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Low-grade gliomas
Clinically brain tumours can present with various symptoms, of which seizures are the most 
prominent 1. Several factors are associated with the epileptogenicity of brain tumours, such 
as the type of tumour, grade, anatomical location, size, time interval before resection and 
the age of the patient. Particularly, slow-growing, low-grade glial and glioneuronal tumours 
are found to be highly epileptogenic. Most likely the slow growth rate gives enough time for 
reorganization of the adjacent cortex or other brain areas such as the hippocampus, leading 
to increased hypersensitivity and ultimately increasing the chance of epileptogenesis 2. Low 
grade gliomas (LGGs) are considered grades I/II according to the WHO 3. Low-grade astrocytic 
and oligodendroglial tumours include diffuse astrocytoma and oligodendrogliomas, whereas 
low-grade glioneuronal tumours include a large spectrum of entities such as desmoplastic 
infantile astrocytoma/ganglioglioma (DIA/DIG), papillary glioneuronal tumour, rosette-
forming glioneuronal tumour, pilomyxoid astrocytoma, pleomorphic xanthoastrocytoma 
(PXA), pilocytic astrocytomas (PA), subependymal giant cell astrocytoma (SEGA), ganglioglioma 
(GG) and dysembryoplastic neuroepithelial tumour (DNT). According to the 2016 WHO 
classification, diagnosis of these tumours is based predominately on histological criteria, 
however interobserver variations are present and the histological characteristics overlap 
between entities, making classification based on their morphology alone challenging 4-6. 
Therefore, the use of molecular markers based on genetic alterations and epigenetics is 
suggested 7. 
	 While adult low-grade gliomas are capable of developing into higher-grade lesions, 
pLGGs seldomly transform into a malignant state, which most likely is a consequence of 
the molecular and genetic differences 8,9. In adult patients with LGGs, a genetically based 
classification exists, where low-grade astrocytomas are defined by Isocitrate dehydrogenase 
(IDH) mutations, usually combined with ATRX chromatin remodeler (ATRX) and tumour 
protein 53 (TP53) mutations, while oligodendrogliomas have whole arm 1p/19q co-deletion 
combined with IDH mutations 10,11. Moreover, the presence of IDH1/2 mutations can exclude 
the diagnosis of GG, DNT and gangliocytoma 3. In paediatric LGGs (pLGGs) these genetic 
alterations are more rare. Genetic events involving the extracellular signal–regulated kinase 
(ERK)/mitogen-activated protein kinase (MAPK) pathway are most common in pLGGs, such 
as the B-Raf proto-oncogene, serine/threonine kinase (BRAF) c.1799T>A (p.V600E; BRAFV600E) 
mutation or the KIAA1549-BRAF fusion gene, which both result in constitutive activation of 
BRAF 12-19. Other genetic alterations in fibroblast growth factor receptor (FGFR) 1/2/3, Raf-1 
proto-oncogene, serine/threonine kinase (RAF1), ALK receptor tyrosine kinase (ALK), neurotrophic 
receptor tyrosine kinase 2 (NTRK2), MET proto-oncogene, receptor tyrosine kinase (MET), ROS proto-
oncogene 1, receptor tyrosine kinase (ROS1), MYB Proto-Oncogene, Transcription Factor (MYB), 
MYB proto-oncogene like 1 (MYBL1), IDH1/2, and H3.3 histone A (H3F3A) are less common 20-22. 
Additionally, in contrast to most adult gliomas, pLGGs can also have a hereditary component. 
For example, SEGAs are low grade brain tumours that account for ~2% of pLGGs and occur 
almost exclusively in patients with tuberous sclerosis complex (TSC), a neurocutaneous 
disease caused by a germline mutation in either the TSC1 or TSC2 gene, which results in 
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constitutive activation of the mechanistic target of rapamycin complex (mTOR) pathway 3,23-26. 
	 Although, some genetic alterations are enriched in certain tumour entities they 
are almost never exclusive to one entity alone. For example, the BRAFV600E mutation is a 
common genetic driver in GGs (18-56%) and can together with tyrosine kinase activating 
FGFR1 gene mutations be helpful in distinguishing GGs from DNTs 13,15,16,27,28. However, 
BRAF mutations also occur in other tumour entities including DNTs, making it difficult to 
distinguish between GGs and DNTs based only on the presence of these mutations alone 
14,17,29. Therefore, an integrated diagnosis combining both histological and molecular features 
based on genetic and genomic hallmarks is needed 3,30,31.

Figure 1. Histopathology of a FGFR1 mutated 
DNT and a BRAFV600E mutated GG. a. HE staining 
of DNT showing a typical glioneuronal element, 
with floating neurons (arrows) surrounded by a 
prominent population of oligodendroglia-like cells 
(OLC) (insert: higher magnification showing floating 
neurons). b. NeuN staining showing the neuronal 
component of DNT. c. HE staining of GG showing 
the mixture of neuronal cells (dysmorphic neurons), 
lacking uniform orientation (arrows and insert) and 
glial cells. d. NeuN staining indicating the neuronal 
component (nuclear staining, arrows) of GG (insert: 
higher magnification showing MAP2 positivity 
indicating the neuronal component in dysmorphic 
neuron). e. GFAP staining indicating the astroglial 
tumour component in GG (arrowheads indicates 
micro-calcifications). f. CD34 staining showing 
positive cell aggregates infiltrated into adjacent 
neocortex in GG (insert: higher magnification 
showing cells with intense CD34 immunoreactivity). 
Scale bar in a: a: 160 µm; b, c: 80 µm; d, e: 40 µm; 
f: 3 mm. 

Low-grade epilepsy-associated tumours
Although it is not unusual for brain tumours to clinically manifest with seizures, low-grade 
epilepsy-associated tumours (LEATs) are generally slowly growing tumours that most often 
arise in younger age groups with a mean age of seizure onset at 16.5 years 6,32. LEATs 
were first introduced by Luyken et al. as tumours that were commonly encountered in 
patients that underwent surgery, who had been investigated and treated for drug-resistant 
seizure episodes for 2 years or longer 33. The most commonly found tumours that are 
characterized as LEATs are DNTs and GGs. Additionally, several other low-grade tumours 
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have been classified as LEATs such as papillary glioneuronal tumours (PGNT), rosette‐
forming glioneuronal tumours (RGNT), polymorphous low-grade neuroepithelial tumours of 
the young (PLNTY), mutinodular and vacuolating neuronal tumour (MVNT) of the cerebrum, 
diffuse leptomeningeal glioneuronal tumour (DLGNT), PA, PXA, diffuse astrocytomas, 
oligodendrogliomas and angiocentric glioma.
	 Histologically DNTs can display a typical multinodular architecture with glial 
nodules and/or specific glioneuronal elements (characterized by columnar bundles of axons 
surrounded by oligodendrocyte-like cells oriented perpendicularly to the cortical surface and 
separated by a myxoid matrix that contains floating neurones) (Figure 1a-b) 3,34. GGs consist 
of a mixture of neurons and glial tumour cells mainly represented by a large spectrum of 
astroglial cells (Figure 1c-e). Furthermore, CD34 expression in tumour satellites has been 
suggested to reflect offspring from dysplastic or developmentally compromised neural 
precursors (Figure 1f) 35. The neuronal component, which varies in amount, is represented 
by dysplastic neurons with abnormal shape and size, lacking uniform orientation and often 
expression of the phosphorylated form of the downstream target ribosomal S6 protein (S6) 
of mTORC1. Interestingly, the BRAFV600E mutation, which is generally found in glioneuronal 
tumours (GNTs), has been shown to be significantly associated with the expression of pS6 
in these tumours 17. BRAF-induced phosphorylation of LKB1 may represent a possible 
mechanism contributing to mTOR activation in BRAFV600E mutated GNTs, possibly through 
uncoupling of the LKB1-AMPK-mTOR signalling. However, seizure activity itself and the 
inflammatory environment (i.e. via interleukin-1β) could also contribute to the activation of 
the PI3K-AKT3-mTOR signalling pathway 36,37. Furthermore, the recently reported genetic 
alterations detected in LEATs provide evidence of a functional connection between two 
major signalling pathways: RAS–RAF–MAPK and PI3K–AKT–mTOR 6.

The ERK/MAPK pathway
The majority of LEATs and pLGGs are driven by a single genetic event that results in activation 
of the affected ERK/MAPK pathway (Figure 2) 21,22,38. In total there are four conventional MAPK 
cascades defined based on the components ERK1/2, c-Jun N-terminal kinase (JNK), p38 MAPK 
and ERK5, which can all regulate basic cell processes such as proliferation, differentiation and 
motility 39-41. The mammalian ERK/MAPK pathway includes the MAPKKKs A-Raf, B-Raf, and Raf-
1, the MAPKKs MEK1 and MEK2, and the MAPKs ERK1 and ERK2, together forming the Ras-
Raf-MEK-ERK pathway 42. Most often extracellular agents such as growth factors, cytokines 
and hormones activate the ERK/MAPK pathway by binding and activating the transmembrane 
glycoproteins of the receptor tyrosine kinase (RTK) family. The phosphorylated residues 
of RTK can function as binding sites for proteins containing Src homology 2 (SH2) or 
phosphotyrosine-binding (PTB) domains, such as growth factor receptor-binding protein 
2 (GRB2) 43. Together with GRB2, guanine nucleotide exchange factors (GEFs) such as Son 
of Sevenless (SOS) convert GDP to GTP resulting in RAS activity 44,45. This process may be 
reversed by GTPase-activating proteins (GAPs), such as neurofibromin 46. RAS activation can 
recruit RAF kinases to the plasma membrane for RAF activation 47. The C-terminal catalytic 
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domain of RAF can interact with MEK resulting in phosphorylation of MEK1 and/or MEK2, 
which subsequently activates ERK1 and ERK2 48,49. Upon activation ERK1/2 translocate to 
the nucleus where they can regulate transcription of genes involved in cell proliferation, 
differentiation, survival and apoptosis 50. Moreover, the ERK/MAPK pathway is known to be 
involved in brain development 51,52. Therefore, it is not surprising that dysregulation of the 
ERK/MAPK pathway can lead to the occurrence and progression of LEATs and pLGGs.

Treatment and diagnosis of LEATs and pLGGs
Currently the treatment of choice for LEATs and pLGGs is gross total surgical resection 53. 
However, in cases where total resection is not possible, or cases with recurrence or malignant 
transformation, additional radiation or chemotherapy is needed, which can negatively affect 
survival rates and the quality of life of patients 33,54-59. Therefore, a better understanding of 
the molecular profile of these tumours could help to improve the postsurgical treatment 
regimen 33,58,59. Over the past decades, the development of sequencing techniques has 
transformed the landscape of molecular biology especially at the levels of transcriptomics 
and genomics. Molecular stratification of pLGGs and LEATs has led to novel diagnostic 
strategies and trials with more specific inhibitors, such as MEK and mTOR inhibitors 60-62. 
Clinical trials with such inhibitors seem promising for the treatment of pLGGs and LEATs 
with BRAF mutation or other alterations of the ERK/MAPK pathway including GGs (for review 
see 63). However, despite the advances, response to treatment with these inhibitors can be 
variable and the clinical implications of these molecular markers are not always clear 64-66. 
Moreover, response to treatment with these inhibitors can be variable depending on the 
genetic mutations emphasizing the risk of trials without a good molecular characterization. 
Furthermore, although some histological entities are enriched for molecular events, they 
are not always mutually exclusive. Therefore, more comprehensive analyses of low grade 
gliomas, including LEATs and pLGGs, using novel sequencing techniques in combination 
with conventional methods are needed to identify novel targets for therapy and to further 
improve treatment and diagnosis. 

Tuberous sclerosis complex
TSC is a neurocutaneous disorder caused by mutations in either the TSC1 or TSC2 gene, 
resulting in dysregulation of the mTOR pathway, which demonstrates a direct link 
between a genetic mutation and brain pathology 67-71. Clinically, TSC is associated with 
epilepsy, autism and intellectual disability. About 90% of individuals with TSC exhibit TSC-
Associated Neuropsychiatric Disorders (TANDs) which includes behavioral, psychiatric, 
intellectual, neuropsychological, and psychosocial issues 72-75. In addition to the neurological 
manifestations, TSC can also cause dermatologic manifestations (facial angiofibromas), renal 
angiomyolipomas, pulmonary lymphangioleiomyomatosis and cardiac rhabdomyoma 71,76,77.
	 Neuropathological examination of TSC brain specimens reveals three major lesions: 
subependymal nodules (SENs), SEGAs and cortical tubers (Figure 3) 26,78-82. Cortical tubers 
are lesions that are predominantly found in frontal and temporal regions and can extend
into the white matter. They show cortical dyslamination and consist of dysmorphic neurons



1

GENERAL INTRODUCTION & OUTLINE OF THE THESIS

13

Figure 2. A schematic overview of the MAPK and mTOR pathways showing the proteins that are 
affected by mutations in TSC, GG, DNT and other pLGGs adapted from 224. IRS1, insulin receptor 
substrate 1; PI3K, PI3kinase; PDK1, phosphoinositide-dependent kinase-1; PTEN, phosphatase and 
tensin homologue; AKT, protein kinase B; GBR2, Growth factor receptor-bound protein 2; SOS, Son of 
Sevenless; RAF, RAF proto-oncogene serine/threonine-protein kinase; MEK, mitogen activated protein 
kinase; ERK, extracellular signal-regulated kinase; LKB1, tumour suppressor liver kinase B1; STRADα, 
STE20-related kinase adaptor alpha; AMPK, AMP-activated protein kinase; TBC1D5, TBC1 Domain Family 
Member 5; RHEB, ras homolog enriched in brain; mTORC1, mammalian target of rapamycin complex 1; 
DEPDC5, DEP Domain Containing 5; NPRL2, NPR2 Like, GATOR1 Complex Subunit; NPRL3, NPR3 Like, 
GATOR1 Complex Subunit; GATOR1, Gap Activity Toward Rags 1; S6K1, p70S6kinase; S6, ribosomal S6 
protein; 4EBP1, eIF4E-binding protein 1; eIF4E, binding of eukaryotic translation.

(characterised by abnormal morphology and orientation, an enlarged cell body and 
cytoplasmic accumulation of neurofilaments within the nucleus) and giant cells (characterised 
by an enlarged cell body, often multiple nuclei and eosinophilic cytoplasm) (Figure 3G-
J) 74,78,79,81,83-86. Giant cells express both neuronal and glial markers, suggesting aberrant 
differentiation before cell migrate into the cortex 87-90 (for review see 70,91). Dysmorphic 
neurons are characterised by the expression of multiple cortical layer markers, independent 
of their laminar location and similar to that of cortical projection neurons, suggesting specific 
changes in a subgroup of  intermediate progenitor cells 70,81,92. Moreover, the morphological 
features of dysmorphic neurons and giant cells can be explained by the enhanced activation 
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of the mTOR pathway (indicated by increased phosphorylation of S6K1 and S6) (figure 3G) 
69,70,91. Recently, three distinct histological cortical tuber subtypes (designated as types A, B 
and C) have been described based on the proportion of calcifications, dysmorphic neurons 
and giant cells 80. 
	 Cortical tubers can already develop during embryonic brain development and can 
therefore be detected prenatally 70,93-97. Additionally, elevated mTORC1 activation has been 
shown in prenatal cortical tubers, before seizure development 70,97,98. Seizures in the fetus 
are not physiologically possible before 24–25 weeks of gestation because synaptogenesis 
in the cortical plate is not initiated until 22 weeks of gestation 99. These findings indicate the 
importance of the mTOR pathway during brain development and highlight the role of mTOR 
dysregulation in pathological changes of the brain 69,70.

Figure 3. Tuberous sclerosis complex (TSC) adapted from 224. a. MRI showing a TSC lesion (histologically 
proven; arrow). b-d. Coronal sections of the brain (32-year-old patient with a germline mutation in the 
TSC2 gene; 83,86) showing several regions with blurring of the cortex/white matter junction (arrows in b and 
c) and subependymal nodules (arrowheads in b and arrows in d). b,c. A high magnification of abnormal 
brain regions with loss of a distinct cortex/white matter junction and mushroom-like appearance of the 
gyri, indicating the presence of tubers. d. A high magnification of the SENs which appear as firm oval-
shaped structures projecting into the ventricles. e,f. Histological stains: Luxol fast blue-PAS-staining (e) 
and haematoxylin and eosin (H&E; panel f), showing cortical tubers (arrows) and subependymal nodules 
(arrowheads;  83,86). g. phospho-S6 ribosomal protein (pS6) staining positive in giant cells of a tuber 97. h,i. 
NeuN staining showing difference in the architecture between the perituberal cortex (h) and the tuberal 
cortex (i) with dyslamination within the cortical tuber. j,k. H&E staining of a tuber (j) and SEGA (k). Tuber 
showing large dysmorphic neurones (arrows), calcification (arrowheads) and a giant cell in insert  83,86. 
SEGA showing giant cells (arrowheads) with a mixed glial background and blood vessels. Scale bars in g: 
g: 60 μm; h,i: 250 μm; j,k: 40 μm.

The mTOR pathway and TSC
The mTOR pathway is another signaling cascade that plays an important role in brain 
development and neurological diseases such as TSC 23,100-102. Although this pathway is 
generally thought to be the driver of dysplasia’s, enhanced mTOR activation has also 
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been seen in low grade gliomas including, GGs, DNTs and SEGAs (Figure 2). Similarly, to 
the ERK/MAPK pathway, the mTOR pathway is activated by growth factors, cytokines and 
hormones. As a member of the phosphatidylinositol 3-kinase related kinase (PIKK) family, 
mTOR functions as catalytic subunit of two distinct multi-protein complexes called mTORC1 
and mTORC2, which have distinct molecular compositions 103. Specific to mTORC1 are 
regulatory-associated protein of mTOR (RAPTOR) and proline-rich AKT1 substrate 40 kDa 
(PRAS40), whereas mTORC2 contains rapamycin-insensitive companion of mTOR (RICTOR), 
mammalian stress-activated protein kinase-interacting protein 1 (mSIN1), and protein 
observed with RICTOR (PROTOR). Dysregulation of mTOR may affect proliferation and 
migration of neural progenitor cells, neuronal soma size, dendritogenesis and formation 
of dendritic spines, axon outgrowth, astrocyte proliferation and cortical lamination 103. The 
role of mTORC1 in neurodevelopment is well established. Via phosphoinositide-3′ kinase 
(PI3K) and phosphoinositide-dependent kinase-1 (PDK1), AKT is activated and can inhibit the 
TSC complex formed by hamartin (encoded by TSC1), tuberin (encoded by TSC2), together 
with TBC1 domain family member 7 (TBC1D7). This TSC complex functions as a GAP for 
small G-protein Ras homology enriched in brain (RHEB), acting as an upstream regulator of 
mTORC1 104-106. Downstream of mTORC1, the ribosomal protein S6 kinase beta-1 (S6K1)/S6 
and eukaryotic initiation factor 4E-binding protein 1(4E-BP1)/ Eukaryotic translation initiation 
factor 4E (eIF4E) can initiate translation 107.
	 Loss of function mutations in TSC1 or TSC2 result in constitutive activation of the 
mTORC1 pathway 108. In TSC, germline mutations in TSC1 or TSC2 can be familial inherited 
in an autosomal dominant fashion, but more often are sporadic in nature. Approximately, 
60% of patients have a TSC2 mutation, while 30% of patients have a TSC1 mutation 109. In 
10-15% of TSC patients, a TSC mutation cannot be identified, suggesting a potential low-
level somatic mosaicism 110. Interestingly, TSC2 mutations generally result in more severe 
clinical manifestations than TSC1 mutations in TSC111. Lesions in TSC are thought to be 
caused by biallelic inactivation of either TSC1 or TSC2, also known as loss of heterozygosity 
(LOH), reflecting mosaicism that originates from loss of the corresponding wild-type allele. 
However, second-hit mutations are not always detected in cortical tubers and SEGAs 70,112,113. 
Potentially, only a small number of cells within the tuber/SEGA have LOH in either TSC1 
or TSC2, suggesting limitations in the detection of second-hit mutations in these lesions 
70. Alternatively, the mono-allelic TSC mutation, perhaps together with a destructive non-
autonomous phenotype of mutated cells is sufficient for tuber/SEGA development 70,114. 
Furthermore, other pathways might also be at play in the development of these lesions.
	 Interestingly, ERK/MAPK activation can result in downstream activation of mTORC1 
by inhibiting the TSC complex, whereas mTORC1 inhibition can lead to ERK/MAPK activation 
in turn, indicating that these pathways are intrinsically linked 115-118. Moreover, it has 
been shown that both the mTORC1 and the ERK/MAPK pathway can be activated by the 
lysosomal Ragulator complex consisting of late endosomal/lysosomal adaptor, MAPK and 
mTOR activator 1–5 (LAMTOR1/p18, LAMTOR2/p14, LAMTOR3/MP1, LAMTOR4/C7orf59 
and LAMTOR5/HBXIP) 119-122. Dysregulation of the ERK/MAPK and mTOR pathway has been 
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implicated in SEGAs and targeting both pathways in pLGGs has been suggested 123. 
Subependymal giant cell astrocytoma
SEGAs are low-grade glioneuronal tumours classified as WHO grade I and represent 1%-
2% of all pediatric brain tumours 3,23. Since 2012, The International Tuberous Sclerosis 
Complex Consensus Conference has defined SEGA as either a lesion that is located at the 
caudothalamic groove with a size >1 cm or a subependymal lesion of any size with serial 
growth based on consecutive imaging 77. Although SEGAs are benign and slow growing 
tumours, extensive growth can cause obstruction of the cerebrospinal fluid tract leading 
to hydrocephalus and in some cases even sudden death 124,125.The prevalence of SEGAs in 
patients with TSC ranges from 5% to 25% 124,126-129. SEGAs can already be detected in fetal 
and neonatal periods, but generally develop during the first two decades of life 97,127,130-134. 
The occurrence of de novo SEGAs after the age of 18 years is relatively low, however tumour 
growth can still be observed in ~20% of adult patients 134-136. SEGAs are thought to arise 
from SENs along the ependymal lining of the lateral ventricles at the height of the foramen 
of Monro 138-140.
	 Histologically, SEGAs consist of spindle cells, gemistocytic-like cells and giant cells 
and are indistinguishable from SEN (Figure 3K). They can also present vascular stroma and 
parenchymal or vascular calcifications. Initially, it was thought that SEGAs have an astrocytic 
character, however more recent studies have demonstrated a mixed glio-neuronal phenotype. 
SEGAs are usually strongly positive for glial fibrillary acid protein (GFAP) and S-100 protein as 
well as for neuronal markers, i.e. neurofilament proteins (NF) and synaptophysin 141-143. Due 
to this mixed phenotype, it has been suggested that their origin lies in neural progenitors 
that normally reside in the subependymal zone 144. The percentage of KI67 positive cells 
in SEGAs is low at 1-2%, which is in accordance with their benign phenotype 145. However, 
rare cases with anaplastic features and increased KI67 positivity have been reported 146,147. 
Positive staining for mTOR activation has been found predominately in giant cells but not 
in spindle cells of SEGA 108,143,145,148. HLA-DR positive microglial cells localize around giant 
cells in SEGA, which is interesting considering that the mTOR pathway can activate immune 
responses 149,150. 
	 At the molecular level little is known about establishment and progression of 
SEGAs. Evidence of second-hit inactivation of TSC1 or TSC2 has been reported in SEGAs 
108,114. However, second hit mutations are not always seen in SEGAs and might already be 
present in SEN, suggesting that additional molecular mechanisms may play a role in their 
progression and growth. Recently, it was shown that that the overall mutation burden is low 
in SEGA, which is consistent with their slow growing character 114. In the same study it was 
shown that gene ontologies related to cell systems such as inflammation, extracellular matrix 
organization and synaptic transmission were mainly affected in SEGAs 114. However, it is still 
unknown how the deregulation of these cell systems could contribute to SEGA pathology 
and needs to be further investigated.

Treatment options in TSC
The goal of epilepsy treatment in TSC is to prevent and control seizures as soon as possible. 
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Antiepileptic drugs (AEDs) are available for seizure treatment, with vigabatrin the AED of 
choice for infantile spasms and/or focal seizures in TSC 151-153. Treatment with vigabatrin prior 
to seizure development improves long-term epilepsy and neurodevelopment outcomes. 
Other AEDs such as, ACTH (natural or synthetic), prednisolone or GABAergic AEDs other than 
vigabatrin such as topiramate, carbamazepine and oxcarbazepine can be used as second 
line therapy 154-157. 
	 Surgery can be an appropriate treatment option in TSC-associated epilepsy that is 
inadequately controlled after trials of two AEDs, provided that the lesions are well-defined 151. 
Cortical tubers are thought to represent the neuropathological substrate for epilepsy in TSC 
patients and are targeted for surgical resection. Epilepsy surgery where the epileptogenic 
focus is easily recognizable can improve the quality of life and IQ, especially in postoperative 
patients who remained seizure-free. Although epilepsy surgery often results in freedom 
from seizures, increasing evidence supports the importance of the perituberal cortex in TSC 
158-165.
	 Currently, surgical resection is the treatment of choice for symptomatic SEGA 
(i.e. tumour growth, hydrocephalus, hemorrhage or cystization, and clinical deterioration) 
124,125,166-174. Complete and safe removal of the tumour is curative in almost all cases, whereas 
subtotal removal increases the risk of recurrence 124,175. Tumour size correlates negatively 
with the probability of total resection 124,174. Therefore, it seems reasonable to resect the 
tumour as early as possible when no other risk factors are at play. When the probability of 
total resection seems low or when other potential complications with surgery are foreseen 
treatment with mTOR inhibitors is preferred. Moreover, treatment with mTOR inhibitors can 
reduce tumour size to improve the success rate of surgical resection or can even prevent the 
need for surgery altogether 176,177.
	 The first report of mTOR inhibitors as a TSC treatment occurred in 2006, where 
patients with SEGA treated with sirolimus demonstrated on average a 55% reduction in 
tumour volume, which is supported by other independent studies 61,178-180. However, to date 
the only mTOR inhibitor that is Food and Drug Administration (FDA) approved is everolimus. 
The EXIST-1 study showed that everolimus can reduce volume size of SEGA with at least 
a 50% reduction in 35% of the patients 181. The follow up open-label studies from EXIST-1 
showed that this amount increased further to 58% of patients with a tumour reduction of 
more than 50%, indicating that even after 2.5 years patients can still benefit from treatment 
with everolimus 182,183. In accordance, a 5 year study showed that the majority of patients 
could maintain the tumour reduction that was achieved in the first 6 months 184. In a small 
cohort of congenital SEGA a good response was also seen 185,186. In addition to treatment 
of SEGA, mTOR inhibitors may have additional benefit for treatment of other TSC related 
manifestations, including seizure control, cognitive development, and volume reduction of 
other TSC tumours 187.
	 Although mTOR inhibitors have been shown to be effective in patients with TSC, 
the response to mTOR inhibitors can be variable and cessation of treatment may result 
in tumour regrowth 61,182,188-191. Furthermore, treatment with mTOR inhibitors can produce 



1

CHAPTER 1

18

side effects, including stomatitis, diarrhea, nasopharyngitis, pyrexia, and upper respiratory 
tract infections181,192,193. Therefore, identifying other targets for therapy are of the utmost 
importance and can be established with new techniques such as next-generation sequencing. 

Unraveling the transcriptome using RNA-sequencing
Over the past two decades, the development of various next-generation sequencing have 
transformed the landscape of research in molecular biology 194. The use of microarrays, 
which uses a predesigned set of probes, have been replaced by next generation RNA-
sequencing (RNA-seq), which allows for the entire gene expression profile of a sample to 
be assessed in a high-throughput manner 194,195. Giving a snapshot of the gene-expression 
profile of a tissue or cell at a specific moment in time. Additionally, alternative splicing events, 
novel transcripts, gene fusion events, map transcription start sites, sequence variation in 
transcripts and circular RNAs (circRNAs) can be detected with RNA-seq 194-197. Furthermore, 
modifications of the standard RNA-seq workflow has given rise to several different RNA-seq 
based technologies, including small RNA-seq, single-cell RNA-seq (scRNA-seq), single-nuclei 
RNA-seq (snRNA-seq) and spatial transcriptomics.
	 A next-generation RNA-seq experiment can be divided into three distinct phases; 
sample or library preparation, sequencing, and data analysis. During library preparation, 
RNA is isolated from a sample and reversed transcribed into cDNA, which is followed by 
ligation of adapters to the end of the ensuing molecules resulting in the generation of cDNA 
library 196. The ligation of adapters introduces a unique barcode to each sample allowing 
for multiplexing of samples during sequencing. Throughout the library preparation steps 
there are a number of options which can be chosen that will impact on the data produced 
195,198. RNA for RNA-seq can be poly-A selected or selected via ribosomal(ribo)-depletion; 
poly-A selection enriches for mRNAs and the polyadenylated fraction of non-coding RNAs 
(ncRNAs), while ribo-depletion enriches for mRNA, pre-mRNA and ncRNA and also allows for 
the identification of circRNAs 199. The generated cDNA library is then subject to sequencing, 
utilising the sequencing-by-synthesis strategy. While sequencing itself is a rather trivial 
process there are a number of parameters or sequencing conformations that must be 
considered, including read-length, single-end (SE) or paired-end (PE), and read depth 200. 
Regardless of the type of RNA-seq carried out the data-analysis workflow is made up of the 
following steps; quality control (QC), mapping of reads, quantification of expression of genes 
or transcripts to generate a count (or expression) matrix. Once a gene or transcript count 
matrix has been constructed differentially expressed genes can be identified, followed by 
a pathway or gene ontology enrichment analysis. More advanced analysis techniques can 
also be used, including weighted gene co-expression network analysis (WGCNA) or various 
machine learning techniques. 
	 For pLGGs RNA-seq has provided evidence that supports the role of the ERK/MAPK 
pathway in these tumours and has helped in identifying genetic alteration in these tumours 
21,22,38. Recently, the transcriptional profile of LEATs identified four clusters each with distinct 
signature genes that do not fully resemble the histopathological classification of LEATs 201. 
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Interestingly, one of the groups, containing LEATs enriched for astrocytic differentiation, 
BRAF mutation and activation of MAPK/FGFR/EGFR pathways was at higher risk of tumour 
recurrence than the other three groups. This highlights how RNA-seq can provide novel 
insights that can be translated to the clinic. Furthermore, in TSC, RNA-seq has identified 
novel pathways and small RNAs that might play a role in TSC pathogenesis of cortical tubers 
114,201. With the constant development of novel RNA-seq methods we are just at the beginning 
of fully understanding the transcriptome and the molecular features of such neurological 
diseases and tumours. 

microRNAs
Amongst all small RNA species, microRNAs (miRNAs) have received the most interest as a 
molecule for study. These short RNAs are crucial post-transcriptional regulators of gene 
expression/ miRNAs work in concert with the RNA-inducing silencing complex (RISC) to 
direct post-transcriptional repression of target mature mRNA transcripts by binding to 
complementary 3’ untranslated regions (UTR) 203. Furthermore, each miRNA can regulate 
the expression of multiple target genes, and each transcript can be targeted by multiple 
miRNAs 204. Thus, miRNAs can potentially regulate entire pathways or networks of genes and 
as such are immensely important regulators of the transcriptome; so far miRNAs appear 
to play pivotal roles in regulation of cellular proliferation, differentiation and apoptosis 205. 
Interestingly, approximately 70% of all known miRNAs are expressed in the brain and the 
role of miRNAs in various neurodevelopmental processes, such as neurogenesis, cell fate 
determination, migration and synapse development has been shown 206,207.
	 In TSC, dysregulation of miRNAs has been shown, identifying the mir34 family among 
the most significantly overexpressed miRNAs 202. Alterations in the expression of numerous 
miRNAs have also been described in pLGGs, including PA and GGs 208-213. Moreover, a decision 
tree has been proposed based on the expression of miRNAs for pediatric neuronal and 
mixed neuronal-glial tumours suggesting that miRNAs can be useful for classifying tumours 
that are difficult to distinguish by classical histopathological examination 214. 

Methylation profiling of low grade gliomas
Epigenetics refers to the process by which specific epigenetic marks can influence gene 
regulation and transposon activity without altering the actual sequence of the DNA. The 
most studied epigenetic marker is DNA-methylation, which is characterized by the addition 
of a methyl or hydroxymethyl by DNA methyltransferases (DNMTs) to cytosine residues in 
CG, CXG and CXX DNA sequences (CpG-sites; where X corresponds to A, T, or C), producing 
5-methylcytosines (5-mC). When located in a gene promoter region it is generally associated 
with silencing of gene expression 215. DNA-methylation is thought to play a role in several 
key processes including genomic imprinting, X-chromosome inactivation, repression 
of transposable elements, aging and carcinogenesis. One of the most widely utilized 
methylation analysis method utilizes specialized microarrays developed by Illumina known 
as the Infinium 450k microarray or the more recently developed Infinium 850k microarray 216. 
First, DNA is bisulfite-treated and the specific CpG sites are detected through hybridization 
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to complementary probes. For each potential methylation site of interest there are two 
probes, one that hybridizes with the converted CpG site and one which hybridizes with the 
original sequence. By calculating the ratio between the intensity of these two probes it is 
possible to calculate the methylation level of at each site and compare across conditions. 
The 450K microarray contains 1.5% of the CpGs in the human genome, whereas the 850K 
microarray contains 90% of the CpGs on the 450K microarray plus an additional 350K CpGs, 
including CpGs in the promotor regions as well as gene body regions 216. The array output 
data can be normalized using various packages in R, including minfi and methylumi, which 
include options for normalizing for probe intensity as well as background corrections using 
the control probes 217,218. After normalization either the β-values (which are equivalent to the 
absolute DNA methylation levels) or the M-Value (a Logit transformation of the β-values) can 
be used for further analysis 219. However, despite all these normalization tools bias can occur 
due to batch effects, the presence of SNPs and unspecific binding of probes 217,218.
	 Recently, a machine learning approach for classification of CNS tumours based 
on the analysis of genome-wide DNA methylation patterns has been developed 220. Using 
this classifier, SEGAs were classified as low-grade glioma. Furthermore, no differences were 
found in TSC1 and TSC2 mutated SEGAs and no epigenetic silencing of TSC1 or TSC2 has been 
seen in TSC related tumours 114-220. Further, for LEATs methylation profiling using the 450K 
methylation array has been shown to be useful in classifying subtypes 221. The study by Stone 
et al. showed that BRAF and FGFR1 altered tumours have different DNA methylation profiles. 
In accordance with this, another study showed that DNT and GG have distinct methylation 
signatures and that tumours with diffuse growth patterns and immunopositivity for CD34, 
are more similar to GGs than DNT 222. Furthermore, methylation profiling has also been used 
to identify two subtypes of DLGNT, with one group appearing to be less aggressive in clinical 
outcome 223. Taken together, these studies highlight the importance of DNA methylation in 
integrating molecular diagnostics and classification.

Scope and outline of this thesis
In this thesis, we aimed to investigate the molecular mechanisms involved in the pathology 
of SEGAs in TSC and GNTs, in order to find potential targets for the development of novel 
treatments. We therefore examined the molecular pathways and miRNAs in SEGAs and 
GNTs, by investigating the (epi)genomic, transcriptomic and proteomic profile of SEGAs and 
the genetic abnormalities in GNTs.
	 In chapter 2, the prevalence of the BRAFV600E mutation in a large cohort of TSC 
related SEGAs was investigated. Additionally, massively parallel sequencing of TSC1/TSC2 was 
performed to confirm that SEGAs fit the classic model of two hit TSC1 or TSC2 inactivation.
	 In chapter 3, the methylation profile of SEGAs was investigated using the Illumina 
Infinium HumanMethylation450 BeadChip, where we attempted to identify subgroups and 
pathways that could play a role in SEGA pathogenesis. Additionally, we tried to link certain 
methylation changes to the expression of inflammation, mTOR activation, glial and neuronal 
markers in SEGAs.
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	 In chapter 4, the coding and non-coding transcriptome of SEGAs was analysed. 
The expression of the ERK/MAPK pathway as well as the Ragulator complex (LAMTOR1-
LAMTOR5) were investigated in SEGAs. Subsequently, the effect of an ERK inhibitor and one 
miRNA were investigated in patient-derived SEGA cultures or foetal astrocyte-enriched cell 
cultures, respectively.
	 In chapter 5, we go in more detail on the role of the extracellular matrix in SEGAs, 
which was identified in chapter 4. As such, the expression of the MMPs and TIMPs were 
investigated in SEGAs. Additionally, the regulation of MMPs by one miRNA was evaluated 
using foetal astrocyte-enriched cell cultures.
	 In chapter 6, we aimed to identify miRNAs that could help distinguish GGs from 
DNTs and other low and high grade gliomas, including SEGAs. The expression of two selected 
miRNAs were analysed in GGs, DNTs, peritumoural tissue and several astrocytoma entities. 
Moreover, the role of these miRNAs were investigated in the cell cycle in a pediatric low grade 
astrocytoma cell line.
	 In chapter 7 the content of this thesis is summarized and discussed.
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