been 
generated using 20 female and 20 male control tissue samples. (Performed by Martin Sill) 

 

6.5.4 Statistical Analysis 

The Kaplan-Meier-method was applied for survival analysis comparing the different 
fusion constructs and visualized using R version 3.6.1 (R Core Team, 2020) and the survival- 
and survminer-R packages (https://github.com/therneau/survival, 
https://github.com/kassambara/survminer). The Paired t test was used for EdU and 
Annexin V analysis in the shGLI2 experiment and visualized using GraphPad Prism.  
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Chapter 7  

 

Appendix 

7.1     List of plasmids used in the thesis 

Plasmid ID Details 

pTZ38 pT2K-ZFTA-HA-IRES-Luc2 
pTZ41 pT2K-ZFTA-MAML2-HA-IRES-Luc2 
pTZ42 pT2K-ZFTA-MAML3-HA-IRES-Luc2 
pTZ43 pT2K-ZFTA-NCOA2-HA-IRES-Luc2 
pTZ44 pT2K-ZFTA-RELA-HA-IRES-Luc2 
pTZ45 pT2K-ZFTA-SS18-HA-IRES-Luc2 
pTZ46 pT2K-ZFTA-VP64-HA-IRES-Luc2 
pTZ55 pT2K-ZFTA(∆ZF1)-MAML2-HA-IRES-Luc2 
pTZ56 pT2K-ZFTA(∆ZF1)-NCOA2-HA-IRES-Luc2 
pTZ57 pT2K-ZFTA(∆ZF1)-RELA-HA-IRES-Luc2 
pTZ60 pT2K-ZFTA-RELA-HA-FLAG-dnGli2-IRES-Luc2 
pTZ61 pT2K-ZFTA-RELA-HA-dnEphB2-FLAG-IRES-Luc2 
pTZ65 pT2K-ZF1-p300-FLAG-IRES-Luc2 
pTZ69 pT2K-YAP1-MAMLD1-HA-IRES-Luc2 
pTZ74 pT2K-CAG-IRES-GreenFire 
pTZ82 pT2K-ZFTA-RELA-HA-FLAG-dnLef1-IRES-Luc2 
pTZ87 pT2K-EWSR1-PLAGL1-HA-IRES-Luc2 
pTZ97 pLKO-Tet-On-shRNA-hGLI2-70 
pTZ98 pLKO-Tet-On-shRNA-hGLI2-77 
Addgene #98398 pLKO-Tet-On-shCtl 
pTZ102 PB-ZFTA-RELA-HA-IRES-Luc2 
pTZ115 pT2K-mEwsr1-PLAGL1-HA-Luc2 
pTZ117 pT2K-EF1a-IRES-GreenFire 
pTZ119 pT2K-EF1a-P2A-GreenFire 
pTZ122 pT2K-PLAGL1-FOXO1-HA-IRES-Luc2 
pTZ124 TLCV2-EWSR1-PLAGL1-HA-T2A-EGFP 
pTZ125 TLCV2-ZFTA-RELA-HA-T2A-EGFP 
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pTZ126 TLCV2-YAP1-MAMLD1-HA-T2A-EGFP 
pTZ127 PB-U6-sgGli2-CAG-Cas9-P2A-ZFTA-RELA-HA-IRES-Luc2 
pTZ128 PB-U6-sgCtl-CAG-Cas9-P2A-ZFTA-RELA-HA-IRES-Luc2 
SBI #TR0XX  pLenti-GreenFire 
(Zuckermann et al., 2015) pX330-sgRNA-Trp53 
pKuZu-1H1 pCDH-CB-copGFP-T2A-puro-m 
pKuZu-1G5 pCDH-CMV-copGFP-T2A-puro-m 
pKuZu-1G8 pCDH-EF1-copGFP-T2A-Puro-m 
pKuZu-1G7 pCDH-PGK-copGFP-T2A-puro-m 
Addgene #12260 psPAX2 
Addgene #12259 pMD2.G (VSV-G) 

 

7.2     List of primers used in the thesis 

Primer ID Sequence Note 

TZ_pT2K-
C11orf95_Fwd (3) 

CATCATTTTGGCAAAGAATTCATGGAGCCCGGCGG
GGAC 

pTZ38 & 
pTZ41 
cloning 

TZ_C11orf95_MAML2_
Rev (4) 

AACCCTGGAGCTCCAGGATAGTCTGGCGCTC 

TZ_C11orf95_MAML2_
Fwd (5) 

TATCCTGGAGCTCCAGGGTTCCTTGAAAAGAAAAC 

TZ_C11orf95-MAML2-
HA-Luc_Rev (70) 

ATTGATCCCGCTCGAGTTAAGCATAGTCTGGTACAT
CGT 

TZ_4EP44_BP_Fwd (11) CCTGATGGACTACGACGGC ZFTA-
MAML2 
BP 
validation 

TZ_4EP44_BP_Rev (12) TTGGCTCATAGGCAAGGTCC 

TZ_7EP17_BP_Fwd (82) CTGATGGACTACGACGGCAG ZFTA-SS18 
BP 
validation TZ_7EP17_BP_Rev2 (90) CTGGCCGTTCATCTGGTTCT 

9EP35_for CCTGATGGACTACGACGGC ZFTA-
NCOA2 
BP 
validation 

9EP35_rev GGTTTGGCAATAACCTGCCC 

TZ_pT2K-
C11orf95_Fwd (3) 

CATCATTTTGGCAAAGAATTCATGGAGCCCGGCGG
GGAC 

pTZ43 
cloning TZ_BPoligo_Fwd GCTGCTACGGCCACGAGGGCTTCGGGCCGCCCGCC

CCGGCGCCGCGTGACGGCGGCGATCTAGCTTTTAAT
AA 
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TZ_BPoligo_Rev TTATTAAAAGCTAGATCGCCGCCGTCACGCGGCGC
CGGGGCGGGCGGCCCGAAGCCCTCGTGGCCGTAGC
AGC 

TZ_NCOA2-HA-
Luc_Rev (89) 

ATTGATCCCGCTCGAGTTAAGCATAGTCTGGTACAT
CGTAAGGATAGCAATATTTCCGTG 

TZ_pT2K-
C11orf95_Fwd (3) 

CATCATTTTGGCAAAGAATTCATGGAGCCCGGCGG
GGAC 

pTZ45 
cloning 

TZ_SS18_fusion_Fwd 
(103) 

TACAGGCCATGTCTTATGTTGGATGACAATAACC 

TZ_C11or95-SS18_Rev 
(104) 

ACATAAGACATGGCCTGTAGGCGGGCGGCCCGAAG
CCCTCGTGGCCGTAGCAGCG 

TZ_SS18-HA_Rev (105) ATTGATCCCGCTCGAGTTAAGCATAGTCTGGTACAT
CGTAAGGATACTGCTGGTAATTTCCATACTG 

TZ_94684_BP_Fwd (110) TACCTGATGGACTACGACGG ZFTA-
MAML3 
BP 
validation 

TZ_94684_BP_Rev (111) TCTGCAAGGGCAAAGAAGGT 

TZ_pT2K-
C11orf95_Fwd (3) 

CATCATTTTGGCAAAGAATTCATGGAGCCCGGCGG
GGAC 

pTZ42 
cloning 

TZ_C11orf95-
MAML3_Rev (123) 

TCTCTTGTAGCTCCTCGTAGGCCTCCAGG 

TZ_C11orf95-
MAML3_Fwd (124) 

CTACGAGGAGCTACAAGAGACTGTGAAAAGGAAG 

TZ_MAML3-HA_Rev 
(125) 

ATTGATCCCGCTCGAGTTAAGCATAGTCTGGTACAT
CGTAAGGATAGGGGTTACCAAACAATTCATCAAG 

TZ_pT2K-
C11orf95_Fwd (3) 

CATCATTTTGGCAAAGAATTCATGGAGCCCGGCGG
GGAC 

pTZ46 
cloning 

TZ_C11orf95-VP64_Rev 
(126) 

CGGCAATTGGCTCCAGGATAGTCTGGCGCTC 

TZ_C11orf95-VP64_Fwd 
(127) 

TATCCTGGAGCCAATTGCCGGATCCAAGG 

TZ_HA-IRES_Rev (128) GCGGAATTGATCCCGCTCGAGCGAATTCCTACCGAT
TCAAGAAGC 

TZ_C11orf95delZF1_Re
v 

CCCGGGGACTGTGGTCGTGGTAGTAGCGCC pTZ55, 
pTZ56, 
pTZ57 
cloning 

TZ_C11orf95delZF1_Fw
d 

CCACGACCACAGTCCCCGGGAGAAGGAA 

TZ_Gli2delC-Rev (138) CGGAATTGATCCCGCTCGAGTCAGCTGGCCTCATTA
TCCCC 

pTZ60, 
pTZ61, 
pTZ82 
cloning 

TZ_Flag-Gli2_Fwd1 
(139) 

TACAAAGACGATGACGATAAGGGATCCATGGAGAC
TTCTGCCCCAGC 

TZ_pT2K-Flag_Fwd2 
(140) 

ATCATTTTGGCAAAGAATTCATGGATTACAAAGAC
GATGACG 

TZ_HA-T2A_Rev (143) CGCATGTTAGTAGACTTCCCCTGCCCTCGCCGGAGC
CAGCATAGTCTGGTACATCG 

TZ_T2A-Flag_Fwd (144) GGAAGTCTACTAACATGCGGGGACGTGGAGGAAA
ATCCCGGCCCAGATTACAAAGACGATGACG 

TZ_T2A-Ephb2_Fwd 
(158) 

GGGAAGTCTACTAACATGCGGGGACGTGGAGGAAA
ATCCCGGCCCAATGGCCGTGCGCAGGCTG 
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TZ_Ephb2-Flag_Rev 
(159) 

CGGAATTGATCCCGCTCGAGTCACTTATCGTCATCG
TCTTTGTAATCGGATCCGACACAGGAGATGTCAATT
TCCTTG 

TZ_Flag-Lef1DN_Rev 
(174) 

CCTGAGAGGAGGATCCCTTATCGTCATCGTCTTTG 

TZ_Flag-Lef1DN_Fwd 
(175) 

TAAGGGATCCTCCTCTCAGGAGCCCTACCAC 

TZ_Lef1DN_Rev (176) GCGGAATTGATCCCGCTCGAGTCAACAAGCTTCCAT
CTCCAGAAG 

TZ_GLI2-qPCR3_Fwd 
(164) 

CCCCTACCGATTGACATGCG 
qPCR for 
hGLI2 TZ_GLI2-qPCR3_Rev 

(165) 
GAAAGCCGGATCAAGGAGATG 

TZ_C11-RELA-BP_Fwd 
(177) 

GGGAGAAGGAAGTCATCAGCAAC ZFTA-
RELA 
Type 1 BP 
validation 

TZ_C11-RELA-BP_Rev 
(178) 

TGGTCCTGTGTAGCCATTGA 

TZ_EWSR1-
PLAGL1_BP_Fwd (185) 

GCCTCCCACTAGTTACCCA 

EWSR1-
PLAGL1 
BP 
validation 

TZ_EWSR1-
PLAGL1_BP_Rev (186) 

GCCATTTTGTTGGGGTCGTG 

TZ_EWSR1-
PLAGL1_BP1_Fwd 
(211) 

AGAGAACCGGAGCATGAGTG 

TZ_EWSR1-
PLAGL1_BP1_Rev (212) 

GGGCCAGGTGCCTCTTATAG 

TZ_PLAGL1-
FOXO1_BP_Fwd (187) 

TGAAAGAGAGCTTGCAGACC 
PLAGL1-
FOXO1 BP 
validation TZ_PLAGL1-

FOXO1_BP_Rev (188) 
AGGAGATTTCCCGCTCTTGC 

TZ_hGLI2_shRNA70_F
wd (203) 

CCGGGCTCTACTACTACGGCCAGATCTCGAGATCTG
GCCGTAGTAGTAGAGCTTTTTG pTZ97 

cloning TZ_hGLI2_shRNA70_R
ev (204) 

AATTCAAAAAGCTCTACTACTACGGCCAGATCTCG
AGATCTGGCCGTAGTAGTAGAGC 

TZ_hGLI2_shRNA77_F
wd (205) 

CCGGGTTCCTGAACATGATGACCTACTCGAGTAGGT
CATCATGTTCAGGAACTTTTTG pTZ98 

cloning TZ_hGLI2_shRNA77_R
ev (206) 

AATTCAAAAAGTTCCTGAACATGATGACCTACTCG
AGTAGGTCATCATGTTCAGGAAC 

TZ_pGF1-PLAGL1_Fwd 
(224) 

ATAGAAGATTCTAGAGCTAGCAAGCCCATGGCCAC
GTTCC 

pTZ87 
cloning 

TZ_pGF1-PLAGL1-HA-
Rev (225) 

TCCCGCTCGAGATCTGAATTCTTAAGCATAGTCTGG
TACATCGTAAGGATATCTGAATGCATGATGGAAAT
GAGGC 

TZ_pGF1-EWSR1_Fwd 
(226) 

ATAGAAGATTCTAGAGCTAGCGAGAAAATGGCGTC
CACGG 

TZ_pGF1-
EWSR1Full_Rev (227) 

TCCCGCTCGAGATCTGAATTCTTAAGCATAGTCTGG
TACATCGTAAGGATAGTAGGGCCGATCTCTGCG 

TZ_pT2K-mEwsr1_Fwd 
(228) 

CATCATTTTGGCAAAGAATTCGAGAAAATGGCGTC
CACGG 

pTZ115 
cloning 
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TZ_mEwsr1-
PLAGL1_Rev (229) 

TAGCCATATGGGGTCCACCAGGCTTATTG 

TZ_mEwsr1-
PLAGL1_Fwd (230) 

TGGTGGACCCCATATGGCTACCCATTCTCCCCA 

TZ_HA-pT2K_Rev (231) GCGGAATTGATCCCGCTCGAGTTAAGCATAGTCTGG
TACATCGT 

TZ_EF1a-GF_Fwd (232) GCCAGATGGGCCCTCGTCGACGGCTCCGGTGCCCG
TCAG 

pTZ117, 
pTZ119 
cloning 

TZ_EF1a-GF_Rev (233) TCCCGCTCGAGATCTGAATTCGCTAGCTCTAGATCA
CGACACCTGAAATGGAAG 

TZ_EF1aCore-GF_Fwd 
(234) 

ATGGGCCCTCGTCGACAAGGATCTGCGATCGCTCC
G 

TZ_EF1aCore-GF_Rev 
(235) 

CTCGAGATCTGAATTCGCTAGCTCTAGAGTAGGCGC
CGGTCACAGC 

TZ_pT2K-GF_Fwd1 
(236) 

TTGAAACAAGCAGGGGATGTCGAAGAGAATCCCGG
GCCAATGCCCGCCATGAAGATCG 

TZ_pT2K-GF_Rev (237) CAGAGGGAAAAAGATCTGATATCTTACAATTTGGA
CTTTCCGCCC 

TZ_pT2K-PLAGL1_Fwd 
(243) 

CATCATTTTGGCAAAGAATTAAGCCCATGGCCACGT
TCCCCTGC 

pTZ122 
cloning 

TZ_PLAGL1-FOXO1-
BP_Rev (250) 

GAATTGAATTCGAGGGGTGGAGGGAGGC 

TZ_PLAGL1-FOXO1-
BP_Fwd (251) 

CCACCCCTCGAATTCAATTCGTCATAATCTGTCCC 

TZ_FOXO1-HA_Rev 
(252) 

AATTGATCCCGCTCGATTAAGCATAGTCTGGTACAT
CGTAAGGATAGCCTGACACCCAGC 

TZ_TLCV2-
EWSR1_Fwd (244) 

TACCGGTTCTAGAGCGCTGAGAAAATGGCGTCCAC
GGA pTZ124 

cloning TZ_TLCV2-HA_Rev 
(245) 

TGCCCTCTCCGGATCCAGCATAGTCTGGTACATCGT 

TZ_TLCV2-
C11orf95_Fwd (246) 

TACCGGTTCTAGAGCGCTGACCAATTCAGTCGACTG
GATCC pTZ125 

cloning TZ_TLCV2-HA_Rev 
(247) 

TGCCCTCTCCGGATCCAGCGTAATCTGGAACATCGT 

TZ_TLCV2-YAP1_Fwd 
(248) 

TACCGGTTCTAGAGCGCTCGGCAGAAGCCATGGAT
CC pTZ126 

cloning TZ_TLCV2-HA_Rev 
(249) 

TGCCCTCTCCGGATCCGGCATAGTCAGGCACG 
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7.3     List of antibodies used for staining 

Antibodies Manufacturer Catalog # Application 

Anti-HA-Tag (C29F4) Rabbit mAb Cell Signaling 3724 IHC 1:500; IF 
1:800; WB 1:1000 

Anti-FLAG® M2 Mouse mAb Sigma F1804 WB 1:1000 
Anti-β-Actin-HRP abcam ab49900 WB 1:10000 
Anti-GAPDH Mouse mAb Millipore CB1001 WB 1:1000 
Anti-Ki67 Rabbit polyAb Abcam ab15580 IHC 1:500 
Anti-Ki67 Rat polyAb BioLegend 652402 IF 1:500 
Anti-Rabbit-HRP Cell Signaling 7074 WB 1:3000 
Anti-Mouse-HRP Cell Signaling 7076 WB 1:3000 
Anti-Rabbit-Alexa568 Invitrogen A10042 IF 1:400 
Anti-Rat-Alexa633 Invitrogen A21094 IF 1:400 
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