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INTRODUCTION
Pediatric brain tumors

Cancer is one of the leading causes of death among children in developed countries, taking the life of 

nearly one hundred children before the age of 14 each year in The Netherlands (~25% of total deaths 

among children), and severely affecting the lives of many more (Figure 1a). Among pediatric cancers, 

tumors of the central nervous system (CNS) are the most lethal group, accounting for around 40% 

of all cancer-related fatalities in children (Figure 1b). Moreover, whereas the prognosis of children 

with almost all types of cancer has improved immensely over the past decades, this improvement is 

seen to a far lesser extent in children suffering from CNS tumors.1 Within this group of tumors, two 

disease entities carry a particularly grim prognosis: pediatric high-grade glioma (pHGG), including 

diffuse intrinsic pontine glioma (DIPG) and atypical teratoid/rhabdoid tumors (AT/RT), affecting 

~20 and ~2 children, respectively, each year in The Netherlands. DIPG occurs mainly in children 

in the first decade of life and leads inevitably to death within a short period of time, with a median 

survival of 11 months and less than 10% of patients living past 2 years after diagnosis.2 Supratentorial 

pHGG is seen in children at a slightly later age than DIPG, yet carries a similarly dismal prognosis.3 

AT/RT mainly affects younger children, before the age of three, and historically carried an equally 

dismal prognosis with a median survival of less than a year, although recent therapeutic regimens 

incorporating intensive chemotherapy and radiotherapy have shown curative potential.4 However, 

treating children with intensive chemoradiotherapy at such a young age leads to severe, mainly 

neurocognitive, long-term sequelae, calling into question the appropriateness of such treatment 

schedules. Regardless, it is beyond doubt that there is a dire need to develop new, effective, 

therapeutic strategies for pHGG, DIPG and AT/RT.

Diffuse intrinsic pontine glioma

Diffuse intrinsic pontine gliomas are tumors arising in the brainstem of children, where the tumor 

cells are intricately woven into the normal neural tissue. Due to the delicate location of these 

tumors, surgical resection is impossible, as it would damage vital functions that are controlled 

Figure 1. Epidemiological data on cancer-related death in The Netherlands between 2006-2015 (source: http://

www.cbs.nl). 

A: Relative proportion of deaths among children attributable to cancer per age group. 

B: Relative proportion of cancer-related deaths in children (age 0-14) per cancer type.
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by the brainstem, such as heart rate and breathing. Until a few years ago, these tumors were not 

even biopsied for pathological confirmation of the diagnosis, as would be the case for any other 

type of cancer. Instead, the diagnosis DIPG was made solely on its unique appearance on magnetic 

resonance imaging (MRI) scans. Besides reducing the certainty with which the diagnosis DIPG 

could be made, the omission of biopsies also limited the capacity of scientists to study the disease. 

However, in order to improve the accuracy of the diagnosis and to enable research into the biology 

of these tumors, several academic medical centers have implemented diagnostic biopsy protocols 

for DIPG, which have turned out to be relatively safe.5 Moreover, some institutions, including 

the Amsterdam University Medical Centers, have set up autopsy protocols for children who have 

succumbed to DIPG, in order to collect material for research.6 

Besides the impossibility to surgically remove DIPG, these tumors have also proven to be highly 

resistant to chemotherapy, with the vast majority of tested chemotherapeutic treatment regimens 

having failed to improve the survival of patients. To this day, the only conventional therapeutic 

intervention that has been shown to improve the symptoms of patients and to somewhat extend 

their survival at acceptable toxicity levels, is radiotherapy.2 

In contrast to the failure of clinical research to improve the outlook for DIPG patients, our 

understanding of the biological background of DIPG has improved substantially over the past 

few years, owing in large to the establishment of international collaborative research consortia, 

the implementation of the aforementioned biopsy and autopsy protocols and the advent of next 

generation sequencing (NGS) technology.7-11 One of the most important discoveries has been 

the identification of mutations in Histone 3 genes in the vast majority (~80%) of DIPG cases.7,10,11 These 

mutations, occurring mainly in the H3F3A and HIST1H3B genes, result in a lysine-to-methionine 

substitution at position 27 of the Histone 3 protein. Under normal circumstances, this lysine is 

methylated by the polycomb repressor complex 2 (PRC2), leading to a compact chromatin structure 

and consequential repression of gene transcription. In the presence of a H3K27M mutation, however, 

PRC2 cannot methylate this residue, leading to an open chromatin structure, activation of gene 

transcription, and aberrant expression of oncogenes responsible for the malignant transformation 

of DIPG cells (Figure 2).7,10-14

The discovery of these Histone 3 mutations had led the World Health Organization (WHO) 

to introduce the diagnostic entity Diffuse Midline Glioma (DMG), which encompasses all gliomas 

arising in midline structures and carrying H3K27M mutations- including DIPG.15 As this classification 

was published during the research presented in this thesis, both terms are used in the included 

manuscripts.

As another consequence of the discovery of this driver mutation in DIPG, international efforts 

have focused on the possibility to develop therapeutic strategies based on the pharmacologic 

manipulation of chromatin structure of tumor cells.16-20 Although promising preclinical results have 

been achieved using this strategy, none of the drugs used show curative potential as a single agent 

in preclinical DIPG models, emphasizing the need for effective drug combinations, as have been 

proven necessary in other forms of cancer.
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Atypical teratoid/rhabdoid tumors

Atypical teratoid/rhabdoid tumors (AT/RT) are highly malignant tumors of embryonal origin that 

have only recently been recognized as a separate disease entity, which is closely related to malignant 

rhabdoid tumors (MRT) occurring outside the central nervous system (CNS).4,21 Often occurring at 

a very early age, with a peak incidence in the first year of life, these tumors are traditionally managed 

by surgical resection and chemotherapy, although guidelines on chemotherapeutic regimens are 

largely lacking. Radiotherapy is often omitted due to the severe long-term neurocognitive side 

effects of radiation of the CNS at such an early age. However, recent treatment protocols have 

incorporated radiotherapy regardless of these side effects, as surgical resection and chemotherapy 

alone rarely result in a cure for these children.4,21,22 

Biologically, AT/RT is driven by a single genetic event, a loss-of function mutation or deletion 

in either the SMARCB1 or, rarely, the SMARCA4 gene.21,23-26 SMARCB1 and SMARCA4 are essential 

components of the SWItch/sucrose nonfermentable chromatin remodeling (SWI/SNF) complex, 

which has a variety of roles in the regulation of chromatin structure and gene transcription. 

Disruption of this complex by a loss of SMARCB1 or SMARCA4 leads to a repression of transcription 

of tumor suppressor genes and aberrant expression of oncogenes, disturbing the balance between 

differentiation and self-renewal and leading to malignant transformation of AT/RT cells (Figure 3).

As in DIPG, efforts to design novel therapeutic approaches for AT/RT have focused mainly on 

restoring the aberrant chromatin structure of SWI/SNF-deficient cells, and although promising 

preclinical results have been achieved using this approach, no single agent with curative potential 

has been identified to date either.21 Therefore, again analogous to DIPG, combination therapies have 

to be developed to effectively treat these tumors at acceptable toxicity levels.

Figure 2. A lysine-to-methionine substitution at position 27 of the Histone 3 protein results in reduced H3K27 

trimethylation and transcriptional activation (adapted from Maze et al., Nat rev gen, 2014).14
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Figure 3. Molecular consequences of SMARCB1 and SMARCA4 mutations in AT/RT.

A: Overview of functions of the SWI/SNF complex in the regulation of chromatin structure and gene expression 

(adapted from Wang et al., Clin Can Res, 2014).26

B: Disruption of SWI/SNF complex function by loss of SMARCB1 or SMARCA4 disturbs the balance between self-

renewal and differentiation in AT/RT cells (adapted from Lu et al., Nat Gen, 2017)24

The blood-brain barrier

One of the main reasons for the failure of chemotherapy in the treatment of brain tumors is 

the presence of the blood-brain barrier (BBB); a layer of specialized endothelial cells and pericytes 

lining the blood vessels of the CNS to protect neurons from toxic substances. Whereas the presence 

of the BBB is normally beneficial, it also limits our possibilities to treat brain disorders, as it prevents 

drugs from reaching the brain tissue, where their action is required.27,28

A.

B.
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The BBB possesses two main features that prevent drugs from reaching CNS tissues: tight 

junctions and multidrug transporters (Figure 4). Normal blood vessels have fenestrations: small 

gaps between endothelial cells that allow nutrients to passively enter the tissues. In contrast, 

endothelial cells of blood vessels in the CNS are connected by tight junctions, preventing large 

molecules such as proteins from entering the brain tissue. Additionally, brain endothelial cells 

express large numbers of multidrug transporter proteins on their membrane, by means of which 

substances that do passively cross the blood vessel wall are exported from the brain tissue back 

to the blood. Among these multidrug transporters, P-gp (MDR1) and BCRP are the most relevant 

in the context of brain tumors, as they are responsible for the limited brain penetration of a large 

number of chemotherapeutic drugs and small molecules.27,28

There is much debate on the integrity of the BBB in brain tumors, although contrast 

enhancement on MRI is generally considered as a sign of BBB disruption. In this regard, DIPG 

possesses a mostly intact blood-brain barrier at initial diagnosis, whereas AT/RT often display strong 

contrast enhancement on MRI and are therefore likely to have a disrupted BBB.4,29-32 Regardless of 

the integrity of the BBB in the tumor bulk, tumor cells will always be present in regions of the brain 

with an intact BBB, making it necessary for therapeutic compounds to cross the BBB in order for 

them to have curative potential. Unfortunately, the majority of drugs designed for cancer treatment 

does not cross the BBB, either because of their size or hydrophilicity, or because they are substrates 

for multidrug transporters.28 Therefore, many research groups have resorted to the development 

of strategies to circumvent the BBB. Broadly, these strategies can be divided into three categories: 

Figure 4. Differences in structure and expression of multidrug transporters between peripheral (A) and brain (B) 

capillaries (from Deeken et al., Clin Can Res, 2007).27
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local delivery, physical BBB disruption and pharmacological BBB disruption.28 Whereas an elaborate 

description of these techniques is outside the scope of the research presented in this thesis, one 

strategy requires mentioning: convection-enhanced delivery (CED). In CED, a catheter is inserted 

into the tumor location through which drugs are administered under locally increased pressure 

to enhance their distribution through the tissue surrounding the catheter tip. This technology 

is currently being tested clinically for the treatment of DIPG, and is used in preclinical studies to 

evaluate the potential efficacy of therapeutic compounds that do not cross the BBB sufficiently.28,31,33-36 

Although adequate levels of certain anticancer drugs can be achieved in this way, it is unlikely that 

a local delivery method alone will be capable of curing malignant brain tumors, as migrated cancer 

cells throughout the brain will not be treated and cause a relapse of the disease.

Preclinical development of therapeutic strategies for pediatric brain tumors

The aim of all research presented in this thesis has been to develop a preclinical therapeutic strategy 

for DIPG and AT/RT that could rapidly be translated to a clinical trial. To achieve this ambitious 

goal, we designed and followed a specific research strategy throughout the project. We started 

by establishing or obtaining the most representative in vitro and in vivo models of DIPG and AT/

RT possible, and continued adding new and improved models throughout our research protocols. 

Using these models, we identified biologically relevant and tumor cell-specific therapeutic 

targets. Of these targets, we selected those that could be inhibited or modified by drugs that were 

already clinically approved or in advanced stages of clinical development, as this would speed up 

a potential translation to clinical trials of promising compounds for the treatment of DIPG or AT/

RT. We then determined the in vitro efficacy of drugs aimed at the identified therapeutic targets, 

identified their mechanism of action and designed synergistic drug combinations based on these 

mechanisms. The most promising drugs or drug combinations were then evaluated for blood-brain 

barrier penetrability in silico, in vitro and in vivo. Finally, drugs and drug combinations with high 

and selective antitumor efficacy in vitro, capable of crossing the blood-brain barrier, that could 

potentially be tested in clinical trials, were tested in patient-derived xenograft models of DIPG or AT/

RT, to generate the highest level of preclinical evidence for a novel therapeutic strategy in children.

THESIS OUTLINE
In chapter two, we summarize the current knowledge on molecular signaling pathways in pediatric 

high-grade glioma (pHGG) in relation to the mesenchymal transition, which we propose to be an 

important biological event in these tumors. Based on literature and a re-analysis of publicly available 

gene expression datasets, we identify putative therapeutic targets to  reverse the mesenchymal 

transition in pHGG, which form the basis for the research presented in chapter five.

In chapter three, we compare the two main culture methods currently used to study DIPG cells 

in vitro, investigating the influence of these methods on the response of DIPG cells to targeted 

therapies. In this study we identify the culture methodology as an important confounding factor 

that may contribute to false positive and/or false negative results in preclinical DIPG research.
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Chapter four describes the development of a laboratory protocol to transduce primary pediatric 

glioma cells, as conventional techniques to do so fail for these tumor types, and the ability to 

introduce genetic modifications in cancer cells is essential for any preclinical study.

In chapter five we describe the discovery of the embryonic kinase MELK as a promising 

therapeutic target in DIPG. We demonstrate that inhibition of MELK selectively and potently kills 

DIPG cells and identify the transcription factor PPARγ as a downstream effector of MELK in these 

cells that can be used as the basis for the design of synergistic therapeutic strategies. Despite 

the inability of OTSSP167, the only MELK inhibitor currently in clinical development, to cross 

the BBB, we demonstrate the strong efficacy of this inhibitor in treating mice with patient-derived 

DIPG xenografts in the absence of an intact BBB, validating MELK as a promising therapeutic target  

for DIPG.

In chapter six, we identify MELK as a therapeutic target in AT/RT as well and show strong in vitro 

efficacy of MELK inhibition by OTSSP167 in AT/RT cells, which can be enhanced by combining this 

treatment with the MEK inhibitor trametinib. We further demonstrate the disruption of the BBB 

in a newly developed patient-derived xenograft model, suggesting the possibility to use non-BBB 

penetrable drugs for the treatment of these tumors. Consequently, we show that treatment of mice 

carrying these xenografts with OTSSP167 and trametinib prolongs their survival.

Chapter seven presents the preclinical development of a therapeutic strategy to reverse 

the mesenchymal transition in DIPG, based on the knowledge summarized in chapter two. In 

this manuscript we identify the presence and activation of the receptor tyrosine kinase (RTK) 

AXL, known to induce the mesenchymal phenotype of other cancers, in DIPG cells. We show that 

combined inhibition of AXL and histone deacetylases (HDACs) by blood-brain barrier penetrable 

inhibitors BGB324 and panobinostat reverses the mesenchymal phenotype of DIPG cells, 

potently and synergistically inhibiting their viability, migration and radioresistance. Treatment 

of xenograft-bearing mice with BGB324 and panobinostat resulted in remissions and increased 

survival, demonstrating the potential of this combination therapy to form the backbone of a future 

multimodal therapeutic strategy for DIPG. Based on our results, we are currently setting up a clinical 

trial with our international partners to test this therapeutic strategy in DIPG patients.

Chapter eight provides an overview of targeted therapies in (pre-)clinical development for 

pediatric diffuse midline glioma – the 2016 WHO classification of DIPG and thalamic gliomas carrying 

an H3K27M mutation – at the moment of finishing this thesis, which serves as a framework for future 

research in the development of therapies for this disease.

Finally, we discuss the relevance of the research presented in this thesis in chapters nine and 

ten, and provide a perspective for future research towards the development of effective and safe 

therapeutic strategies for DIPG and AT/RT.
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