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Zusammenfassung 

Tumore des zentralen Nervensystems sind nach Leukämien die häufigsten pädiatrischen 

Krebserkrankungen. Obwohl immer mehr Patienten geheilt werden können, leiden Überlebende 

häufig an den schwerwiegenden Langzeitfolgen der intensiven Behandlungen. Deshalb sind 

neue Behandlungsstrategien zwingend erforderlich. Dies umfasst sowohl neuartige 

zielgerichtete Therapien, als auch die Verbesserung von bisherigen Behandlungsprotokollen in 

Abhängigkeit von neuen molekularen Hirntumor-Subtypen. Jedoch macht sowohl die 

Seltenheit von pädiatrischen Hirntumoren als auch die Vielzahl der Tumorsubtypen in der 

pädiatrischen Neuroonkologie die klinische Forschung sehr anspruchsvoll, da es bis zu einem 

Jahrzehnt dauern kann, in einer klinischen Studie zwei Behandlungsarme einer seltenen 

Tumorentität miteinander zu vergleichen. Präklinische Modellsysteme eröffnen die 

Möglichkeit, unterschiedliche Behandlungsstrategien für die klinische Forschung vorab zu 

priorisieren. Hierbei haben sich Patienten-basierte Xenotransplantate als ein nützliches 

Modellsystem für sowohl die akademische Forschung als auch für die pharmazeutische 

Industrie herausgestellt. Jedoch ist es bis heute, aufgrund der Seltenheit von pädiatrischen 

Hirntumoren, nicht gelungen, eine umfassende Sammlung dieser Modelle zu erstellen, die auch 

das weite Spektrum der unterschiedlichen Tumorsubtypen abdeckt. 

Um eine systematische präklinische Evaluation von pädiatrischen Hirntumoren zu ermöglichen, 

wurden in dieser Arbeit 130 orthotope Patienten-basierte Xenotransplantatmodelle untersucht, 

welche entweder lokal generiert oder von fünf kollaborierenden Zentren gesammelt wurden. 

Die Anwachsrate für hochgradige pädiatrische Hirntumore in Mäusen betrug im Durschnitt 

30%. Zusätzlich wuchsen die Modelle nach einer Kryopräservierung erneut an, was 

demonstriert, dass diese eine nachhaltige Ressource darstellen. Histopathologische Analysen 

bestätigten zudem, dass die Xenotransplantatmodelle morphologisch immer noch den Tumor 

reflektieren, der zu ihrer Generierung benutzt wurde. Um eine umfassende molekularen 

Charakterisierung zu ermöglichen, wurden die Xenotransplantatmodelle und, falls vorhanden, 

die dazugehörigen Patiententumore, sowohl mittels Methylierungs- und 

Transkriptomsanalysen, als auch mittels Exom- und Genomsequenzierungen analysiert. 

Die molekulare Klassifikation der Xenotransplantatmodelle zeigte, dass die hier analysierte 

Kohorte 22 unterschiedliche molekulare Subtypen von pädiatrischen Hirntumoren umfasst, 

wobei für viele davon bisher noch keine Modellsysteme existierten. In der Kohorte bestand 

eine Anreicherung von aggressiven Tumorsubtypen, selbst innerhalb von WHO Grad IV 

Tumoren, wohingegen niedriggradigere Tumore gar nicht vertreten waren. Ein Vergleich der 

genetischen Alternationen in den molekularen Subtypen der Xenotransplantatkohorte im 

Vergleich zu Patiententumorkohorten aus früheren Studien zeigte eine Anreicherung von 
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genetischen Alterationen, welche bereits mit einer schlechten Prognose assoziiert worden sind. 

Zudem wurden auch Anreicherungen von KBTBD4-Insertionen in Gruppe 3 Medulloblastomen 

als auch von GFI1B-Aktivierungen in Gruppe 4 Medulloblastomen detektiert. Dies lässt 

schlussfolgern, dass diese Läsionen womöglich ebenfalls mit einer schlechten Prognose für 

Patienten einhergehen könnten. 

Insgesamt repräsentieren die Xenotransplantatmodelle ihren zugrundeliegenden Patiententumor 

sehr gut auf Ebene der Mutationen, der Kopienzahlveränderungen, des Methyloms und des 

Transkriptoms. Die am Tumorwachstum beteiligten Alterationen wurden nahezu immer im 

Xenotransplantatmodell beibehalten, aber die Modelle entwickelten sich auch evolutionär 

weiter. Veränderungen von Patiententumor zu Xenotransplantatmodell im Rahmen des 

Transkriptoms und des Methyloms konnten größtenteils auf den Verlust des humanen Stromas 

zurückgeführt werden. Starke klonale Auswüchse waren selten und limitiert auf 

entitätsspezifische Läsionen, wie das Auswachsen von MYC-Amplifikationen in Gruppe 3 

Medulloblastomen, und ereigneten sich häufig in der ersten Passage. 

Die präklinische Evaluation der Xenotransplantatmodelle basierend auf molekularen „Targets“ 

konnte die vorhergesagte Sensitivität gegenüber zielgerichteten Inhibitoren bestätigen. Wie 

bereits in Patienten gesehen, konnte die Langzeittherapie mit dem SMO Inhibitor Erismodegib 

resistente Tumoren erzeugen. 

Um die Modellsysteme und die zugehörigen molekularen Daten öffentlich zugänglich zu 

machen, wurde das Online-Tool „PDX Explorer“ (https://hgserver1.amc.nl/cgi-

bin/r2/main.cgi?&dscope=PDX_OLSON&option=about_dscope) etabliert, welche es möglich 

macht, die hier beschriebene Sammlung von Patienten-basierten Xenotransplantatmodellen zu 

durchsuchen und geeignete Modelle für individuelle wissenschaftliche Fragenstellungen zu 

finden.	
   

Zusammenfassend stellt diese Studie die bisher größte Sammlung von Patienten-basierten 

orthotopen Xenotransplantatmodellen von pädiatrischen Hirntumoren dar und bestätigt, dass 

diese zuverlässige Modellsysteme darstellen. Diese Arbeit stellt somit eine bislang einzigartige 

Ressource zur Untersuchung der Tumorbiologie dar und bietet Ansätze, um 

Behandlungsstrategien für Kinder mit malignen Hirntumoren zu verbessern. 
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Summary 

Tumors of the nervous system are, after leukemias, the most common pediatric cancers. 

Although an increasing numbers of patients can be cured, survivors often suffer from severe 

sequelae of the intensive treatment regimens. Therefore, new treatment strategies are 

desperately needed. These include new targeted therapeutical approaches, but also the 

refinement of current treatment protocols based on the finding of new molecular subgroups of 

brain tumors. However, the rarity of pediatric brain tumors and the multitude of various tumor 

subgroups make clinical investigations highly challenging, as it can take up to a decade to 

compare two treatment arms from rare tumor entities within a clinical trial. Preclinical model 

systems can prioritize therapeutic strategies for clinical investigations. Patient-derived 

xenograft models have become a useful preclinical model system for both academia and the 

pharmaceutical industry. However, until now, the rarity of pediatric brain tumors has hindered 

the generation of a sufficiently large collection of patient-derived xenograft models 

representing the broad spectrum of various types of pediatric brain tumors. 

In order to allow systematic preclinical evaluation in pediatric brain tumors, here, 130 patient-

derived orthotopic xenograft models were both locally generated and collected from five 

different collaborating centers. Engraftment rates for high-grade pediatric brain tumors were on 

average 30%, and patient-derived orthotopic xenograft models could be re-grown after cryo 

preservation, demonstrating that these model systems are a sustainable resource. 

Histopathological evaluation confirmed that patient-derived orthotopic xenograft models 

closely resembled the patient tumor from which they were derived. In addition, the cohort of 

130 patient-derived orthotopic xenografts, and if available the corresponding patient tumor, 

were subjected to extensive molecular characterization by methylation and gene expression 

profiling, as well as by whole exome and whole genome sequencing. 

Molecular subtyping of patient-derived orthotopic xenografts showed that the cohort represents 

22 distinct molecular subtypes of pediatric brain tumors, many of which could previously not 

be modeled. Within the cohort, there was a bias for more aggressive tumor subgroups, even 

within WHO stage IV tumors, and more benign entities were not represented. Comparing the 

landscape of genetic alterations per tumor subgroup within the cohort of patient-derived 

orthotopic xenograft models to primary patient cohorts identified an enrichment of genetic 

alterations linked to a poor prognosis in various tumor subgroups. In addition, enrichments of 

KBTBD4 insertions in Group 3 and GFI1B activations in Group 4 medulloblastoma were 

detected, which could mean that these alterations are linked to a poor prognosis in patients as 

well. 
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Overall, patient-derived xenografts closely resembled the corresponding patient tumors on the 

levels of mutations, copy-number alterations, methylome, and transcriptome, and stayed 

relatively stable over multiple passages. Presumed driver alterations were almost exclusively 

maintained in PDOX. However, the models also continued to evolve. Changes in the 

methylome and the transcriptome between patient tumor and PDOX were confined mostly to 

the loss of the human stroma. Strong clonal outgrowth events were rare and limited to entity-

specific lesions, such as MYC amplifications in Group 3 medulloblastoma, and occurred mostly 

in the first passage. 

Preclinical evaluation of patient-derived orthotopic xenografts confirmed sensitivity to targeted 

inhibitors based on the presence of molecular targets. As observed in patients, long-term 

treatment of SHH medulloblastoma patient-derived orthotopic xenografts with the SMO 

inhibitor Erismodegib was able to induce resistant tumors. 

In order to make the model systems and associated molecular data available to the scientific 

community, an online tool called “PDX Explorer” (https://hgserver1.amc.nl/cgi-

bin/r2/main.cgi?&dscope=PDX_OLSON&option=about_dscope) was established, which 

makes it possible to browse through the collection of patient-derived orthotopic xenografts to 

find the suitable model systems for specific scientific questions. 

In summary, this study comprises the largest collection of patient-derived orthotopic xenograft 

model systems for pediatric brain tumors to date and highlights that patient-derived orthotopic 

xenografts are effective model systems. This work represents a thus far unique resource for 

studying tumor biology and offers approaches for improving treatment strategies for children 

with malignant brain tumors. 
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1 Introduction 

1.1 Cancer 

1.1.1 Cancer – a global health challenge 

Cancer is a tremendous challenge for global health. In 2012, 14.1 million new patients were 

diagnosed with cancer worldwide, while 8.2 million cancer-related deaths were registered, and 

32.6 million people were living with cancer within 5 years of their diagnosis1.  

The median age at diagnosis is 65, but this varies dramatically among cancer types2. The age-

standardized cancer incidence rate is almost 25% higher in men than in women (205 and 165 

cases per 100,000 person-years, respectively)1. In addition, tumor sites differ between genders; 

incidence and mortality for men is highest for lung cancer, while in women breast cancer is the 

most common cancer site1. The lifelong probability of developing cancer in the U.S. is 42% for 

men and 38% for women, whereas the probability for individuals of developing cancer prior to 

the age of 50 is higher for women (5.4%) compared to men (3.4%), due to the high incidence of 

genital, breast, and thyroid cancer in young women3. Over the past few years, the number of 

cancer survivors has been continuously increasing despite declining incidence rates3. This 

reflects an increased survival rate as well as demographic changes toward a more elderly 

population2. Since 1991, the overall cancer death rate has dropped by 23%3. However, the 5-

year survival rates differ dramatically between sites, ranging from 5% in patients with pancreas 

tumors to 98% in patients with tumors in the thyroid gland2. Despite all the progress that is 

being made, cancer is still the leading cause of death in the U.S. after heart disease4. 

 

1.1.2 The hallmarks of cancer 

Cancer is not one disease. It stands for a multitude of different diseases, which all follow the 

same biological concept. Cancers are neoplastic lesions that originate from normal tissue. 

During the process of transforming normal cells into tumor cells, also called oncogenesis, 

defects are introduced into regulatory cellular circuits that control normal cell proliferation and 

homeostasis. In two central publications, Hanahan and Weinberg categorized the heterogeneity 

of cancer characteristics into eight so-called “hallmarks” and two “enabling characteristics” of 

cancer cells5,6. These are distinct, yet complementary, biological capabilities allowing for the 

malignant transformation of cells (Figure 1, page 2)5,6. During the process of oncogenesis, cells 

acquire a succession of these hallmarks. 
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Figure 1: The hallmarks of cancer. 
Overview representing the eight hallmarks and the two enabling characteristics of cancer cells as 
proposed by Hanahan and Weinberg (modified from Hanahan and Weinberg, 2011)6. 
 

One of the key characteristics of cancer cells is the maintenance of sustained proliferation7-10. In 

normal cells, proliferation is tightly regulated by the presence of growth factors that allow the 

cells to move forward through the cell cycle; deprivation of growth factors therefore halts 

proliferation5. Cancer cells can acquire independence from growth factors by ‘sustaining 

proliferative signaling’ through various methods5,6. They can start to produce the necessary 

growth factors in addition to the growth factor receptors, therefore stimulating themselves via 

autocrine signaling5. Alternatively, cancer cells can also stimulate surrounding normal cells 

(tumor microenvironment) to provide the necessary growth factors11,12. Another option is to up-

regulate or modify growth factor receptors on the cell membrane to induce hypersensitivity to 

growth factors, effectively reducing the concentration required to induce proliferation6. This is, 

for example, typically seen for platelet-derived growth factor receptor A (PDGFRA) or 

epidermal growth factor receptor (EGFR) in gliomas13. Instead of activating the entire growth 

factor cascade via a ligand-receptor interaction, the downstream signaling can also be activated 

by modifying proteins within the cascade itself, e.g. activating mutations in serine/threonine-

protein kinase B-Raf in melanoma14 or in various types of glioma15. In many cases, multiple 

different downstream signaling cascades propagate from one ligand-receptor interaction into 

the cells, which, in turn, means that downstream activations are only partly mirroring the 

physiological growth factor receptor cascade6. Other important aspects in the homeostasis of 

growth signals are feedback loops, which dampen the effects of receptor activation in the 
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regulatory cellular circuits16-19. Typical examples of disruptions of feedback loops in cancer are 

mutations in the GTPase K-ras, which do not directly activate the protein, but instead affect the 

GTPase domain, thereby deactivating the intrinsic feedback-loop that normally guarantees 

transitory activation only20. Another similarly prominent example is the loss or deactivation of 

the phosphatase PTEN, which regulates PI3-kinase signaling by dephosphorylating its product 

phosphatidylinositol-(3,4,5)-trisphosphate21. In this context, KRAS acts as an oncogene, a gene 

that upon activation causes tumor growth, while PTEN acts as a tumor suppressor, a gene that 

promotes tumor growth after its deactivation22. However, unlimited activation of growth 

pathways can also induce cellular senescence, an irreversible arrest of cell growth and 

proliferation in response to physiological stimuli, which normally protects against neoplastic 

outgrowth23. Therefore, ‘evading growth suppressors’ is also an essential hallmark of cancer 

cells5,6. In healthy cells, there is a huge variety of regulatory circuits controlling cell 

proliferation and homeostasis5,6. Another prototypic tumor suppressor is TP53, titled “the 

guardian of the genome”24. The TP53 protein responds to cellular stress such as DNA damage, 

hyperproliferative signaling, hypoxia, oxidative stress, ribonucleotide depletion, and nutrient 

starvation, and can then trigger transient or permanent cell cycle arrest and apoptosis24. Due to 

the central gatekeeper function of TP53, it is the most commonly mutated gene in adult and 

pediatric cancers25,26. Its significance is further highlighted by the susceptibility of individuals 

with Li-Fraumeni syndrome, who inherit a mutant TP53 allele and of whom 50% develop 

cancer prior to the age of 30 compared to 1% in the normal population27-32. The apoptosis-

inducing function of TP53 also plays a role in the hallmark of ‘resisting cell death’5,6. 

Apoptosis is the process of controlled cell death, which is a physiologic process acting as a 

protection against oncogenesis33. Apoptosis is tightly regulated by a machinery of pro- and anti-

apoptotic proteins that are often altered in cancers34. One of the key aspects driving TP53-

triggered apoptosis is ‘genome instability and mutation’, a cancer-enabling characteristic6. By 

altering their genome, cancer cells are able to acquire new characteristics that drive tumor 

growth as described above. Another central hallmark of cancer is to ‘enable replicative 

immortality’5,6. While normal cells are able to undergo only about 52 mitoses, which is referred 

to as the “Hayflick limit”, cancer cells do not underlie this limitation35,36. After reaching the 

Hayflick limit, normal cells go into senescence or even into apoptosis23. The mechanism behind 

the Hayflick limit is a shortening of telomeres, the ends of chromosomes consisting of tandem 

repeats of the nucleotides TTAGGG that are bound by specific proteins, with each cell cycle37. 

This makes these chromosomal regions vulnerable to degradation or recombination activities37. 

The conventional way for cancer cells to counteract the loss of these segments over time is the 

expression of the telomerase protein, a DNA polymerase that adds new telomeric sequences to 

the ends of chromosomes, protecting the cell against the induction of senescence and telomere 

crisis/apoptosis37. In current scientific thinking, this is central in preventing the outgrowth of 
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neoplastic clones – although pre-neoplastic cells can outgrow the surrounding normal tissue, 

without circumventing telomere loss their growth is somewhat limited6. Intriguingly, the 

absence of TP53 can allow cells to survive even though they have short telomeres and to 

exploit the additionally induced genome instability to accelerate oncogenesis38,39. 

All mammalian cells require oxygen and nutrients for survival and must therefore be located 

within 100-200 µm of blood vessels in a multicellular organism – the diffusion limit for 

oxygen40. Tumor cells are no exception here, and therefore, during tumor progression, an 

“angiogenic switch” is nearly always switched on and maintained in order to sprout new blood 

vessels41. In most cases, the tumor cells prompt angiogenesis through the secretion of pro-

angiogenic factors, resulting in the recruitment of endothelial cells from the stroma, but tumor 

cells may also trans-differentiate into endothelial cells themselves42-44. The necessity of 

‘inducing angiogenesis’ during tumor growth beyond a certain tumor size makes it an important 

hallmark of oncogenesis6. 

A tumor is more than just a homogenous mass of proliferating cells, but rather a complex 

“organ” consisting of fibroblasts, immune cells, endothelial cells, and specialized mesenchymal 

cells in addition to cancer cells45. The interaction between tumor cells and the associated stroma 

is thus highly complex and plays a major role during tumorigenesis. Already in the 1980s, 

pathologists recognized that tumor tissue is heavily infiltrated by immune cells of both the 

native and the adaptive immune systems, mirroring normal inflammatory conditions46. To 

survive within this high density of immune cells, cancer cells must acquire certain 

characteristics in order to ‘avoid immune destruction’6. However, tumor-associated 

inflammation also has the paradoxical effect of boosting tumor growth via promoting various 

other hallmarks such as supplying growth factors or promoting angiogenesis – mostly through 

the innate immune system47-50. Due to these capacities, ‘tumor-promoting inflammation’ was 

proposed as an enabling characteristic5,6. Interestingly, certain oncogenes can remodel the 

tumor microenvironment through recruitment of leukocytes and lymphocytes51,52. Therefore, 

tumors require a tight balance between promoting tumor growth through inflammation while 

avoiding an immune reaction against the tumor itself – a process which is orchestrated by 

tumor cells through interactions with the immune cells of the tumor-associated stroma49.  

The continuous proliferation of tumor cells demands an adjustment of the cellular energetics to 

meet the new demands – the ‘reprogramming of the energy metabolism’6. Otto Warburg 

described the first indications of atypical cell metabolism in cancer cells53-55: Under aerobic 

conditions normal cells produce energy by dismantling glucose, initially into pyruvate in the 

cytosol, and then to carbon dioxide in the mitochondria, while under anaerobic conditions, 

glucose is processed by glycolysis into pyruvate, which produces less energy than does the 

mitochondrial pathway56. Cancer cells can re-program their metabolic pathways to perform 
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glycolysis even under aerobic conditions53-55 – probably due to the production of glycolytic 

intermediates that can be fed into different biosynthetic pathways57. Anaerobic glycolysis can 

also occur in genetically normal cells during proliferation and also in virus-infected cells, and 

therefore may be beneficial in phases of increased biosynthetic demand58-61. Since the 

description of this so-called “Warburg effect”, the field has evolved dramatically, and now 

cancer-specific metabolic changes are classified into six hallmarks: (1) deregulated uptake of 

glucose and amino acids, (2) use of opportunistic modes of nutrient acquisition, (3) use of 

glycolysis/tricarboxylic acid cycle intermediates for biosynthesis and nicotinamide-adenine-

dinucleotidephosphate (NADPH) production, (4) increased demand for nitrogen, (5) alterations 

in metabolite-driven gene regulation, and (6) metabolic interactions with the 

microenvironment61. 

The unique characteristic that distinguishes malignant tumors from benign tumors is their 

ability to invade the surrounding normal tissue. Along these lines, ‘activating invasion and 

metastasis’ is also a hallmark of cancer5,6. The invasion-metastasis cascade describes the 

metastatic process starting from a local invasion to the establishment of a distant metastasis 

after traveling through the blood stream62-64. In carcinomas, the developmental program of 

epithelial-mesenchymal transition can convey key characteristics within the invasion-metastasis 

cascade that allow cancer cells to invade the adjacent tissue, resist anoikis – apoptosis triggered 

by detachment from the original extracellular matrix65 – and to disseminate66-70. The 

significance of metastasis in cancer is highlighted by the fact that 90% of cancer-associated 

deaths are caused by the metastasis of cancer cells to both nearby and distant, vital organs71.  

In order to understand how cancer cells acquire these varied hallmarks through changes in the 

(epi-)genome, large collaborative approaches, such the “International Cancer Genome 

Consortium” (ICGC) and “The Cancer Genome Atlas” (TCGA), have utilized high-throughput 

techniques to systematically map the genomic differences between cancer cells and normal 

cells in order to design therapeutic approaches specifically targeting cancer cell dependencies72-

74. 

 

1.1.3 Cancer – a disease of the genome 

Over a century ago, Theodor Boveri proposed for the first time that “malignant tumours might 

be the consequence of a certain abnormal chromosome constitution”, which can be translated 

into contemporary language as “cancer is a disease of the genome”75,76. It took science until the 

1970s to discover the first cancer-inducing nucleic acid, the v-Src gene of the Rous sarcoma 

virus77, and to prove that cancers arise not only by introducing these external genes into normal 

cells, but also after they have edited the endogenous host’s DNA sequence, turning a normal 
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gene into an oncogene78,79. This knowledge led to the establishment of the concept of 

oncogenes and tumor-suppressors, which need to be activated or de-activated, respectively, in 

order to promote tumorigenesis80. Even then, scientists began to appreciate the considerable 

complexity underlying oncogenesis, and that oncogenes and tumor suppressors differ among 

different tumor sites and subtypes76. 

In a visionary commentary in 1986, Renato Dulbecco proposed “to sequence the whole 

genome” of the human species instead of trying “to discover the genes important in malignancy 

by a piecemeal approach”81. Based on the data generated by this approach, probes could be 

designed for every gene to systematically analyze it in a healthy state as well as in a diseased 

state81. This and other calls were answered by the initiation of the Human Genome Project in 

1990, which resulted in the first “draft” sequence of the human genome in 200082,83, and a final 

sequence in 200384.  

This finalization of the sequence of the human genome marks the birth of “cancer genomics”, a 

scientific field trying to understand the changes that distinguish tumors from normal tissue on 

the genomic level76. Initial approaches searching for mutations in cancer genes were successful 

and discovered, for example, mutations in the BRAF gene in melanoma, or mutations in the 

PIK3CA gene in colon cancer85,86. Strikingly, in lung cancer, the response to the EGFR 

inhibitors Erlotinib and Gefitinib could be associated with activating mutations in EGFR, 

giving first hints into the usefulness of sequencing technology for biomarker discovery87-89. 

Driven by the success of these first discoveries, the National Institutes of Health (NIH) 

launched the “Human Cancer Genome Project”, first as a pilot project in 2006, and then the full 

project, now called TCGA, in 200974. Also, in parallel, the ICGC, an international consortium 

consisting of researchers from 15 countries, was launched73. By defining the genomic landscape 

of cancer entities and identifying new cancer genes, biomarkers, and tumor subtypes within 

histological entities previously assumed to be homogenous, both projects revolutionized the 

way we think about cancer today and present a resource for cancer researchers worldwide76,90. 

 

1.2 Cancer genomics 

Within the past 20 years, a new strategic cornerstone, in addition to the classical hypothesis 

testing, has emerged in oncology research: the unbiased genomic analysis of tumor tissue76. 

Initially, this new approach to cancer research was not generally endorsed and caused heated 

discussions within the scientific community91,92. Today, the value of cancer genomics has 

repeatedly been proven and now offers the option of personalized oncology through molecular 

characterization and stratification of individual tumors76. This rapid growth of the field would 



Introduction 

7 

not have been possible without tremendous technological and scientific advancement in the 

field of sequencing technologies93.  

 

1.2.1 First-generation sequencing 

In 1953, Watson and Crick solved the three-dimensional structure of DNA based on 

crystallographic data from Franklin and Wilkins94,95. It took scientists until 1965 to be able to 

sequence the first nucleic acid, the alanine tRNA from Saccharomyces cerevisiae96. In 1972, 

using a modified sequencing technique by Fred Sanger97, Walter Fiers and his team generated 

the first complete protein-coding sequence98, and in 1976, the first complete genome of the 

bacteriophage MS299. The purification of DNA genomes of bacteriophages allowed scientists to 

apply technologies from RNA studies to DNA research100. At first, only the ends of cohesive 

DNA overhangs were sequenced by measuring the incorporation of radio-labeled nucleotides 

through DNA polymerase one by one101,102, but then this was extended to entire stretches of 

DNA by priming the DNA polymerase with specific oligonucleotides103-105. The separation by 

polynucleotide length via electrophoresis through polyacrylamide gels enabled two techniques 

to revolutionize the field, allowing now the sequencing of longer stretches of DNA100. First, the 

plus and minus system106, and second, the chemical cleavage technique107.  The plus and minus 

system uses a two-step polymerization. In the first step, a DNA strand with radiolabeled 

nucleotides is synthesized by extending a primer. In the second step, four paired plus and minus 

reactions are performed, whereby the plus reactions contain only one nucleotide and the minus 

reactions contain the three other nucleotides. By separating these fragments on polyacrylamide 

gels, the sequence can be inferred. Using this technique, the first DNA genome, that of the 

bacteriophage ϕX174, was sequenced108. The chemical cleavage technique uses a completely 

different approach in which radiolabeled cells are treated with specific chemical compounds 

that break the DNA at certain positions; the specific fragment sizes can then be detected by 

running them through polyacrylamide gels. Both techniques are now being described as first-

generation DNA sequencing techniques100. However, shortly thereafter, with the development 

of the ‘chain-termination’ or dideoxy technique, Fred Sanger accomplished the largest 

breakthrough109. This technique is based on the use of dideoxynucleotides (ddNTPs), which, 

compared to deoxyribonucleotides (dNTPs), lack the 3′ hydroxyl group, and thus do not allow 

an extension of the DNA strand after incorporation of ddNTPs109,110.  Here, the polymerase 

reaction is split into four reactions, each containing all four different dNTPs and a spike-in of 

only one type of ddNTP, which will randomly stop the polymerization reaction when being 

incorporated. Running all fragments on polyacrylamide gels allows for the reconstruction of the 

sequence. This technique was improved by replacing radiolabeled with fluorescence-labeled 

nucleotides, allowing the reaction to be performed in one tube, and by the use of improved 
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capillary electrophoresis111-117. This resulted in the development of the first commercial DNA 

sequencer118. These machines were able to sequence DNA fragments of almost 1kb100. Cloning, 

sequencing, and then overlapping the sequenced fragments, termed shotgun sequencing, was 

performed to analyze larger sequences119,120. The further improvement of the techniques, such 

as through better polymerases121, enabled the development of a new generation of 

sequencers122, which could sequence hundreds of fragments in parallel123. These machines were 

then deployed to generate the first draft of the human genome82-84. 

 

1.2.2 Second-generation sequencing 

In addition to the classic Sanger sequencing, another sequencing technique called 

pyrosequencing emerged100. This technique measures pyrophosphate levels by transforming 

pyrophosphate, released upon the incorporation of a nucleotide into a DNA strand, into ATP, 

which is then used as a substrate for the luciferase enzyme, which produces light124. As each 

type of nucleotide is subsequently washed through the system in which the template DNA is 

fixed, a successful elongation of the DNA strand can be detected125. Advantages of this 

technology are the real-time measurement of nucleotide integration and the possibility of using 

natural nucleotides, while more than four to five repeats of the same nucleotide are problematic 

due to non-linearity of the light signal126-128. The first commercial machines produced by 454 

Life Technologies greatly increased the throughput of DNA sequencing129. These machines 

used DNA libraries, generated by shearing the entire genome into small fragments, which were 

attached to DNA beads with adapters, and then subjected to a water-in-oil emulsion PCR 

(emPCR), where the PCR reaction takes place130. In an optimal scenario, only one DNA 

fragment would bind to a bead, and only one of these would be enclosed in one water droplet, 

in which only this one DNA fragment is amplified until it finally covers the entire bead100. 

Afterwards, each bead is placed in a single well of a picotiter reaction plate with approximately 

1.6 million wells, while a charged couple device sensor beneath the wells monitors the 

pyrosequencing reaction129. However, the drastically higher throughput comes at a cost of 

shorter sequencing reads of about 400-500 base pairs (bp)129. This massively parallel 

sequencing technique allowed the sequencing of the entire human genome in a much faster 

time frame than that of Sanger sequencing131,132.  

Following the success of 454 Life Technologies, several new massively parallel sequencing 

technologies emerged100. The most successful technique is the Solexa method, later acquired by 

Illumina133, now dominating the market in a near monopoly134. Instead of using the emPCR to 

amplify DNA fragments, the bridge amplification was introduced133: both ends of the DNA 

fragments are ligated to adapters, which are used to immobilize the fragments on a flow-cell 

with complementary sequences. The bridge amplification then relies on the fixated DNA 
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fragment “arching” between two anchors to amplify the fragments, generating clusters of over 

1,000 clonal DNA fragments. The sequencing itself is also different: the DNA is denaturated, 

and primers complementary to the anchor, the polymerase enzyme, and four types of reversible 

dye terminator nucleotides are added. The introduction of the dye terminators in the strand 

produces a base-specific fluorescent signal, and only after an additional washing step is 

termination chemically reversed and then polymerization can continue. Due to the nature of the 

sequencing technique, it is possible to take into account either only the forward adapters, called 

single-end sequencing, or to take both into account, called paired-end sequencing. The latter is 

especially powerful with short sequencing reads because it gives an additional layer of 

information by stating how both reads relate to each other100. Initially, Illumina started with 50 

bp sequencing reads, but now allows the sequencing of reads as long as 300 bp93. Due to the 

dominant position of this technology, concerns that systematic technological artifacts could be 

introduced have been voiced, and therefore, researchers are working on alternative 

techniques93. These technologies include SOLiD sequencing135, Complete Genomics’ ‘DNA 

nanoballs’ technique136, and torrent sequencing137. In essence, the distinguishing feature of all 

second-generation sequencing technologies is that in all scenarios, DNA is sheared, amplified, 

and clustered, and then afterwards arrayed through alternating cycles of enzyme-driven 

biochemistry and imaging-based data acquisition138. 

 

1.2.3 Third-generation sequencing 

There is an ongoing discussion about which characteristics define the third generation of 

sequencing, including single molecule sequencing, which therefore avoids PCR amplification 

steps of second-generation sequencing, or real-time sequencing, or just diverging from current 

technologies in any way100,139-142. The most widely-used third-generation sequencing 

technology is the single molecule real time (SMRT) platform from Pacific Biosciences143-145, 

which has several advantages over current second-generation technologies, such as detection of 

modified bases146 or the generation of extremely long reads, exceeding even 10 kb142,143. The 

technology is developing rapidly and will most likely continue to do so in the next few years, 

which will allow for less expensive and more accurate sequencing of normal as well as 

cancerous tissue. 

 

1.2.4 Microarray technology 

Since around 2000, the complete sequencing of the human genome has allowed for the design 

of genome-wide microarrays to detect changes in the landscape of nucleic acids of the entire 

genome147. High-density microarrays consist of oligonucleotides bound to a surface onto which 
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labeled complementary DNA or RNA fragments hybridize147. A prominent application is to 

detect abundances of messenger RNAs (mRNA) and to compare these between different 

tissues. In the context of cancer genomics, scientists have compared the transcriptomes of 

tumors of the same histological entities to define biologically and clinically distinct subtypes, 

for example for medulloblastoma (MB), a malignant childhood brain tumor148. However, the 

use of microarrays is not limited to detecting gene expression from RNA, but can also be used 

to analyze DNA149, such as for the detection of single nucleotide polymorphisms (SNPs) in the 

human genome150 (as in the completed Hap Map project151), or to measure alterations in 

methylation patterns152, gene copy-number aberrations153, RNA splicing154, and for pathogen 

detection155. Although microarrays are more limited than unbiased next-generation sequencing, 

they offer distinct advantages in certain scenarios, because the data generated from microarrays 

are much smaller in data volume and also less complex and thus easier to handle compared to 

sequencing data, the generation of array data is faster, and arrays often have larger reference 

cohorts for comparative analyses156. 

 

1.3 Tumors in children and adolescents 

A child born in the U.S. has a chance of 1 in 408 of developing cancer prior to the age of 15 

years and a chance of 1 in 285 of being diagnosed with cancer prior to the age of 20 years157. 

Childhood (age 0-14) and adolescent (age 15-19) cancer diagnoses make up 1% of the overall 

cancer diagnoses157, showing that childhood cancers are much more rare than adult cancers2. 

The most common cancer types in children are acute lymphoblastic leukemia (ALL) (26%), 

central nervous system (CNS) tumors (21%), neuroblastoma (7%), and non-Hodgkin 

lymphoma (NHL) (6%), while the four most common tumors diagnosed in adolescents are 

Hodgkin’s lymphoma (HL) (15%), thyroid carcinoma (11%), brain and CNS tumors (10%), 

and testicular germ cell tumors (8%)157. These entities are not the ones typically seen in adults, 

but rather completely different diseases arising mostly in young patients25. 

Since the 1970s, the incidence rates for pediatric cancers have steadily increased with an annual 

rate of 0.6%157 (Figure 2a, page 11) in the U.S. as well as in Europe158. Reasons for this remain 

unclear, but it could possibly be linked to better access to medical care as well as improved 

diagnosis and detection, without which children might have died from the complications of 

their cancer without an acknowledgement of the underlying cause159. The rise of the incidence 

of CNS tumors in the 1980s can for example be possibly explained by the introduction of 

magnetic resonance imaging (MRI) and stereotactic biopsies that have improved the diagnosis 

of the disease160. In contrast to the increased incidence rates, the mortality rates for childhood 
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and adolescent cancer patients have been steadily declining at an annual rate of 2.1% since 

1975157 (Figure 2b).  

 

 

Figure 2: Incidence and mortality rates of pediatric cancers. 
Trends in pediatric cancer (a) incidence and (b) mortality rates by site over time, birth to 19 years, 1975 
to 2010 (modified from Ward et al., 2014)157.  
  

Concordant with these findings, the 5-year survival rate of nearly all pediatric cancers has 

increased in this period157. Nevertheless, diagnosis and treatment have dramatic effects on the 

individual patient161. In 2009, 300,000 childhood cancer survivors lived in the U.S.162. To 

accommodate their specific needs, the Children’s Oncology Group (COG) designed guidelines 

for the treating physicians that are based on the therapy the individual patient received163. Since 

1994, the Childhood Cancer Survivor Study has systematically collected data on patients who 

survived five or more years after a diagnosis of cancer during childhood or adolescence164, 

because in many cases clinical trials do not report on the long-term follow-up data of these 

patients165. The reported sequelae are widely spread161: Up to half of all patients may develop 

endocrinopathies, which can be defects of the hypothalamic-pituitary axis166, thyroid167,168 or 

gonades166,169-172, or abnormalities of the glucose metabolism173,174. Cardiovascular disease-

associated mortality is 7-fold higher in pediatric cancer survivors175; in particular survivors of 

leukemia, brain tumors, lymphoma, and rhabdomyosarcoma are at risk due to the type of 

treatment175,176. An increased pulmonary morbidity has also been reported due to treatment 

directly or indirectly targeting the lung, such as radiation or cyclophosphamide treatment177. 

Neurological sequelae, such as visual deficits, hearing loss, and motor, sensory, or coordination 

disorders, as well as seizures, are typically seen in survivors of CNS malignancies and can be 

induced by surgery, chemotherapy, and/or radiation170,178. The symptoms can occur during 

treatment or even years later170,178. Other long-term side effects include gastrointestinal 

toxicities179, nephrotoxicity180,181, bladder182,183 or sexual dysfunction182,184,185, osteopenia, and 

osteoporosis186-189. In addition, pediatric cancer survivors have a 15.2-fold higher risk of 
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developing a secondary malignancy compared to the normal population of developing a 

primary malignancy190. This can be ascribed to the intensive treatment regimens, such as 

chemotherapy and radiation, but also potentially due to the fact that a considerable proportion 

of young cancer patients may have cancer-predisposing genetic syndromes161. Thus, although 

around 80% of all childhood cancers can be cured157, the drastic long-term side effects of 

current therapies highlight the necessity of developing alternative, less toxic therapies. 

Compared to adult cancers, pediatric cancers do not have many preventable causes, such as 

smoking in lung cancer157,191. However, there are some established risk factors. In 1950, it was 

demonstrated that low doses of ionizing radiation on children in utero are associated with a 

higher risk of leukemias and other pediatric cancers192. Also, other kinds of radiation exposure 

early in life have been associated with a higher risk of developing cancer193,194.  Furthermore, 

there are reports linking high or low birth weight195-202 and also in vitro fertilization203-205 to 

different types of cancers. The International Agency for Research on Cancer states that there is 

enough evidence to conclude that parental smoking increases the risk of hepatoblastoma for 

children, as well as some evidence that it is also associated with childhood leukemia206. In 

addition, there is minor evidence that maternal exposure to paint is linked to childhood 

leukemia206. In line with these few extrinsic factors is a recent pan-pediatric cancer study, 

which performed an analysis of mutational signatures on a cohort of 539 childhood tumors, and 

in which no signatures corresponding to typical cancerous substances were found25. This study, 

in concordance with previous observations, also determined a prevalence of probably cancer-

predisposing germline variants in children with cancer to be about 6%25,207, compared to a 

frequency of 3% in adults208. Overall, the lack of extrinsic risk factors as well as the similarity 

of some childhood cancer symptoms with some common childhood disease symptoms, makes 

an early detection very challenging209. It is also important to note that patients with hereditary 

cancer syndromes are a high-risk group for pediatric cancers and should be specifically 

monitored210. 

 

1.4 Pediatric brain tumors 

Brain tumors are the leading cause of mortality in childhood after accidents, although they are 

only the second most common group of tumors in childhood after leukemias157. The definition 

of brain tumors includes only neoplasms that originate de novo from the CNS and not 

metastases deriving from other primary tumors, which, remarkably, are 5-10 times more 

common in adults than are primary brain tumors211. The clinical presentation of brain tumors 

varies based on tumor location, tumor growth rate, and patient age; while infants (0-3 years) 

often present with non-localizing symptoms, children older than three years may present 
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localizing findings more often, but many patients show only symptoms of intracranial pressure 

such as headache, ataxia, and morning vomiting212.  Due to the non-specific symptoms of 

pediatric brain tumors, especially early on, the time between onsets of early symptoms to final 

diagnosis is even longer than in other childhood cancers213. MRI of the head as well as the 

spinal cord, with or without intravenous injection of a contrast agent, can then establish the 

diagnosis of a brain tumor212.  In most cases, open resection is the first treatment choice, 

because it allows a reduction of the tumor size and, at the same time, gives access to tumor 

tissue in order to finalize the diagnosis212. The value of the open resection is illustrated by the 

dramatic impact of residual tumor volume after surgery on the prognosis of the patient214-216. 

The analysis of tumor tissue, acquired either through surgical resection or a biopsy, consists of 

a histopathological and if possible molecular evaluation and delivers the final diagnosis, which 

then guides the following therapy. The usual therapeutic concept after surgery consists of 

radiotherapy, followed by chemotherapy, whereby the intensity of the therapy can be adjusted 

based on the aggressiveness of the tumor212.  

For the past century, the classification of brain tumors has been largely based on the similarity 

of tumor cells to their presumed cell of origin, evaluated mostly by light microscopy, but also 

by immunohistochemical expression of lineage-associated proteins and ultrastructural 

characterization217. Using both conventional and molecular information, pathologists categorize 

tumors based on their aggressiveness into four grades, ranging from grade I (benign) to grade 

IV (very aggressive)218. Through the findings of cancer genomics in the field of brain tumors, it 

has become increasingly clear to the neuropathology and neurooncology community that 

genetic analysis can objectively refine diagnoses219. In 2016, this led to an update of the World 

Health Organization (WHO) classification of CNS tumors, which, for the first time, included 

genetic information such as mutation status or molecular subgroup information for some brain 

tumor types218. In the Central Brain Tumor Registry of the United States (CBTRUS) statistical 

report for infants and children, the most common brain tumors in children are gliomas (52.9%) 

and embryonal tumors (15.0%), which together account for 87.2% of the brain tumor-related 

deaths in this age group220. Remaining tumors include entities such as craniopharyngioma, 

tumors of the pineal region, germ cell tumors, tumors of the meninges, or unclassified 

tumors220.  

 

1.4.1 Pediatric glioma 

Gliomas are a heterogeneous population of tumors that show morphological similarities to 

neuroglial cell types of the brain221. The glial compartments of the human brain consist of at 

least four distinct cellular populations: 1) microglia, simplified immunocompetent and 

phagocytic cells of the nervous system222; 2) astrocytes, the most abundant glial population222, 
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whose main functions are to maintain the water and ion homeostasis and to contribute to the 

tripartite synapses and to blood brain barrier maintenance223,224; 3) oligodendrocytes, 

responsible for myelin production, insulation, and trophic support of axons225; and 4) the NG2 

glial precursors of adult oligodendrocytes, which are considered to be an independent group 

due to additional characteristics, but which have an unknown function222. 

 

1.4.1.1 Pilocytic astrocytoma 

Pilocytic astrocytomas (PA) are the most common gliomas in children (33.2% of all gliomas) 

and are classified as WHO grade I tumors with an overall 5-year survival rate of 97.1%220,226. 

PAs can occur anywhere in the brain, from the cerebellum (40%) to supratentorial locations 

(35%), the optic pathway and hypothalamus (11%), or the brain stem (9%)227. High-throughput 

sequencing analysis of large cohorts of PA has shown that these tumors are mostly a “single 

pathway” disease, as almost all tumors have mutations in the MAP kinase pathway228,229, with 

the most prominent event being a fusion between KIAA1549 and BRAF230-235.  

 

1.4.1.2 Pediatric high-grade glioma 

Pediatric high-grade gliomas (HGGs), including tumors previously diagnosed as diffuse 

intrinsic pontine glioma, comprise WHO astrocytomas grades III and IV, and have a dismal 

overall 5-year survival rate of 28.4%218,220,236. It is important to acknowledge that HGGs also 

occur in adults, but molecularly, childhood and adult HGGs are very different226,237,238. One of 

the key discoveries highlighting the uniqueness of pediatric HGGs is the identification of 

specific histone mutations239,240. These mutually-exclusive mutations are found in the two 

histone genes H3.3 (H3F3A) and H3.1 (HIST1H3B, HIST1H3C), and result in an amino acid 

exchange from lysine-to-methionine in the functionally-important histone tail at position 27 

(K27M; H3.3 and H3.1) and glycine-to-arginine or -valine at position 34 (G34R/V; only 

H3.3)225,226. As reviewed by Jones and Baker, K27M and G34R/V mutations were shown to 

define clinically and biologically distinct molecular subgroups of HGGs238,241. Intriguingly, 

both subgroups are specific to the anatomic location of tumors – K27M mutations now also 

define the group of diffuse midline gliomas and are observed mostly in tumors of the midline 

structures (78%) and the thalamus (40%)238-245, while G34R/V mutations are restricted to 

tumors of the cerebral hemispheres (15%)238-240,243,245-248. In the updated WHO classification for 

CNS tumors, K27 histone mutations now also define the entity “diffuse midline glioma, H3 

K27M-mutant”, which includes tumors previously classified as diffuse intrinsic pontine 

glioma218. Histones, as part of the nucleosome, play a central role in controlling gene 

transcription via regulating the overall chromatin landscape249. In turn, histones can be 
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regulated by the cell through modifications of the histone tail250, which has been shown to be 

especially important during normal development251, stem cell maintenance252, and 

differentiation253. The mutation of the K27 position in either H3.3 or H3.1 blocks the 

methylation of the histone at this position in a dominant negative manner by trapping the 

histone methyltransferase EZH2254, which otherwise would induce compaction of the DNA, 

therefore reducing gene expression255-257. Overall, the lower levels of H3K27 trimethylation 

lead to a reprogramming of the epigenetic landscape of the cell258-260. Typical additional genetic 

events in H3.3 K27 HGGs include TP53 mutations, PDGFRA amplifications, and FGFR1 

mutations in thalamic tumors, while H3.1 K27 gliomas often present with ACVR1 rather than 

TP53 mutations242,244,245,247. Clinically, patients with K27 mutant gliomas have an extremely 

poor prognosis, because the location of the tumor often makes them inoperable, and therefore 

two years after diagnosis nearly all patients will have succumbed to the disease, while in this 

context H3.1 patients tend to have a slightly better outcome compared to H3.3 patients261. 

G34R/V patients also have a poor prognosis with a median survival time of 24 months 

compared to 12 months for K27 patients, which reflects the difference between the prognosis of 

gliomas in the midline and gliomas in the cerebral hemispheres241. However, the effect of the 

G34R/V on histone function is less clear – G34R/V by itself is not a target of post-translational 

histone modification; it has been shown to diminish the trimethylation at the K36 position, but 

only on the mutant allele254. In contrast to H3K27 trimethylation, H3K36 trimethylation is 

associated with the activation of gene expression, alternative splicing, and DNA repair262. 

Further work showed the binding of the mutant histone to genes associated with cortical 

development and stem cell maintenance, and, interestingly, also to MYCN, which had already 

been shown to be able to induce glioblastoma in mice246,263. Secondary genetic hits in this 

subgroup of pediatric HGGs are often ATRX and TP53 mutations239,245. 

It is important to note that 50% of pediatric HGGs do not harbor histone mutations and, 

therefore, do not fall into these well-established subgroups236. Fewer than 5% of childhood 

HGGs present with mutations in IDH1/2238, which are probably the younger patients from a 

broad age distribution peaking around 40-45 years264. Methylation profiling on a cohort of the 

remaining population of H3 and IDH wild-type tumors showed that a considerable proportion 

of histologically classified glioblastoma cluster together with reference samples of low-grade 

gliomas (LGGs) or pleomorphic xanthoastrocytomas (PXAs)265. These samples shared clinical 

and molecular characteristics of their respective entities, pointing toward a misclassification 

through conventional histopathological evaluation. The LGG-like tumors showed a favorable 3-

year overall survival rate of 91%, and a subset (4/13; 31%) of samples harbored the typical 

BRAF V600E mutation with an overall balanced genome265. The PXA-like tumors also 

harbored BRAF V600E mutations (13/27; 48%) and loss of the CDKN2A/B locus (8/27; 30%), 
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which is typical for PXA but not for LGGs, and had a still favorable 3-year overall survival rate 

of 70%265. Analysis of the now remaining H3 and IDH wild-type HGGs resulted in three 

subgroups: MYCN (enriched for MYCN and ID2 amplification), pedRTK1 (enriched for 

PDGFRA amplification), and pedRTK2 (enriched for EGFR amplification)266. Clinically, with 

regard to median survival rates, MYCN patients had the worst prognosis with 14 months, 

pedRTK2 patients the best prognosis with 44 months, and pedRTK1 patients an intermediate 

prognosis with 21 months266. 

To summarize, pediatric HGGs can now be grouped into the following biologically and 

clinically distinct subgroups: K27, G34, IDH, MYCN, pedRTK1, and pedRTK2 – excluding 

LGG-like and PXA-like HGG, which are, based on their clinical and molecular characteristics, 

probably actually lower grade lesions. 

 

1.4.2 Ependymoma 

Similarly to HGGs, ependymomas (EPNs) can occur in children as well as in adults267. EPNs 

make up 5.5% of all CNS malignancies in children (0-14 years)220. Ependymal tumors can 

occur both intracranially and in the spinal cord, whereby 90% of all tumors are located 

intracranially, with two thirds occurring in the posterior fossa (PF) and one third within the 

supratentorial part of the brain (ST)268. The overall 10-year survival rate for children is 

63.8%220. Here, for many years, the only prognostic factor had been the extent of surgical 

resection269, because even for very experienced neuropathologists histological grading of EPNs 

remains very challenging218,270, especially regarding the distinction between WHO grade II and 

III anaplastic EPNs271,272. 

In 2015, Pajtler et al. classified 500 ependymal tumors across all age groups and locations 

using methylation profiling and identified nine distinct subgroups, three each per anatomical 

area, spine, PF, and ST, respectively273. Of the nine subgroups, only four were relevant for 

pediatric patients: YAP1 (ST), RELA (ST), PF A (PF), and PF B (PF)273. Interestingly, only 

two, the PFA and the RELA subgroups, showed a poor prognosis, with a 10-year overall 

survival rate of only 50% compared to 88%-100% for the remaining subgroups273. The first 

recurrent driver event found in EPNs was the C11orf95-RELA fusion274, which was shown to 

match one of the methylation subgroups, termed ST-EPN-RELA273. RELA is the principal 

effector of NF-κB275,276, inducing a pathway activation in these tumors274. Thus far, the RELA 

subgroup is the only molecular subgroup that has been included in the updated WHO 

classification218, although the overall molecular classification outperformed conventional 

histopathological grading in prognostication273. The other pediatric supratentorial EPN 

subgroup is driven by YAP1 fusions and therefore termed ST-EPN-YAP1273. YAP1 is the core 
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transcription factor of the Hippo signaling pathway277. The driver events for the two intracranial 

subgroups, PF A and PF B, are currently unknown. However, chromosomal gain of 

chromosome 1q, which has been associated with a poor prognosis in EPN278, was shown to 

have an impact on overall survival in PF A EPN and on progression free survival in only the PF 

A and PF B subgroups, but not in the RELA subgroup277. 

 

1.4.3 Embryonal tumors 

After gliomas, embryonal tumors are the most common tumors in childhood and are comprised 

of a variety of different tumor entities220. Embryonal tumors are described in the WHO 

classification scheme as “undifferentiated small round cell tumors with divergent patterns of 

differentiation”217,218,279. Overall, they become less frequent the older the patient population 

gets: 24.9% in patients younger than one year, 20.2% from 1-4 years, 14.8% from 5-9 years, 

and 8.3% from 10-14 years220. Due to their aggressiveness, all embryonal tumors are classified 

as WHO grade IV lesions218,270. In 2016, with the updated WHO classification of brain tumors, 

the subclassification of embryonal tumors underwent substantial changes, defining new entities 

and partly removing old classifications218. 

 

1.4.3.1 Medulloblastoma 

61.9% of all childhood embryonal tumors are medulloblastomas (MBs), a highly malignant 

tumor that originates in the cerebellum and is responsible for 14.3% of brain-tumor related 

deaths in this age group220. Although all MBs are classified as highly aggressive WHO grade 

IV lesions with an overall 10-year survival of 63%280, the prognosis varies significantly with 

regard to molecular subtype148,281-285. Historically, MBs have been divided into five different 

histological subtypes: classic, desmoplastic nodular (D/N), MB with extensive nodularity 

(MBEN), anaplastic, and large cell217,286. Molecularly, the consensus is that MBs can be 

classified into four molecular subgroups with distinct biological and clinical characteristics and 

which are termed WNT, SHH, Group 3, and Group 4148,281-285 (Figure 3, page 18). The 

molecular subgrouping has been included into the recent updated WHO classification of brain 

tumors, and, if possible, pathologists now integrate standard histopathological and molecular 

analyses to determine diagnoses218. 
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Figure 3: Molecular subgroups of medulloblastoma. 
Overview of the demographics, clinical features, genetics, and gene expression of the molecular 
subgroups of medulloblastoma (from Taylor et al., 2012)148. 
 

WNT medulloblastoma is the least common subtype of MB with an overall frequency of 10% 

of diagnoses285,287 but with the best prognosis, with >95% of patients surviving the 

disease288,289. Typically, these tumors occur in children older than three years and are 

infrequently metastatic285. More than 90% of WNT MBs harbor mutations in the CTNNB1 

gene290-294. The mutation in the CTNNB1 gene, which encodes for β-catenin, a central 

component of the WNT signaling pathway, makes the mutant protein resistant to degradation, 

which allows unlimited signaling295. Most of the remaining cases of WNT MBs without 

CTNNB1 mutation can be explained by germline APC mutations294. Other recurrent somatic 

mutations in these tumors affect TP53, DDX3X, and genes associated with the SWI/SNF 

nucleosome remodeling complex294. With the exception of monosomy 6, which is found in 

nearly all WNT MBs, these tumors present with a mostly balanced genome285. 

SHH medulloblastoma account for 30% of all MB diagnoses296. The 5-year overall survival is 

about 75% for patients treated with the current standard therapy, but can vary dramatically 

between patient subpopulations within this molecular subgroup148,286,297,298. Nearly all tumors 

harbor mutations at various stages of the SHH signaling cascade290,292-294,299. PTCH1, SMO, and 

support an etiological role for canonical Wnt signaling in

the pathogenesis of this group of tumors, and lead to the

nomenclature of ‘Wnt subgroup medulloblastomas’.

Nearly all of the Wnt medulloblastomas studied to date

have classic histology. Wnt medulloblastomas are fre-

quently described as having CTNNB1 mutations, nuclear

Fig. 2 Comparison of the various subgroups of medulloblastoma including their affiliations with previously published papers on
medulloblastoma molecular subgrouping

Fig. 1 Dendrogram depicting the classification of embryonal tumors
of the cerebellum. Medulloblastomas should be differentiated from
the less common ATRTs and ETANTRs of the cerebellum. Under the
current consensus classification of medulloblastoma four principle
subgroups are identified: Wnt, Shh, Group 3, and Group 4. The
evidence suggests that each of the four principle subgroups will likely
have distinct ‘subsets’ that are biologically and clinically

homogeneous as compared to other subsets from within the same
subgroup. As the nature and number of subsets for each subgroup are
currently unknown, the consensus classification suggests that each
subset be named using a Greek letter (a, b, c, etc.) until such time as
they are sufficiently characterized to be named based on their
molecular etiology

Acta Neuropathol (2012) 123:465–472 467

123
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SUFU alterations occur mutually exclusively, while MYCN and GLI2 amplifications often co-

occur, but also again mutually exclusive from PTCH1, SMO or SUFU mutations289,291-293,298. 

Remarkably, SHH tumors show a bimodal age distribution, being more common in infants (0-3 

years) and adults (18+ years), and more rare in children (4-17 years)299. This age distribution 

also correlates with different SHH pathway mutations; while PTCH1 events are common in all 

age groups (about 50%), SMO mutations are strongly enriched in adult patients, SUFU events 

in infants, and MYCN/GLI2 amplifications always co-occur with TP53 mutations in about 50% 

of the pediatric cases299. These children with MYCN/GLI2/TP53 events have an overall 5-year 

survival rate of only 41% and the co-occurring TP53 mutation is in 56% of the cases found in 

the germline (Li-Fraumeni Syndrome)285,298-302. Overall, tumors in these patients harbor an 

unbalanced genome, even showing chromothripsis, an event in which an entire chromosome is 

shattered303. The specific characteristics of these patients and the large differences in outcome 

led the WHO to introduce TP53-wild-type and TP53-mutant SHH MB as separate categories in 

order to clearly define these patients218. SHH MBs with pathway lesions in SMO and PTCH1 

are expected to respond to SMO inhibitors299, and first clinical trial results are promising but 

highlight the risk of resistance development under monotherapy304-307. Secondary hits in SHH 

MBs, such as TERT promoter mutations that drive TERT promoter activation, also vary by age 

group and are seen nearly exclusively in adult patients299,308. Compared to other MB subgroups, 

there is an overrepresentation of somatic alterations targeting the histone acetyltransferase 

complexes, but the role of these mutations in the disease is still poorly defined294.  

Group 3 medulloblastoma, together with TP53-mutant SHH MB,  is the subgroup with the 

worst prognosis of all four subgroups, and accounts for 25% of all MB diagnoses148,285. The 

poor prognosis is largely dependent on the enrichment of adverse prognostic factors in this 

subgroup. Patients are typically younger and tumors are often metastatic at diagnosis, present 

with a large cell and/or anaplastic (LCA) histology, and in 17% of the cases have a MYC 

amplification148,285,286,291,294. Intriguingly, in this subgroup there is a male predominance 

(male/female ratio 2:1) and patients are typically infants or children, rarely adolescents, and 

never adults286,297. Initial sequencing studies found recurrent events only in fewer than 50% of 

the cases281,290,292,293, but a recent landmark paper including the analysis of 500 tumors was able 

to push the explainable cases to 76% through the discovery of less frequent, but still recurrent 

events294. High-level amplifications of MYC are strongly enriched in Group 3 MBs and nearly 

all cases present with at least elevated MYC expression283,284,291. Other recurrent events include 

mutations in SMARCA4 (9%), KBTBD4 (6%), CTDNEP1 (5%), and KMT2D (5%) or focal 

amplifications of OTX2 (3%)281,290,292-294. Recently, a novel mechanism of oncogene activation, 

termed enhancer hijacking, was discovered in MB: Through structural rearrangements, an 

enhancer is moved to the proximity of the proto-oncogene GFI1/1B, thereby activating it as an 
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oncogene309. Activation of both GFI1 and GFI1B occurs in both Group 3 (GFI1B: 11%, GFI1: 

4%) and Group 4 MBs (GFI1B: 9%, GFI1: 3%) and are mutually exclusive294,309. Furthermore, 

pathway enrichment analysis on the variety of recurrent genetic events in Group 3 identified an 

overrepresentation of genes involved in Notch and TGFβ signaling294. However, the 

involvement of these pathways in Group 3 MB oncogenesis has so far not been proven on a 

functional level. 

The most prevalent MB subgroup, with 35% of diagnoses, is Group 4 MB285. Overall, patients 

with Group 4 MB are seen across all age groups, again with a higher male prevalence 

(male/female ratio 3:1), and show an intermediate outcome148. The underlying biology behind 

these tumors is still poorly understood286,297. Similar to Group 3 MBs, the collection of a 500 

tumor landscape cohort could, through detection of recurrent events, greatly increase the 

number of explainable cases from 30% in 2012281,290,292,293 to now 82%294. The most common 

alteration is another enhancer hijacking event, which activates PRDM6 in 17% of Group 4 

cases294. Interestingly, the tandem duplication in the SNCAIP gene leading to the activation of 

PRDM6 was already discovered in 2012, but misinterpreted as being connected to SNCAIP 

itself rather than PRDM6310. Other events include activation of GFI1B (9%), mutations in 

KDM6A (7%), ZMYM3 (6%), KMT2SC (6%), and KBTBD4 (6%), as well as amplifications of 

OTX2 (6%) and MYCN (6%)267,276,278-280. Genes associated with chromatin modifications are 

enriched among this multitude of recurrent events294. Cytogenetically, an isochromosome 17, a 

replacement of the short arm of the chromosome with another copy of the long arm, is very 

often found in Group 4 MBs, and female patients often lose one copy of the X 

chromosome286,291. 

Although additional heterogeneity within the MB subgroups was already appreciated in the 

2012 MB consensus grouping148, it was 2017 before this heterogeneity was further investigated. 

To this date, three different further subgroupings have been proposed: 1) Heidelberg 

subgrouping based on pairwise sample similarities using t-distributed stochastic neighbor 

embedding (t-SNE) of methylation array data294, 2) Toronto subgrouping based on similarity 

network fusion of methylation profiling and expression data311, and 3) Newcastle subgrouping 

based on non-negative matrix factorization (NMF) of methylation profiling data integrated with 

clinicopathological data312. The main discrepancy between these subgroupings is apparent in 

the distinction between Group 3 and Group 4 MBs. While the Heidelberg subgrouping sees 

overlaps between the classic Group 3 and Group 4 MB groups, defining subtypes between the 

traditional subgroups, Toronto and Newcastle strictly keep this separation and provide further 

subgrouping only within the former structure294,311,312. Between these three proposals, a 

consensus will shortly emerge, further improving the biological and clinical segregation of 

MBs. 
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1.4.3.2 Atypical teratoid/rhabdoid tumor 

The second most prevalent embryonal tumors are atypical teratoid/rhabdoid tumors (ATRTs), 

which make up 15% of all embryonal tumors and about 2% of all brain tumors in children, but 

10-20% of all brain tumors in children younger than three years220,313-315. ATRT are most 

common in infants and, therefore, 90% of them occur prior to the age of three316.  After HGGs 

and MBs, ATRTs are responsible for most pediatric brain tumor-associated deaths (9.8%)220. 

The overall survival rate of patients diagnosed with an ATRT is very poor, with a median of 

only 17 months317. The molecular hallmark of ATRTs, present in >95% of the cases, is the 

inactivation/loss of the SMARCB1 protein by mutation, chromosomal loss, or epigenetic 

deactivation318,319. This information is used in the clinical setting for routine diagnosis by 

performing immunohistochemistry (IHC) to confirm the loss of the SMARCB1 protein as a 

specific marker317. In the rare cases where SMARCB1 has been maintained (<5%), loss of 

SMARCA4 was detected320. Both SMARCB1 and SMARCA4 are core components of the 

SWI/SNF chromatin remodeling complex321. Germline defects in either of these two genes 

were estimated to affect about a third of all rhabdoid tumor patients; these result in a condition 

called rhabdoid tumor predisposition syndrome322. Recently, there were two reports about 

further subgrouping of ATRTs. First, Johann et al. described three different epigenetic 

subgroups, termed TYR, SHH, and MYC, each of which differs in gene expression, type of 

SMARCB1 deactivation, tumor location, and epigenetic landscape316. Second, Torchia et al. 

also described three different subgroups, which they termed Group 1, Group 2A and Group 2B, 

driven by transcriptional networks around NOTCH, BMP, and PDGFRB, with distinct clinic-

pathological features323. Due to the description of distinct core signal pathways in both 

publications, a meta-analysis will be necessary to work out the overlap between the two studies. 

Initial analyses of these meta-analyses indicate that both studies identified the same three 

subgroups, respectively, Group 1/SHH, Group 2A/TYR, and Group 2B/MYC (Johann et al., 

unpublished). 

 

1.4.3.3 Embryonal tumor with multilayered rosettes 

The understanding of the remaining embryonal tumors was significantly revamped in the recent 

update to the WHO classification, in which the term “primitive neuroectodermal tumor” 

(PNET), covering a variety of histological appearances, was removed218. This was largely 

driven by the discovery that many of the rare PNETs harbor an amplification of the C19MC 

region on chromosome 19 (19q13.42)324,325. This molecular alteration is typically seen in 

lesions previously known as ETANTR (embryonal tumors with abundant neuropil and true 

rosettes), in ependymoblastomas, and in medulloepitheliomas, which therefore had already 
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been proposed to be one molecular entity (except for medulloepitheliomas that occur in the 

eye)325. Accordingly, the updated WHO classification now defines all tumors with the C19MC 

amplification as “embryonal tumor with multilayered rosettes (ETMR), C19MC-altered”, and 

tumors with matching histology but without the amplification as “ETMR, NOS”218. ETMR 

patients are typically younger than four years old and the prognosis is very poor, with a 5-year 

overall survival rate of near 0%326. The amplification of the C19MC region leads to the 

overexpression of the 46 miRNAs encoded in this cluster327-329, which up-regulate DNMT3B330, 

a DNA methyltransferase playing a role in early development331,332. Interestingly, the 

amplification of the C19MC region generates a fusion of the miRNA cluster and TTYH1, which 

is usually expressed in later development; this allows the expression of early brain development 

miRNAs in later stages of development, keeping the cells trapped in the developmental stage, 

leading to the formation of a tumor330. 

 

1.4.3.4 Embryonal tumor, not otherwise specified (NOS) 

Other remaining embryonal tumors that previously were characterized as primitive neuroecto- 

dermal tumors of the CNS (CNS-PNETs) are now placed in a catch-all category termed “CNS 

embryonal tumor, NOS”218. However, the diagnosis of a CNS-PNET is challenging due to lack 

of molecular markers and histological overlap with other entities218,270,333. In a landmark study, 

Sturm et al. used DNA methylation profiling to molecularly classify tumors that were 

previously histologically classified as CNS PNETs333. In this study it was shown that many of 

these tumors could be classified into known and distinct histopathological and molecular 

categories333. Within the tumors that did not fall into known histopathological and molecular 

entities, four new distinct molecular subgroups were identified and were termed “CNS 

neuroblastoma with FOXR2 activation” (CNS, NB FOXR2), “high-grade neuroepithelial tumor 

with MN1 fusion” (HGNET, MN1), “high-grade neuroepithelial tumor with BCOR alteration” 

(HGNET, BCOR), and “Ewing family tumor with CIC fusion” (EFT, CIC). These four new 

molecular entities were not easily recognizable by histopathological appearance and in fact 

comprised several different histological diagnoses including glioblastoma and ependymoma 

among others, but each of the groups harbored characteristic recurrent genetic events333.  Still, a 

subset of these histologically diagnosed CNS-PNETs (~15%), which probably belong to very 

rare subgroups still underrepresented in the current cohort, remained unclassifiable. 

 

1.4.4 Molecular Neuropathology 2.0 

DNA methylation profiles have been widely used for the subclassification of brain 

tumors238,273,316,325,333-341 and as presented in Sturm et al., they can also be used to discriminate 
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between distinct entities333. A very recent publication by Capper et al. transferred these findings 

into the clinical setting by generating methylation profiles of almost all WHO brain tumor 

entities (2801 profiles, at least 8 per group), creating a methylation landscape across 82 

methylation-based tumor classes, matching these to the reference diagnosis, and, with this 

reference cohort, also developing a classifier algorithm (available online at 

http://www.molecularneuropathology.org) to automatically classify new diagnostic samples342. 

In routine clinical practice, in 12% of the cases, the diagnosis based on standard methods was 

changed based upon the methylation classifier results, dramatically impacting clinical decision-

making342. A clinical trial, called “Molecular Neuropathology 2.0”, objectively determining the 

benefits and limitations of methylation profiling to refine diagnoses for all diagnosed pediatric 

brain tumors, is currently ongoing in Germany (http://www.kitz-heidelberg.de/molecular-

diagnostics).  

 

1.4.5 Precision medicine for pediatric brain tumors 

Initially, the term precision medicine was limited to the identification of the optimal treatment 

regimen for a subgroup of patients, but now includes many more applications such as the de-

escalation of treatment, preventive interventions, or targeted therapy, all guided by molecular 

data343. Particularly, novel targeted agents are of high interest, because they promise both an 

increase in treatment efficacy, especially for diseases with still-poor prognosis, and a decrease 

of the short- and long-term toxicities usually associated with conventional therapy344. These 

targeted agents inhibit only specific interactions in the cell and therefore are effective only in 

tumors that depend on these specific biochemical conditions345. In this context, a biomarker is 

“any substance or biological structure that can be measured in the human body and may 

influence, explain or predict the incidence or outcome of disease”346, and is much more 

important, because only a subset of patients will benefit from the targeted agent343,345. This 

principle, which is both an opportunity and also a challenge, can be illustrated by the 

development of targeted therapy against EGFR for non-small cell lung cancer (NSCLC)345. 

Gefitinib, an EGFR inhibitor, showed promising initial clinical results and in some patients, 

even caused dramatic responses347. However, in a subsequent Phase III clinical trial, the 

substance failed to show the clinical benefit when added to standard chemotherapy for 

advanced NSCLC348,349. Only after it was ascertained that activating EGFR mutations are 

important in defining a patient subpopulation that will likely respond to the therapy, could it be 

shown that patients benefit from the treatment87,350. However, due to the evolutionary nature of 

tumors, there is always the chance of developing resistance to a particular targeted agent, e.g. in 

this case an EGFR T790M mutation351. 
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In pediatric oncology, large-scale sequencing efforts have identified a multitude of potential 

new therapeutic options for targeted agents352-354. In order to translate these findings into the 

clinical setting, several clinical sequencing projects have been launched to molecularly profile 

patients, and in the end report on potential druggable alterations in the tumors, including 

INFORM355, MATCH356,357, and MAPPYACTS358, which all focus on relapsed and metastatic 

tumors, but have started to include more and more primary diagnoses for which no curative 

therapy is available. In this context, there are two challenges: First, the turnaround time of the 

analysis may not be longer than four weeks so that it can still be able to influence clinical 

decision making, and second, genetic events detected in the patients must be druggable355.  

Furthermore, druggable events must be prioritized and evaluated in the context of other genetic 

events and of the disease359. For example, V600E BRAF mutations indicate a likely response to 

BRAF targeted therapies in melanoma360, but in colorectal cancer, the same mutation is 

associated with only a limited response361. In this context, pediatric oncology faces on the one 

hand the challenge of low patient numbers, which makes it difficult to run conclusive clinical 

trials, which are necessary to understand in which context a druggable lesion is a good target 

and in which not, but on the other hand the opportunity of lower genetic complexity, which 

makes it easier to understand dependencies353.  

 

1.5 Preclinical modeling of cancer 

Currently, especially in adult oncology, there are many therapeutic and diagnostic options 

under clinical investigation, such as the targeted agents described previously362-364. Therefore, 

the current limitation in improving patient care may not be due to limited options of potentially 

effective therapies, but rather a lack of preclinical models that can link and validate with 

precision the therapeutic response to diagnostic parameters in order to adequately guide clinical 

trials365. Preclinical models are of particular importance in rare diseases, including all pediatric 

brain tumors, where human trials that compare two treatment arms may take more than a 

decade to complete366. At this rate, it would take unacceptably long to evaluate novel 

therapeutics across multiple distinct molecular subgroups of a disease. In an era precision 

oncology, preclinical data are especially needed, not only to find new therapeutic targets, but 

also to validate already-known targets in a disease-specific context. 

 

1.5.1 Conventional cancer cell lines 

Since the 1970s, human cancer models have been used for screening approaches during drug 

development, following an initial period in which drugs were screened in rapidly-growing 

murine models367. Since then, the methodology and systematic approaches for preclinically 
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evaluating novel anti-cancer agents in vitro and in vivo have been established by several 

studies368,369. So far, the best-characterized collection of preclinical model systems is the NCI-

60 cancer cell line panel, a collection of human cancer cell lines, which is utilized primarily for 

in vitro high-throughput screening of novel drug candidates370. These cancer cell lines were 

derived from human patient material and have been adapted to grow indefinitely in artificial in 

vitro cancer cell culture conditions, and are, as subcutaneous xenografts in immunodeficient 

mice, the most commonly used in vivo preclinical oncology platform367. While these 

conventional cell lines are convenient and easy to use, they also have three major drawbacks. 

First, it has been shown that they are not very predictive for certain entities, and are prone to 

reveal unspecific cytotoxic or cytostatic effects371. This is reflected in the low Food and Drug 

Administration (FDA) approval rate of 5-7% for targeted therapeutics372. Second, the process of 

generating cell lines artificially introduces major changes into the biological properties of the 

tumor material, including alterations in the genome or in the phenotypic behavior of cells, or 

even causing loss of cell populations373-375. This suggests that these induced biological 

alterations are responsible for this method’s poor clinical predictive ability. Third, cell lines can 

usually be established only from very aggressive tumors, and therefore, are not representative 

of the full spectrum of intertumoral heterogeneity as seen in the clinical setting367. Still, cancer 

cell lines, and especially their subcutaneous xenografts, are valuable for identifying non-

targeted cytotoxic therapeutics, for the initial assessment of drug toxicity376, for analyzing drug 

resistance377, and for screening for potential drug candidates prior to validation in more 

representative models365. Improved in vitro techniques are currently being developed, in 

particular the organoid technique, a three dimensional in vitro culture based on culture 

conditions of healthy cells, which has proven to be successful in several tumor entities while 

preserving molecular fidelity and being able to grow organoids with a very high success rate378. 

 

1.5.2 In vivo models of cancer 

More advanced preclinical model systems in oncology essentially consist of genetically 

engineered mouse models (GEMMs) and of patient-derived tumor xenografts (PDX)367.  

 

1.5.2.1 Genetically engineered mouse models 

GEMMs provide the best representation of tumor development, since tumors develop from an 

initial lesion and interact with stroma within an intact immune system, but have the drawback 

of modeling the diseases in a foreign species and in many models not reflecting intratumoral 

heterogeneity365. Within the field, there are several different techniques with varying 

advantages and disadvantages, ranging from the classical germline model with an introduced 
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oncogene, to germline variants with a modification only in certain cell populations and/or at a 

certain time point, or even to somatic models in which, for example, oncogenes are introduced 

into the somatic cells of adult mice in order to induce tumor formation365. 

 

1.5.2.2 Patient-derived xenografts 

PDX are the only mouse models which directly mirror the constellation of drug targets found in 

patients365. As early as the 1980s, it was shown that the response of PDX models to 

chemotherapy highly correlated to the response of the individual patient in the clinic379-381. Due 

to the various advantages of this system when compared to other preclinical systems, PDX 

models have become a major research interest for various tumor types, even becoming one of 

the preferred preclinical model for oncology drug development in both industry and 

academics367,382-384. 

Generating PDX models from fresh specimens of solid human tumors from a biopsy or surgery 

is an established method, which, in its conventional application, involves the subcutaneous 

transplantation of intact tissue pieces into the dorsal region of immunodeficient 

mice367,382,383,385,386. When the tumor reaches a critical size, it is re-transplanted into the next 

generation of mice, a process called serial transplantation365. However, it is also possible to 

generate PDX from fluids containing tumor cells, such as circulating tumor cells from the 

blood, cerebrospinal fluid or pleural effusions387-389. In addition to the conventional 

subcutaneous transplantation, it is also possible to transplant the tumor material into the same 

mouse organ as the original human tumor, termed orthotopic transplantation, which is more 

challenging technically and in most cancer types requires expensive imaging techniques in 

order to monitor responses in preclinical experiments365,367. Based on the injection location, it 

may also be necessary to dissociate the tumor material into a single-cell suspension. However, 

so-called patient-derived orthotopic xenograft (PDOX) models also offer distinct advantages 

compared to the conventional PDX. First, it has been known since the 1990s that PDOX are a 

better model for tumor metastasis than conventional PDX, because these rarely 

metastasize390,391. Second, the tumor location and microenvironment can influence therapy 

response392,393. Third, orthotopic xenografting increases tumor take rates367,394 and allows the 

exclusive growth of certain tumor types in mice, such as estrogen receptor positive (ER+) breast 

cancer without the external supplementation of hormones395. While the supplementation of 

estradiol pellets increased the engraftment rates of ER+ PDX from 2.6% to 21.4%386, the 

engraftment in the orthotopic location of the milk ducts of the breast could induce tumors in 

eleven out of eleven cases395.  
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In general, engraftment rate and tumor growth vary greatly between various tumor entities but 

are also dependent on other factors, such as the quality and amount of material used, the mouse 

strain, or the lag time from sampling to transplantation of the human material365,367,382,386. 

However, engraftment rates also seem to correlate with the clinical aggressiveness of the 

disease, which is highlighted by intra-entity comparisons in breast396,397 and in lung cancer398 or 

the higher engraftment of metastases compared to primary tumors399,400. Most research groups 

use the more severely immunodeficient mouse strains, such as NOD/SCID or 

NOD/SCID/IL2Rɣ (NSG), because they are assumed to have the best engraftment rates367, and 

a systematic comparison of NOD/SCID and NSG yielded similar take rates386. The necessity of 

using immunocompromised host mice comes at the price of losing the interaction of tumor and 

immune system in the PDX, which may be detrimental in tumors that normally need to actively 

escape from the immune system401. Therefore, it is not possible with PDX to assess the effects 

of the immune system on treatment regimens402, or to test novel therapies attempting to 

modulate the immune system, such as immune checkpoint inhibitors365,403. Currently, there are 

three technologies that introduce the human immune system into immunodeficient mice in 

order to overcome this limitation: 1) The Hu-PBL-SCID model, which is created by injecting 

human peripheral blood leukocytes; 2) the Hu-SRC-SCID model, generated by intravenous or 

intrafemoral injection of human SCID repopulating cells; and 3) the BLT model established by 

transplanting human fetal liver and thymus under the kidney capsule and the intravenous 

injection of autologous fetal liver HSCs404-406. As reviewed by Welsh et al.406, each of these 

techniques have distinct advantages and disadvantages, but all share the challenges high costs, 

technical variability, limited availability of human material from transplantation, and the highly 

technical complexity that severely limits the use of these techniques in PDX establishment and 

preclinical testing365. 

The higher value of PDX compared the use of conventional cell lines is based on the hypothesis 

that PDX models are a better preclinical model by being reflective of both the biology of the 

human disease, including inter- and intratumoral heterogeneity, and the clinical outcome. Both 

aspects have been evaluated intensively in the past367. Whether the biology of the human tumor 

is still preserved is evaluated by the comparison of the initial human tumor to the PDX, using 

various techniques. From the histopathological perspective, PDX models retain the core 

features of the originating primary tumor, including tumor-specific subcellular features 

evaluated by electron microscopy386,396,397,400,407-411. However, it must be stated that the human 

stroma is quickly replaced by its mouse counterpart367,396,397,412. Also, on the genomic and gene 

expression level, PDX models were shown to faithfully reflect the human disease396,397,400,407-

411,413-417. Differences on the expression level can be explained mostly by the lack of human 

stroma in the PDX408,410,414. Therefore, PDX models have been used recently for the purification 
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of human tumor cells in order to improve gene expression-based classification of colorectal 

cancers418. In next-generation sequencing experiments with patient-derived xenografts, the 

mouse contamination can cause false-positive events, which must be removed by, for example, 

either a black list (for mutations only)417 or by aligning the sequencing reads to the mouse and 

the human genome397,419,420. Recently, several reports have confirmed that PDX maintain clonal 

heterogeneity while continuously evolving, but some cases show more drastic clonal outgrowth 

events, such as minor clones taking over in the PDX, or clonal populations getting lost in the 

PDX397,411,417,421. The question of whether this continuous evolution also occurs in human 

patients is still not completely understood. One study that dissected a trio of primary tumor, 

derived xenograft, and matching brain metastasis showed that additional mutations found in the 

metastasis were also detected in the xenograft, highlighting a similar path of the evolution in 

the patient as in the PDX422. Another study pointing in the direction of a similar evolution in 

PDX as in patients showed that in sarcoma PDX, newly acquired focal amplifications are also 

typically found in sarcomas in patients423. Still, overall, PDX models have been shown to be 

phenotypically stable on the histopathologic and genomic level over multiple passages, which 

is highlighted in several studies comparing various passages386,396,397,400,407,409-411,414,416,419, and 

also on the level of drug response410,413. Recently, in contrast with these previous findings, Ben-

David et al. analyzed the copy number dynamics of 1,110 PDX and stated that the evolution of 

the copy number alterations is significantly different in PDX compared to tumor evolution in 

humans – hinting toward mouse-specific evolutionary pressure424. 

Correlation of results of preclinical testing in PDX with the actual clinical outcome is another 

way of evaluating the fidelity of PDX367.  On the one hand, PDX preclinical trials can be 

compared to actual clinical trials, and on the other hand, PDX established from an individual 

patient can be compared on a one-to-one basis with the clinical behavior of the patient by trying 

to mirror the treatment regimen. It should be noted that direct comparisons of preclinical data to 

clinical data are challenging due to the different response criteria used367. However, overall 

there is a remarkable similarity between the activity of substances used in the clinic and similar 

preclinical experiments in PDX367. For example, a high correlation could be found for both 

Cetuximab in colorectal cancer models and Gemcitabine in pancreatic ductal adenocarcinoma 

models in the respective clinical trials409,414,425. Recently, a systematic approach, called the PDX 

Clinical Trial (PCT), was established in order to mimic clinic trials in PDX even more 

closely419,426. In this approach, instead of testing multiple PDX, each with a vehicle group 

versus a treatment group, only one animal per PDX model is treated with the testing agent and 

evaluated based on a response to therapy prior to treatment start instead of comparing it to a 

vehicle control. The use of only one animal is sufficient because the classification of a model 

into a response group based on mice was in 95% of the cases similar to the response of the 
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majority of animals419. However, in order to be successful, 29-45 PDX models per tumor type 

needed to be tested with this new technique419. Using this method, clinical observations of 

responses to BRAF inhibitors in melanoma427,428, as well as of overcoming insensitivity to 

BRAF inhibition by a combination of BRAF inhibitors and MEK inhibitors429,430, could be 

repeated in PDX models419. Another example is the discovery of combination therapies of 

CDK4/6 inhibitors with other targeted therapies that were missed in an in vitro cell line 

screen419. This new approach may be able to completely replace in vitro approaches in certain 

aspects of research, because it makes it feasible to get meaningful populations based on PDX 

data with many fewer animals than the conventional approach.  

Data comparing the individual PDX donor patient’s response with the response to conventional 

anticancer agents in the matching PDX have so far been impressive386,407,408,425. Recent work by 

Izumchenko et al. showed a systematic comparison for the first time431. In 127 individual 

treatment comparisons in 92 patients with a variety of solid tumors, 87% of the drug responses 

were concordant between patient and the matching PDX431. In the next step, using a PDX 

model in a concept known as co-clinical trial to predict the sensitivity of agents in the patient 

by testing in the matching PDX, termed avatar in this context, shows a high predictive 

power432, but is very challenging to perform due to high costs, logistic challenges, and the 

difficulty of performing the preclinical testing in time433. 

Overall, many prior data described thus far highlight the fidelity of PDX models on various 

levels and make them superb tools for performing biomarker testing, understanding resistance 

mechanisms, and even predicting therapy success in a co-clinical trial format. Nearly all 

applications are based on large cohorts of PDX models reflecting the heterogeneity seen in the 

clinic, as highlighted by studies characterizing PDX cohorts in various entities such as 

leukemia434, breast cancer397, colorectal cancer435, or pediatric solid tumors by using extensive 

molecular profiling411. These studies can be used as a resource to perform population-based 

studies in these PDX, but also to specifically select models with certain genetic alterations for a 

particular scientific question of basic biology. To improve the annotation of PDX models and to 

make them usable for other researchers, a consortium of PDX experts have now published PDX 

Minimal Information, which gives researchers guidelines for minimum reporting requirements 

when publishing a new PDX436. This will allow the funneling of many PDX cohorts, which are 

now mostly divided among entities and laboratories, into one single database thus becoming a 

shared resource. 
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1.6 Aim of the study 

Pediatric brain tumors are devastating diseases, as survivors often suffer from the long-term 

side effects of conventional therapies. In the past several years, genomic profiling of these 

tumors has established a new classification system of these tumors and has also identified novel 

genetic alterations that may be druggable using new targeted therapeutics. However, due to the 

rarity of pediatric brain tumors, clinical trials take a long time to complete, so that not many 

new therapeutic agents can be evaluated within a reasonable time frame. Unfortunately, well-

characterized preclinical model systems, which could pre-select drug candidates, have been 

lacking for many tumor subtypes so far. 

The main focus of this study of this study was to generate and collect a large repertoire of fully 

molecularly characterized orthotopic PDOX models of pediatric brain tumors. Molecular 

profiles of the PDOX models were compared with their matching patient tumors in order to 

demonstrate the molecular fidelity of the PDOX models, and to determine whether the PDOX 

models are representative of the disease. Furthermore, the aim was to create a systematic 

overview of the genomic landscape of all PDOX models that are currently available to the 

scientific community. In addition, pilot in vivo experiments aimed to confirm sensitivity to 

targeted therapeutics based on tumor classification and the presence of specific biomarkers. As 

PDOX models of pediatric brain tumors are very rare, another aim of the study was to make 

this data easily accessible to the scientific community through an online portal, which will 

allow scientists all over the world to find the appropriate model system for their scientific 

questions.
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2 Materials and Methods 

2.1 Materials 

The following section contains all reagents that were used by myself or by technicians under 

my supervision to perform experiments. Reagents used for experiments performed by 

collaboration partners are not included in these lists. This information can be found within the 

methods section of each individual method. 

 

2.1.1 Cell lines 

Cell line Origin Supplier 

HEK 293T Human Embryonic Kidney ATCC, Wesel, Germany 

 

2.1.2 PDOX models 

Models generated by the group of Stefan M. Pfister were generated by myself and by 

technicians under my supervision (n = 11). Models generated by the group of Till Milde were 

established in the first passage by the group of Till Milde and then continuously passaged by 

myself and by technicians under my supervision (n = 10). All other lines were established 

independently from myself in the indicated laboratory, whereas the molecular characterization 

and also the re-establishment of some lines after cryo preservation, for the use in Heidelberg, 

were performed by myself. 

 

Model Generated by Subgroup 

A5108 Xiao-Nan Li, Houston, USA ATRT, MYC 

ATRT-312FH James M. Olson, Seattle, USA ATRT, MYC 

A10593 Xiao-Nan Li, Houston, USA ATRT, SHH 

A6753 Xiao-Nan Li, Houston, USA ATRT, SHH 

AL1115 Xiao-Nan Li, Houston, USA ATRT, SHH 

ATRT-310FH James M. Olson, Seattle, USA ATRT, SHH 

ATRT-310FH James M. Olson, Seattle, USA ATRT, SHH 

B062_012 Stefan M. Pfister, Heidelberg, Germany ATRT, SHH 

HT099 Robert J. Wechsler-Reya, San Diego, USA ATRT, SHH 

M2123 Xiao-Nan Li, Houston, USA ATRT, SHH 

A1218 Xiao-Nan Li, Houston, USA ATRT, TYR 

NCH2315 Till Milde, Heidelberg, Germany CNS NB, FOXR2 
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Model Generated by Subgroup 

B062_015 Stefan M. Pfister, Heidelberg, Germany DMG, K27 

BT078 Till Milde, Heidelberg, Germany DMG, K27 

D1215 Xiao-Nan Li, Houston, USA DMG, K27 

DW0128 Xiao-Nan Li, Houston, USA DMG, K27 

PBT-01FH James M. Olson, Seattle, USA DMG, K27 

PBT-03FH James M. Olson, Seattle, USA DMG, K27 

D22909 Xiao-Nan Li, Houston, USA EFT, CIC 

D9850 Xiao-Nan Li, Houston, USA EFT, CIC 

B062_011 Stefan M. Pfister, Heidelberg, Germany EPN, PF A 

BT116 Till Milde, Heidelberg, Germany EPN, PF A 

E0614 Xiao-Nan Li, Houston, USA EPN, PF A 

E1499 Xiao-Nan Li, Houston, USA EPN, PF A 

E2002 Xiao-Nan Li, Houston, USA EPN, PF A 

E5323 Xiao-Nan Li, Houston, USA EPN, PF A 

EPD-210FH James M. Olson, Seattle, USA EPN, PF A 

EPD-710FH James M. Olson, Seattle, USA EPN, PF A 

NCH2053 Till Milde, Heidelberg, Germany EPN, PF A 

RCEP36 Robert J. Wechsler-Reya, San Diego, USA EPN, PF A 

RCMB19 Robert J. Wechsler-Reya, San Diego, USA EPN, PF A 

B062_005 Stefan M. Pfister, Heidelberg, Germany EPN, RELA 

BT165 Till Milde, Heidelberg, Germany EPN, RELA 

E1425 Xiao-Nan Li, Houston, USA EPN, RELA 

E9635 Xiao-Nan Li, Houston, USA EPN, RELA 

E9811 Xiao-Nan Li, Houston, USA EPN, RELA 

EPD-613FH James M. Olson, Seattle, USA EPN, RELA 

B062_016 Stefan M. Pfister, Heidelberg, Germany ETMR 

D2373 Xiao-Nan Li, Houston, USA ETMR 

E1343 Xiao-Nan Li, Houston, USA ETMR 

M1129 Xiao-Nan Li, Houston, USA ETMR 

NCH3602 Till Milde, Heidelberg, Germany ETMR 

GA0818 Xiao-Nan Li, Houston, USA GBM, G34 

B062_004 Stefan M. Pfister, Heidelberg, Germany GBM, MID 

G10993 Xiao-Nan Li, Houston, USA GBM, MID 

G1227 Xiao-Nan Li, Houston, USA GBM, MID 
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Model Generated by Subgroup 

G1406 Xiao-Nan Li, Houston, USA GBM, MID 

G1621 Xiao-Nan Li, Houston, USA GBM, MID 

GBM-311FH James M. Olson, Seattle, USA GBM, MID 

GBM-611FH James M. Olson, Seattle, USA GBM, MID 

PBT-02FH James M. Olson, Seattle, USA GBM, MID 

PBT-06FH James M. Olson, Seattle, USA GBM, MID 

RCMB33 Robert J. Wechsler-Reya, San Diego, USA GBM, MID 

RCMB47 Robert J. Wechsler-Reya, San Diego, USA GBM, MID 

D2264 Xiao-Nan Li, Houston, USA GBM, MYCN 

G1128 Xiao-Nan Li, Houston, USA GBM, MYCN 

PBT-04FH James M. Olson, Seattle, USA GBM, MYCN 

PBT-05FH James M. Olson, Seattle, USA GBM, MYCN 

B062_014 Stefan M. Pfister, Heidelberg, Germany GBM, RTK III 

G3704 Xiao-Nan Li, Houston, USA GBM, RTK III 

RCMB23 Robert J. Wechsler-Reya, San Diego, USA HGNET, BCOR 

G9320 Xiao-Nan Li, Houston, USA LYMPHO 

ICN_PDX4 Olivier Ayrault, Paris, France MB, G3 

ICN_PDX7 Olivier Ayrault, Paris, France MB, G3 

M1197 Xiao-Nan Li, Houston, USA MB, G3 

M1299 Xiao-Nan Li, Houston, USA MB, G3 

M1494 Xiao-Nan Li, Houston, USA MB, G3 

M1572 Xiao-Nan Li, Houston, USA MB, G3 

M1595 Xiao-Nan Li, Houston, USA MB, G3 

M1744 Xiao-Nan Li, Houston, USA MB, G3 

M2164 Xiao-Nan Li, Houston, USA MB, G3 

M2555 Xiao-Nan Li, Houston, USA MB, G3 

M3130 Xiao-Nan Li, Houston, USA MB, G3 

MB002 Yoon-Jae Cho, Portland, USA MB, G3 

MB009 Yoon-Jae Cho, Portland, USA MB, G3 

Med-114FH James M. Olson, Seattle, USA MB, G3 

Med-1911FH James M. Olson, Seattle, USA MB, G3 

Med-210FH James M. Olson, Seattle, USA MB, G3 

Med-2112FH James M. Olson, Seattle, USA MB, G3 

Med-211FH James M. Olson, Seattle, USA MB, G3 
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Model Generated by Subgroup 

Med-411FH James M. Olson, Seattle, USA MB, G3 

NCH2194 Till Milde, Heidelberg, Germany MB, G3 

PBT-07FH James M. Olson, Seattle, USA MB, G3 

RCMB20 Robert J. Wechsler-Reya, San Diego, USA MB, G3 

RCMB28 Robert J. Wechsler-Reya, San Diego, USA MB, G3 

RCMB40 Robert J. Wechsler-Reya, San Diego, USA MB, G3 

DMB006 Robert J. Wechsler-Reya, San Diego, USA MB, G4 

M0174 Xiao-Nan Li, Houston, USA MB, G4 

M1017 Xiao-Nan Li, Houston, USA MB, G4 

M1078 Xiao-Nan Li, Houston, USA MB, G4 

M1387 Xiao-Nan Li, Houston, USA MB, G4 

M8008 Xiao-Nan Li, Houston, USA MB, G4 

Med-1512FH James M. Olson, Seattle, USA MB, G4 

Med-1612FH James M. Olson, Seattle, USA MB, G4 

Med-2312FH James M. Olson, Seattle, USA MB, G4 

Med-610FH James M. Olson, Seattle, USA MB, G4 

RCMB37 Robert J. Wechsler-Reya, San Diego, USA MB, G4 

RCMB38 Robert J. Wechsler-Reya, San Diego, USA MB, G4 

RCMB45 Robert J. Wechsler-Reya, San Diego, USA MB, G4 

B062_008 Stefan M. Pfister, Heidelberg, Germany MB, SHH CHL AD 

B062_13315 Stefan M. Pfister, Heidelberg, Germany MB, SHH CHL AD 

BT084 Till Milde, Heidelberg, Germany MB, SHH CHL AD 

BT126 Till Milde, Heidelberg, Germany MB, SHH CHL AD 

ICN_PDX12 Olivier Ayrault, Paris, France MB, SHH CHL AD 

M3400 Xiao-Nan Li, Houston, USA MB, SHH CHL AD 

M5610 Xiao-Nan Li, Houston, USA MB, SHH CHL AD 

M5958 Xiao-Nan Li, Houston, USA MB, SHH CHL AD 

M984 Xiao-Nan Li, Houston, USA MB, SHH CHL AD 

Med-113FH James M. Olson, Seattle, USA MB, SHH CHL AD 

Med-314FH James M. Olson, Seattle, USA MB, SHH CHL AD 

Med-813FH James M. Olson, Seattle, USA MB, SHH CHL AD 

RCMB18 Robert J. Wechsler-Reya, San Diego, USA MB, SHH CHL AD 

RCMB24 Robert J. Wechsler-Reya, San Diego, USA MB, SHH CHL AD 

B062_013 Stefan M. Pfister, Heidelberg, Germany MB, SHH INF 
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Model Generated by Subgroup 

M02036 Xiao-Nan Li, Houston, USA MB, SHH INF 

M1338 Xiao-Nan Li, Houston, USA MB, SHH INF 

Med-1712FH James M. Olson, Seattle, USA MB, SHH INF 

RCMB12 Robert J. Wechsler-Reya, San Diego, USA MB, SHH INF 

RCMB25 Robert J. Wechsler-Reya, San Diego, USA MB, SHH INF 

RCMB32 Robert J. Wechsler-Reya, San Diego, USA MB, SHH INF 

M1140 Xiao-Nan Li, Houston, USA MB, WNT 

M1192 Xiao-Nan Li, Houston, USA MB, WNT 

Med-913FH James M. Olson, Seattle, USA MB, WNT 

RCMB31 Robert J. Wechsler-Reya, San Diego, USA MB, WNT 

G6999 Xiao-Nan Li, Houston, USA not classifiable 

B062_006 Stefan M. Pfister, Heidelberg, Germany PIN T,  PB B 

PBT-08FH James M. Olson, Seattle, USA PIN T,  PB B 

Pineo-113FH James M. Olson, Seattle, USA PIN T,  PB B 

P3635 Xiao-Nan Li, Houston, USA PXA 

BT216 Till Milde, Heidelberg, Germany SCHW, MEL 

 

2.1.3 Primers 

2.1.3.1 Primers for Sanger sequencing 

Gene Name Forward Primer Sequence (5’ – 3’) Reverse Primer Sequence (5’ – 3’) 

ANKRD44 TGACTGACAGCCAAATTCACA  CACTGCAGCCTCATGTTGAT  

ARID1A TGGAGAGCATTTGTTCGCAT TGTTTTCTCCTCTCACCCGT 

ARID1A GCTCAATCTGCCTCTCCAAT GCCTTGGGTGGAGAACTGAT 

ATM GGTTGTCCTCCTTAAATTGTCCT  TTAAGATGCAGCTACTACCCAG  

ATM CTCAATGAATGGTAGTTGCTGC  ACCTAATTGTCCCAACTTGCT  

ATM CGAGAGCTGGAGTTGGATGA  TTCCTGACATCAAGGGGCTT  

ATRX ACGCCGGGCCATATTAAGAT AAGCCAATCTTTCCTCTGATGA 

BCOR TAGGGAAGCTTGGTCTCAGC  AAGCTACAGAGAGGTCCACC  

BCOR CCCTCACCGACTCTGTCTAC CCTCGGACATGCCTCACA 

BCOR TGAATCGGTCACCCACGTAA  GGCAGGTACCAACAAAGAGA  

CREBBP CGCTCACATTTCCTATTCCTGG CGTGGCAGTTGGAGAGCT 

EGFR GAGCTAGACGTCCGGGCA  AGGAAACAGGAAAGGACGGG  

EGFR CCCCTTCAGTGTTTGTTGAGT  GCAACTGAACCTGTGACTCA  

FGFR1 CCCCTTCCCTAGCTGTGG  TCCCTTCCCAAGTAAATGAGTCT  
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Gene Name Forward Primer Sequence (5’ – 3’) Reverse Primer Sequence (5’ – 3’) 

GNAS TCTTACGGAGCCCCAAACTT TGAATGCCGGGTTGAGGAC 

KBTBD4 ACTGCGTTGGAGAGGGTATC  ACTCGTTGGCTGTGTCCTT  

KBTBD4 ACACAGTTTCATGATGCCTTG CCCACTTTGCTCTCACTTCT 

MSH2 TACTGCCTTGGCCAATCAGA CCCAGACTGTGAATTAAGGGG 

MSH2 TGACTCCTCTTACTGATCTTCGT ATCCTTTTCCCATCTGTCACTT 

MSH2 ACTGTTATTTCGATTTGCAGCAA GCCAGGTGACATTCAGAACA 

NF1 ACATGGATAGAAACACTGGGAGT  GGGAGGAAGGAGAAGCTGAA  

NF1 CCATACCGGGCCTAGCAAT CCAGTTTCCCAGGACAGTCT 

PIK3CA GTGACTTTAGAATGCCTCCGT  AGAAAGGGACAACAGTTAAGCT  

PIK3CA GCCATCTTATTCCAGACGCA  AACAAAGGACTGTGAGCTGT  

PIK3R1 GGAAAGTGCAAAAGCCCAGA  AGCCATGAAATAAGGGTAGAACA  

PPM1D GGACCATATACCTGCCCTGG  TGGCCAGGAGTTGACATCTT  

PTCH1 GGGACTGAAATCTTTACTGGGTC  CTGGTGGCAGAGTCCTAAC  

PTEN AACCCACCACAGCTAGAACT  TCTTAAATGCTTTCACCCTGGG  

SETD1B CACCTAAGAAGCGCCATGAG GTGCATGCTGTCACCTTCAT 

SMARCB1 TGTGCAGAGAGAGAGGCTGA CCGACTGCCTTGTACCATTC 

SYNE1 GTAGTGCAGCAACTCAAGGA  TTCACTGCATTCTTCTCGCA  

TP53 CTCCCAGAGACCCCAGTTG ACAAGCAGTCACAGCACATG 

TP53 CATGTGCTGTGACTGCTTGT  CTAGTGGGTTGCAGGAGGTG  

TP53 GGTGATAAAAGTGAATCTGAGGC TTGGGAGTAGATGGAGCCTG 

TP53 GGAGGTCAAATAAGCAGCAGG  GGAGAGACGACAGGGCTG  

VPS13C TGTCATTCCCTGCAGTTTGA  TGTGATGTAAGTTTTCCAGCCA  

ZNF462 GTTGTGAGTGGTGCAGCTAC  ATGGAGCCCCTGAAGTTGG  

 

2.1.3.2 Primers for reverse transcription quantitative PCR (RT-qPCR) 

Gene Name Forward Primer Sequence (5’ – 3’) Reverse Primer Sequence (5’ – 3’) 

GLI1 CTGGATCGGATAGGTGGTCT CAGAGGTTGGGAGGTAAGGA 

GLI2 CCCCTACCGATTGACATGCG GAAAGCCGGATCAAGGAGATG 

MYCN TGATCCTCAAACGATGCCTTC GGACGCCTCGCTCTTTATCT 

PTCH1 CCAGAAAGTATATGCACTGGCA GTGCTCGTACATTTGCTTGGG 

PTCH2 AGGAGCTGCATTACACCAAG CCCAGGACTTCCCATAGAGT 

TBP GAACCACGGCACTGATTTTC CCCCACCATGTTCTGAATCT 
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2.1.4 Plasmids 

Plasmid Supplier 

pGreenFire1 (pGF1) Reporter Vector  System Biosciences, Palo Alto, USA 

pMD2.G Addgene, Cambridge, USA 

psPAX2 Addgene, Cambridge, USA 

 

2.1.5 Inhibitors 

Article Catalog No. Supplier 

Cisplatin HY-17394 MedChemExpress, New Jersey, USA 

Erismodegib Diphosphate HY-16582 MedChemExpress, New Jersey, USA 

Erlotinib S7786 Selleckchem, Munich, Germany 

Glasdegib - Pfizer, New York, USA 

PF-05274857 - Pfizer, New York, USA 

Vismodegib S1082 Selleckchem, Munich, Germany 

 

2.1.6 Cell culture reagents and materials 

Article Catalog No. Supplier 

24-well plates, adherent cells 92424 TPP, Schaffhausen, Switzerland 

AccumaxTM 00-4666-56 eBioscience, Inc., San Diego, USA 

Corning® Costar® reagent 

reservoir (50 ml) 
CLS4870 Sigma-Aldrich, Munich, Germany 

Dimethyl sulfoxide (DMSO) 472301 Sigma-Aldrich, Munich, Germany 

DMEM (Dulbecco’s modified 

eagle medium) 
D6046 Sigma-Aldrich, Munich, Germany 

Dulbecco’s PBS 21600010 
Thermo Fisher Scientific, Waltham, 

USA 

Fetal Bovine Serum (FBS), 

heat-inactivated, Gibco® 
10082147 

Thermo Fisher Scientific, Waltham, 

USA 

L-Glutamine 25030081 
Gibco®, Thermo Fisher Scientific, 

Waltham, USA 

NeurobasalTM-A Medium 10888022 
Gibco®, Thermo Fisher Scientific, 

Waltham, USA 

NeuroCultTM NS-A Basal 

Medium (Human) 
05750 

STEMCELL Technologies, Vancouver, 

Canada 
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Article Catalog No. Supplier 

NeuroCultTM NS-A 

Proliferation Supplement 

(Human) 

05751 
STEMCELL Technologies, Vancouver, 

Canada 

Nunc® CryoTubes® (1.8 ml) V7884 Sigma-Aldrich, Munich, Germany 

Opti-MEM I reduced serum 

medium 
31985062 

Thermo Fisher Scientific, Waltham, 

USA 

Penicillin/Streptomycin 

(10,000 U/ml, 100 µg/ml) 

Gibco™ 

15140122 
Thermo Fisher Scientific, Waltham, 

USA 

T-75 adhesion flask 90076 TPP, Schaffhausen, Switzerland 

TransIT®-LT1 transfection 

reagent 
MIR2300 Mirus Bio, Madison, USA 

Trypan Blue Dye (0.4 %)  1450021 Bio-Rad, Munich, Germany 

Trypsin EDTA solution (0.5 

%) 
T3924 Sigma-Aldrich, Munich, Germany 

 

2.1.7 Biochemicals and chemicals 

Article Catalog No. Supplier 

Agar 05039 Sigma-Aldrich, Munich, Germany 

Agarose A9539 Sigma-Aldrich, Munich, Germany 

Ampicillin 10835242001 
Roche, Diagnostics, Mannheim, 

Germany 

DNA ladder, 100 bp, GeneRuler SM0243 
Thermo Fisher Scientific, Waltham, 

USA 

DNA loading dye (6x) R0611 
Thermo Fisher Scientific, Waltham, 

USA 

Ethanol 32205 Sigma-Aldrich, Munich, Germany 

Ethidium bromide E1510 Sigma-Aldrich, Munich, Germany 

Glucose G7021 Sigma-Aldrich, Munich, Germany 

LB medium (Luria-Miller) X968.1 Carl Roth, Karlsruhe, Germany 

Magnesium chloride (MgCl2) 208337 Sigma-Aldrich, Munich, Germany 

NaCl 0.9 % solution (10 ml) 2350748 B. Braun, Melsungen, Germany 

Nuclease-free water, Ambion® AM9916 
Thermo Fisher Scientific, Waltham, 

USA 
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Proteinase K, recombinant, PCR 

grade 
EO0491 

Thermo Fisher Scientific, Waltham, 

USA 

Sodium chloride (NaCl) S3014 Sigma-Aldrich, Munich, Germany 

 

2.1.8 Buffers and solutions 

Buffer/Solution Composition 

1x Phosphate buffered saline 

(PBS) 

137 mM NaCl, 2.7 mM KCl, 9.2 mM Na2HPO4, 1.8 mM 

KH2PO4, pH 7.4 

1x TRIS-Borat-EDTA (TBE) 0.445 M Tris-Borat, 10 mM EDTA, pH 8 

 

 

2.1.9 Bacteria 

Bacteria cells Supplier 

OneShot STABL3 chemically competent 

E.coli 
Thermo Fisher Scientific, Waltham, USA 

 

2.1.10 Mice 

Mouse Strain Source 

NOD.Cg-Prkdcscid Il2rgtm1Wjl/SzJ 

(Nonobese diabetic/severe combined 

immunodeficiency gamma, NOD-SCID 

gamma®) 

In-house breeding facility of the German 

Cancer Research Center (DKFZ), Heidelberg, 

Germany 

 

2.1.11 In vivo reagents and materials 

Article Supplier 

Bepanthen®  Bayer Vital, Leverkusen, Germany 

Carprofen/Rimadyl Pfizer, New York, USA 

Fine-Ject® Needles for single use, 30Gx1/2” Henke-Sass Wolf, Tuttlingen, Germany 

Histacryl® tissue adhesive Braun, Melsungen, Germany 

Isoflurane Abbott, Wiesbaden, Germany 

Nanofil needle with syringe World Precision Instruments, Sarasota, USA 

Precision Scale (portable) PLS/PLJ Kern®, Balingen, Germany 

Reusable feeding needle, 50 mm length Fine Science Tools®, Heidelberg, Germany 
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Soft-Ject® Syringes, 1 ml  Henke-Sass Wolf, Tuttlingen, Germany 

VivoGlo™ luciferin Promega, Madison, USA 

 

2.1.12 Kits 

Kit Company 

Agilent RNA 6000 Agilent Technologies, Santa Clara, USA 

DNeasy® Blood & Tissue Kit  Qiagen, Hilden, Germany 

EnVision Detection Systems 

Peroxidase/DAB, Rabbit/Mouse 

Dako Agilent Pathology Solutions, Hamburg, 

Germany 

HotStarTaq Plus Master Mix Kit  Qiagen, Hilden, Germany 

Maxi preparation DNA Kit Qiagen, Hilden, Germany 

Maxwell® RSC Blood DNA Kit Promega, Madison, USA 

Maxwell® RSC simplyRNA Tissue Kit Promega, Madison, USA 

Maxwell® RSC Tissue DNA Kit Promega, Madison, USA 

Power SYBR® Green RNA-to-CT™ 1-Step 

Kit 
Thermo Fisher Scientific, Waltham, USA 

Qiagen Maxiprep Kit Qiagen, Hilden, Germany 

QIAquick PCR Purification Kit Qiagen, Hilden, Germany 

RNeasy® Mini Kit Qiagen, Hilden, Germany 

 

2.1.13 Databases 

Databases Source 

Gene Cards (Human Genes Database) http://www.genecards.org/ 

PubMed http://www.ncbi.nim.nih.gov/PubMed/ 

R2: Microarray Analysis and Visualization 

Platform 
http://hgserver1.amc.nl/cgi-bin/r2/main.cgi 

 

2.1.14 Software 

Software Supplier 

Bioanalyzer 2100 Expert Agilent Technologies, Santa Clara, USA 

EndNote X6 Thomson, ResearchSoft, Carlsbad, USA 

FACS-Diva BD Biosciences, Heidelberg, Germany 

GraphPad Prism 7 GraphPad, San Diego, USA 

Microsoft Office 2013 Microsoft, Redmond, USA 
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R Statistics Environment https://www.r-project.org/ 

 

2.1.15 Equipment 

Equipment Company 

7900HT Fast Real-Time PCR System  Thermo Fisher Scientific, Waltham, USA 

Bioanalyzer Agilent 2100 Agilent Technologies, Santa Clara, USA 

Biofuge Fresco table top centrifuge Haraeus Instruments, Hanau, Germany 

Bruker 1 Tesla MRI Bruker, Billerica, USA 

Cytostatics Hood Maxisafe 2020 Sigma-Aldrich, Munich, Germany 

Electrophoresis chamber NeoLab, Heidelberg, Germany 

FACS CantoTMII BD Biosciences, Heidelberg, Germany 

FACSAria III cell sorter BD Biosciences, Heidelberg, Germany 

Gel Doc UV gel documentation system Bio-Rad, Munich, Germany 

GeneAmp® PCR System 9700 Applied Biosystems, Foster City, USA 

Heating Block QBT Grant Instruments, Cambridge, UK 

Incubator HERA cell 150 Thermo Fisher Scientific, Waltham, USA 

IVIS Lumina Series III pre-clinical in vivo 

imaging platform 
PerkinElmer, Waltham, USA 

L8-M ultracentrifuge Beckmann Coulter, Krefeld, Germany 

Leica DMIRBE inverted microscope Leica Biosystems, Wetzlar Germany 

Maxwell® RSC Instrument Promega, Madison, USA 

NanoDrop® ND-1000 spectrometer NanoDrop, Wilmington, USA 

Sonicator water bath 
Arrayit Microarray Technology, Sunnyvale, 

USA 

T20 Automated Cell Counter Bio-Rad Laboratories, Munich, Germany 

Vortex Genie 2 Scientific Industries Inc., New York, USA 

Water bath B-480 Büchi, Flawil, Switzerland 

 

2.1.16 Other materials 

Article Supplier 

Chromatography Paper, 3 mm, Whatman® Sigma-Aldrich, Munich, Germany 

Cover slips (26 x 76 mm) Thermo Fisher Scientific Gerhard Menzel, 

Braunschweig, Germany 

FACS tubes BD Biosciences, Heidelberg, Germany 
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Article Supplier 

Falcon® tubes (15 ml and 50 ml) BD Biosciences, Heidelberg, Germany 

Filtered Pipette tips (10 µl, 20 µl, 100 µl, 

200 µl, 1000 µl) 
Biozym®, Hessisch Oldenburg, Germany 

GeneChip® Human Genome U133 Plus 2.0 

Array 

Affymetrix, Thermo Fisher Scientific, 

Waltham, USA 

Infinium Human-Methylation450 BeadChip 

Kit 
Illumina®, San Diego, USA 

Infinium MethylationEPIC Kit Illumina®, San Diego, USA 

PCR tubes (0.2 ml) Molecular BioProducts, San Diego, USA 

Rainin sterile filter tips (300 µl) Mettler-Toledo, Giessen, Germany 

Reaction tubes (1.5 ml and 2 ml) Eppendorf, Hamburg, Germany 

Stripetten, Corning® Costar® (5, 10, 25, 50 

ml)  
Sigma-Aldrich, Munich, Germany 

Ultracentrifuge tubes, PPCO (PA),  

thinwall (14 ml) 
Herolab, Heidelberg, Germany 

 

2.2 Methods 

Parts of the written contents and figures of the following chapter have been submitted in the 

research article “A biobank of patient-derived molecularly characterized orthotopic pediatric 

brain tumor models”, Brabetz, Leary, Gröbner et al. (List of Publications, page 125) to Nature 

Medicine in July 2017. Contributions of authors other than myself are indicated.  

 

2.2.1 Large scale plasmid preparation (Maxiprep) 

300 ml of LB medium was inoculated with E.coli expressing the plasmid of interest and 

incubated overnight at 37°C on a bacterial shaker. Plasmid isolation was performed with the 

Qiagen Maxiprep Kit according to the manufacture’s recommendations, and DNA 

concentration was measured with the NanoDrop® ND-1000 spectrometer. 

 

2.2.2 HEK 239T cell culture 

HEK 293T cells were cultured in 75 cm2 adhesion cell culture flasks in DMEM media, 

supplemented with 10% FBS and 1% (v/v) penicillin/streptomycin under standard conditions 

(37°C, 95% humidity, 5% CO2). Upon reaching 80% confluence the supernatant was decanted, 

cells were washed with PBS, and 3 ml 0.5% Trypsin-EDTA was added. After 5 min at 37°C, 
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media was added, and thus the reaction stopped. Afterwards cells were centrifuged at 1,200 

rpm for 5 min and cells were split into new flasks at a ratio of 1:10 – 1:20. 

 

2.2.3 Cell number and viability measurements 

Cell numbers were measured prior to seeding HEK 239T cells and also for passaging and 

establishing of PDOX, via staining viable cells with a 1:2 Tryptan blue stain and counting 

viable cells per ml using the TC20 automated cell counter according to the manufacture’s 

recommendations.  

 

2.2.4 Viral production 

Young HEK293T cells (< P10) were plated in 10cm dishes (4x106 cells in 6 ml fresh media). 

The next day, 600 µL Opti-MEM were mixed with 30 µL Mirus IT and incubated for 5 min at 

room temperature. Afterwards, 2 µg of packaging plasmid psPAX2, 2 µg of packaging plasmid 

pMD2.G, and 4 µg of lentivirus construct/plasmid, were mixed and added to the solution, and 

the final mixture was incubated for 20 min at room temperature. During this process, the media 

of the HEK 239T cells was exchanged with fresh media. After the incubation time, the 

transfection mixture was dropped onto the HEK 239T cells and the plate was moved carefully 

to evenly distribute the solution. After 72 h, the media was carefully collected, filtered through 

a 45 µm syringe filter into ultraclear SW41 centrifuge tubes, and spun down for 80 min at 4°C 

at 25,000 rpm using an L8-M ultracentrifuge. Afterwards, the supernatant was decanted and 

100 µl PBS were added to the pellet, and it was left overnight at 4°C. The next day, the virus 

pellet was carefully re-suspended, aliquoted in 10 µl tubes, and stored at -80°C. 

 

2.2.5 HEK titer test 

HEK 293T cells were seeded into a 24-well plate at 5x104 cells/well in 500 µl medium. The 

next day, cells from 2 wells were counted with the T20 Automated Cell Counter, while the 

remaining wells were transduced with various concentrations of a GFP-labeled virus. After 72 

h, cells were trypsinized and washed with PBS, and then the transduction efficiency was 

evaluated with a FACS CantoTMII. The virus titer was evaluated with the following formula: 

Percentage GFP-positive cells * cell number at time of transduction * virus dilution / (Volume 

of virus suspension). The virus titer allowed the comparison of different batches of virus 

productions.  
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2.2.6 Animal studies 

All animal experiments were conducted in accordance with legal and ethical regulations and 

approved by the regional council (Germany, Regierungspräsidium Karlsruhe; G-64/14, G-

259/14, and G-164/17). Mice were housed in IVC caging in the Center for Preclinical Research 

of the DKFZ (Heidelberg, Germany) and monitored daily for the presence of tumor-related 

symptoms. Sample sizes were chosen to minimize the number of animals required to get 

statistically significant results. 

 

2.2.7 Patient samples 

Pediatric brain tumor specimens were obtained through the “Pediatric Brain Tumor Preclinical 

Testing Program” (indicated as “generated by Till Milde/Stefan M. Pfister, Heidelberg, 

Germany”). Informed consent of the parent or legal guardian and the patient was obtained 

according to institutional regulatory standards prior to surgery. Samples from Heidelberg 

University Hospital were transferred from the operating room to the laboratory on wet ice. 

Other samples from across Germany and Europe were shipped overnight on wet ice and 

typically processed the next day.  

The processing of patient material by collaborating centers each followed a local workflow, 

always including informed consent (James M. Olson, Seattle, USA; Olivier Ayrault, Paris, 

France; Robert J. Wechsler-Reya, San Diego, USA, Heidelberg, Germany; Yoon-Jae Cho, 

Portland, USA; Xiao-Nan Li, Houston, USA). 

 

2.2.8 PDOX establishment and propagation 

The fresh tumor tissue (whether PDOX or patient tumor) was placed in a small volume of 

NeuroCult media, including NeuroCult NSA-Proliferation agent, was dissociated into a single-

cell suspension by careful pipetting. Patient tumors were also processed through dissociation 

via a scalpel. If the tumor was not dissociable by mechanical means, the cells were washed with 

PBS, and placed in 1 ml AccumaxTM solution. After an incubation time of 15 min at 37°C, the 

reaction was stopped by the addition of media. To remove the AccumaxTM solution, the 

suspension was centrifuged at 1,200 rpm, the supernatant carefully removed, and media added 

again. In order to remove non-dissociated cells, the cells were pushed through a 45 µm cell 

strainer. Afterward the cells were counted with the TC20 automated cell counter. In cases 

where the viability was below 40%, an additional centrifugation step was introduced. The 

material was split into 3 parts: At least 2 pellets (1x106 cells per pellet) for molecular 

characterization (centrifugation at 1,200 rpm for 5 min, remove supernatant, shock freeze in 

liquid nitrogen), a suspension for injection in mice (4 µl per mouse) (max. 1x106 cells per 
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mouse) (centrifugation at 1,200 rpm for 5 min, remove supernatant, adjust volume with media 

to approximately 5 µl per mouse), and cryo preservation of remaining material (90% media, 

10% DMSO, 1.5x106 cells). 

 

Collection of material during PDOX passaging: 

Per mouse: 2x pellets (at least) for molecular characterization (1x106 cells per pellet), 

remaining material was split into cryo vials (1.5x106 cells per vial). 

Per passage: 1x direct re-transplantation of fresh tumor material into the next generation of 

mice, 1x half of a brain fixed in formalin solution for subsequent histological evaluation. 

 

2.2.9 Intracranial injection of tumor tissue 

20 min after subcutaneous injection of carprofen (5 mg/kg) as perioperative analgesia, female 

NSG mice (6-8 weeks, DKFZ in-house breeding) were anaesthetized by isoflurane (1.5-2.5 

Vol%). After negative reflex testing, 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 was based on patient tumor location, see Table 1). Then the Hamilton needle was 

introduced into the brain (depth varies by injection site) and the cell suspension (4 µl media, 

max. 1x106 cells) was injected within a time frame of 1 min. The needle stayed in the tissue for 

another 2 min to avoid any reflux of the cell suspension. After the 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) every 12 h for 48 h (in the case of pain symptoms an additional 5 

days). 

 

Table 1. Coordinates for intracranial injection of PDOX cells. 
 
Injection site 

(mouse) 

Coordinate (mm; 

bregma) 

Coordinate (mm; 

lateral left) 

Coordinate (mm; 

depth) 

Striatum -3 2.5 3 

Cerebellum -7 1 2 

Cortex -1 1 2 

Brain Stem -5.5 0 4.5 
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Animals injected with patient-derived tumor cells were continually monitored for signs of 

tumor-related symptoms and any signs of pain. Upon observation of symptoms, animals were 

euthanized and tumor tissue was processed as mentioned in section 2.2.8, PDOX establishment 

and propagation (page 44). If material for histopathological analysis was to be collected (once 

per PDOX passage), half of the brain (cut frontal – caudal) was placed in a formalin solution 

(including tumor tissue), while the remaining tumor was processed as usual. 

 

2.2.10 DNA and RNA isolation 

Total RNA extraction was performed from snap-frozen tumor tissues using either TRIZOL in 

combination with the Qiagen miRNeasy Mini Kit (Qiagen, Hilden, Germany) or the Maxwell® 

RSC simplyRNA Tissue Kit and analyzed on an Agilent Bioanalyser for quality assessment. 

Only samples with an RNA integrity number (RIN) > 6.0 and no evidence of ribosomal 

degradation were analyzed for gene expression. Genomic DNA was isolated using either 

Qiagen DNeasy Blood & Tissue Kit or the Maxwell® RSC Blood/Tissue DNA Kit and used 

for methylation and sequencing analysis.  

 

2.2.11 Gene expression array analysis 

PDOX samples with sufficient quantity and quality of RNA were analyzed on the Affymetrix 

GeneChip Human Genome U133 Plus 2.0 Array in the Microarray Department at the 

University of Amsterdam in the Netherlands. Sample library preparation, hybridization, and 

quality control were performed according to protocols recommended by the manufacturer. The 

RMA algorithm of the Simpleaffy package in R was used for normalization of the expression 

data437. Differentially-expressed genes were estimated with linear models using the Limma 

package in R438. Only genes that were expressed in at least one sample were considered for the 

analysis (>100 intensity). Differential expression was calculated with a moderated paired t-test, 

and P-values were corrected for multiple testing with the Bonferroni method (p < 0.05). 

Significant genes that changed more than 2-fold between groups were used for the follow-up 

analysis. DAVID 6.7 was used for pathway enrichment analysis using the 

GOTERM_BP_DIRECT and GOTERM_CC_DIRECT gene ontology annotations439,440. 

 

2.2.12 DNA methylation array analysis 

Whole genome DNA methylation data of 247 samples presented in this study were generated 

from fresh frozen and FFPE material, using the Illumina Infinium 450k Methylation BeadChip 

Arrays (450k arrays) or Illumina Infinium EPIC Methylation BeadChip Arrays (epic arrays). 
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Methylation profiling was performed according to the manufacturer’s instructions at the DKFZ 

Genomics and Proteomics Core Facility (Heidelberg, Germany). All analyses were performed 

in R version 3.3.0 (Development Core Team, 2016). Downstream analyses as described in 

Hovestadt et al.441 were performed in R using β-values. Reference cases of primary human 

tumors for subgrouping were taken from various previous publications as indicated in 

individual figure legends. Individual normalization of each sample and correction for the type 

of material was performed as in Capper et al.342. 

The following filters were applied in order to filter out probes from 450k arrays that yielded 

inaccurate methylation levels: Removal of probes targeting the X and Y chromosomes (n = 

11,551), removal of probes containing a single-nucleotide polymorphism (dbSNP132 

Common) or the following base for type I probes (n = 7,998), probes not mapping uniquely to 

the human reference genome (hg19) (n = 3,965), and probes not being present on the epic array 

(n = 32,260). In total, 428,676 probes were kept for analysis. The same probes were then also 

extracted from the epic arrays. 

Pairwise Pearson correlations were calculated using the wtd.cors function of the weights 

package version 0.85. For the pan-brain tumor analysis (Figure 6, page 62), the standard 

deviation was used as weight, while in the analysis for the MBs and the HGGs, the standard 

deviation minus 0.25 was used as weight, giving more variable probes greater influence. The 

resulting matrix was used to perform the t-SNE analysis (t-Distributed Stochastic Neighbor 

Embedding, Rtsne package version 0.11)442. The following non-default parameters were used 

for the pan-brain tumor and HGG analyses: theta=0, is_distance=T, pca=F, max_iter=40,000. 

The MB analysis across all subgroups (Figure 8a, page 64) used the following non-default 

parameters: theta=0, is_distance=T, pca=F, max_iter=2,000. For the G3/G4-specific analysis 

(Figure 8b, page 64), an initial t-SNE analysis was performed using the entire MB cohort with 

the following non-default settings: theta=0, is_distance=T, pca=F, max_iter=150. The positions 

resulting from this analysis were used as a starting point for a t-SNE analysis using the 

weighted correlation of the G3-G4 exclusive cohort (again using as a weight the standard 

deviation minus 0.25, but this time calculated only for the G3/G4 exclusive cohort) and the 

following non-standard default parameters theta=0, is_distance=T, pca=F, max_iter=2,000-150. 

Differentially-methylated probes between groups of patient tumors and early PDOX passages 

were performed as described in Mazor et al.443. In short, beta values for individual GpG sites 

were made more Gaussian using the logit transformation. The transformed beta values from the 

patient-matched patient tumor were subtracted from the early PDOX passage and compared 

using Limma438. Differentially methylated CpG were defined as those with a nominal P-value < 

0.05 and an average methylation change between groups >= 0.2 or =< -0.2. 
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Copy number variation (CNV) analysis from methylation arrays data was performed using the 

Conumee Bioconductor package version 1.3.0. Two sets of 50 control samples each displaying 

a balanced copy-number profile from both male and female donors were used for 

normalization. Scoring of focal amplifications and deletions as well as chromosomal gains and 

losses was performed by manual inspection of each profile. In order to adjust for different 

methylation array types, the Conumee CNV calls were mapped back to a genome, which was 

binned in 50,000 windows. Afterwards, unsupervised hierarchical clustering of CNV profiles 

was performed by using the 1-Pearson correlation coefficient as the distance measure and 

average linkage for hierarchical clustering. 

 

2.2.13 Whole exome and whole genome sequencing 

The whole genome libraries as well as the exome libraries were prepared according to the 

Agilent SureSelectXT Target Enrichment System for Illumina Paired-End Sequencing Library 

kit, following the manufacturer's instructions, at the DKFZ Genomics and Proteomics Core 

Facility (Heidelberg, Germany). Briefly, genomic DNA was sheared by acoustic fragmentation 

(Covaris, MA, USA) to ~300 bp insert size, followed by size selection. Exome capturing was 

carried out with Agilent SureSelect Human All Exon V4 or V5 bait library in-solution capture 

reagents. The quality of the libraries was assessed with the Agilent 2100 Bioanalyzer. 

Sequencing was done on an Illumina HiSeq2000 instrument (Illumina, CA, USA) with paired-

end 100-bp runs or 125-bp runs (v3 and v4) at the DKFZ Genomics and Proteomics Core 

Facility (Heidelberg, Germany). 

Whole genome (WGS) and exome sequencing (WES) data were processed with a standardized 

workflow by Susanne N. Gröbner (DKFZ, Heidelberg, Germany), in close collaboration with 

myself, to define the correct criteria for the various filtering steps. Susanne N. Gröbner 

therefore wrote some parts of this methods section. The alignment and variant calling 

procedures were adapted from a pipeline developed in the context of the ICGC Pan-Cancer 

project (https://github.com/ICGC-TCGA-PanCancer). Essentially, reads were aligned to a 

reference genome using bwa-mem (v. 0.6.2). A merged human and murine reference genome 

(based on hs37d5 and GRChm38mm10) was used for capturing contaminating reads derived 

from mouse tissue. Aligned reads were sorted by coordinates, and duplicates were marked 

using biobambam bamSort and bammarkduplicates  (v. 0.0.148).  

Single nucleotide variant (SNVs) calls were based on SAMtools (v. 0.1.19) mpileup and short 

insertions/deletion (indels) calls on Platypus (v. 0.7.4), followed by specially tailored quality 

filters taking into account coverage, frequency, and surrounding sequence of variants. 

Additional filtering was performed by removing mutations in typical artifact genes and 
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positions, which were found mutated at non-hotspot locations in multiple samples, being 

therefore most likely SNPs or artifacts. Variants were annotated using ANNOVAR 

(http://annovar.openbioinformatics.org/en/latest/)444.  

If no germline was available, SNVs/indels that fulfilled the following criteria were excluded: 

• >0.01% minor allele frequency in 1000g2015aug (in any population) (1000 Genomes 

Project) 

• >0.01% minor allele frequency in exac03 (in any population) (latest Exome 

Aggregation Consortium datasets) 

• >0.01% minor allele frequency esp6500siv2 (in any population) (latest NSHLBI-ESP 

project with 6500 exomes) 

Subsequently, genes that were reported to be mutated in a reference cohort of primary tumors 

(only for MB294 and HGG445) as well as in databases of known cancer genes 

(http://cancer.sanger.ac.uk/census/)446, tumor suppressors 

(http://bioinfo.mc.vanderbilt.edu/TSGene)447, and oncogenes (http://www.uniprot.org) were 

highlighted. For comparisons of the mutational landscape of individual patient tumors and 

matching PDOX, mutation calls of both samples were compared. If mutations only were found 

in one sample by the variant calling pipeline, an mpileup on that position was performed in the 

paired sample and, in addition, it was also verified whether this position was covered in this 

sample. Only mutations that were covered and were not found in the mpileup, were annotated 

as being lost in the sample. Based on this analysis, the following confidence classes emerged: 

 

PASS:  Mutation called via pipeline. 

LOW_SCORE:  Mutation did not pass the quality threshold in this 

sample, but passed it in the paired tissue. 

MPILEUP_RESCUE:  Mutation found in paired tissue and not found in 

this sample via regular variant calling. However, 

mpileup confirmed the presence of this mutation.  

MPILEUP_RESCUE_LOW:  MPILEUP_RESCUE, except that there were no 10 

reads covering the position and/or 3 reads on the 

mutant base.  

MANUAL_CURATION:   Mutation was manually curated (low pipeline 

score in both tissues). 
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NOT_FOUND: Mutation found in paired tissue, but was not 

detected by either pipeline or mpileup in this 

tissue. 

NOT_FOUND_NO_COVERAGE: Mutation found in paired tissue, but was not 

detected by either pipeline or mpileup in this 

tissue. However, there were no 10 reads covering 

the position and/or 3 reads on the mutant base 

(excluded from some analyses). 

NOT_FOUND_NO_MPILEUP: Mutation found in paired tissue, but was not 

detected by the pipeline in this tissue. However, 

no mpileup was performed on this position (indel 

only) (excluded for some analyses). 

 

Copy number plots from low-coverage whole genome sequencing data were generated by 

determining the read count within 10kb windows along the genome in a tumor and a pseudo-

control sample without any copy number alterations in order to account for ambiguously 

covered regions. Coverage is displayed as log2-ratio of read counts in tumor versus the control 

sample, normalized for the total read count in each sample.  

 

2.2.14 Preclinical experiments  

Med-1712FH cells were labeled with luciferase using pGF1 lentivirus and subsequently after 

one passage, GFP-positive cells were sorted by Fluorescence-activated Cell Sorting (FACS). 

100,000 cells were intracranially injected into the cerebellum of NSG mice. Two months 

afterward, weekly bioluminescence imaging was initiated. In detail, animals were injected with 

150 mg/kg luciferin solution, and 10 minutes later imaged using an IVIS Lumina Series III pre-

clinical in vivo imaging platform with an exposure time of 5 min. Upon reaching a signal 

intensity of 2x106 p/s, animals were randomized into various treatment arms of the study and 

continuously treated until the signal intensity reached 1x106 p/s, then the animals were put on 

treatment break until the signal recovered the signal intensity of 2x106 p/s, and then the cycle 

was started again. Animals were euthanized as soon as they showed tumor-related symptoms or 

lost more than 20% of their initial weight prior to study entry. Kaplan–Meier analysis was done 

using GraphPad Prism, and statistical significance was calculated using a log–rank test. For 

target engagement, tumor-bearing animals were treated with Erismodegib (20 mg/kg, p.o.) for 

two days and then sacrificed 4 hours after the last dosage. 
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Table 2. Dosing schedules. 
 
Drug Vehicle Dose Dosing 

schedule 

Application 

route 

Erismodegib  

(-diphosphate) 

0.5% Methyl Cellulose/ 

0.5% Tween 80 

20 mg/kg 5/7 days Oral gavage 

Glasdegib 0.5% Methyl Cellulose 100 mg/kg 5/7 days Oral gavage 

PF-05274857 0.5% Methyl Cellulose 30 mg/kg 5/7 days Oral gavage 

Cisplatin 0.9% NaCl solution 2 mg/kg 1/7 days Intraperitoneal 

injection 

 

2.2.15 RT-qPCR 

RT-qPCR was performed from total RNA with the Power SYBR® Green RNA-to-CT™ 1-Step 

Kit according to the manufacturer’s specifications on the 7900HT Fast Real-Time PCR System. 

Probes used for qRT-PCR are listed in section 2.1.3.2 Primers for reverse transcription 

quantitative PCR (RT-qPCR) (page 36). Transcript levels were determined by absolute 

quantification using a standard curve and then normalizing the expression level to the TBP 

housekeeping gene. 

 

2.2.16 Validation of mutations in late PDOX passages 

Driver/cancer mutations with an allele frequency of at least 20% found in patient tumors or 

early PDOX passages were validated in late PDOX passages by Sanger sequencing (only for 

lines from the laboratory of James M. Olson (Seattle, USA). Segments of DNA were amplified 

via PCR using the HotStarTaq Plus Master Mix Kit with the cycler Gene Amp® PCR System 

9700. Primers used for these reactions are listed in 2.1.3.1 Primers for Sanger sequencing (page 

35). The following PCR protocol was used:    

 95°C – 2 minutes   

 95°C – 30 seconds 

 59°C – 30 seconds 40 cycles 

 72°C – 1 seconds   

 72°C – 5 minutes 

Afterward, the correct length of the PCR products was determined via agarose gel 

electrophoresis. Finally, PCR products were purified with the QIAquick PCR Purification Kit, 

and sent for Sanger sequencing to GATC Biotech (Konstanz, Germany). 
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2.2.17 Statistical analysis 

Statistical analysis was performed using either GradPad Prism software or the R Statistics 

Environment. If not otherwise indicated, mean values were always given with a confidence 

interval of alpha = 0.05. Group comparisons were performed using Student’s t-test or ANOVA, 

based on whether two or more groups were compared, respectively. Tests were always 

performed two-sided and, unless not otherwise specified, the variance was always assumed to 

be uneven.  Within box plots, the box illustrates the borders of the lower and upper quartile, 

and the line within the box represents the median. The whiskers highlight the limits of the 

nominal range inferred from the upper and lower quartiles. To compare engraftment rates and 

mutation frequencies between populations MedCalc software 

(https://www.medcalc.org/calc/comparison_of_proportions.php) was used, specifically the „N-

1“ χ2 test as recommended448,449. The statistical significance of Kaplan-Meier survival curves 

was assessed using the log-rank (Mantel-Cox) test using GraphPad Prism. For all experiments, 

P values of 0.05 or lower were considered statistically significant. 

 

2.2.18 Information sharing 

Molecular data from PDOX lines can be freely accessed through the “PDX Explorer“ 

(https://hgserver1.amc.nl/cgi-bin/r2/main.cgi?&dscope=PDX_OLSON&option=about_dscope). 

The concept of the PDOX Explorer was designed and the data were pre-processed and collated 

by myself, while Jan Koster in Amsterdam (Netherlands) performed the implementation into 

the R2 platform. Within the “PDX Explorer“ in R2, the one-page overviews for all PDOX lines 

generated in Seattle are also accessible. The one-page overviews were again designed by 

myself, and automated PDF generation was performed with LaTex (https://www.latex-

project.org/) by Susanne N. Gröbner (DKFZ, Heidelberg, Germany). 

 

2.2.19 Methods of collaboration partners* 

Some experiments were performed at the Fred Hutch Cancer Center from the group of James 

M. Olson. The PDX models of the Olson lab are the subject of the previously mentioned 

manuscript “A biobank of patient-derived molecularly characterized orthotopic pediatric brain 

tumor models” and therefore were included in this the thesis, as they were performed in close 

                                                        
*This section of the thesis was taken in its entirety from the research article “A biobank of patient-derived 
molecularly characterized orthotopic pediatric brain tumor models”. The described experiments were 
performed by the laboratory of James M. Olson in Seattle (USA), and therefore this part of text was 
written jointly with members of the Olson laboratory. 
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collaboration. Specific reagents used in these experiments are specified in this section and did 

not appear in section 2.1 Materials (page 31). 

 

2.2.19.1 Patient samples 

Brain tumor tissue was obtained through the Children’s Oncology Group (COG) biology study 

ACNS02B3 and through Seattle Children’s Hospital local banking and biology study. Informed 

consent of the parent or legal guardian, and patient assent when appropriate, was obtained 

according to institutional regulatory standards prior to surgery or autopsy. Fresh tumor tissue 

for research was selected by the pathologist or surgeon at each treating institution after clinical 

diagnostic tissue was obtained. For each sample approximately 100 mg of fresh tissue was 

placed in a 15 ml polypropylene tube with DMEM-F12. Samples from Seattle 

Children’s Hospital were transferred on wet ice and processed withina few hours of 

patient surgery. Other samples from across the United States and Canada were shipped 

overnight on wet ice and typically processed within 24 hours of surgery. Patient age, gender, 

and preliminary diagnosis were provided at the time of tissue shipment. Final institutional 

pathologic diagnosis was provided once available. Patient tumor tissue was triturated with an 

18G needle, to yield a single-cell suspension. The resulting suspension of cells was filtered 

through a nylon mesh 100 µm sterile cell strainer (cat.22363549, Fisher Scientific) and 

concentrated to 50,000 cells per microliter in serum-free DMEM in preparation for intracranial 

xenograft into five recipient mice. 2 to 3 million cells of remaining sample were plated for 

growth in tissue culture. Up to 1 million remaining cells were used for pathogen testing.   

 

2.2.19.2 Xenograft development 

Xenograft of tumor cell suspension was carried out in immune-compromised mice (Nod-scid 

IL2Rgammanull (NSG) or athymic nude) immediately following processing. Female athymic 

Nu/Nu mice were purchased from Jackson Laboratories or Harlan Laboratories (now Envigo 

Laboratories). NSG mice were obtained from the laboratory breeding colony, established by 

breeding pairs purchased from Jackson Laboratories. All mice were maintained in accordance 

with the NIH Guide for the Care and Use of Experimental Animals with approval from the Fred 

Hutchinson Cancer Research Center Institutional Animal Care and Use Committee (IR#1457). 

Analgesia was administered by subcutaneous buprenorphine injection approximately one hour 

before beginning the procedure. Mice were anesthetized using inhaled Isoflurane. 

Establishment of anesthesia was determined by monitoring respiratory rate and toe pinch reflex. 

The surgical site was prepared by shaving the fur between the ears and partially down the back 

of the neck. Puralube Vet Ointment sterile ocular lubricant (027505, MWI Veterinary Supply) 
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was applied to both eyes, and a 1 ml subcutaneous bolus of sterile saline (sys-5-5, Braintree 

Scientific Inc) was administered. Surgery was performed in a clean surgical field. The surgical 

site was cleaned by scrubbing the skin with a cotton swab impregnated with betadine (sc-

359867, Santa Cruz Biotechnology) followed by a sterile 70% ethanol wipe (22-363-750, 

Fisher Scientific). An incision of ~1 cm was made along the mediolateral line starting between 

the ears and ending near the back of the skull using a disposable scalpel (29550, Exel Int). 

Using cotton tipped applicators (25-806 10WC, Puritan) the skull was exposed and cleaned of 

any minor connective tissues or blood. Once the area was clean, a handheld microdrill (Ideal 

Microdrill #67-1000, Cell Point Scientific) with a 0.9 mm burr (19007-09 Fine Scientific 

Tools) was used to create a burr hole into the cortex or cerebellum, corresponding to the in situ 

location of the source tissue. 2 µl of cell suspension (100,000 cells) was deposited into the 

intracranial space by inserting a 10 µl Rainin Pipette-lite fitted with a 2-10 µl ART tips barrier 

non-filtered pipette tip (2139, Thermo Scientific). A small piece of surgical foam (09-0396-05 

Pfizer Injectables) was placed onto the burr hole before pulling the incision closed and bonding 

the skin together with veterinary-grade surgical glue (Vetbond, 3M). Following closure of the 

incision, mice were removed from Isofluorane and transferred to a clean recovery cage placed 

on a heat mat for duration of recovery. After recovery the mouse was returned to its home cage.  

Mice implanted with patient-derived 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. Upon observation 

of symptoms, mice were euthanized and tumor presence was confirmed visually during tissue 

resection. Tumor tissue was formalin-fixed, cryopreserved, and processed for serial 

transplantation into a new cohort of mice.  

 

2.2.19.3 Preclinical experiments 

Orthotopic xenografts were surgically implanted as described above with tumor cells 

originating from symptomatic intracranial tumors in donor mice. Adult male and female NSG 

mice between 8 and 16 weeks of age were used in these experiments. The time between 

surgical implant of tumors and initiation of treatment was based on the typical latency between 

surgery and symptomatic tumor for each tumor model. When the first mouse in the cohort 

became symptomatic with a cranial bulge, the entire cohort was randomized into experimental 

groups of vehicle- or drug-treated. Experimental groups were normalized for age, gender, and 

severity of brain tumor symptoms. Vismodegib-treated mice received 1 mg/mouse of 

Vismodegib (S1082, Selleckchem) by oral gavage, five days on and then two days off, in a 

vehicle of 0.5% methylcellulose with 0.2% Tween-80 in water. Erlotinib-treated mice received 

2 mg/mouse Erlotinib (S7786, Selleckchem) by oral gavage in a vehicle of 1% methylcellulose 
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with 0.1% tween-20 in water, every day for up to 30 days. Mice were monitored daily for 

symptoms of tumor progression until moribund. Tumors were harvested after euthanasia and 

frozen or fixed in 10% formalin. Differences in survival were evaluated using the log-rank 

(Mantel-Cox) test.   

 

2.2.19.4 Tumor pathology 

A pediatric pathologist evaluated PDOX tumors in comparison to the primary human tumor for 

all samples obtained from Seattle Children’s and COG samples when available. 

Immunohistochemistry (IHC) analyses were performed on 4 µm paraffin sections of whole 

brain mounts stained using an automated Ventana Benchmark Stainer (Tucson, AZ).  Sections 

were incubated with primary antibodies in the following concentrations: beta catenin, 1:200 

(Dako, Carpinteria, CA); SFRP1, 1:50 (Thermo Scientific, Waltham, MA); NPRC 1:100 

(Thermo Scientific, Waltham, MA); Kv1.1, 1:1000 (Novus Biologicals, Littleton, CO); CMYC, 

1:200 (Thermo Scientific, Waltham, MA); NMYC 1:500 (Novus Biologicals, Littleton, CO); 

INI-1, 1:300 (BD Biosciences, San Jose, CA); EGFR 1:100 (Invitrogen, Carslbad, CA); 

ERBB2, 1:1000 (Dako, Carpinteria, CA); CD117, 1: 2000 (Dako, Carpinteria, CA); pERK, 

1:50 (Cell Signaling Technology,  Danvers, MA); PDGFR-alpha, 1:100 (Santa Cruz 

Biotechnology Inc., Dallas, TX);  Synaptophysin, 1:800 (BioGenex, Fremont, CA); GFAP, 

1:400 (Dako Carpinteria, CA); Ki67, 1:100 (Dako Carpinteria, CA); CD31, 1:100 (Dako, 

Carpinteria, CA); RB 1:200 (Thermo Scientific, Waltham, MA); PTEN, 1:50 (Thermo 

Scientific, Waltham, MA); p53, 1:50 (Proteintech, Chicago, IL); and GAB-1, 1:100 (Santa 

Cruz Biotechnology Inc., Dallas TX). Slides stained with PECAM, 1:50 (BD Biosciences) were 

blocked with mouse on mouse (M.O.M.) blocking reagent (Vector Laboratories, CA) prior to 

being run on the Ventana Benchmark Stainer. All antibodies were diluted in phosphate-

buffered solution (PBS). Slides were incubated with biotinylated secondary antibodies, 

followed by incubation with the streptavidin and biotinylated peroxidase complex. Sections 

were counterstained with hematoxylin and mounted. 
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3 Results 

Parts of the written contents and figures of the following chapter have been submitted in the 

research article “A biobank of patient-derived molecularly characterized orthotopic pediatric 

brain tumor models”, Brabetz, Leary, Gröbner et al. (List of Publications, page 125) to Nature 

Medicine in July 2017. This research article included 30 PDOX lines generated in the 

laboratory of James M. Olson in Seattle (USA) and their molecular characterization. Some 

analyses were performed only for PDOX lines included in this manuscript and this group of 

PDOX lines will be referred to as “Seattle cohort” within this thesis. Contributions of authors 

other than myself are indicated.  

 

3.1 Model generation and tumor engraftment 

For this study, 130 PDOX models, which were created from freshly-obtained pediatric brain 

tumor specimens orthotopically transplanted into the corresponding brain region of NOD-scid 

IL2Rgammanull (NSG) mice, were collected (Figure 4a, page 59). These 130 PDOX lines were 

created at six different centers around the world including DKFZ (Till Milde/Stefan M. Pfister, 

Heidelberg, Germany), Fred Hutchinson Cancer Research Center (James M. Olson, Seattle, 

USA), Institute Curie (Olivier Ayrault, Paris, France), Sanford Burnham Medical Discovery 

Institute (Robert J. Wechsler-Reya, San Diego, USA), Oregon Health and Science University 

(Yoon-Jae Cho, Portland, USA), and Baylor College of Medicine (Xiao-Nan Li, Houston, 

USA). All centers focused on the generation of PDOX lines from high-grade pediatric brain 

tumor entities, because low-grade pediatric brain tumors are known to not engraft in mice450. 

Only one low-grade tumor, P3635, a pleomorphic xanthoastrocytoma (PXA), was included in 

this cohort, which transformed during passaging from a grade II tumor to a grade III tumor450. 

In the Seattle cohort, an overall engraftment rate of 31.91% (30/94) was observed (Figure 4b). 

Engraftment rates varied between tumor entities (MB 40%, HGG 32%, EPN 19%, ATRT 

25%), but did not differ significantly (P > 0.05) (Figure 4b). Interestingly, in the Seattle cohort, 

there was no difference of engraftment rates between tumor specimens that were transplanted 

on the same day of surgery and specimens that were shipped from various U.S. locations to 

Seattle overnight (Figure 4c). Indeed, seven of the 21 models generated in the center in 

Heidelberg had also been shipped overnight from sending centers, highlighting that it is 

possible to ship samples from collaborating centers to a central PDX generation center – the 

only possible way to reach reasonable numbers of PDX models for rare tumor entities. In order 

to test whether PDOX lines can easily be shared with other researchers using cryo preservation, 

twenty-two PDOX lines from the Seattle cohort were evaluated. All twenty-two PDOX lines 

could successfully be re-grown after cryo preservation (Figure 4d). Overall, 98% (52/53) of 
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thawing events were successful, with an average successful engraftment rate of 68% (213/311) 

in the entire test cohort (Figure 4d, page 59). Noteworthy, the percentage of mice where the 

tumor grew successfully per experiment varied between cryo vial batches from the same model 

(Figure 4d). This confirms that PDOX models can be used as a resource to be shared with other 

researchers, which makes it possible to generate reasonable cohorts, even of PDOX models of 

rare tumor entities, in order to conduct systematic preclinical screens.  

 



Results 

59 

 

Figure 4: PDOX of pediatric brain tumors. 
(a) Schematic illustration of the establishment and characterization pipeline of PDOX models of 
pediatric brain tumors. Example is for a tumor located in the posterior fossa (e.g. MB). Tumors were 
injected in the brain region in the mouse corresponding to the location of the tumor in the patient. 
Drawings of the child and the mouse were kindly provided by Susanne N. Gröbner (DKFZ, Heidelberg, 
Germany). (b) PDOX engraftment rates of pediatric brain tumors (Seattle cohort) in context of entities 
and incidences of pediatric brain tumors220. (c) Comparison of engraftment rates between patient samples 
transplanted the same day (local) and external samples shipped overnight and transplanted the next day 
(n = 96, P = n.s.) (Seattle cohort). (d) Engraftment rates per re-transplantation of a cryo-preserved PDOX 
line (Seattle cohort). Each dot represents one thawing event. Color of dots is based on the molecular 
subgroup of the individual line (Figure 6, page 62). Data for panels (b), (c), and (d) were generated in the 
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laboratory of James M. Olson (Fred Hutchinson Cancer Research Center, Seattle, USA) and were 
analyzed by myself. 
 

3.2 Tumor histology* 

Histologically, PDOX tumors of the Seattle cohort closely resembled the human tumors from 

which they were derived. Representative comparative histology and IHC stains from several 

patient tumors and PDOX models are shown in Figure 5.  

 

 

Figure 5: Histology and IHC are conserved in PDOX. 
Representative comparative histology showing stable morphologic appearance of PDOX tumors in 
reference to patient tumor used to generate the PDOX. Histopathological analyses were performed by 
Bonnie Cole (Seattle Children’s and the University of Washington, Seattle, USA). 
 

For instance, characteristic pseudorosette formation present in primary EPN was maintained in 

the corresponding PDOX model. Synaptophysin staining, typically seen in MB tumors, was 

still present in the MB PDOX models. In addition, molecular alterations detected by IHC were 

maintained in the corresponding PDOX models, such as the absence of SMARCB1/INI1 in the 

                                                        
*This section of the thesis was taken in its entirety from the research article “A biobank of patient-derived 
molecularly characterized orthotopic pediatric brain tumor models”. The described experiments were 
performed by the laboratory of James M. Olson in Seattle (USA), and therefore this part of text was 
written jointly with members of the Olson laboratory. 



Results 

61 

ATRT models or the nuclear accumulation of TP53 or EGFR overexpression in HGG or PNET 

models. 

 

3.3 Molecular subgrouping of PDOX models 

In the past few years, DNA methylation profiling using Illumina arrays has proven to be a 

powerful tool for tumor classification and identification of distinct molecular subtypes within 

histological entities273,316,333,342,451. Therefore, all PDOX models (early passage [XP1-XP3] n = 

130, late passage [XP5-XP6] n = 26) and, if available, their matching patient tumors (n = 91) 

were molecularly characterized by DNA methylation profiling. t-Distributed Stochastic 

Neighbor Embedding (tSNE) analysis of pairwise sample similarities of the generated 

methylation profiles, supplemented by 2,796 reference profiles342 representing nearly all WHO 

classified brain tumor types218 (Figure 6a, page 62), robustly grouped 129 preclinical models 

into various subgroups of pediatric brain tumors (Figure 6b). Only one PDOX line (G6999) and 

its matching patient tumor were not classifiable (Figure 6b), because they clustered separately 

from all reference cases, and therefore likely represent a very rare brain tumor type that was not 

represented in the reference cohort at this stage. Collectively, methylation profiling grouped the 

PDOX models in the following tumor (sub)groups: 62 MBs, consisting of four MB WNT, 21 

MB SHH (14 adult, 7 infant), 24 MB Group 3, and 13 MB Group 4; 24 HGG models, six of the 

K27 subgroup, one model of the G34 subgroup, and 17 non-IDH mutant and non histone-

mutant pediatric glioma models; 17 EPN PDOX models, 11 of the PF A subgroup, and six of 

the RELA subgroup; 11 ATRT PDOX, eight of the SHH subgroup, two of the MYC subgroup, 

and one of the TYR subgroup; three pineoblastoma subgroup B PDOX models; five ETMR 

PDOX models; four former PNET PDOX lines, consisting of one CNS NB FOXR2 PDOX 

line, two EFT CIC lines, and one HGNET BCOR line; one PXA PDOX line; one CNS 

melanoma PDOX line; and one B-cell lymphoma PDOX (Figure 6b).  Within the tSNE 

analysis, primary patient tumor and corresponding early and late PDOX tumors clustered 

closely together within their respective cluster, confirming that both early and later PDOX 

passages faithfully reflect the original disease (Figure 6b). As non-IDH-mutant and non-

histone-mutant glioma models are a challenge for sub-classification within the pan-brain tumor 

reference set, the candidate PDOX lines were also clustered with reference samples from the 

three newly-detected IDH-/histone-wild-type pediatric glioma subgroups266. This reliably 

classified the 17 models into four models of the MYCN subgroup, 11 models of the 

midline/pedRTK1 subgroup, and two models of the RTKIII/pedRTKII subgroup266 (Figure 7, 

page 63). In summary, 129 PDOX models, representing 22 distinct molecular subgroups of 

pediatric brain tumors, were successfully characterized and classified. 
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Figure 6: Molecular subgrouping of PDOX. 
(a) Methylation subgroups of brain tumors as defined by Capper et al.342. A basic explanation of the 
subtypes can be found in Table 3 (page 103). An in-depth description can be found at 
http://www.molecularneuropathology.org or its associated research article342.  (b) 2D representation of 
pairwise sample correlations of methylation probes by tSNE dimension reduction of 3,043 samples, 
consisting of 130 early PDOX passages, 26 late PDOX passages, 91 matching patient tumors and 2,796 
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reference cases342. Reference samples are colored according to their molecular reference entity. Early 
PDOX passages are shown as triangles pointed up, late PDOX passages as triangles pointed down. 
Samples belonging to the same model/tumor are linked with black lines. 
 

 

Figure 7: Molecular subgrouping of non IDH-mutant and non histone-mutant glioma models. 
2D representation of pairwise sample correlations of methylation probes (SD > 0.25) by tSNE dimension 
reduction of 120 samples, comprising of 17 early PDOX passages, 6 late PDOX passages, 10 matching 
patient tumors, and 87 reference cases266. 
 

For MB, the tumor entity with the longest history of molecular subgrouping, additional 

heterogeneity beyond the classic four subgroups had been discovered in recent 

research294,311,312. tSNE analysis of all MB PDOX lines within the reference cohort of 1,251 

samples from Northcott et al.294 reliably disaggregated the PDOX lines into the four classic MB 

subgroups – WNT, SHH, Group 3, and Group 4 (Figure 8a, page 64), with a significant overlap 

between Group 3 and Group 4 tumors being observed. Repeating the analysis and restricting it 

to only Group 3 and Group 4 PDOX lines, the matching patient tumors, and reference samples, 

annotated with the new Group 3 and Group 4 subtypes determined in Northcott et al.294, split 

the 37 Group 3 and Group 4 PDOX lines into each of the eight newly defined subtypes (I: 4, II: 

19, III: 3, IV: 2, V: 2, VI: 2, VII: 2, VIII: 3) (Figure 8b). Thus, overall, this PDOX cohort 

represents the entire subgroup heterogeneity of Group 3 and Group 4 MB, although there is a 

strong over-representation of PDOX lines from the high-risk subtype II, which is enriched for 

tumors with MYC amplifications. Both PDOX line and matching patient tumor always clustered 

into the same subtype, except for one model (Med-2112FH), for which the human tumor 

clustered in subtype IV and the PDOX in subtype II. 
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Figure 8: Molecular subgrouping of medulloblastoma PDOX. 
2D representation of pairwise sample correlations of methylation probes (SD > 0.25) by tSNE dimension 
reduction. (a) 1,370 samples, consisting of 62 early PDOX passages, 15 late PDOX passages, 42 
matching patient tumors, and 1,251 reference cases, representing medulloblastoma. (b) 849 samples, 
consisting of 37 early PDOX passages, 10 late PDOX passages, 26 matching patient tumors and 776 
reference cases294, representing Group 3 and Group 4 medulloblastoma. Reference samples are colored 
according to their molecular reference entity. Early PDOX passages are shown as triangles pointed up, 
late PDOX passages as triangles pointed down. Samples belonging to the same model/tumor are linked 
with black lines. 
 

3.4 Genomic landscape of PDOX models 

In order to select the most appropriate PDOX model for preclinical studies, it is essential to 

know the underlying mutation pattern of disease-relevant oncogenes and tumor suppressor 

genes, even after accounting for molecular subgroups. For instance, targeted therapy of SHH 

MB using SMO-inhibitors is expected to be effective only when the SHH pathway is activated 

by upstream mutations in either PTCH1 or SMO, but not when it is activated by downstream 

mutations in SUFU or amplification of MYCN and/or GLI2299. Therefore, PDOX models were 

examined using whole exome (WES) (n = 62) and low-coverage whole genome sequencing 

(WGSlc) (n = 60), and, if available, also the matching patient tumors (WES n = 26, WGSlc n = 

24, whole genome sequencing n = 5). In addition, for 48 potential driver mutations, the 

presence of the mutations detected in the early PDOX passage was validated in the late passage 

(when available) by Sanger sequencing (Seattle cohort). If sequencing data was not available, 

information on the copy number status was taken from copy number profiles based on 

methylation arrays. In addition, gene expression profiles were generated (PDOX n = 77, 

matching patient tumors n = 32) using Affymetrix U133 plus 2.0 arrays. As matching germline 

controls were unavailable for 51 of the 62 PDOX models available for sequencing, the 

comprehensive calling of somatic variants for these samples was not possible. Hence, variants 
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with a minor allele frequency of lower than 0.1% in the population were excluded and cancer 

genes, recurrently mutated in the specific tumor entities as identified in previous sequencing 

studies, were highlighted as potential driver genes294,445. 

 

 

Figure 9: Aligning next-generation sequencing data to a combined human and murine genome 
filters out artifacts introduced by murine contamination. 
Comparison of SNVs/SNPs (a) or functional SNVs** (c) called in a cohort of WES data of 19 paired 
human tumors and PDOX models (Seattle cohort) by aligning to only a human reference genome (hg19) 
or to a combined human and murine reference genome (hg19 + mm10). The mutations shown are split 
(dotted line) based on whether the mutations were detected by both methods or not, and colored based on 
whether they are present only in the patient tumor or the PDOX, or in both of them. Overlap of 
SNVs/SNPs (b) or functional SNVs** (d) with mousemask* to estimate the artifact burden introduced by 
mouse tissue. *The mousemask, which contains artifacts introduced by mouse tissue being present in 
human exome data, was generated by performing WES on murine brain tissue and aligning to the human 
genome. **The illustrated counts are predicted somatic mutations, as no germline control was available. 
Susanne N. Gröbner performed alignment and variant calling of sequencing data, whereas downstream 
analyses were performed by myself.  
 

In order to avoid potential false positive mutation calls induced by contaminating mouse DNA, 

all sequencing reads were aligned to a combined human and mouse reference genome, and all 

reads mapped to the mouse genome were excluded420. The results from this method were 

benchmarked against alignment to the human reference genome only. Indeed, mutation calling 

after aligning only to the human genome resulted in far more mutation calls (6,605) than after 

alignment to a merged reference (2,549) on a dataset of 19 human tumor and PDOX WES pairs 

(Seattle cohort) (Figure 9c). This was also true without the filter for potentially somatic 

mutations (human: 129,902; merged: 105,038) (Figure 9a). Of the potentially somatic SNVs 

exclusively found after alignment to only the human genome, 92.47% were found only in the 

PDOX and not in the matching human tumor (Figure 9c), supporting the hypothesis that these 



Results 

66 

additional mutations are probably false positive calls. To prove that these additional mutations 

are artifacts induced by mouse reads, WES data from mouse tissue were aligned only to the 

human genome, and subjected to variant calling. Indeed, these artifact mutations overlapped 

with 98% of all human alignment-specific mutations, but not with mutation calls either shared 

between alignment methods or exclusive to alignment to the merged chromosomes (Figure 9d, 

page 65). 

The sequencing analyses showed that all models harbored genetic alterations characteristic of 

the respective disease (Figure 10 - Figure 14). Within MB, the different subgroups are 

characterized by various driver mutations, which are preserved in the matching PDOX. For 

instance, the MB-WNT model Med-913FH contains a prototypic CTNNB1 mutation (Figure 

10a, page 67), and 94% (16/17) of SHH PDOX models were characterized by the presence of 

SHH pathway activations at distinct levels of the pathway299. The PTCH1 locus was affected in 

29% (5/17*) of the lines, and the SUFU locus in 18% (3/17*), while 29% (8/21) of the lines 

harbor an amplification of either MYCN and/or GLI2 in combination with a TP53 defect 

(Figure 10b). SMO alterations, typically found in adult MB patients, were found only once in 

combination with a MYCN amplification in the RCMB18 line (Figure 10b). This most likely 

reflects the strong bias for pediatric patients in this cohort.  In one case with complete DNA 

sequencing data (WES + WGSlc), no lesion in the SHH pathway was found, which turned out 

to be a patient with a bi-allelic germline BRCA2 deficiency (B062_13315) (Figure 10b). The 

remaining five cases presented in Figure 10b without lesions in the SHH pathway lacked WES 

data, so it was only possible to exclude copy number alterations as the driver, but other driving 

mutations could not yet be examined. In addition to the main drivers of SHH MB, other 

alterations that are typically found in this disease, such as CREBBP, YAP1, or ARID1A, were 

identified (Figure 10b). A comparison of the frequency of alterations in the PDOX cohort with 

a published cohort of primary MB294 highlighted a significant overrepresentation of alterations 

targeting MYCN (29% in PDOX cohort vs. 8% in reference cohort; P < 0.01), GLI2 (29% vs. 

9%; P < 0.05), TP53 (35% vs. 13%; P < 0.05), and ARID1A (18% vs. 2%; P < 0.01). Except for 

ARID1A, all genes characterize the high-risk group of TP53-mutant SHH MB, which is also 

highly enriched for Li-Fraumeni Syndrome patients harboring germline TP53 variants285,298-302 

(Figure 10b).  

                                                        
*PDOX models negative for the target lesion and lacking WES data were excluded from the 
statistical analysis. 
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Figure 10: Molecular landscape of WNT and SHH medulloblastoma PDOX models. 
Hallmark genomic alterations including amplifications, deletions, mutations, and chromosomal arm 
changes are consistent between patient tumor and PDOX models at early and late passages in (a) WNT 
MB and (b) SHH MB. Population frequencies are based on the reference cohort of Northcott et al., 
2017294. *PDOX models negative for the target lesion and lacking WES data were excluded from the 
statistical analysis.  
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Figure 11: Molecular landscape of Group 3 and Group 4 medulloblastoma PDOX models. 
Hallmark genomic alterations including amplifications, deletions, mutations, and chromosomal arm 
changes are consistent between patient tumor and PDOX models at early and late passages in (a) Group 
3 MB and (b) Group 4 MB. Population frequencies are based on the reference cohort of Northcott et al., 
2017294. *PDOX models negative for the target lesion and lacking WES data were excluded from the 
statistical analysis. 
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In concordance, Group 3 MB PDOX, typically characterized by a MYC gene signature, 

harbored an amplification of the MYC locus in 54% (13/24) of the cases, which is a significant 

overrepresentation compared to primary tumor cohorts (16%; P < 0.0001) (Figure 11a, page 

68) and also defines a population of very high-risk tumors with a poor prognosis298. Of note, in 

23% (3/13) of MYC amplified PDOX lines, the MYC amplification was not found in the patient 

tumor, highlighting the possibility of clonal outgrowth after transplantation (Figure 11a). 

Mutually exclusive to the MYC amplification, the recently described hotspot insertion in 

KBTBD4294 was detected in three PDOX lines (Figure 11a). In addition, one potentially rare 

SNP or SNV in KBTBD4 in a MYC amplified line (Med-1911FH) was identified (Figure 11a). 

Out of the four lines without MYC amplification with available WES data, only one line (Med-

210FH) did not harbor the KBTBD4 hotspot insertion, and overall, compared to the reference 

population, KBTBD4 events were enriched in the PDOX cohort (27% vs. 6%; P < 0.01) (Figure 

11a). In addition to these events, other typical alterations were detected, such as mutations in 

KMT2D or CTDNEP1 (Figure 11a). Mutations in CREBBP were also detected in two lines 

without germline control (MB009, M1572) (Figure 11a), which usually occur only somatically 

in SHH MB, but have been reported to occur in the germline of Group 3 and 4 MB 

patients452,453. A novel finding in the biology of Group 3 and Group 4 MB in the past few years 

was the identification of enhancer hijacking events, where, through a structural alteration, an 

active enhancer is translocated into the proximity of an oncogene, thereby activating its 

expression294,309. Overall, eleven PDOX lines with a focal structural alteration and associated 

gene upregulation (when expression data was available) in the candidate genes GFI1 (Figure 

12a,b, page 70), GFI1B (Figure 12c,d), and PRDM6 (Figure 12e,f) were detected in the entire 

PDOX cohort. Two GFI1B events and one GFI1 event were detected in the cohort of Group 3 

MB (Figure 11a). Unexpectedly, in the MYC-amplified PDOX line RCMB28, the structural 

alteration close to the GFI1B locus was preserved in the PDOX when compared to the patient 

tumor, but the expression of GFI1B in the PDOX was not elevated any further (Figure 12c,d). 

This observation might suggest that under certain circumstances, the expression of GFI1B may 

be important only for the initiation of the tumor, but not for tumor maintenance. Within Group 

4 MB, all four lines of subtype I were found to have a GFI1B event; one additional line 

(M1387) showed GFI1 activation, and two lines, both in the new subtype V, harbored a 

PRDM6 enhancer hijacking event (Figure 11b). Other events detected in Group 4 MB PDOX 

were a KDM6A mutation, a CDK6 amplification, or a MYCN amplification (Figure 12b). 

However, within the Group 4 MB PDOX, the MYCN amplified lines were not enriched as in 

SHH MB (Figure 10b, page 67; Figure 11b), corresponding to MYCN amplifications being 

associated only with a poor prognosis in the SHH subgroup and not in the Group 4 subgroup of 

MB298. In contrast, GFI1B activated lines were significantly enriched only in Group 4 MB 
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PDOX (31% vs. 10%; P < 0.05), but not in Group 3 MB PDOX (8% vs. 11%; P = n.s.) (Figure 

11, page 68). 

 

 

Figure 12: Enhancer hijacking events detected in medulloblastoma PDOX. 
Expression values of (a) GFI1, (c) GFI1B, and (e) PRDM6 across the cohort of patient tumors and 
PDOX (MB only). Outliers with gene activation are highlighted. The shown tumors are colored based on 
their molecular subgroup (WNT – blue, SHH – red, Group 3 – yellow, Group 4 – green). Copy number 
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states (based on methylation array data) of enhancer hijacking candidates in PDOX and patient tumors of 
the (a) GFI1, (c) GFI1B, and (e) PRDM6 loci. Relative copy number is coded as indicated in the legend 
(high – red, low – blue). In (d), PDOX lines of methylation subtype I were also included. 
 

 

Figure 13: Molecular landscape of high-grade glioma PDOX models. 
(a) Hallmark genomic alterations including amplifications, deletions, mutations, and chromosomal arm 
changes are consistent between patient tumor and PDOX models at early and late passages in high-grade 
glioma. Population frequencies are based on the reference cohort of Mackay et al., 2017445. (b) Single 
nucleotide variant frequency per megabase across cohort of PDOX and patient tumors. Outliers 
(hypermutators) are highlighted. The tumors are colored based on their molecular subgroup (Figure 6, 
page 62). *PDOX models negative for the target lesion and lacking WES data were excluded from the 
statistical analysis. **The illustrated counts are predicted somatic mutations, because, except for in eight 
cases, no germline control was available. 
 

PDOX models of pediatric HGG also showed subgroup-specific alterations. PDOX models of 

the K27 methylation subgroup harbored mutations in either H3F3A or HIST1H3B, and models 
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of the MYCN subgroup contained the prototypic MYCN and ID2 co-amplification in 75% (3/4) 

of the cases (Figure 13a, page 71). Other typical alterations included CDKN2A/B loss or 

alterations in receptor tyrosine kinases such as PDGFRA or EGFR, which are characteristic for 

the pedRTK1 or pedRTK2 subgroup, respectively (Figure 13a). Comparing the landscape of  

PDOX models to a reference cohort of pediatric HGG445, a strong under-representation of 

histone-mutant models (17% vs. 60%; P < 0.01) and an overrepresentation of lesions in EGFR 

(17 % vs. 5%; P < 0.001), FGFR1 (18% vs. 3%; P < 0.01), MYCN (17% vs. 6%; P < 0.05), ID2 

(17% vs. 6%; P < 0.05), and CDK4 (17% vs. 3%; P < 0.001) was observed (Figure 13a). 

Remarkably, three PDOX lines (GBM-311FH, GBM-611FH, G1406) of the pedRTK1 

subgroup showed a hypermutator phenotype (Figure 13b). GBM-311FH and GBM-611FH 

were both generated from the same patient, at the point of primary tumor lesion and autopsy, 

respectively, and both harbored MSH2 mutations, explaining the hypermutator phenotype 

(Figure 13a). The genetic cause for the hypermutator phenotype in G1406 is not yet known. 

 

 

Figure 14: Molecular landscape of ependymoma and atypical teratoid/rhabdoid tumor PDOX 
models. 
Hallmark genomic alterations including amplifications, deletions, and mutations are consistent between 
patient tumor and PDOX models at early and late passages in (a) EPN and (b) ATRT. Population 
frequencies are based on the reference cohort of Pajtler et al., 2015273 and Johann et al., 2016316. *PDOX 
models negative for the target lesion and lacking WES data were excluded from the statistical analysis.  
**PDOX models negative for the target lesion and lacking RNAseq data were excluded from the 
statistical analysis. 
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PDOX models of EPNs and ATRTs also harbored the typical lesions such as RELA fusions or 

CDKN2A/B loss in RELA subgroup EPN or SMARCB1 deactivation in ATRT (Figure 14, page 

72). As in the primary tumors, no oncogenic drivers were found in the EPN PF A models. 

However, compared to a published reference cohort273, a strong overrepresentation (73% (8/11) 

vs. 25%; P < 0.001) of PDOX with chromosome 1q gains, associated with a poor prognosis in 

this disease454, was observed (Figure 14a).  

Overall, this PDOX cohort represents a variety of patient populations even within tumor 

subgroups. However, the molecular landscape is biased toward very aggressive tumor 

subgroups, such as TP53-mutant SHH MB, MYC amplified Group 3 MB, MYCN and ID2 

amplified HGG, or 1q gained EPN PF A. The enrichment of genetic alterations not previously 

linked to a poor prognosis in our PDOX cohort, such as GFI1B only in Group 4 and not in 

Group 3 MB, may be the result of the cohort used for injection having a bias toward high-risk 

patients, but also may provide indications for the prognostic implications of certain genetic 

alterations, which have not yet been evaluated in a clinical setting.  

 

3.5 Molecular fidelity of PDOX models 

In addition to evaluating the genomic landscape of PDOX models of pediatric brain tumors on 

the demographic level and assessing which model could represent which group of patients, it 

was also systematically assessed how PDOX models may differ from their originating patient 

tumor at the mutational, copy number, methylome, and transcriptome levels.  

In general, recurrently mutated events of reference cohorts found in the patient tumor were 

always maintained in the PDOX. However, two exceptions were observed: 1) Loss of a 

subclonal TCF4 mutation in a Group 3 MB PDOX (Med-2112FH); and 2) loss of expression of 

the enhancer hijacking target GFI1B in a Group 3 MB PDOX (RCMB28). In contrast, the 

selection of entity-specific driver events in PDOX lines was observed more often: Gain of a 

CDKN2C indel in a K27 HGG PDOX (PBT-01FH), MYCN amplification in SHH MB (BT084), 

a subclonal PIK3CA mutation (B062_13315), MYC amplification in Group 3 MB (NCH2194, 

Med-211FH, M1494), and 1q gain in EPN PFA (EPD-710FH). Both kinds of events are most 

likely the result of a clonal outgrowth of a minor clone during PDOX engraftment. In the 

context of the MYC outgrowth of Med-211FH, intratumoral heterogeneity was evaluated via 

immunohistochemistry (IHC). Indeed, MYC protein expression was found in every cell in the 

PDOX, while the patient tumor contained tumor cells with both high and low MYC protein 

expression (Figure 15, page 74).  
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Figure 15: Outgrowth of a MYC-amplified clone in Med-211FH. 
(a) Copy number profile of patient tumor and early PDOX passage of Med-211FH. Data was generated 
using binned whole genome sequencing reads normalized to the total number of reads and normalizing 
the result to control tissue (log2 tumor/control). Regions of interest are highlighted in red. This figure was 
jointly created by Susanne N. Gröbner (DKFZ, Heidelberg, Germany) and myself. (b) MYC 
immunohistochemistry of patient tumor and PDOX Med-211FH. Histopathological analysis was 
performed by Bonnie Cole (Seattle Children’s and the University of Washington, Seattle, USA). 
 

While in this cohort driver events were almost always maintained, the overall mutational 

landscape and clonal composition of tumors can still change, which was seen in other studies of 

PDX397,411,417, but also in cohorts of primary and relapse tumor pairs455. In our cohort of eight 

PDOX models with matching patient tumor and germline, 88% (7/8) of models did not 

maintain all mutations in the patient tumor (Figure 16a-h, page 75). Assessing the models based 

on the correlation coefficient of mutational allele frequencies of patient tumor and PDOX, two 

models (B062_13315, BT084) emerged as high fidelity models (r > 0.8), three models (BT126, 

NCH2194, NCH2053) had significant clonal changes (0.8 > r > 0.4), and the three remaining 

models (B062_013, NCH2315, NCH3602) did not share most of their mutations (r < 0.4) 

(Figure 16a-h). Of note, all three presumed low-fidelity models are driven by a single driver 

event that is preserved in all three lines (B062_013 – SUFU germline defect, NCH2315 – 

FOXR2 activation, NCH3602 – C19MC miRNA cluster amplification), which makes it 

plausible that most mutations lost or gained in the PDOX might represent passenger events. 

Analyzing the cohort of patient tumor and PDOX pairs without germline, on average 98.40% ± 

0.99% of predicted somatic SNVs were maintained in the PDOX, while on average 3.17% ± 

2.22% of SNVs were newly acquired in the PDOX (Figure 16i,j). Because the true somatic 

mutation count may be over-estimated in samples without germline, and SNPs introduced as 
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false positive SNVs are maintained in PDOX, these numbers probably slightly underestimate 

the true clonal variation in these PDOX. 

 

 

Figure 16: Clonal evolution from patient tumor to PDOX. 
(a-h) Correlations of allele frequencies for patient tumors and matching PDOX based on SNVs called 
from WES or WGS data (only models with germline controls). Red-highlighted entity-specific genes are 
genes determined to be significantly recurrently mutated in the reference cohort Northcott et al., 2017294. 
(b,e,f) WES pairs. (a,c,d,g,h) WES PDOX data and WGS patient tumor data. (i) Maintained SNVs* in 
PDOX from patient tumor. Each PDOX and patient tumor pair is represented as a dot, colored by the 
molecular subgroup of the PDOX line (Figure 6, page 62). (j) Newly acquired SNVs* present only in 
PDOX and not in the initial patient tumor. Each PDOX and patient tumor pair is represented as a dot, 
colored by the molecular subgroup of the PDOX line (Figure 6, page 62). *The illustrated counts are 
predicted somatic mutations, as no germline control was available. 
 

To evaluate whether the global copy number landscape of PDOX models changed compared to 

their patient tumors, unsupervised clustering of copy number profiles with multiple methylation 

profiles per PDOX (patient tumor n = 88, early PDOX passage n = 93, late PDOX passage n = 

26) was performed. Fourteen percent (12/88) of patient tumor PDOX pairs did not cluster next 

to each other in this analysis (Figure 17a, page 76). After manual inspection, pairs with either 

low tumor cell purity in the patient tumor or overall flat copy number plots without any distinct 

copy number alteration between both states were excluded (n = 5). Out of the remaining seven 

discordant pairs (8%), only two were linked to a clonal outgrowth, in which the PDOX clone 
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would be classified as being more aggressive than the patient tumor (Med-211FH – MYC 

amplification, EPD-710FH – 1q gain).  

 

 

Figure 17: The copy-number landscape of patient tumors is maintained in PDOX models. 
(a) Unsupervised hierarchical clustering of copy number variations derived from methylation data of all 
PDOX models with more than one methylation profile per model (patient tumor n = 88, early PDOX 
passage n = 93, late PDOX passage n = 26). The relative intensity is depicted in the heatmap along the 
chromosomes (y-axis) (red – high, blue - low). Samples are colored based on their molecular subgroup 
(Figure 6, page 62), and based on whether the samples of the individual PDOX lines cluster with the 
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matching patient tumor or not. Samples with a flat copy number plot or low tumor cell content were 
excluded from this analysis (yellow). (b,c,d) Copy number plots generated from methylation array data 
of the (b) patient tumor, (c) early PDOX passage, and (d) late PDOX passage of NCH2315. 
 

The other five discordant pairs (6%) changed in the CNV landscape, but there was no obvious 

explanation as to why the new clone should be more aggressive than the dominant clone in the 

patient tumor. Only two out of five models that were found in the previous analysis of driver 

event maintenance and were driven by an alteration in the CNV landscape were picked up in 

this analysis, highlighting that in the overall context of the entire copy number landscape, 

focused alteration in a driver event is a minor event and cannot be picked up by this unbiased 

analysis. While some PDOX and patient tumor pairs clustered discordantly, all 26 early and 

late PDOX pairs clustered very close to each other, even in the two cases in which the patient 

tumor did not cluster with both PDOX passages (NCH2315, Med-211FH). Particularly in 

NCH2315, there were dramatic changes from the patient tumor to the early PDOX passage in 

the CNV landscape, while the CNV landscape after this rearrangement was mostly consistent 

(Figure 17b-d, page 76). In concordance with the change in CNV landscape, this line also 

showed clonal changes in the previous analysis of SNVs (Figure 16g, page 75). 

DNA methylation as an epigenetic mark plays a major regulatory role in many biological 

processes and also in human cancer456. The methylome of pediatric brain tumors is of major 

interest in research, as it can be used not only for reliable tumor subgrouping342, but also is a 

result of the cell of origin and of oncogenic-specific reshaping of the methylome, as for 

example in IDH-mutant glioma238. As DNA methylation is very important in defining the 

identity of tumor subgroups, an examination of whether PDOX maintain the methylation 

profiles from their matching patient tumor was carried out. In cluster analyses based on 

methylation array data, PDOX and matching human tumors nearly always clustered very 

closely to each other (Figure 6, page 62; Figure 7, page 63; Figure 8, page 64) and had an 

average pairwise Pearson correlation coefficient of r = 0.9246 ± 0.0063 (n = 91) (Figure 18a, 

page 78). However, evaluating the average raw methylation in patient tumors and PDOX 

highlights a small consistent demethylation (n = 91, patient tumor: 0.4700 ± 0.0064, PDOX: 

0.4602 ± 0.0080; P < 0.001) (Figure 18b,c). To check whether the same CpG-sites are 

consistently being demethylated, differential methylated CpG-sites were identified through 

pairwise comparisons. Only 59 differentially-methylated probes (P < 0.05, -0.2 > Δβ > 0.2) 

(Figure 18d) were revealed, which means that not always the same CpG sites are the target of 

demethylation. It is possible that the various tumor subtypes show different grades of 

demethylation, which would be why not many differentially methylated probes were detected 

in the prior analysis. 
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Figure 18: Molecular fidelity of the methylome in PDOX models. 
(a) Pairwise Pearson correlation coefficient of DNA methylation profiles of patient tumor PDOX pairs (n 
= 91). (b) The empirical cumulative distribution function for DNA methylation levels (β-values) plotted 
individually for paired patient tumors and PDOX (n = 91). (c) Average DNA methylation status per 
individual sample, colored based on the tumor subgroup (Figure 6, page 62). Statistical significance was 
determined by a paired t-test. (d) Mean methylation change from patient tumors to PDOX at each CpG 
site. Colored dots represent CpG sites that show significant hypomethylation (orange dots, total count 
provided) or hypermethylation (green dots, total count provided) (P-value < 0.05 and |Δβ| > 0.2). 
 

Indeed, if PDOX and patient tumor pairs were analyzed separately by tumor subgroup, 

differences in demethylation behavior were detected even within entities (Figure 19, page 79). 

EPN PF A (n = 8), ATRT SHH (n = 6), HGG pedRTK1 (n = 7), MB SHH (n = 13), MB WNT 

(n = 3), and MB Group 4 (n = 9) did not show a significant methylation change between patient 

tumor and PDOX, while EPN RELA (n = 4; P < 0.01), K27 mutant glioma (n = 5; P < 0.01), 

and MB Group 3 (n = 17; P < 0.01) showed significant demethylation in the PDOX (Figure 

19). Of note, MB Group 3 PDOX were not further demethylated during passaging in mice (n = 

7) (Figure 19t), while in GBM pedRTK1, late PDOX were significantly hypermethylated from 

early to late PDOX (n = 4; P < 0.05) (Figure 19l). Overall, in all tumor subgroups, methylation 

levels did not changing uniformly, as individual models developed against the general trend, 

pointing toward individual evolution. However, in K27 mutant glioma, MB Group 3, and EPN 

RELA, the overall trend favors hypomethylation significantly. It should be noted that the low 

number of comparisons limits the statistical power of analyses for some subtypes, e.g. for SHH 

ATRT. 
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Figure 19: Tumor subtype-specific demethylation in PDOX models. 
(a,c,e,g,i,m,q,u,w) Overall DNA methylation levels (mean β-value) of individual PDOX models over 
time, split per tumor subgroup. (b,d,f,h,j,k,l,n,o,p,r,s,t,v,x) Average DNA methylation status per 
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individual sample is plotted as a dot that is colored based on the tumor subgroup (Figure 6, page 62). 
Only paired samples for the individual comparison are included. Statistical significance was determined 
by a paired t-test comparing the difference in methylation between each pair. PT = patient tumor. 
 

In concordance with other layers of molecular data, PDOX models also maintain the gene 

expression profile of their matching patient tumor, shown by a pairwise Pearson correlation 

coefficient of r = 0.9319 ± 0.010 (n = 32) (Figure 20a). A comparative analysis of 

differentially-expressed genes (P < 0.05, -1 > log2FC > 1) between PDOX and patient tumors 

identified many more down- (385) than upregulated (14) genes in PDOX (Figure 20b). DAVID 

pathway enrichment analysis identified that reduced expression genes were almost exclusively 

associated with human stroma (Figure 20c), that, during passaging in mice, is replaced by 

murine stroma, but in case of the immune system nearly completely lost due to the use of 

immunocompromised mice396,397,412. 

 

 

Figure 20: Molecular fidelity of the transcriptomes in PDOX models. 
(a) Pairwise Pearson correlation coefficient of gene expression profiles of patient tumor PDOX pairs (n = 
32), colored by tumor subgroup (Figure 6, page 62) (b) Mean expression level changes from human 
tumor to PDOX passage (n = 32 pairs). Significantly differentially-expressed probes are highlighted in 
orange (505 probes ~ 385 genes down-regulated in PDOX passage) and green (15 probes ~ 14 genes up-
regulated in PDOX passage) (P-value < 0.05 and log2 (fold change) > 1). (c) DAVID Gene-Enrichment 
Analysis (GO term BP and CC) of significantly overexpressed genes in PDOX passages. The top 20 GO 
terms ranked by P-value are depicted. The dashed line illustrates the P-value cutoff of 0.05.  
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Based on the analyses of multiple layers of genomic data, it can be concluded that PDOX 

models faithfully reflect the patient tumors from which they were derived and that they remain 

relatively stable when being passaged in mice. However, PDOX models continuously evolve 

over time, which may lead to changes in the genomic landscape of these lines. In rare events, 

clonal outgrowth of drivers, not previously detected in the patient tumor, were found in the 

PDOX, which is most likely a result of a heterogeneous patient tumor. 

 

3.6 A resource for the scientific community 

Due to the rarity of pediatric brain tumors and the multitude of different entities, subgroups, 

and additional inter-tumoral heterogeneity within these groups, it is important that the scientific 

community is able to study this repertoire of preclinical models that represents the entire 

spectrum of pediatric brain tumors in comparison to conventional cancer cell lines. In order to 

make this PDOX resource accessible to the entire scientific community, the molecular and 

histopathological data were made publicly available and can now be explored through the R2 

“PDX Explorer” (currently containing the Seattle cohort, https://hgserver1.amc.nl/cgi-

bin/r2/main.cgi?&dscope=PDX_OLSON&option=about_dscope), allowing scientists from all 

over the world to find the most relevant PDOX lines for their scientific questions. A summary 

of the essential information for each PDOX is available online in the PDX explorer (see 

example, Figure 21, page 82). 
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Figure 21: Example of PDOX fact sheet: Med-211FH. 
PDOX fact sheet that summarizes the essential information about this particular PDOX line. All 
individual PDOX fact sheets are available at www.btrl.org and r2.amc.nl. 
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3.7 Therapeutic response confirms genetic vulnerability predicted by 

molecular analysis* 

To assess whether genomic vulnerabilities identified by molecular analysis can be translated 

into potential therapeutic targets, two comparisons between predicted sensitive- and resistant 

tumor models were made. First, two PDOX models (PBT-04FH and PBT-05FH), both 

molecularly classified as HGG of the MYCN subgroup and both harboring a MYCN 

amplification, but differentiating by EGFR amplification, overexpression, and activation, were 

evaluated for sensitivity to EGFR kinase inhibition with Erlotinib. PBT-04FH (no EGFR 

amplification) and PBT-05FH (EGFR amplification) tumors were treated with Erlotinib at 2 

mg/mouse daily by oral gavage. Mice transplanted with EGFR-amplified PBT-05FH tumors 

survived significantly longer on treatment compared to the vehicle-treated control group (26 

versus 6 days; P = 0.0001) (Figure 22a, page 84). In stark contrast, mice transplanted with the 

low-EGFR-expressing tumor model PBT-04FH fared worse on Erlotinib treatment with a 

median survival of only eight days compared to 17 days for the vehicle group (Figure 22b). 

Animals treated with Erlotinib lost weight due to toxicity, which, in combination with weight 

loss due to tumor growth, lead to an earlier death if the drug could not stall tumor progression. 

In the second comparison, two MB-SHH models, each with different mutational status, were 

treated with the SMO-inhibitor Vismodegib. Med-1712FH, harboring a PTCH1 mutation, had 

an improved median survival time of 16 days when treated with Vismodegib, versus 10 days 

for the vehicle-treated cohort (P = 0.05) (Figure 22c). In contrast, Med-813FH, driven by 

MYCN and GLI2 amplifications, showed no improvement in median survival (6 days with 

Vismodegib treatment versus 8.5 days with vehicle treatment) (Figure 22d).  

 

                                                        
*This section of the thesis describing Figure 22 was taken in its entirety from the research article “A 
biobank of patient-derived molecularly characterized orthotopic pediatric brain tumor models”. The 
described experiments were performed by the laboratory of James M. Olson in Seattle (USA), and 
therefore this part of text was written jointly with members of the Olson laboratory. 
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Figure 22: Preclinical evaluation of targeted therapeutics shows differential response to therapy 
based on molecular drivers. 
Kaplan-Meier analyses of (a) PBT-05FH treated with and without Erlotinib 2 mg/mouse p.o. daily; n = 7 
per group (P = 0.0001), (b) PBT-04FH treated with and without Erlotinib 2 mg/mouse p.o. daily; n = 9 
per group (P = 0.0188), (c) Med-1712FH treated with and without Vismodegib 1 mg/mouse p.o. daily; n 
= 10 per group (P = 0.0502), and (d) Med-813FH treated with and without Vismodegib 1 mg/mouse p.o. 
daily; n = 9 per group (P > 0.99). These experiments were performed by Emily J. Girard (Fred 
Hutchinson Cancer Research Center, Seattle, USA).  
 

Although orthotopic PDX models offer unique advantages when compared to conventional 

subcutaneous PDX, measurement of tumor growth is much more challenging in orthotopic 

PDX, as subcutaneous tumor growth can be monitored more easily through caliper 

measurement, while in PDOX it must be measured indirectly through the use of imaging 

modalities. Because of this, in many scenarios preclinical experiments in PDOX are evaluated 

based on survival differences only and not on assessment of objective response (i.e., volumetric 

measurement). However, comparing the tumor size at the start of therapy to the tumor size at 

the end of a treatment period is the typical clinical outcome parameter used to evaluate therapy 

success. In order to evaluate therapy response during orthotopic tumor growth in the brain, the 

PDOX line Med-1712FH was labeled with a lentiviral construct containing GFP and 

Luciferase, which allows for continuous intravital imaging of tumor growth. Using this 

technique, the protocol for the preclinical experiments was adjusted. Instead of an enrollment of 

all animals at a pre-defined time after injection of the tumor cells, animals were individually 

enrolled upon reaching a pre-defined bioluminescence signal threshold (2x106 p/s). Evaluation 

of the SMO-inhibitors Glasdegib and PF-05274857 in the PTCH1-driven SHH MB line Med-
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1712FH showed a significant delay in tumor growth as measured by bioluminescence (Figure 

23a, page 86), which translates into an improvement of the median survival rate of 18.5 days (P 

< 0.01) for Glasdegib and of 32.5 days (P < 0.0001) compared to vehicle-treated animals 

(Figure 23b). While considered successful scientifically, in a clinical setting, this response 

would still classify as progressive disease. In an additional experiment, the SMO-inhibitor 

Erismodegib (a.k.a. Sonidegib or LDE225) and the standard-of-care chemotherapeutic 

Cisplatin were evaluated in the same setting, observing an average reduction of tumor size of 

57.87% ± 14.44% of the initial signal intensity after 28 days of treatment with Erismodegib, 

while Cisplatin treatment did not alter tumor growth (Figure 22c). Evaluating tumor response 

based on the RECIST clinical characteristics, 78% (7/9) of responses classified as tumor 

regression (< 70% of initial lesion) (Figure 23e). In order to confirm that Erismodegib actually 

inhibited the SMO pathway, tumor-bearing Med-1712FH mice were treated with Erismodegib 

for two days, and then the potent downregulation of SHH pathway target genes PTCH1, 

PTCH2, GLI1, and MYCN was confirmed (Figure 22f). To allow the animals to recover from 

long-term treatments with Erismodegib, treatment was halted after reaching a threshold of 

1x106 p/s and re-initiated at 2x106 p/s signal intensity. This protocol led to a longer median 

survival rate of 192 days compared to vehicle controls (P < 0.0001) (Figure 23d).  
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Figure 23: Preclinical evaluation of SMO inhibitors. 
Animals injected with luciferase-labeled Med-1712FH cells were enrolled weekly into the study upon 
reaching a signal threshold of 2x106 p/s. (a,c) Average relative luciferase signal normalized to luciferase 
signal at treatment start over the period of the study. Error bars represent the standard error of the mean 
(a) Glasdegib (n = 8) vs. Vehicle (n = 9) (P < 0.001, 42 days after enrollment); PF-05274857 (n = 8) vs. 
Vehicle (n = 9) (P < 0.001, 42 days after enrollment); (c) Erismodegib (n = 9) vs. Vehicle (n = 9) (P < 
0.0001, 28 days after enrollment); Cisplatin (n = 7) vs. Vehicle (n = 9) (P = n.s., 28 days after 
enrollment). (b,d) Kaplain-Meier curves of associated experiments: (b) Glasdegib (n = 8) vs. Vehicle (n 
= 9) (P < 0.01); PF-05274857 (n = 8) vs. Vehicle (n = 9) (P < 0.0001); (d) Erismodegib (n = 9) vs. 
Vehicle (n = 9) (P < 0.0001); Cisplatin (n = 7) vs. Vehicle (n = 9) (n.s.). (e) Relative luciferase signal 
change per individual animal after four weeks of treatment w/o Erismodegib. Each bar, colored based on 
the treatment group (Vehicle – black, Erismodegib – red), represents one mouse. (f) qPCR analysis of 
Med-1712FH tumor-bearing animals treated with and without Erismodegib, 20 mg/kg, p.o., for two days. 
 

Animals responded continuously to treatment for about four cycles until the tumors started to 

become resistant and to grow under therapy (Figure 24, page 87). Unexpectedly, treatment 

response in the first cycle was always slower than the treatment responses in the following 

cycles. Resistant tumors were collected and are currently being molecularly analyzed in order 

to find the genetic lesion leading to the resistance to SMO inhibition. In addition, the resistant 

tumors were used to generate new resistant PDOX sublines to be able to test new therapy 

concepts after identification of the resistance mechanism. 
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Figure 24: Treatment cycles of Erismodegib can induce treatment resistance in the PDOX model 
Med-1712FH. 
Individual luciferase signal of animals, injected with Luciferase-labeled Med-1712FH, which were 
individually enrolled into the study upon reaching a signal threshold of 2x106 p/s (red dotted line) and 
treated w/o Erismodegib 20 mg/kg, p.o., 5/7 days. Upon tumor regression below 1x106 p/s (black dotted 
line), animals were taken off treatment until they reached 2x106 p/s again. Red dots indicate weeks 
during which animals were treated with Erismodegib and black dots indicate weeks during which 
animals were not treated with Erismodegib. Grey curves indicate the luciferase signal of individual 
animals treated with a vehicle control (n = 9). 
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4 Discussion 

4.1 PDOX models in pediatric neurooncology 

Until recently, relatively few PDX models of pediatric brain tumors were described, and these 

do not represent the multitude of brain tumor subtypes299,416,450,457-467. Moreover, existing 

models have often been established as in vitro cultures, grown only subcutaneously, and have 

not been extensively molecularly characterized299,416,450,457-467. In this study, the cohort of 130 

molecularly characterized PDOX lines, representing 22 distinct subtypes of pediatric brain 

tumors, is until now the largest collection of PDX models in pediatric neurooncology and 

highlights the power of the PDOX methodology. One the one hand, it was possible to identify 

model systems for tumor subtypes that so have far not been modeled, including, but not limited 

to, non-MYC amplified Group 3 MB, KBTBD4-mutant MB, PRDM6-driven Group 4 MB, 

hypermutant HGG, MYCN HGG, different subgroups of ATRT, CNS NB FOXR2, 

pineoblastoma, and PF A EPN. On the other hand, for the first time, it was also possible to 

assemble a reasonable-sized cohort of preclinical models representing defined patient 

populations of pediatric brain tumors, such as six RELA EPN models from various patients. In 

contrast, until 2015, only 60 conventional cell lines had been described in the field of pediatric 

neurooncology, many of which have been in culture for decades468. The characterization of 

these conventional cell lines is mostly very basic and often includes only the histopathological 

diagnosis and the age of the patient468. As exemplified by medulloblastoma, the molecular 

heterogeneity of these cell lines is very uniform, because eleven out of eighteen cell lines were 

classified as Group 3 MBs and all eleven harbored MYC amplifications469. Furthermore, the 

evidence that the remaining cell lines are truly WNT, SHH, and Group 4 is questionable469. For 

example, in typical SHH pathway experiments, the DAOY cell line, supposedly representing 

SHH MBs, must be stimulated with an external SHH ligand. However, SHH MBs should have 

an intrinsic activation of the pathway, which should render them independent of external SHH 

stimulation299. In contrast, the Med-1712FH PDOX line that harbors the typical loss of PTCH1 

and was here shown to be dependent upon this associated intrinsic SHH activation, is a much 

more appropriate model system than the previously used DAOY cell line. The difficulty in 

modeling the heterogeneity of pediatric brain tumors with in vitro cultures may be explained by 

the fact that although cell lines are much easier to handle than PDOX, they in theory require a 

better biological understanding of the tumor, because in tissue culture, all external stimuli need 

to be provided by the investigators, while in PDOX, the murine tissue supplies a 

microenvironment. This concept is illustrated by the development of colorectal cancer 

organoids in the past few years. First, growth conditions for healthy tissue were defined470, 

then, organoids could be grown from tumor biopsies471, and finally, it could be understood, 
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based on the oncogenic lesion present, which external growth factors are dispensable for cancer 

cells472. Thus, the lack of in vitro model systems is probably a lack of optimized culture 

conditions, and, therefore, a lack of understanding of the tumor-stroma interaction. However, 

even when in vitro cultures are established, the culture conditions may be over-optimized, for 

example by adding EGFR to an in vitro culture although in the patient tumor no EGFR is 

present. This aspect may also be a reason for the poor prognostic power of conventional cell 

lines371,372, in addition to the generally rather artificial growth conditions in vitro and associated 

molecular reshaping373-375.  

 

4.2 A bias for more aggressive tumor subtypes 

Although model systems for 22 different molecular subtypes of high-grade pediatric brain 

tumors were cataloged, a bias for more aggressive tumor subtypes was observed, and, 

consequently, PDOX were not identified for all tumor subgroups, such as EPNs of the YAP or 

PF B subgroups. Due to the lack of molecular data from the patient tumors that did not engraft, 

it cannot be excluded that this trend is due to a bias in the injection cohort. However, due to 

similar observations in other entities, it is very likely that more aggressive tumors engraft much 

more easily than more benign tumors396,397,419. This hypothesis is further strengthened by the 

fact that low-grade pediatric brain tumors do not engraft at all450, and therefore, many research 

groups have stopped transplanting these tumors into mice. Even within tumor subgroups, there 

was an enrichment of genetic alterations linked to poor prognosis, such as TP53-mutant SHH 

MB285,298-302 or PF A EPN with 1q gain278. This finding is in line with early observations in 

breast cancer showing that patients with successful PDX engraftment had a worse prognosis 

than patients with failed PDX engraftment396. An interesting example highlighting that PDX 

engraftment is not linked to a specific genetic alteration in pediatric brain tumors, but instead 

more to the prognosis of the patient, is the enrichment of MYCN-amplified PDOX models in 

SHH MB, in which this lesion is correlated with a poor prognosis473, but no enrichment in 

Group 4 MB, where MYCN amplification is not associated with a poor prognosis473. While the 

presence of MYCN amplifications in SHH MB or Group 4 MB patient samples is roughly 

similar (6-8%), 6/21 (29%) SHH MB PDOX models but only 1/13 (8%) Group 4 MB PDOX 

models harbored a MYCN amplification. The same holds true for 1q gain in ependymoma 

PDOX. It was found only to be enriched in the PF A subtype, in which 1q gain was associated 

with a poor prognosis, and not in the RELA subtype, where this chromosomal gain could not be 

linked to a poor clinical outcome273. Assuming that events linked to a poor outcome are 

enriched in PDOX cohorts, the enrichment of KBTBD4 insertions poses the possibility that 

these are also linked to a poor outcome, which has not yet been validated in clinical cohorts. 

Interestingly, up until now, only one Group 3 MB PDOX without MYC amplification or 
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KBTBD4 insertion was identified, highlighting that the Group 3 MB PDOX in this cohort 

represent only about 22% (16% MYC amplification, 6% KBTBD4 insertions)294 of all Group 3 

MB tumors. This underscores the necessity for generating and characterizing even more Group 

3 MB PDOX models in order to have a good representation of Group 3 MB patients in 

preclinical studies. Another interesting finding is that GFI1B activation was enriched only in 

Group 4 MB PDOX and not in Group 3 MB PDOX, implying that the oncogene possibly has a 

different role in each of the two subtypes, as does MYCN in SHH and Group 4 MB. Indeed, 

GFI1B expression was not correlated with a poor prognosis in Group 3 MB; similar analyses in 

Group 4 MB have not yet been performed309. This hypothesis is further strengthened by the fact 

that the RCMB28 Group 3 MB PDOX line lost expression of GFI1B, while the matching 

patient tumor still expressed the oncogene. In Group 3 MB, GFI1B may play an essential role 

in initiating the disease, because only the cooperation of GFI1B and MYC was able to drive MB 

growth in murine stem cells, but whether GFI1B is also important for tumor maintenance has 

not yet been evaluated309. Based on these findings, it is essential to not simply extrapolate 

findings from PDOX cohorts to clinical cohorts, because PDOX cohorts represent a biased 

patient population, but rather to match individual PDOX or PDOX cohorts to specifically-

defined patient subpopulations, as even tumor subgrouping is not sufficient to define these 

populations. 

 

4.3 PDX models in relation to their patient tumors 

The analyses presented here show in multiple layers of data that pediatric brain tumor PDOX 

closely resemble the patient tumors from which they were derived, and are relatively stable 

over time. However, several examples of strong clonal outgrowths in the PDOX from its 

corresponding patient tumor were observed, with the most common event being the outgrowth 

of a MYC-amplified clone in Group 3 MB. In concordance, MBs that relapse also tend to 

develop more MYC amplifications455, which implies that the clonal outgrowth event observed 

could be an event that would have occured in the patient eventually. Although TP53 mutations 

are also enriched in Group 3 MB upon relapse, an enrichment of TP53 mutations was not found 

in this PDOX cohort. Potentially, acquired TP53 mutations could be associated with resistance 

to conventional therapy, which PDOX do not undergo. These facts lead to the conclusion that 

PDOX may either model the patient tumor in a later disease stage or possibly even an alternate 

evolutionary path. This may result in a situation where a PDOX of another patient may be the 

better molecular model for a patient than his or her “own” PDOX. Interestingly, it has been 

shown in breast cancer PDX that these outgrowth events usually occur very early during PDX 

development, mostly in the first passage417. Indeed, in the 26 PDOX lines, which were 

characterized at an early and at a late passage, this could be confirmed in pediatric brain 
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tumors, because no drastic clonal outgrowth events were detected between early and late 

PDOX passages. Still, limited continuous evolution of these PDOX during passaging was 

observed, which probably also occurs in the patient. It should be noted that the relative stability 

of these PDOX was evaluated only over five to six passages, which however should be a long 

enough time frame to perform any preclinical experiment.  

In the presented cohort, the copy number landscape and mutations of unknown significance 

sometimes varied between patient tumor and PDOX, but, in the vast majority of cases, were 

still very close to the patient tumor. Presumed “driver” events were always maintained except 

in two cases (Med-2112FH, MB Group 3, TCF4 mutation; RCMB28, MB Group 3, GFI1B 

activation). This observation holds true also for breast cancer, in which clonal populations, 

which mostly do not contain a breast cancer “driver”, can change upon engraftment of 

PDX397,474. The distinction between true evolutionary pressure and background evolution of 

passenger events is difficult, and additional time and data will be needed to understand why 

certain clones expand and others do not. In fact, the evolution of patient tumors over time may 

be more drastic due to very aggressive treatment regimens. This is illustrated by the analysis of 

primary relapse pairs of pediatric tumors showing that only 37% of druggable lesions were 

maintained in the relapse from the primary tumor25, while in PDOX, such drastic changes of the 

“driver” landscape were not observed.  

One essential question in the preclinical field is whether PDX models still represent patient 

populations and do not acquire out-of-context oncogenic drivers, e.g. MYC amplifications in all 

brain tumors. Based on studies so far, no obvious artificial evolutionary drifts of PDX could be 

identified. However, a recent publication by Ben-David et al. has challenged this view424. 

Based on copy number information derived from gene expression data from multiple time 

points during PDX evolution, and on comparisons of primary tumors and relapses, it was 

observed that different chromosomal arm changes were selected for in the murine environment 

as compared to the human environment424. It should be noted that this analysis did not take into 

account some essential aspects, such as a differentiation between tumor subgroups, or the fact 

that relapsed tumors were treated with aggressive therapy whereas the PDX were not. Another 

confounding aspect in this analysis is that conventional PDX models are passaged via splitting 

tumors into tissue pieces, which can lead to the outgrowth of an individual clone based merely 

on anatomical heterogeneity. The role of anatomical or spatial tumor heterogeneity has been 

recognized in multiple different entities, most prominently shown in renal475 and lung cancer476, 

but also in MB477, which could impose a bias on the analyses. While PDOX models are 

typically passaged as a dissociated single-cell suspension, material for molecular 

characterization is also often taken prior to preparing a single-cell suspension – for both the 

injection of the patient tumor and for later passages. Considering these limitations, a similar 
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analysis on this PDOX cohort of pediatric brain tumors would most likely not be able to 

address the question of a potential mouse-specific evolution in a meaningful manner. Currently, 

we lack the understanding of how and why tumors evolve in the human environment, and, 

considering that they undergo evolutionary pressure from other factors, including 

chemotherapy, radiation, and surgery, it is thus difficult to compare the tumor evolution of a 

patient to the evolution of a xenograft tumor in an immunodeficient environment. 

In addition to analyzing the copy number and mutation landscape, differences in the 

methylation and gene expression from patient tumor to PDOX were also systematically 

investigated. A central aspect for comparing patient tumors and PDOX on the molecular level 

is that in PDOX, murine stroma replaces the human stroma over multiple passages, which in 

the end results in a PDOX which consists of both human tumor cells and murine stroma that 

lacks most immune cells396,397,412. The murine component of the PDOX tumor is either not 

detected by certain techniques, such as microarrays, or can be easily differentiated from the 

human component by in silico algorithms as shown in Figure 9 (page 65)420. Comparisons of 

patient tumors and PDOX are therefore challenging, because a mixture of human tumor cells 

and human stroma from the patient tumor is being compared only to the human tumor cells 

from the PDOX. For mutations and also copy number alterations, events in the patient tumor 

can easily be distinguished from the surrounding stroma, because all non-neoplastic cells have 

the same non-altered genome, and thereby the non-tumorigenic compartment of a neoplasia in 

patient samples can easily be eliminated by an in silico analysis step478. For the copy number 

and mutation landscape, it is now possible to simply compare the tumor cell content of the 

patient tumor with the tumor cell content of the PDOX. However, gene expression and 

methylation data from patient tumors cannot be easily split into tumor cell and stromal 

component, because for each type of data, the various normal cell populations differ, and, 

therefore, a universal normal state cannot be clearly defined. This fact led to the finding that 

when differential gene expression between patient tumor and PDOX was systematically 

assessed in this cohort, genes associated almost exclusively with the human stroma were 

identified. Remarkably, this purification of tumor cells in PDX was exploited by Isella et al. to 

define stromal expression profiles in patient tumors and to classify tumors only by the 

expression of tumor cells without contamination of stromal tissue418. Based on the data 

presented in this thesis, it can be concluded that the major driver of change in gene expression 

in PDOX from pediatric brain tumors is the loss of human stroma, but it cannot be excluded 

that there are also additional tumor-specific changes. Future analyses in larger cohorts should 

address subtype-specific comparisons in order to identify subtype-specific changes that may 

have been diluted out of this pooled analysis, and also determine which compartments of the 

human stroma, in addition to most immune cells, are not replaced by the murine stroma. In 
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contrast, there is already evidence that the cultivation of cells in vitro irreversibly changes their 

gene expression profile, even when being re-injected into mice375, hinting toward the superior 

modeling capacity of PDOX as compared to cell lines.  

The analysis of the methylome landscape showed a very high fidelity between PDOX models 

and their matching patient tumors. In clustering analyses, PDOX models clustered right next to 

the matching patient tumor in nearly all lines. However, in rare instances, there was some 

distance between patient tumor and PDOX, representing a clonal shift. In these examples, the 

PDOX still retained the same subgroup, but, based on the methylation profiles, they were more 

similar to other reference samples of the same subgroup than to the patient tumor, which is in 

line with the observations from the analysis of the copy number and mutational landscape. Of 

note, one PDOX line was identified as having a different Group 3 / Group 4 MB subtype than 

the matching patient tumor within the classic Group 3 MB. Because the novel Group 3 and 

Group 4 MB subtypes are not yet very clearly defined, it remains to be seen whether this holds 

true. Still, this finding may suggest that these novel subtypes could also represent stages during 

tumor evolution, as they represent a continuum rather than a strict separation. Although 

clustering and correlation analyses confirmed a high fidelity of PDOX lines, an overall 

systematic demethylation of PDOX compared to the corresponding patient tumor was detected. 

Because a relatively small number of significantly demethylated probes was identified across 

the entire cohort, demethylation was not specific to CpG sites. It was hypothesized that the 

effect could potentially be diluted by subgroup specificities, and indeed, after performing the 

analysis per tumor subgroup, it could be shown that only a few tumor subgroups showed 

demethylation in PDOX. Due to low sample sizes, some trends may not yet be statistically 

significant, such as in SHH ATRT. The most striking finding was that Group 3 MB 

demethylate from patient tumor to PDOX, while SHH MB do not show a similar behavior. 

Similar to the gene expression analyses, the comparison here is biased by the presence of 

human stroma. Indeed, Hovestadt et al. showed that the average methylation at CpG sites, 

which was determined by bisulfite sequencing, is higher in normal cerebellar tissue, both in 

embryonal and in adult tissue, than in MB, while methylation in Group 3 MB is much lower 

than in SHH MB451. Assuming that both subgroups have a similar quantity and composition of 

stromal content, it is conceivable that the loss of the hypermethylated stroma is easier to detect 

in Group 3 MB, in which the difference in methylation between tumor and normal cells is also 

larger. This hypothesis is further strengthened by the fact that K27 HGGs, a tumor subgroup 

known for its high stromal content and for hypomethylation, also showed this trend despite low 

sample numbers238,260. Furthermore, in these tumor subgroups, the trend toward demethylation 

did not continue from the early PDOX passage to the late PDOX passage. Although the sample 

numbers for this comparison are not high enough, the current data point toward a direct effect 
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of changing the microenvironment instead of a continuous demethylation. However, in addition 

to the loss of human stroma, the DNA methylome was also continuously evolving, as also 

shown in the copy number or mutation data. Individual PDOX evolved against the trend and 

were hypermethylated compared to their matching patient tumor, highlighting the individual 

evolution of each PDOX.  

 

4.4 The PDOX model as a tool for preclinical research 

In order to evaluate whether the molecular characterization of PDOX might be able to guide 

treatment decisions, the response of PDOX models to targeted therapeutics was evaluated in 

vivo, in the context of possibly predictive biomarkers. Patients with tumors of the HGG MYCN 

subgroup have a detrimental prognosis with a median survival rate of only 14 months266. In 

addition to the hallmark MYCN and ID2 co-amplification, 25% of these tumors harbor an 

additional EGFR amplification266. In this study, it could be shown that EGFR amplifications 

may be predictive for a response to EGFR inhibition. This is interesting for two reasons. First, 

it was surprising that inhibition of EGFR signaling using Erlotinib could influence tumor 

growth in a tumor entity defined by MYCN amplifications. This means that EGFR activation 

cooperates with MYCN in HGG MYCN glioma and that EGFR could be a valid target even 

without targeting in parallel the subgroup-defining MYCN amplification. Second, Erlotinib 

failed in clinical trials for adult gliomas, even in tumors with EGFR amplification and/or EGFR 

mutation479-481. This could be explained by, on the one hand, the fact that adult glioma and 

pediatric glioma are different diseases, and on the other hand, that although there is a survival 

advantage, the animals still succumb to the disease relatively quickly. Without imaging 

modalities, it can only be speculated whether Erlotinib simply slowed down tumor growth or 

whether there was an initial response and the tumors quickly developed resistance. At any rate, 

this finding merely represents a starting point for identifying a combination therapy using 

Erlotinib that is able to induce a durable response in the PDOX, prior to moving this therapy 

concept forward into the clinical setting. 

In contrast, the SMO inhibitor Erismodegib (a.k.a. Sonidegib/LDE225) can be used as a 

benchmark for a working preclinical therapy, which would be worthwhile to pursue through 

clinical investigation.  In addition to finding the correct drug class for a specific indication, 

PDOX models also helped to identify the most potent compound within the drug class of SMO 

inhibitors. For Erismodegib, bioluminescence imaging showed durable regression after four 

weeks of treatment. Resistance to therapy emerged only after at least three successful treatment 

cycles with Erismodegib. While targeting SMO functioned without a doubt in the PTCH1-

driven PDOX line Med-1712FH with Erismodegib, the SMO inhibitors Glasdegib and PF-
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05274857 were able to only slow down tumor growth; however, they still produced a 

significant survival advantage. The potency of Erismodegib compared to Glasdegib and PF-

05274857 was also accompanied by much stronger side effects, hinting toward a more potent 

and more durable inhibition of the SHH pathway. Vismodegib, tested in a non-image guided 

study by collaborators in Seattle, gave mixed results with only three out of ten animals 

surviving until the end of the observation period, possibly due to late onset of therapy. In a 

clinical setting, Vismodegib was able to induce responses in patients with loss of PTCH1, but 

was not effective in non-SHH MB patients or in patients with lesions in the SHH pathway 

downstream of SMO482, as already shown preclinically299. The example of SMO inhibition 

highlights that in addition to knowledge about the matching biological target, the intrinsic 

characteristics of the small molecule, and also the timing of treatment onset, have a huge 

impact on the outcome of a preclinical experiment. For brain tumors, one of the most important 

questions is whether the drug can reach reasonable concentrations in the tumor behind the 

blood-brain barrier. Glasdegib was not expected to cross the blood-brain barrier (data not 

shown; personal communication D. Shields, Pfizer), while PF-05274857 was shown to do so483, 

however the effect on the Med-1712FH PDOX line did not significantly differ between these 

two inhibitors. Assuming that PF-05274857 reaches the brain at higher concentrations, this 

would mean that Glasdegib is probably the more potent inhibitor. Another interesting 

observation in this context was that the time until the tumor started shrinking on treatment with 

Erismodegib was longer in the first cycle than in the later cycles. Thus, either the concentration 

of drug reaching the tumor was increased in later cycles, perhaps due to increased angiogenesis 

or even leakiness of the blood-brain barrier, or the tumor cells were sensitized to the inhibitor in 

later treatment cycles. Interestingly, in allografts of PTCH+/- GEMM tumors, responses to SMO 

inhibition are seen immediately and not with a delay, as it was in the first cycle of treatment in 

this experiment, which points toward the first option: Increased drug exposure after the first 

cycle280. Resistance to therapy through SMO inhibition, defined as growth under treatment, was 

observed after roughly three successful cycles of treatment. In 2010, experiments to induce 

resistance to Erismodegib were performed in subcutaneous mouse allografts from PTCH+/- 

GEMMs, partly in a TP53-/- background, and found, to varying degrees, either SMO mutations 

or GLI2 amplifications, and in general PI3K activation as resistance mechanisms280. A year 

earlier, a point mutation in SMO was also identified in a relapsed medulloblastoma patient after 

treatment with Vismodegib305. Since then, several other studies have shown potential resistance 

pathways to SHH inhibition, but in those studies, subcutaneous GEMM allograft MB models 

were always used to induce resistance484,485, and the genetic event causing resistance could 

often not be pinpointed. In the current study, however, for the first time, resistance to SMO 

inhibition was induced both in the orthotopic location of the tumor and in a human setting. 

Interestingly, the time until resistance was much longer in the PDOX than in the previously 
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published GEMM allograft, which can most likely be attributed to the smaller tumor size at 

treatment start in the mouse brain as compared to the subcutaneous situation486. Therefore, it is 

expected that monotherapy of SMO inhibitors will induce an early development of resistance, 

which was also observed in the previously mentioned clinical trial of Vismodegib in relapsed 

medulloblastoma482. To determine the genetic lesion driving the resistance to Erismodegib, a 

complete molecular characterization of the resistant tumors will be performed in the future. The 

major question to be answered here is whether in a human system, resistance to SMO inhibition 

is always acquired by re-activating the SHH pathway, or perhaps through the activation of an 

alternative pathway. Follow-up analyses will try to pinpoint the exact lesion responsible for 

tumor resistance. In addition to analyzing the resistant tumors on a molecular level, resistant 

tumors were also cryo-preserved so that they can be re-challenged with Erismodegib, and can 

also be used to test new therapy concepts after the resistance-driving lesions have been 

identified.  

 

4.5 Future and Outlook 

4.5.1 Improving PDX techniques 

PDX models have evolved into the preferred preclinical model for drug development in 

academia and the pharmaceutical industry367,382-384. This study has shown that in pediatric 

neurooncology PDOX models allow, for the first time, the modeling of many tumor subtypes 

that until now were only able to be descriptively characterized from patient samples. 

Continuous establishment of PDOX will allow the increase in numbers of PDOX for even very 

rare tumor subgroups, so that in a few years it should be possible to run systematic preclinical 

experiments in multiple different PDOX models for even the rarest diseases. However, the bias 

for very highly aggressive tumors in PDOX cohorts, even within WHO stage IV-classified 

entities, is currently a strong hindrance to the modeling of even more tumor subgroups. Even on 

the rare occasion when an underrepresented tumor subtype engrafts as a PDOX, considerable 

caution is necessary, because this tumor is also highly likely to be a more aggressive exception 

to the otherwise less aggressive tumor subtype. For example, a patient with a WNT MB, from 

which a PDOX was generated, relapsed twice, which is highly unusual for this subtype288, and 

highlights the atypical behavior of this particular patient tumor and the associated model. 

Therefore, considerable efforts still need to be made to develop improved techniques for 

systematically generating PDOX from currently-underrepresented disease subtypes, as 

illustrated by the recent publication of Sflomos et al., in which it was shown that the injection 

of ductal breast cancer into the milk ductus dramatically increased engraftment rates, which 

now allows the modeling of the disease395. Although in pediatric neurooncology the scientific 
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community already prefers orthotopic PDX, there are several additional technical points which 

could further increase engraftment rates, in addition to the optimization of the current setup (for 

example, reducing the time between surgery and transplantation into the mouse). It is 

conceivable that the choice of mouse strain has a large impact on PDX engraftment, although 

the only study comparing engraftment rates between two different mouse strains did not find a 

difference in engraftment rates386. Depending on the tumor entity, it may be beneficial to use an 

even more immunodeficient mouse strain than NSG mice, while other entities could be 

dependent upon the interaction with the immune system and need a humanized mouse strain to 

grow as a PDOX. However, based on the current status of humanized mouse strains, it seems 

unlikely that PDX passaging will be feasible in these mice in the near future474. In addition to 

changing the mouse microenvironment, it may also be possible to maintain the human stroma 

during the first passages by preserving the architecture of the tumor through the transplantation 

of only very small tumor pieces into the brain instead of dissociating the tumor into a single-

cell suspension – an approach combining the advantages of the subcutaneous and the orthotopic 

xenograft. Overall, improving the techniques for generating and maintaining PDOX should 

allow the modeling of new tumor subtypes, and would also make the existing models better 

preclinical systems, more closely resembling the situation in the patient. 

 

4.5.2 Additional and extended uses of PDX in pediatric neurooncology 

Currently, the main use of PDX models is for the evaluation of new treatment concepts mainly 

for targeted compounds. However, this study and previously published preclinical work in 

pediatric neurooncology represent, in most scenarios, only an anecdotal testing of a therapeutic 

concept, e.g. here the preclinical evaluation of Erlotinib in MYCN HGG was tested only in one 

PDOX line with, and in one line without, EGFR amplification. This is primarily due to the lack 

of additional PDOX lines with the fitting molecular setup, but also due to limited resources. 

Examples of exhaustive testing in PDX using large cohorts are seen in the studies of Bertotti et 

al.435, in which the authors evaluated the response to Cetuximab in 129 PDX models, or the 

study by Gao et al.419, in which Novartis evaluated various therapeutic strategies in large 

numbers of PDX using the “n = 1” concept. However, the cohort of 130 pediatric brain tumor 

PDX models is not exhaustive enough for similar approaches, because numbers for most tumor 

subtypes are still too low or certain patient populations are underrepresented. For example, 

although 37 MB Group 3 PDOX models were collected, the overrepresentation of MYC 

amplification and KBTBD4 insertion would severely bias the analysis, making it impossible to 

draw conclusion about the remaining patient populations. In order to increase sample sizes for 

future studies, an IMI2-funded preclinical proof-of-concept platform for pediatric cancer 

(ITCC-P4, https://www.itccp4.eu/) is being developed, which aims to contain up to 400 PDOX 
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lines split across 10 malignant pediatric solid tumors having the highest clinical need, including 

both brain and non-brain tumors. The consortium, co-sponsored by the European Union and the 

pharmaceutical industry, aims to molecularly classify all PDOX lines, and to perform in vivo 

testing of both standard-of-care and experimental drugs in order to systematically assess new 

therapeutic options for children. In addition to testing in reasonable cohort sizes, preclinical 

research in general, and in pediatric neurooncology specifically, must attempt to better mimic 

the real-life situation in clinical trials. In most clinical trial settings, patients are treated with a 

new targeted inhibitor after or in combination with a standard-of-care therapeutic. However, in 

pediatric neurooncology patients often receive even complex multimodal treatment regimens – 

very often neurosurgical resection, followed by radiotherapy and chemotherapy. In an 

enormous effort, Nimmervoll et al. showed that tumor resection in combination with 

radiotherapy and then followed by the test compound can be modeled in mice487. This approach 

is very resource-intensive, but can find potential interactions between different treatment 

regimens, such as which new targeted inhibitors synergize well with surgical resection. 

Furthermore, this extensive technique may also be needed if PDOX co-clinical trials are to be 

conducted in pediatric neurooncology. 

However, even in the biggest consortia, not all potential drugs can be tested in vivo, and 

therefore, drug candidates need to be selected based on either biological hypotheses, such as 

whether BRAF inhibitors work in BRAF mutant tumors, or based on unbiased screening efforts 

in vitro. To make screening efforts more feasible, a high-throughput drug screening on short-

term cultures of PDOX lines was conducted, together with the laboratory of Robert J. 

Wechsler-Reya in San Diego (USA), and is currently being evaluated in the context of genomic 

molecular data. A success story resulting from this concept is the discovery that HDAC and 

PI3K antagonists can inhibit tumor growth of MYC-driven MB via high-throughput drug 

screening of the MYC/DNp53 model (overexpression of MYC and dominant-negative TP53 in 

cerebellar stem cells) and subsequent validation in vivo in multiple PDOX462. Of note, in breast 

cancer 33/40 in vitro predictions of short-time cultures could be validated in vivo397, showing 

the potential of this methodology. Still, in addition to false positive results, false negative 

results might also be a central problem of in vitro screening, such as SMO inhibitors in SHH 

MBs, which did not show any response in vitro (data not shown), but showed exceptional 

responses in vivo.  

In addition to classic therapeutic questions, PDOX should also be expanded into a tool for 

functional genomics, because until now they have been the only available model systems for 

many pediatric brain tumor subgroups. Initial data from melanoma and pancreatic cancer 

highlight that it is possible to perform in vivo pooled shRNA screens in PDX with a maximum 

in vitro time of about five days to transduce and select the cells488,489. Systematic evaluation of 



Discussion 

100 

multiple PDOX with this method and then integration of molecular data with the newly 

generated functional data will allow the generation of a map of genetic dependencies based on 

the mutational status of the tumor. This method might also be a superior method to screen for 

good drug candidates in vivo than the previously presented short-time in vitro culture. 

Further to perturbation experiments, PDOX can be used to track tumor evolution. It is still an 

open question as to why and when certain genomic alterations occur during evolution. The data 

presented here highlights that although the “driver” events are maintained, in some models the 

clonal composition changes over time. More in-depth analysis will require WGS data instead of 

WES data in order to increase the number of mutations, which can be used to define clonal 

populations and, furthermore, the analysis of multiple time points during PDX development. 

Current literature, mostly on subcutaneous xenografts, which, as mentioned previously, are 

prone to the propagation of anatomical heterogeneity, performed WGS only on the patient 

tumors and usually one PDX tumor, and then validated the identified mutations via targeted-

amplicon sequencing in multiple passages411,417. This method obviously cannot identify de novo 

mutations in PDX passages other than the initial one. However, the study by Bruna et al. 

included some data on WES of multiple different time points of breast cancer PDX in 

comparison to relapsed patient samples and could show that although the overall heterogeneity 

is preserved, some additional clones emerge in later PDOX passages397.  Further analyses need 

to address which mutational processes are still active in PDX, in order to understand what is 

driving the accumulation of additional mutations490,491. Comparisons to relapsed samples of the 

same patients are very interesting, but highly delicate, because the patient samples have 

undergone intensive treatment, which must be mirrored in PDX to be able to draw any 

conclusions. 

In addition to extending the use of PDOX lines, the self-renewing features of PDOX also make 

them a great tool for establishing other model systems without using actual precious patient 

tissue. Together with the research group of Hans Clevers in Utrecht, the Netherlands, efforts are 

ongoing to generate organoids of pediatric brain tumors by establishing the conditions for 

organoid culture from fresh PDOX tumors. Organoid cultures have so far shown a great 

promise in other tumor entities, and would be a strong addition to the portfolio of preclinical 

model systems in pediatric neurooncology378. 

 

4.5.3 Toward a shared resource of cancer models 

As pediatric brain tumors and their associated PDOX are rare, it is essential that the model 

systems are shared within the scientific community. This is possible because they can be easily 

re-grown after cryo preservation. The finding that the transportation of tumor samples 
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overnight did not significantly alter the engraftment rate in the Seattle cohort, highlights than 

even centers without the capacity to generate PDOX can contribute to the generation of new 

model systems by supplying fresh tumor material to centralized institutions for PDOX 

generation. In addition to openly sharing PDOX models generated in Heidelberg, the molecular 

data have been made available in a user-friendly manner through the “PDX Explorer” 

(https://hgserver1.amc.nl/cgi-bin/r2/main.cgi?&dscope=PDX_OLSON&option=about_dscope). 

The “PDX Explorer” also includes the “PDX Minimal Information” standards and 

consequently it therefore reports about clinical characteristics of the patients as well as 

extensive information about the techniques used to generate the model system436. This will 

make it possible to integrate these data into pan-cancer PDX repositories such as the “PDX 

Finder” (www.pdxfinder.org). With this open resource, many new therapeutic concepts that 

previously lacked suitable model systems or were tested in an inappropriate model system can 

be tested.  

In the future, the aim is to develop the “PDX Explorer” into a central platform that contains 

most of the PDOX lines in the field, and then re-direct people to the individual laboratory that 

generated the line, for requests for cryo-preserved material. Due to this de-centralized structure 

and limited resources “academic centers are ill suited to bear the burden of housing, expanding, 

archiving, characterizing, and disseminating PDX to investigators (academic and industrial) 

across the world” as mentioned by the PRoXe and the EurOPDX consortia434,474, but with the 

current structure of cancer research, it is the only possible way to share model systems with the 

scientific community. A step toward automating the sharing process could be the establishment 

of a central facility that collects cryo vials of established PDOX from scientific groups, 

archives them, and then shares these models with other interested parties upon signing of a 

standardized material transfer agreement. While the groups would still be responsible for 

establishing, expanding, and characterizing the models, they would not be involved any longer 

in sharing these models with each individual party. The group around James M. Olson in 

Seattle (USA) has already employed this system (www.btrl.org), and it would be the first step 

toward a shared resource if other groups were to join in, sharing their models in an automated 

manner. Because the lack of model systems is currently one of the major factors holding back 

cancer research, increasing the availability of, and knowledge about, model systems will have a 

tremendous positive effect on the quality of future research.  
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Supplementary tables 

Table 3. Methylation classes of brain tumors. 
This table was extracted from the publication Capper et al., 2018. 
 
Methylation Class 

Name Abbreviated 
Methylation Class Name 

ETMR methylation class embryonal tumor with multilayered rosettes 

MB, WNT methylation class medulloblastoma, WNT 

DMG, K27 methylation class diffuse midline glioma H3 K27M mutant 

CN methylation class central neurocytoma 

DLGNT methylation class diffuse leptomeningeal glioneuronal tumor 

LIPN methylation class cerebellar liponeurocytoma 

LGG, DIG/DIA 
methylation class low grade glioma, desmoplastic infantile 

astrocytoma / ganglioglioma 

LGG, DNT 
methylation class low grade glioma, dysembryoplastic neuroepithelial 

tumor 

LGG, RGNT 
methylation class low grade glioma, rosette forming glioneuronal 

tumor 

RETB methylation class retinoblastoma 

SCHW methylation class schwannoma 

SCHW, MEL methylation class melanotic schwannoma 

CPH, ADM methylation class craniopharyngioma, adamantinomatous 

CPH, PAP methylation class craniopharyngioma, papillary 

PITAD, ACTH methylation class pituitary adenoma, ACTH 

PITAD, FSH LH methylation class pituitary adenoma, FSH/LH 

PITAD, PRL methylation class pituitary adenoma, prolactin 

PITAD, STH SPA methylation class pituitary adenoma, STH sparsely granulated 

PITAD, TSH methylation class pituitary adenoma, TSH 

EPN, RELA methylation class ependymoma, RELA fusion 

CHGL methylation class chordoid glioma of the third ventricle 

LGG, SEGA 
methylation class low grade glioma, subependymal giant cell 

astrocytoma 

CHORDM methylation class chordoma 

EWS methylation class Ewing sarcoma 

HMB methylation class hemangioblastoma 

MELAN methylation class melanoma 
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Methylation Class 

Name Abbreviated 
Methylation Class Name 

MELCYT methylation class melanocytoma 

LYMPHO methylation class lymphoma 

PLASMA methylation class plasmacytoma 

MB, G3 methylation class medulloblastoma, subclass group 3 

MB, G4 methylation class medulloblastoma, subclass group 4 

MB, SHH CHL AD 
methylation class medulloblastoma, subclass SHH A (children and 

adult) 

MB, SHH INF methylation class medulloblastoma, subclass SHH B (infant) 

ATRT, MYC methylation class atypical teratoid/rhabdoid tumor, subclass MYC 

ATRT, SHH methylation class atypical teratoid/rhabdoid tumor, subclass SHH 

ATRT, TYR methylation class atypical teratoid/rhabdoid tumor, subclass TYR 

GBM, G34 methylation class glioblastoma, IDH wild-type, H3.3 G34 mutant 

GBM, MES methylation class glioblastoma, IDH wild-type, subclass mesenchymal 

GBM, MID methylation class glioblastoma, IDH wild-type, subclass midline  

GBM, MYCN methylation class glioblastoma, IDH wild-type, subclass MYCN 

GBM, RTK I methylation class glioblastoma, IDH wild-type, subclass RTK I 

GBM, RTK II methylation class glioblastoma, IDH wild-type, subclass RTK II 

GBM, RTK III methylation class glioblastoma, IDH wild-type, subclass RTK III 

ENB, A methylation class esthesioneuroblastoma, subclass A 

ENB, B methylation class esthesioneuroblastoma, subclass B 

PGG, nC methylation class paraganglioma, spinal non-CIMP 

PITAD, STH DNS A methylation class pituitary adenoma, STH densely granulated, group A 

PITAD, STH DNS B methylation class pituitary adenoma, STH densely granulated, group B 

LGG, PA PF 
methylation class low grade glioma, subclass posterior fossa pilocytic 

astrocytoma 

LGG, PA MID 
methylation class low grade glioma, subclass midline pilocytic 

astrocytoma 

PTPR, A methylation class papillary tumor of the pineal region group A 

PTPR, B methylation class papillary tumor of the pineal region group B 

PIN T,  PB B methylation class pineoblastoma group B 

EPN, PF A methylation class ependymoma, posterior fossa group A 

EPN, PF B methylation class ependymoma, posterior fossa group B 

EPN, SPINE methylation class ependymoma, spinal 
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Methylation Class 

Name Abbreviated 
Methylation Class Name 

EPN, YAP methylation class ependymoma, YAP fusion 

CNS NB, FOXR2 methylation class CNS neuroblastoma with FOXR2 activation 

SFT HMPC methylation class solitary fibrous tumor / hemangiopericytoma 

PLEX, AD methylation class plexus tumor, subclass adult 

PLEX, PED A  methylation class plexus tumor, subclass paediatric A 

PLEX, PED B methylation class plexus tumor, subclass paediatric B 

A IDH methylation class IDH glioma, subclass astrocytoma 

A IDH, HG methylation class IDH glioma, subclass high grade astrocytoma  

O IDH 
methylation class IDH glioma, subclass 1p/19q codeleted 

oligodendroglioma 

PIN T, PPT methylation class pineal parenchymal tumor  

LGG, GG methylation class low grade glioma, ganglioglioma 

PITUI, SCO, GCT 
methylation class pituicytoma / granular cell tumor / spindle cell 

oncocytoma 

LGG, PA/GG ST 
methylation class low grade glioma, subclass hemispheric pilocytic 

astrocytoma and ganglioglioma 

PXA methylation class (anaplastic) pleomorphic xanthoastrocytoma 

MNG methylation class meningioma 

EPN, MPE methylation class ependymoma, myxopapillary 

SUBEPN, PF methylation class subependymoma, posterior fossa 

SUBEPN, SPINE methylation class subependymoma, spinal 

SUBEPN, ST methylation class subependymoma, supratentorial 

PIN T,  PB A methylation class pineoblastoma group A / intracranial retinoblastoma 

LGG, MYB methylation class low grade glioma, MYB/MYBL1 

HGNET, BCOR 
methylation class CNS high grade neuroepithelial tumor with BCOR 

alteration 

ANA PA methylation class anaplastic pilocytic astrocytoma 

HGNET, MN1 
methylation class CNS high grade neuroepithelial tumor with MN1 

alteration 

IHG methylation class infantile hemispheric glioma 

EFT, CIC 
methylation class CNS Ewing sarcoma family tumor with CIC 

alteration 

CONTR, ADENOPIT methylation class control tissue, pituitary gland anterior lobe 

CONTR, CEBM methylation class control tissue, cerebellar hemisphere 
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Methylation Class 

Name Abbreviated 
Methylation Class Name 

CONTR, HEMI methylation class control tissue, hemispheric cortex 

CONTR, HYPTHAL methylation class control tissue, hypothalamus 

CONTR, INFLAM 
methylation class control tissue, inflammatory tumor 

microenvironment 

CONTR, PINEAL methylation class control tissue, pineal gland 

CONTR, PONS methylation class control tissue, pons 

CONTR, REACT methylation class control tissue, reactive tumor microenvironment  

CONTR, WM methylation class control tissue, white matter 
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