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Chapter 1

General introduction and layout of the thesis
Mixed neuronal-glial tumours, also referred to as glioneuronal tumours (GNT), are
neuroepithelial tissue tumours. According to the World Health Organization (WHO)
classification 2007, GNTs comprise two major entities, ganglioglioma (GG) and dysembryoplastic neuroepithelial tumour (DNT), consisting of a mixture of differentiated
glial and neuronal components [1].
This chapter summarizes the clinical and histopathological features of GNT (particularly focusing on GGs and DNTs), discussing the recently modified tumour terminology
and the limitations in the classification systems. In addition, the chapter provides a
review of the pathogenesis of these tumours and the cellular mechanisms underlying
their epileptogenicity.

GANGLIOGLIOMA (GG)
Epidemiological and clinical aspects
Incidence and age/sex distribution

The precise incidence of GG is unknown. Many of these lesions have not been consistently classified and there are no population-based epidemiological data. Also some GGs
might only be diagnosed radiologically without the availability of a tissue sample. In
general, on the basis of the available data, GGs are relatively rare tumours, representing
about 1.3 % of all brain tumours [1]. Nevertheless, in large series, describing the neuropathological features of surgical specimens from the tumor of patients with chronic intractable focal epilepsy, GG appear to be the most common tumour entity [2, 3]. Since a
certain degree of intercenter variability of histopathological diagnosis exists, comparison
of epidemiological data is even more complex [3].
Luyken et al. described the histological spectrum and clinical characteristics of 207 patients with neuroepithelial tumours and drug-resistant epilepsy who underwent surgery
between 1988-1999 and introduced the concept of a long-term epilepsy associated tumour (LEAT) [2]. Histological examination revealed GG in 40% of the patients. In
2010 Prayson et al. reviewed 129 tumours associated with paediatric epilepsy during a
20 year period, between 1989-2009, in which the incidence of GG was 37% and DNT
12
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13.2% [4]. The following year Prayson et al. reported on adult cases, consisting of 141
patients who underwent surgery for medically intractable epilepsy. The incidence of GG
was 27% and 7.1% for DNT [5]. In 2012, Thom et al. described 155 cases in which
DNT was seen more frequent (56%) than GG (7.7%) [6].
A recent report by Blumcke et al. analysed 1551 cases from the European Epilepsy Brain
Bank (EEBB) situated in Germany; histological examination in this cohort revealed
43.3% of GGs and 16.5% of DNTs [3].
In our study, we reviewed GNT cases from patients who underwent surgery during a 20
year period of time (1991-2011) in two academic centres in the Netherlands (UMCU,
AMC). A total of 142 GNTs were diagnosed during this period, of which, after revision,
93 were classified as GG (55%) and 49 as DNT (29%) [7].
GG occurs mainly in young patients although the age at diagnosis may range anywhere
from 2 months to 70 years. Data based on large series of patients indicate a mean/median age of diagnosis from 8.5 to 25 years [1, 3, 8]. Few studies suggest a prevalence of
male compared to female patients with a ratio of 1.1:1 to 1.9:1 [1, 9, 10].
Localization
GGs can be located throughout the entire central nervous system (CNS). However, the
temporal lobe is the most common location (>70%) reported for GG WHO grade I
followed by the frontal (7%), parietal (3%) and occipital lobe (3%) [1-3, 6, 8]. In our
cohort 73% of GGs are located in the temporal lobe, 8.6% in the parietal lobe and 5.4%
in the frontal lobe (Fig 1) [7]. In those GG with anaplastic features (WHO grade III),
the temporal lobe appears to be less frequently affected [8].
Figure 1. Relative localization of GGs and
DNTs in patients undergoing surgery for intractable epilepsy (UK*: National Hospital for
Neurology and Neurosurgery [NHNN], London; NL**: Academisch Medisch Centrum
[AMC], Amsterdam and Universitair Medisch
Centrum Utrecht [UMCU], Utrecht).
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GNT=glioneuronal tumor, GG=ganglioglioma, DNT=dysembryoplastic neuroepithelial tumor.

Table 1. Incidence of GNT reported in publications from 2000-2015. (Modified from Thom et al. [6])
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Recently, few publications reported the occurrence of GGs located in cerebellum [1113], cerebellopontine angle [14], brainstem [9, 15, 16], and spinal cord [17-20]. Also,
Rolston et al. recently described a very rare type of ganglioglioma involving the optic
pathway [21], with only 23 cases reported to date. Fig. 1 shows the relative distribution
of GGs and DNTs in patients undergoing surgery for intractable epilepsy in two different cohorts.
Imaging

Computed tomography (CT) scans of GGs often show foci of calcification (41.5%) and
less mass effect and perilesional edema (9.7%) [27]. On magnetic resonance imaging
(MRI), GGs can exhibit two distinct patterns: a solid pattern without a cystic portion
and a mixed cystic solid pattern with scattered cystic components [19, 37]. Within the
solid portion of the tumor, the signal intensity of the image is variable, however, the tumor is generally hypointense on T1-weighted images and hyperintense on T2-weighted
FLAIR images, although some variation is described [1, 10, 19]; Fig. 2A.
Figure 2. Imaging and electrocorticography (ECoG) in GG
and DNT. A: MRI image revealing a focal lesion (GG) in the
right temporal lobe (T2-weighted
image). B-C: T1-weighted inversion recovery image (B) and
T2-weighted image (C) revealing
a focal lesion (DNT) in the right
frontal lobe. D: silicon (5x4-) grid
electrodes, with intercontact distances of 10 mm placed on the
exposed surface of the cortex in a
2 year old patient with temporal
GG. ECoG can guide the extent
of the resection, which may include a part of the macroscopically normal appearing perilesional zone (insert in D). E: representative ECoG showing bursts of
spikes recorded from the electrodes overlying the temporal cortex (arrows; ECoG kindly provided by Dr. C. Ferrier and Dr. F.S.S. Leijten, Department of Clinical Neurophysiology, University
Medical Center Utrecht, The Netherlands). F: representative epileptiform ECoG discharge patterns. 1) sporadic spikes, spikes occurring at irregular time intervals at several sites; 2) continuous spiking, spikes occurring rhythmically at regular time intervals for at least 10 seconds, the
interval between two subsequent spikes being 1 second at the most (frequency ≥ 1 Hz); bursts
of spikes, sudden occurrence of spikes for at least 1 second with a frequency of 10 Hz or more;
4) recruiting discharges, rhythmic spike activity characterised by an increased amplitude and a
decreased frequency (electrocorticographic seizure;[39]).
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Symptoms and neurophysiological features

The clinical history of patients with GG varies greatly depending on the location and
size of the tumour [6]. Among patients with tumours located in the temporal lobe, preoperatively, ≥90% exhibit complex partial seizures and more than 50% develop secondary generalized tonic-clonic seizures [2]. The interval between onset of seizures and actual diagnosis for these patients varies greatly from months to years and once diagnosed,
drug-resistant epilepsy often remains the only neurological symptom [2, 6].
Preoperative electroencephalography (EEG) commonly shows interictal epileptiform
discharges (IEDs) of focal, multifocal or widespread type [38]. Intraoperative electrocorticography (ECoG) during surgery offers a unique opportunity to assess the extented
area of cortex which causes epileptogenicity and to correlate these findings with histopathology (Fig 2D) [38]. The ECoG profile of patients with GG can show continuous
spiking, bursts, and recruiting discharges (Fig 2 E-F). In cases where continuous spiking
is found, GGs seem to be associated with a high neuronal density and with dysplastic
regions surrounding the tumour [39].

Pathology
Macroscopy
GG can present in two distinct patterns: a solid lesion without cystic portion and a
mixed cystic solid lesion with scattered cystic components [19, 37]. Focal mineralization
can be detected; haemorrhage and necrosis are only rarely observed [1].
Histopathological features
The histopathological features of GG are marked by heterogeneity, with the presence of
dysplastic neurons and neoplastic glial cell elements (Figure 3) [1, 6, 40]. The neuronal
component is often characterized by loss of cytoarchitectural organization, abnormal
localization, clustered appearance, obvious ganglioid morphology with an enlarged, distorted and multipolar cell body, vesicular nucleus with protruding nucleolus, bi- or multi-nucleation and the presence of prominent accumulation of Nissl substance [1, 6]. The
glial cell elements are represented by a large spectrum of glial cells (that may be astrocytic or oligodendroglial in morphology) with low expression of proliferation markers;

16

Introduction

mitotic activity is rare [1, 6, 40]. Other observed histological features of GG include:
calcification (Figure 3B insert), extensive lymphoid infiltrates (along perivascular spaces
or within the tumour tissue), and a prominent capillary network [8].
Immunohistochemistry

Neuronal protein markers, such as chromogranin and microtubule-associated protein
2 (MAP2), neuronal nuclear antigen (NeuN) (Figure 3C, D), synaptophysin and neurofilaments show a varying degree of positivity and are most often used to visualize
the neuronal component in GG [1, 6]. Glial fibrillary acidic protein (GFAP) staining
demonstrates the neoplastic form of glial cells in GGs (Figure 3E) [1]. CD34, a stem
cell marker expressed during early neurogenesis, typically shows accumulative expression and surrounds the abnormal neurones in majority of GGs (Figure 3F) [6, 40, 41].
Nuclear labelling for the proliferating cell nuclear antigen, Ki-67, is generally observed
exclusively in the astrocytic component with a very low proliferation index (~1-2%) [1,
8, 40, 42].

Figure 3. Pathological and immunohistochemical features of GGs. A, B. Hematoxylin and eosin (HE) staining of GG showing the mixture of neuronal cells (arrows), lacking uniform orientation, glial cells and calcification (arrow-heads). NeuN (C; nuclear staining) and MAP-2
(D) staining detect the neuronal component of GG (arrows). E. Glial fibrillary acidic protein
(GFAP) showing the astroglial component of GG. F. CD34 immunostaining showing expression of stem cell marker within the GG. Scale bar in A-B: 80 µm; C-F: 40 µm.
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Differential diagnosis
Due to the broad range of histopathological features of GG, this tumour needs to be
distinguished from other glial or glioneuronal tumour entities described below.
Diffuse astrocytoma: Typically affecting young adults, this tumour has the characteristics
of slow growth and a high degree of cellular differentiation [1]. This tumour type has
a higher tendency for malignant progression towards anaplastic astrocytoma and glioblastoma, hence discrimination from GGs is essential [1, 8]. Unfortunately GG with a
high proportion of glial differentiation and a diffuse growth pattern can be difficult to
distinguish from diffuse astrocytoma [8]. The proliferation index of diffuse astrocytoma
is ~4-5%, which is significantly higher than in GG and MAP2-positive neoplastic glial
cell staining with lack of CD34 can help to differentiate this tumour from GG [1, 8].
Pilocytic astrocytoma: This is a relatively slowly growing tumour, occurring in children
and young adults, which can affect any brain region with a preference for cerebellum and
optic nerve [1, 8]. Pilocytic astrocytoma is characterized by its biphasic pattern consisting
of compacted bipolar cells that are associated with Rosenthal fibers and loosely textured
multipolar cells which are associated with microcysts and eosinophilic granular bodies
[1]. This tumour shares many features with the glial components of GG, however lack of
CD34 immunoreactivity is quite consistent in pilocytic astrocytoma [8]. Also, pilocytic
astrocytoma has a slightly higher proliferation index compared to GG (~2-3%) [1, 8].
Pleomorphic xanthoastrocytoma (PXA): PXA is an astrocyte lineage neoplasm encountered mainly in children and young adults [1, 8]. Histopathological features include
pleomorphic, often multinucleated and lipidized cells expressing GFAP bordered by
a reticulin network together with eosinophilic granular bodies and presence of foamy
cells [1, 8]. Since neuronal differentiation and CD34 positivity have been reported in
some PXAs, the differential diagnosis with GG may be difficult (particularly in a small
biopsy). However the lack of a clear neuronal dysplastic component together with the
MAP2 positivity in neoplastic astrocytes and the higher proliferation activity compared
to GG, may help to differentiate this two entities [8].
Oligodendroglioma: This well-differentiated and diffusely infiltrating glioma usually occurs in the cerebral hemispheres of adult patients. The hallmarks of oligodendroglioma
are the presence of neoplastic cells, which resemble morphologically the oligodendro18
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glia and the honeycomb like cell architecture [1, 8]. Oligodendroglioma has a unique
pattern of MAP2 immunoreactivity and it has a significantly higher proliferation index
compared to GG [8].
Focal Cortical Dysplasia
The Task Force of the ILAE on Diagnostic Methods re-defined the FCD subtypes in
2011 [43]. The new classification scheme is based on histopathological findings and
distinguishes three types of FCD. FCD Type I consists of isolated focal lesions with
architectural abnormalities, Type II includes isolated focal lesions with architectural and
dysmorphic abnormalities (dysmorphic neurons, Type IIa; dysmorphic neurons and
balloon cells, type IIB). The FCD Type III refers to cortical disorganization “associated
with- or adjacent to other principal lesions”. FCDs are not associated with increased
risk for neoplastic transformation. FCD type II could be difficult to discriminate from
GG with a prominent population of dysplastic neurons in cases with limited material.
CD34 expression is, however, not prominent in FCD and only occasional expression
has been reported in balloon cells in FCD type IIb [44]. Details about diagnosis, histological features and classification of FCD are provided in several recent reviews [45-48].
Coexistence with Cortical Dysplasia
The aetiology of GGs is still not clearly defined, however, their slow growth, long duration of symptoms prior to diagnosis and the histological features may suggest a developmental origin, most likely from foci of cortical dysplasia (FCD) [49-51]. Cytoarchitectural abnormalities (including dyslamination, layer I hypercellularity, clusters of small
immature cells) have been reported in the cortex adjacent to low grade glial tumours
and GNT. These cyto-architectural changes are now grouped as FCD type IIIb in the
updated ILAE classification [51]. Although advanced technology has helped to unravel
some of the processes involved in the pathogenesis of FCD, the mechanisms that may
underline the cytoarchitectural abnormalities observed in association with GNT are still
unclear [52]. Several studies have reported coexistence of GNTs (GGs and DNTs) with
cortical dysplasia (table 2). Ortiz-Gonzalez et al. reported a case of GG located within
the dysplastic cortex, supporting the hypothesis that this tumour might arise from developmental anomaly [53]. Recently clinical evidence suggest that FCD, and GNT may
share common genetic determinants [54].
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Table 2. The incidence of GNTs (GGs and DNTs) with the coexistence of cortical dysplasia reported in publications from 2000-2014.

Prognostic factors and surgical outcome
GGs are considered to be relatively benign tumours with 94% of patients reported to
have a 7.5 year recurrence-free survival [70]. Early surgical resection seems to improve
seizure control, as reported by Yang et al [71]. Overall favourable prognosis is associated
with temporal localization. Ultimately, complete surgical resection of the epileptogenic
network is necessary to achieve postsurgical freedom of seizures [6, 72].

20
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Molecular genetics and pathogenesis
Histopathological similarities between GG and central nervous system abnormalities
in patients with familial syndromes, such as focal cortical dysplasia (FCD) and malformation of cortical development (MCD) suggests that similar molecular pathways are
involved in their pathogenesis [40, 73]. Details about diagnosis and histological features
of MCD, including Tuberous Sclerosis Complex (TSC) cortical lesions (tubers) are provided in several recent reviews [47, 48].
PI3K/mTOR pathway activation

The histopathological spectrum of GG as well as the clinical features are in-line with
some of the so-called developmental lesions, such as FCD. However, another extensively
studied pathology because of the direct genetic cause are cortical tubers arising within
TSC. TSC is caused by a germline mutation in the TSC1 (hamartin) or TSC2 (tuberin)
genes, which are located on chromosome 9p and 16p [74]. Hamartin and tuberin normally form a complex that acts as a tumour suppressor in the phosphatidylinositol 3-kinase (PI3K)/mammalian target of rapamycin (mTOR) pathway. This pathway is crucial
for morphogenesis, cell adhesion/migration and cell fate determination [40]. The PI3K/
mTOR cascade components consist of PI3K, Akt, TSC1/TSC2, mTOR, transcription
factors p70S6 kinase (S6K) and ribosomal S6 protein (S6) (Figure 4) [75, 76].
Mutation in the TSC1/TSC2 genes, results in the inactivation of TSC1/TSC2 complex leading to the activation of the mTOR complex and increased expression of phos-

Figure 4. The mammalian target of Rapamycin (mTOR) pathway
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pho-S6K, phospho-S6 and its targets phospho-STAT3 and phospho-4EBP1 [40]. There
are data suggesting that polymorphism in intron 13 and exon 14 of the TSC1 gene and
intron 4 and exon 41 of the TSC2 gene cause the mTOR upregulation in GGs [30,
40]. Additionally, in 2001, it has been reported that polymorphism of intron 32 of
the TSC2 gene has been found only in the glial part of GG in those unrelated to TSC
[77].This finding suggests a clonal origin of the glial tumour component, supporting
the hypothesis that GG can develop from a dysplastic precursor lesion by neoplastic
transformation of the glial component [40]. Although this might be true for a subset of
patients, Prayson et al. did not find this mutation in their cohort [4].
The tumour suppressor function of the TSC1/TSC2 complex can be interrupted not
only through mutation within those genes but also by phosphorylation of Akt, leading
to mTOR upregulation in GGs. Boer et al. revealed a significant involvement of PDK1,
Akt, mTOR as well as pS6 and 4E-BP1 in a small subset of GG [78]. Recently, Rak et
al. confirmed this finding in a larger cohort, showing the importance of PI3K pathway
in GGs [30].
BRAF V600E mutation

A recent study in 2013 by Koelsche et al. reported that 58% of GGs harbour a BRAF
V600E mutation. Their data also showed the correlation between the BRAF V600E
mutation and the presence of dysplastic neurons, lymphocytic cuffs and synaptophysin
expression in GGs [29].
Genomic alterations

On the genome wide level, few GGs have been analysed cytogenetically and showed
the involvement of chromosome 7 in numerical and structural aberrations [79]. Using
the latest technology available at that time Hoischen et al. performed array comparative genomic hybridization (aCGH) in 61 GGs [80]. They found that structural and
numerical abnormalities differ greatly between GG cases, however gain of chromosome
7 and partial loss of chromosome 9p are the most recurrent alterations found so far
[1, 80]. Using microarray technology, gene expression profiles in GGs showed altered
expression especially of inflammatory genes, cell adhesion and proliferation molecules
compared with control tissues [81].
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Table 3. Molecular genetic abnormalities reported in GNT. (Modified from Thom et al.
[82])
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FISH = fluorescent in situ hybridization, aCGH = array comparative genomic hybridization, PCR = polymerase chain reaction, SNP = small nucleotide polymorphism, SSCP
= single strand conformation polymorphism, IDH1 = isocytrate dehydrogenase 1, TSC
= tuberous sclerosis complex, CDK5 = cyclin-dependent kinase 5, DCX = doublecortin, TP53= tumour protein p53, EGFR = epidermal growth factor receptor, CDK4 =
cyclin-dependent kinase 4, CDKN2A = cyclin-dependent kinase inhibitor 2A, NF2
= neurofibromin 2, PTEN = phosphatase and tensin homolog, DMBT1 = deleted in
malignant brain tumours 1, dab1 = disabled 1, LOH = loss of heterozygosity, DNT =
dysembryoplastic neuroepithelial tumour, GG = ganglioglioma.

DYSEMBRYOPLASTIC NEUROEPITHELIAL TUMOR
(DNT)
Epidemiological and clinical aspects
Incidence and age/sex distribution

Dysembryoplastic neuroepithelial tumour (DNT) is a benign glioneuronal tumour
(GNT) that was first named and described by Daumas-Duport in 1988 [97]. Although
incidence reports for DNT in individual hospitals vary widely (Table 1) it is considered
the second most prevalent cause of intractable tumor-associated epilepsy in children and
adolescents [98].
The age of seizure onset ranges from 3 months to 54 years old (mean age is 14.6 years)
while for surgery is reported to be between 6 to 65 years old (mean age is 30.5 years)
[82]. No gender predominance has been reported for DNTs.
Localization

DNTs can be situated in any part of the cerebral cortex, however, the temporal lobe is
the most common location (≥65%) reported, followed by the frontal (16.4%), parietal
(8%) or occipital lobe (3%) [28, 82]. In our cohort 84.4% of DNT is located temporally, 9.1% in the parietal, 5.2% in the frontal and 1.3% in the occipital lobe (Fig 1) [7].
Despite their location preference towards the cerebral cortex, DNTs have also been
identified in other parts of the brain such as the caudate nucleus [99, 100], the lateral
25
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ventricle [101], the septum pellucidum [102, 103], the trigonoseptal region [100], the
tectum [104], the cerebellum [105, 106] or the cerebellum and brain stem [107].
Imaging

The wide variety of histology in DNTs is responsible for the variety in imaging presentation. Nonetheless, the common characteristics are cortical location, absence of mass effect, even in massive tumours, and the absence of perilesional edema [97, 108]. The CT
scans of DNT generally display hypodense lesions in a cortical and/or subcortical area,
calcific hyperdensities and cysts [32]. On MRI the most typical pattern is comprised
of a pseudocystic or multicystic appearance, strongly hypointense on T1-weighted and
hyperintense on T2-weighted image (Fig 2 B-C) [28, 32]. A recent study described
different MRI configurations in DNTs including: type 1 (cystic/polycystic-like, welldelineated, strongly hypointense on T1) which corresponds to simple or complex DNTs
in temporal and extratemporal areas, type 2 (nodular-like, heterogeneous signal), which
is predominantly observed in neocortical areas and corresponds to nonspecific histological forms; and type 3 (dysplastic-like: iso/hyposignal T1, poor delineation, gray-white
matter blurring), which is predominantly observed in the mesial temporal lobe and also
corresponds to nonspecific histological forms of DNTs [28].
Symptoms and neurophysiological features

Characteristic for DNT is the late onset of epilepsy at median 7-13 years combined with
intractable complex partial seizures that are concordant with DNT location as well as
frequent secondary generalization are characteristic symptoms of DNTs [28]. The age
of seizure onset is between 2 months to 14 years, with median age of 9 years and the
median age of diagnosis is 10 years (range: 5.1-16.2 years) [109]. Although rare, Nolan
et al. reported that in paediatric DNTs, infantile spasms are also observed [57]. Other
symptoms that have been reported include neurologic deficits and cognitive impairment
(moderate) and frequent mood disorders [28, 57, 110].
EEG examination generally shows interictal and ictal discharges that are predominantly
focal or regional. These patterns are concordant with DNT location except in nonspecific forms, in which the widespread discharges and conflicting abnormalities are
observed [28]. Intralesional recordings for each histologic subtype show the intrinsic
epileptogenicity of DNTs, whole rapid spikes or poly-spikes against a depressed background activity are typical character of tumour activity [28].
26
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Macroscopy

DNTs are either well-defined, solitary pale nodular masses or diffuse, poorly demarcated
lesions that caused expansion of the cortex [111]. The appearance of these tumours varies in size from some cubic millimetres to cubic centimetres [22]. Depending on the
involvement of brain regions, in general DNTs on a cut section are easily identified at
the cortical surface with their bulky, diffuse enlargement of the cortical gyrus with a
central, blister-like nodule which is mainly cystic [22] and contains a gelatinous, translucent material [22].
Histopathological features

DNTs have earlier been distinguished into two major histological subtypes: simple and
complex form, both characterized by a specific glioneuronal element (SGNE) which is
associated with glial nodules in the complex form [112]. In addition, a third “nonspecific histological variant of DNT with a relative lack of glioneuronal elements or nodular
growth pattern, have been described [1, 28, 82]. Honavar et al. (1999) introduced the
term diffuse and recently Thom et al. (2011) re-introduced the term for this subgroup
corresponding to the nonspecific form described previously [82, 111].
Both the complex and simple forms have a SGNE which consists of a cortical growth
pattern of microcolumns of oligodendrocyte-like cells (OLCs) (small cells with round,
hyperchromatic nuclei and relatively narrow rim of the cytoplasm), which are often
aligned beside the vessels, with and intervening myxoid matrix and normal-looking
neurons that appear to float in a pale, eosinophilic matrix (floating neurons) (Figure
5B) [6, 26]. In addition, the complex DNTs show a multinodular/nodular intracortical

Figure 5. Pathological and immunohistochemical features of DNTs. A, B. HE staining of DNT
showing the nodular intracortical architecture, heterogeneous cellular composition, myxoid matrix and oligodendrocyte-like cells. C. NeuN staining detects the neuronal component of DNT
(arrows). Scale bar in B and C: 40 µm.
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architecture and in some case also features of cortical dysplasia (loss of cytoarchitectural
organization) are seen [1, 82].
In all forms of DNTs, mitotic activity is rare, calcifications are not an uncommon feature
(28%) and the mature neurons show some degrees of cytological anomalies although
they lack dysmorphic features as observed in GGs [1, 6, 82].
Immunohistochemistry

GFAP showed positive staining only in scattered astrocytic cells with fine processes in
the OLC predominant nodules and in the diffuse component in all three forms of DNTs
(Figure 5D) [111]. The OLCs themselves are GFAP negative, however S-100 protein
and oligodendrocyte transcription factor 2 (Olig2) positive [1, 98]. NeuN is only expressed by some neurons within the nodules (Figure 5C) and in the diffuse component
of the tumours and in some samples of the diffuse form, some abnormal large neurons
have been shown to be NF200kDa and MAP2 positive [26, 82, 111]. Tumour nodules
of the diffuse form, where the OLC component is abundant, differ in immunoreactivity for CD34 or nestin: sometimes both strongly and occasionally for both markers and
sometimes for neither [26, 82]. On the other hand, some nodules show predominant
number of HLA-DR positive cells [26]. Proliferation activity, detected by Ki67 or MIB1, has been reported to vary from 0-8% (Figure 5F) [1]. In both complex and diffuse
forms, rarefaction of the underlying white matter can be observed in almost half of the
cases (42%) with loss of myelin, gliosis and also microglial activation [82].
Differential diagnosis
As discussed above, also for the DNTs, the histological diagnosis and differential diagnosis with other tumor entities (diffuse astrocytoma, pilocytic astrocytoma, oligodendroglioma and GGs) may be difficult, particularly in cases with limited material for
instance obtained via stereotactic biopsy.
Coexistence with Cortical Dysplasia
Similar to GGs, DNTs are tumours associated with medically intractable seizures, which
tend to present earlier in life than in patients with GG. Cytoarchitectural abnormalities
have been reported in the cortex adjacent to DNTs [68]. Table 2 summarizes the coexistence of GNTs with cortical dysplasia to be around 47%. In most cases, the tumour
component of DNTs is electrically silent and the origin of the seizures is from the ab28
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normalities in the tissue neighbouring tumour [68]. The identification of the coexistent
cortical dysplasia can be relevant for the implications for surgical management [68]. As
mentioned before, these cyto-architectural changes are now grouped as FCD type IIIb
in the updated ILAE classification [51].
Prognostic factors and surgical outcome
DNTs are benign tumours with an overall good prognosis following surgical resection.
A seizure free outcome is observed in more than 80% of patients after complete tumour
removal [2, 82, 97, 113]. However, partial resection and the presence of residual tumour (6-8%) have been associated with continuous or recurrent postoperative seizures
(~50%) [57, 66, 67, 114]. Several factors may influence the seizure outcome, such as
incomplete tumor resection, the coexistence of cortical dysplasia and the duration of
epilepsy [82].
Molecular genetics and pathogenesis
Not many studies have been done on the molecular genetics of DNTs. Some DNTs
have been reported harbouring the IDH1 mutation (4%), loss of heterozygosity (LOH)
1p/19q (14%), LOH of 19q (3%), LOH 10q (4%), combined LOH 1p/19q and 10q
(1%) (Table 3) [82], whereas TP53 gene mutations have not been detected in DNTs [1,
91]. Recently Chappe et al. reported the BRAF V600E mutation [33] and Roth et al.
using SNP array identified a 7q34 deletion in DNTs [89]. Up to now, there seems no
particular genetic alteration described that is consistently and more typically associated
with DNTs.

GNT: OTHER ENTITIES
Gangliocytoma
GGs and gangliocytomas are similar in almost every aspect. Per definition GGs and
gangliocytomas contain of mixed glial components and nodular or compact aggregates
of dysplastic neurons [6, 42] however, unlike GGs, gangliocytomas specifically lack the
neoplastic glial cells [1]. This tumour is not the same as dysplastic cerebellar gangliocytoma, which is also known as Lhermitte-Duclos disease.
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Desmoplastic infantile ganglioglioma (DIG)
DIG appears as large cystic tumours in infants that involve the superficial cerebral cortex
and leptomeninges, often attached to the dura, and frequently occupying most of one
brain hemisphere and the solid component of the tumour has a firm texture [115, 116].
Patients generally show symptoms within the first 18 months of life (usually within the
first 4 months) with macrocephaly, a bulging fontanel, impaired upgaze, and/or failure
to thrive [115, 116]. Generally this tumour has a good prognosis in case of adequate
surgical resection [1, 116]. However, a recent study reported that almost 23% of DIG
cases occur in children older than 24 months and 40% of DIG cases needed extra medical, radiation and/or further surgical intervention [117]. Histologically, DIGs comprise
of a prominent desmoplastic stroma with a mixed neuroepithelial population, mainly
restricted to astrocytes together with a variable neuronal component, in addition to
combinations of poorly differentiated cells [1, 115].
Papillary Glioneuronal tumor (PGNT)
The first case of PGNT ever reported was in 1997 by Kim and Suh [118]. This tumour
is relatively rare and to date there have been only 87 cases reported [119, 120]. The
mean age of the tumour presentation is 25.9 years (range 4-75 years) with a very short
history of seizure in the majority of cases (less than 1 month) and few cases with epilepsy
of 2 years or more [6]. The main clinical manifestation includes headache, seizures and
nausea/vomiting [119, 121]. PGNT is a relatively well circumscribed tumour and on
imaging shows a contrast-enhancing solid and cystic tumour ranging between 1.5cm
and 7cm [120-122]. Histologically, this tumour is characterized as a biphasic cerebral
neoplasm consisting of flat to cuboidal, GFAP-positive glial cells that line hyalinised
blood vessels, synaptophysin-positive neurocytic cells (resembling OLCs) amongst
pseudopapillary structures and large neurons [1, 121].
Rosette-forming glioneuronal tumors (RGNT)
This GNT is known as RGNT of the fourth ventricle due to the origin at its specific localization at the fourth ventricular region. It was reported by Komori et al. in 2002 [123].
It is a benign tumour with low incidence for recurrence [124]. Symptoms include signs
related to hydrocephalus such as headaches and ataxia, nausea, vomiting and probably
due to its location this entity is not typically associated with clinical seizures [119, 121].
In the general population, the incidence of this lesion is not known but it preferentially
affects young adults (range 6-79 years with a mean age of 27 years) [119]. Surgical resec30
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tion is the most common treatment for this tumour [124]. RGNT is a rare, relatively
circumscribed slowly growing neoplasm with low intensity on T1-weighted images and
a high signal intensity on T2-weighted images [121]. It is composed of two distinct
histological components, one the predominantly glial component (astrocytes) that most
closely resembles pilocytic astrocytoma and another component with a neurocytic area
forming rosettes and/or perivascular pseudorosette-like structures [1, 121, 123].
Glioneuronal tumor with neuropil-like islands (GTNI)
GTNI was first reported and described in 1999 by Teo et al. [125]. A variety of clinical manifestations are known such as seizures, focal neural deficits or signs of increased
intracranial pressure [121]. The age of diagnosis was ranging between 2 and 65 years,
with the median of 40 years [119]. Total resection of the tumour was not possible in
majority of the cases, in which adjuvant focal radiotherapy and chemotherapy were
then given, showing an unfavourable prognosis of this tumour compare to RGNT and
PGNT [119]. In general 52% and 95% of the cases had progression-free and overall
survival rates respectively [119]. GNTI mostly appear as solid tumour and some appear
as cystic with mural nodule with T2-hyperintensity and T1-hypointensity [119]. Histologically, GTNI has features of neuropil-like or rosetted islands, a background of diffuse fibrillary or gemistocytic or astrocytic gliomas or, occasionally, oligodendrogliomas
punctuated by islands or nodules of neuronal differentiation, which are immunoreactive
with synaptophysin and NeuN [6, 121].
Multinodular and vacuolating neuronal tumor (MVNT)
The multinodular and vacuolating neuronal tumour (MVNT) is a relatively new entity
that was first reported in 2013 by Huse et al. and comprise of a purely neuronal, nonneurocytic tumour [126]. Following the report of Huse et al., only 4 cases of MVNT
have been reported subsequently in literature [127-129]. In all 14 cases reported so far,
MVNT affects young to middle-aged adults (ranging between 22 and 71 years with
median age of 39.5 years) while the majority of the cases having seizures as the main presenting symptom [126-129]. Available data suggest that MVNT is a benign tumour and
surgical resection for MVNT patients is aimed to control lesion-associated neurological manifestations [129]. Under MRI, the lesion is characterized by hyperintensity of
T2 and FLAIR signals, with absence of mass effect and no surrounding oedema [129].
Under the microscope, the lesion has an appearance of multinodularity adjacent to both
white matter and cortical tissue, with vacuolated stroma that consists of non-atypical
31
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neuronal cells of indistinct phenotype [126-129]. The cells in the lesion are stained positive with double cortin, which exhibits the widespread of alpha-internexin expression,
neuronal protein marker, HuC/HuD (specially the cells in the vacuolated stroma) and
Olig2, and negative for GFAP, NeuN, chromogranin A and p53 [126-129].

Glioneuronal tumors and epilepsy: long-term epilepsy
associated tumor (LEAT)
In 1882, the neurologist Hughlings Jackson described the important observation that
seizures often represent a first and unique clinical manifestation of glial tumours [130,
131]. The incidence of seizures varies between 30 and 100% of the initial symptoms
in any type of childhood brain tumor and this depends on the tumour type [132].
However, patients with supratentorial low-grade glial or glioneuronal tumours are more
likely to develop epilepsy [133, 134]. In 2003, Luyken et al. introduced the concept of
a long-term epilepsy associated tumour (LEAT) [2]. Currently, the term LEAT encompasses low grade, slowly growing, cortically based tumours often localized at the temporal lobe and with long history exceeding ≥2 years of drug-resistant epilepsy [6]. GNTs,
including GGs and DNTs, represent the most common tumour within the spectrum of
LEAT. They are a well-recognized cause of chronic focal epilepsy that occurs primarily
in children and young adults [8, 135]. Intractable epilepsy has major and diverse medical, psychological and social consequences, such as therapeutic dependence, side effects
of anti-epileptic drugs, behavioural changes, loss of independence, and interference in
work and leisure activities. Hence it critically affects the daily quality of life of patients
with a brain tumours even if the tumour itself is under control [6].
Mechanisms of epileptogenesis
Two major hypotheses underly the pathogenic mechanism of focal hyperexcitability
causing epilepsy in patients with a GNT [8]. The first hypothesis is that the neuronal
component of the tumour is functionally integrated into excitatory circuitries [6, 8].
Using immunohistochemistry and electrocorticography (ECoG), Ferrier et al. reported
that the high neuronal density in the lesion of GNT is associated with epileptiform
discharge patterns and that the expression of specific glutamate receptor (GluR) subtypes (ionotropic and the metabotropic glutamate receptors (iGluR and mGluR)) in
the neuronal component of GNT are highly upregulated [6, 39]. More recent studies
analysing the gene expression profile of GG in a single cell analysis, revealed the prominent expression of the mGluR5 in the dysplastic neuron components, supporting the
32
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existence of developmental alterations in the balance between excitation and inhibition
within the lesion [6, 136]. Glutamate appears to play an important role in the biology
of glial tumours and their epileptogenicity [137]. In neurons, glutamate is released exclusively through synaptic vesicles and requires a Ca2+ dependent fusion event, whereas
in glial cells, glutamate is released in several ways including vesicular release, reverse operation of the Na+ dependent glutamate transporters, swelling activated anion channels
or through hemichannels [138]. In gliomas, glutamate release has been shown to occur
the system xc- cysteine glutamate transporter [138]. It is Na+ independent, transports
cysteine into the cell in return for glutamate being released, triggers electrical activity in gliomas cell lines [138] and thus contributes to neuronal hyperexcitability and
epileptic activity [138, 139]. Moreover a low level of glutamate receptor GluR2 is also
associated with increased alpha-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid
(AMPA) receptor Ca2+ permeability in gliomas, which is proposed to be the epileptogenic mechanism in these tumour types [6]. In both glial and glioneuronal tumours, a
lower level of expression of glial glutamate transporters has been observed thereby increasing the extracellular glutamate concentration contributing to tumour epileptogenesis [6]. Remarkably, mGluR5 which is expressed in both gliomas cells in vivo and in
vitro is known to down regulate the expression of glial glutamate transporters in vitro [6,
140]. Altered expression of gap-junction channels (connexins), such as overexpression of
connexins 32, leads to disturbed communication between cells which possibly contributes to epileptogenesis in GNTs [6, 141]. Disturbance of potassium homeostasis caused
by, both, reduced inwardly rectifying K+ channel currents and mislocalization of Kir4.1
channels has also been reported as a potential mechanism underlying tumour associated
epilepsy [6]. The increasing evidence of the involvement of pro-inflammatory molecules
in GNTs leads to hypothesis that the prominent increased expression of the immune
response coupled with the activation of the complement cascade along with the production of pro-inflammatory cytokines observed in brain tumours, induces alteration of the
blood brain barrier (BBB) which leads to tumour epileptogenicity [6]. Modification of
the components of the Pi3K-mTOR signalling pathway has shown that this pathway
has a critical role in epileptogenesis of GNTs [136, 142].
The second hypothesis involves the changes in the tumour-associated epileptogenic adjacent brain (peritumoral region), which has been shown to be an important aspect
[132, 143]. Resecting only the lesion does not achieve complete seizure relief in patients,
supporting the idea of the role of the peritumoral region in epilepsy [144]. Phenomena
such as disturbed morphology, neuronal migration, changes in synaptic vesicles, persis33

1

Chapter 1

tent neurons in white matter, imbalances between inhibitory and excitatory mechanisms
through changes in GABA and glutamate homeostasis, hypoxia, acidosis and enhanced
intercellular communication through increased expression of gap junction channels in
the peritumoral region have been suggested to contribute to epileptogenesis [6, 132].
Recently, few studies have shown that changes in the peritumoral region of neuronal
expression of NKCC1 leads to a positive shift of EGABA (inducing a depolarized reversal potential); and enzymatic changes such as dysregulation of adenosine kinase (ADK)
leading to neuronal excitability [145, 146]. To conclude, the potential contribution of
peritumoral cortical disorganisation in coexistence with cortical dysplasia has to be considered strongly in GNTs [6].
Challenges of the current classification in defining LEAT
Currently, neuropathologists, whose diagnosis of GNT relies on microscopical inspection of surgical brain specimens, follow the 2007 WHO classification and grading scale
[3]. The WHO classification has been valuable in diagnosing most gliomas and other
CNS tumour entities. However, the growing spectrum of LEATs and their variable
histomorphological features, which can be easily confused with other CNS tumours, are
not fully discussed in the current WHO classification [3]. LEATs broad histopathological phenotypes might lead to ‘over-interpretation’ of tumour progression leading to erroneous use of a more aggressive therapeutic approach. Most LEATs are relatively benign
without high risk of recurrence or malignant transformation. However, some tumours
that have a histologically benign, glioneuronal phenotype have been reported to rapidly
undergo malignant transformation [3, 147]. Furthermore, the wide variability of LEATs
histopathological phenotypes and the contradictory results published in the literature
[6] have made the guidelines for the neuropathological diagnosis of these subgroup of
tumours inadequate.

Aim and outline of this thesis
The wide variability of LEATs histopathological phenotypes and the contradictory results published in literature leads to the need for a better definition and the use of standardized parameters for diagnosis of LEATs, especially GNTs. There are proposals submitted for new terminology for LEATs however no agreement has yet been achieved [3].
Therefore the major aims of this thesis are to (i) identify molecular markers that distin-
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guish between LEATs, focusing on GGs and DNTs, (ii) identify molecular markers that
distinguish GNTs from conventional glioma that would be applicable in diagnostic settings, (iii) identify biomarkers for more aggressive tumor behaviour and (iv) to further
explore the molecular features and signals relevant to their aetiology and epileptogenicity. This thesis is divided into two major headings: 1) the molecular features of GNTs
and 2) ‘mTORopathies’: inflammation, cell injury and neurodegeneration.
Chapter 2 provides an overview of chromosomal copy number aberrations (CNA)
found in GNTs by genome-wide shallow sequencing. Gains in chromosome 5 and 7
were the more frequently observed aberrations in GGs and DNTs. Interestingly, an
important gene located at chromosome 7 is the BRAF oncogene and the V600E mutation within this gene is known to be involved in almost 50% of all GGs and DNTs.
However, no association was found between CNAs and BRAF V600E mutations in the
present patient cohort.
Chapter 3 investigates the association of BRAF V600E and the mTOR pathway in
GNTs. The mTOR pathway plays an important role in cell growth and proliferation
during the development of the cerebral cortex and aberrant activation of this pathway
has been linked to different malformations of cortical development (MCD) associated
with epilepsy and neurobehavioral disabilities, including GNTs. Our study shows that
the presence of the BRAF V600E mutation is significantly associated with the expression of the phosphorylated ribosomal S6 protein (pS6; a marker of mTOR pathway
activation) and the expression of both proteins together is associated with a worse postoperative seizure outcome in GNTs.
Chapters 4 and 5 describe the involvement of components of inflammatory pathways
in MCD associated with epilepsy, namely, the tuberous sclerosis complex (TSC) and
GNTs, respectively. Activation of TORC1 complex was observed in the morphologically abnormal cells (giant cells) in the TSC suggesting a role for this pathway in the
formation of TSC brain lesions. Moreover, the study provided evidence for the prenatal
activation of several inflammatory pathways supporting the role of immune-inflammatory responses in the TSC lesions which may contribute to the pathogenesis of seizures
(Chapter 4). Similarly, a prominent upregulation of the major histocompatibility complex class I (MHC-I) was observed in dysmorphic/dysplastic neurons, endothelial and
microglial cells in glioneuronal lesions including GG, which might represent an impor-

35

1

Chapter 1

tant accompanying event of the immune response in these lesions (Chapter 5). Regulation of gene expression in various normal biological processes as well as pathological
conditions has been shown to be mediated by microRNAs (miRNAs).
Chapter 7 investigates with the expression and cellular distribution of three miRNAs,
miR21, miR146a and miR155, involved in the regulation of inflammatory pathways
with proictogenic properties in a large cohort of GGs with well-characterized intractable
epilepsy. Results suggest a differential regulation of these miRNAs in GGs involving
also the epileptogenic peritumoral region. Lastly, the histopathological features of GNT,
as described in the preceding sections, suggest a developmental pathogenesis with a
deregulation of the mTOR pathway. This supports the inclusion of GNT within the
spectrum of an mTORopathy together with focal malformations of cortical development characterized by cortical dysgenesis with abnormal cell proliferation. Aberrant
activation of mTOR may contribute to apoptosis signalling pathways and premature
activation of mechanisms of neurodegeneration as seen in focal cortical dysplasia type
II and TSC. The question of whether such neurodegenerative changes represent an intrinsic feature of GNTs driven by signalling pathways such as the mTOR pathway is
addressed in Chapter 6.
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Abstract
Aim: Ganglioglioma (GG) and dysembryoplastic neuroepithelial tumours (DNT) represent the most common histological entities within the spectrum of glioneuronal tumours (GNTs). The wide variability of morphological features complicates histological
classification, including discrimination from prognostically distinct diffuse low-grade
astrocytomas (AII). This study was performed to increase our understanding of these
tumours.
Methods: We studied chromosomal copy number aberrations (CNAs) by genome-wide
sequencing in a large cohort of GNTs and linked these to comprehensive histological
analysis and clinical characteristics. One hundred-and-fourteen GNTs were studied; 50
GGs and 64 DNTs. Also, a dataset of CNAs from 38 diffuse AII was included.
Results: The most frequent CNAs in both GGs and DNTs were gains at chromosomes
5 and 7, often concurrent, and gain at chromosome 6. None of the CNAs was linked to
histological subtype, immunohistochemical features or to clinical characteristics. Comparison of AII and diffuse GNTs revealed that gain at whole chromosome 5 is only
observed in GNTs. CNA-patterns indicative of chromothripsis were detected in three
GNTs.
Conclusion: We conclude that GNTs with diverse morphologies share molecular features, and our findings support the need to improve classification and differential diagnosis of tumour entities within the spectrum of GNTs, as well as their distinction from
other glioma.

Keywords: copy number aberrations, dysembryoplastic neuroepithelial tumour, ganglioglioma, long-term epilepsy associated tumours, whole genome sequencing
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Introduction
According to the most recent WHO classification of tumours of the central nervous
system, glioneuronal tumours (GNTs) include different entities, such as gangliogliomas
(GGs) and dysembryoplastic neuroepithelial tumours (DNTs) [1]. GNTs are relatively infrequent, generally benign tumours that become manifest in children and young
adults [2]. Tumour relapse and malignant progression are rare events. GG and DNT
represent the most common tumour entities within the spectrum of long-term epilepsy
associated tumours [3]. The histopathological features of GNT with immature neural
elements, expression of stem cell markers (such as CD34) and the coexistence with
cortical dysplasia, suggests a developmental pathogenesis for these tumours. This is supported by reports indicating an association with molecular alterations of key developmental signalling pathways, such as the mammalian target of rapamycin (mTOR), in
both GG and DNT [4-7].
The broad histopathological spectrum of GNT hinders unequivocal classification according to the 2007 WHO system, and the diagnosis of GNT is therefore subject to
substantial inter-observer variability. For instance, the definition of “non-specific” DNT
variants (such as diffuse DNT) is still a matter of debate [3, 8-11]. Reports of mutation of the BRAF oncogene in both GG and DNT support a relationship between
DNT and GG, pointing to the pathogenic role of BRAF, similar to other low grade
tumours arising in young age groups, such as pilocytic astrocytomas and pleomorphic
xanthoastrocytoma [7, 12-16]. Furthermore, several studies have reported expression of
the hematopoietic progenitor cell marker CD34 in DNT [10, 12, 17, 18], including
both specific and non-specific forms [10, 12]. CD34 has been suggested as a marker to
define a subgroup of GNT [11].
Analysis of chromosomal copy number aberrations (CNAs) has been proven useful in
diffuse gliomas; complete co-deletion of chromosomal arms 1p and 19q is correlated
with oligodendroglial phenotype of the tumour cells [19] and increased overall survival
[20]. A CNA landscape of GNT could contribute to a better distinction of diffusely
growing WHO grade I GNT (‘non-specific’ or ‘diffuse’ DNT) from diffuse WHO grade
II astrocytomas (AII), with a potential clinical relevance, as incorrect diagnosis of an AII
could result in unnecessary postoperative irradiation with long-term cognitive deficits
[21].
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In the present study, we performed genome-wide analysis of CNAs in a cohort of 114
GNTs. Data were combined with evaluation of clinical, morphological and other molecular features. Our aim was to provide a high quality copy number landscape of a large
number of GNTs. With this information, we determined the characteristic patterns
of the two entities (GG and DNT), including their histological variants at the level of
CNAs. Our data furthermore enabled discrimination of diffuse DNT from AII.

Materials and methods
Subjects
GNT specimens were collected from archives of the Departments of Neuropathology of
the Academic Medical Center in Amsterdam (AMC), the University Medical Center in
Utrecht (UMCU) and of the University College London Institute of Neurology Queen
Square (London, UK). Informed patient consent and ethical committee approval for the
use of brain tissue and for access to medical records for research purposes were obtained
and used in a manner compliant with the Declaration of Helsinki. The cases included in
this study are part of a larger cohort recently used to evaluate the occurrence of BRAF
V600E mutation and the mTOR signaling activation in GNTs [7].
For comparison of GNT with diffuse growth patterns with AII, readily available CNA
data of 38 AIIs from an low-grade glioma (LGG) cohort of adults were included. These
patients and data have been described before [22].
Histological and immunohistochemical analysis
Formalin-fixed paraffin-embedded (FFPE) tissue was sectioned at 5 µm and mounted
on pre-coated glass slides (Star Frost, Waldemar Knittel GmbH, Braunschweig, Germany). Representative sections of all specimens were processed for Haematoxylin and
Eosin (H&E), luxol fast blue and Nissl stains as well as immunohistochemical markers
indicating glial or neuronal differentiation ([7]; Supporting Information Table S1).
Evaluation of histology and immunohistochemistry
Two senior neuropathologists reviewed all cases according to the WHO classification
(1), they were blinded to the initial diagnosis and clinical data. Labelled tissue sections
were evaluated using various histopathological parameters as well as specific immunore50
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activity (IR) for the different antigens (Supporting Information Table 1). Semi-quantitative evaluation of the IR was performed for major histocompatibility complex (MHC)
class II, synaptophysin, glial fibrillary acidic protein (GFAP), CD34 and phosphorylated ribosomal S6 protein (pS6; marker of mTOR pathway activation); as previously
reported [7], the product of two values (intensity and frequency scores) was taken to
give the overall score(total IR score (total IRS); Supporting Information Table S2).
Fluorescence in situ hybridization (FISH)
Fluorescence in situ hybridization (FISH) was performed on 5 µm FFPE tissue sections
of five DNTs and five GGs (with gain at chromosome 7). Pre-treatment and split-FISH
were performed using a FISH accessory kit, according to the manufacturer’s recommendations (DAKO, Glostrup, Denmark). Commercial FISH probes were hybridized
at 37°C [C-MET (7q31)/SE7,(KBI-10719), MYCN (2p24)/LAF(2q11),(KBI-10706);
both from Kreatech Diagnostics, Amsterdam, The Netherlands]. Glial and neuronal
cells were distinguished on the basis nuclear size and shape, as determined by staining
with the DNA-intercalating fluorophore 4’,6-diamidino-2-phenylindole (DAPI).
DNA extraction and BRAF V600E mutation analysis
Areas of representative tumour were outlined on H&E stained sections. This area was
then macrodissected from 10 µm thick sections of the same FFPE block, and DNA was
extracted using the BiOstic FFPE Tissue DNA Isolation kit (MOBIO, Carlsbad, CA,
USA) according to the manufacturer’s instructions. Polymerase chain reaction (PCR)
amplifications for codon 600 of BRAF were performed as described previously [7, 16].
Whole genome sequencing for CNAs
The Illumina HiSeq2000 laboratory protocol used to generate whole genome sequencing data, suitable for CNA analysis of the GNTs, was similar to the one used for AIIs
and has been described in more detail [22]. For validation purposes, array comparative
genomic hybridization (CGH) was performed as previously reported [23]. Raw data
have been uploaded to the European Genome-phenome Archive (EGA); GNT accession number EGAS00001000831; AII accession number EGAS00001000643.
Statistical analysis of copy number and clinical data
Fifty base pair single-end sequence reads were aligned to the human reference genome
build and selected for optimal conditions as reported [22].
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Correlation of concurrent CNAs was calculated with Kendall’s tau [24]. To identify
CNAs specific for histological and/or clinical features, group tests were performed with
the Chi-square test and 10.000 permutations. The initial outcome of comparison of
subgroups resulted in false discovery rate (FDR) values for the individual regions as defined by CGH regions [25]. CNAs of interest could cover multiple consecutive regions,
and therefore neighboring genomic regions with FDR values <0.05 in group tests were
fused together. The Chi-square tests were then repeated for the fused regions. To count
the number of CNAs in individual samples, we included CNAs covering genomic regions larger than 15Mbp.
Analysis of clinical and histological data was performed with SPSS software for windows
(SPSS 21, SPSS Inc., Chicago, IL, USA). Continuous variables were described with
mean and ranges; categorical variables with percentages. In addition, an unsupervised
analysis of CNA was performed to evaluate possible associations with clinical features
(without considering DNT variants).
The fraction of cells with a CNA depends on the extent of intratumoural heterogeneity
and the percentage of normal cells. We quantified the maximum fraction of tumour cells
in individual GNT samples by using chromosome 5 and 7 as a tumour fraction marker,
which is assumed to reflect a single copy gain (1.5 x normal) from the dominant tumour
clone in a diploid background. As such, a single copy number gain with a tumour fraction of 1 (100% tumour cells) will theoretically have a deflection of 0.58 (log2(3/2)).
Lower tumour fractions can then be calculated by the following formula where frac
denotes the tumour fraction and R denotes the log2 ratio: frac = 3 - 2 * 2R
Negative R values are ignored and frac greater than 1 are considered to have more than
a single copy gain.

Results
Case material, histological and molecular features
One hundred fourteen WHO grade I GNTs were analysed; 50 GGs and 64 DNTs. Only
cases with concordant diagnoses were included; in four GNT cases of surgical resection
obtained before 2000, diagnosis was changed to GG, compared with the original diagnosis (GNT not specified). Clinical characteristics of patients are summarized in Table 1.
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Briefly, 111 out of 114 patients had a disease history of chronic pharmacoresistant epilepsy, of which 85 patients (76%) were postoperatively completely seizure free (Engel
class I). There was no male or female predominance within histological subgroups. Median follow-up was 4.37 years (range 1 to 15 years) and 112 of 114 patients were alive
at the last evaluation.
Forty-nine of 50 GGs were located supratentorially. In one GG, tumour recurrence
occurred without histologically malignant progression. Causes of death in the two deceased patients were an unrelated trauma and postoperative complications.

Table.1 Summary of clinical findings.

BRAF V600E mutation by immunohistochemistry. These cases are part of a larger cohort recently described [7]. C, cerebellar; CPS, complex partial seizure; DNT, dysembryoplastic neuroepithelial tumour; F, frontal; GG, ganglioglioma; GS, generalized seizure; GTR, gross total resection; O, occipital; P, parietal; PR, partial resection; SGS, secondary generalized seizure; SPS,
simple partial seizure; T, temporal.
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None of the GNT cases studied displayed immunohistochemical detection of
IDH1R132H and we found no cases with chromosome 7 gain showing KIAA1549BRAF gene fusion. Histopathological and immunocytochemical features are summarized in Supporting Information Table 2.
In this cohort, expression of the precursor cell marker CD34 within the tumour [26]
was observed in 77% of GGs. The BRAF V600E mutant protein (VE1), as detected by
immunohistochemistry, was present in 23 of the 49 GGs investigated (46.9%). In 16
of the 23 VE1-positive GG cases, we detected a BRAF V600E mutation by sequencing.
Variable numbers of activated microglial cells positive for MHC-II were observed within the tumour in a large majority of GG specimens (Supporting Information Table 2).
All DNTs were supratentorial tumours. In one DNT, tumour recurrence occurred without histologically malignant progression. Of the 64 DNTs (WHO grade I), based on the
predominant growth pattern, 12 were simple, 29 complex (characterized by the presence
of specific glioneuronal elements) and 23 were non-specific forms (including 17 ‘diffuse’
DNT with diffuse cortical infiltration pattern and relative lack of glioneuronal elements
or nodular growth pattern [8-10] and 6 showed mixed DNT and GG features).

Figure 1. Chromosomal copy number aberrations (CNAs) in glioneuronal tumours (GNTs) are not speciﬁc
for either histological classiﬁcation as ganglioglioma (GG) or dysembryoplastic neuroepithelial tumour
(DNT). Frequency plots of CNAs are given for both histological entities: (A) gains and (B) losses, top of
both graphs DNT, bottom of graphs GG. Losses are infrequent and gains at chromosomes 5, 6 and 7 are the
most frequent CNAs. Bins are ordered by genomic position and from chromosomes 1 to 22 on the x-axis;
percentages of cases showing CNAs are depicted on the y-axis.
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As previously reported [10], tumours with features of DNT (oligodendroglia-like cells,
nodular growth pattern, specific glioneuronal element) but including aggregates of dysplastic or multinucleated neurons were grouped as ‘‘mixed” tumours. However, tumours
with dysplastic neurons, (without features of DNT) but with neurocytic differentiation
were not judged as mixed tumours, but as GG.
Expression of CD34 outside the microvasculature was observed in 55% of DNTs.
BRAF V600E mutation, as detected by immunohistochemistry, was present in 32.8%
of the 64 DNTs. In 20 of the 21 VE1-positive GG cases, we detected a BRAF V600E
mutation by sequencing. Also in the DNTs, variable amounts of activated microglial
cells positive for MHC-II were observed (Supporting Information Table 2).
Frequency of CNAs in GNT
We observed a wide variety of CNAs in the cohort (Figure 1), the most frequent (≥ 10%)
were gains at chromosomes 5 (18%), 7 (23%) and 6 (10%). Concurrence of CNAs with
Kendall’s Tau > 0.75 was gains of chromosome 5 and 7 (n=16), gains of chromosomes 7
and 12 (n=8), and gains of chromosomes 12 and 18 (n=5). None of the samples showed
concurrent deletion of chromosomal arms 1p and 19q (Supporting Information Figure
S1). Also, none of the CNAs was mutually exclusive.
To validate the technique, copy number analysis by array CGH was performed on 11
DNA samples. Shallow whole genome sequencing (WGS) and array analysis invariably
yielded the same CNA profiles (Figure 2).
There was no significant correlation between CNAs and histological diagnosis of GG
vs. DNT. Also in smaller subgroups, no discriminating CNAs were recognized. For example, the 17 diffuse DNTs included in our cohort displayed gains in chromosomes 5
and 7, similar to GG and other DNT variants (simple, complex DNT). The maximum
fraction of tumour cells with gains at chromosomes 5 and 7 in DNT variants is shown
in Supporting InformationTable S2. Alterations in other chromosomes (for example 6,
12 and 18) did not discriminate between the DNT variants; also, unsupervised analysis
did not separate GGs from DNTs or from DNT variants.
In our study, there was no correlation of CNAs to presence of CD34, MHC-II-score,
GFAP-score, synaptophysin-score and pS6-IRS score, and BRAF V600E mutant protein. Moreover, no significant correlation was found between CNAs or the number of
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Figure 2. Detection limit of copy number aberrations (CNAs) in ganglioglioma (GG). Examples to illustrate three categories of chromosomal proﬁles: I, ‘quiet’; II, minimal deﬂection suggestive of CNAs; III,
clear-cut CNAs. (A, B, C) Copy number proﬁles and tumour fraction of chromosome 5 and/or 7 gain, if
present. (D, E, F) haematoxylin and eosin (H&E); (G, H, I) CD34; (J, K, L) major histocompatibility
complex II (MHC-II). Category I: GG without visible CNAs; the selected area contains CD34-positive
and numerous reactive microglial (MHC-II-positive) cells. Category II: Dysembryoplastic neuroepithelial
tumour (DNT) with marginal deﬂection of CNAs not detected by the calling algorithm; the selected area
contains few CD34-positive cells and few MHC-II-positive cells. Category III: Non-speciﬁc DNT with
clear-cut called CNAs; the selected area is fairly cellular with a variable proportion of microglial and CD34positive cells. Scale bar in L: 80 µm. In chromosomal proﬁles, blue bars represent quantiﬁcation of reads
with copy number gain and red bars copy number loss, as measured by calling algorithm CGHcall.

CNAs and clinical features such as tumour location, age at surgery (after dichotomization at 18 years), seizures or duration of epilepsy. The patient with recurrence of grade I
DNT did not show any CNAs in either surgical material.
Chromothripsis-like pattern in GNT
A chromothripsis-like pattern was identified in two DNTs and one GG and occurred
in all three tumours in chromosome 7 (see figure 3B and D for an example). Chromothripsis is characterized by copy-number ‘oscillations’. Typically in the chromothripsis
region, only two (or occasionally three) copy-number states are detectable in the context
of a large number of rearrangements [27]. All patients with GNT showing this distinct
pattern were still alive at the last follow-up (13, 12 and 9 years after operation). The per-
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Figure 3. Somatic chromothripsis in a glioneuronal tumour. Illustration of a representative chromothripsis-like pattern in one of three patients in the present cohort. (A) Chromosomal proﬁle

of a dysembroyplastic neuroepithelial tumour (DNT), with copy number gains concentrated at chromosome 7. (B) Enlargement of chromosome 7 shows frequent alternating copy number aberrations over normal and gain, indicative of chromothripsis, interspersed with two focal losses. (C) In the chromosomal
proﬁle of matched peritumoural non-neoplastic tissue, no copy number aberrations (CNAs) are detected.
Bins are ordered by genomic position and from chromosome 1 to 22 on the x-axis. Normalized log-2 read
counts are depicted on the y-axis. (D) Photomicrograph (haematoxylin and eosin staining) representative
area of this ganglioglioma (GG) that was macrodissected for further CNA analysis.

itumoural non-neoplastic brain tissue available from one patient with a specific DNT
did not show CNAs (Figure 3C). None of these cases displayed immunohistochemical
staining for IDH1 R132H mutant protein or P53 accumulation.
Absence of CNAs in subset of cohort: three categories
We observed very few or no CNAs in a large proportion of samples. Counting the number of CNAs revealed that 47.8% of the samples had two or fewer CNAs (Supporting
Information Figure S3). By visual inspection, however, we recognized potential CNAs
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in 10 samples, as indicated by marginal deflection from the normal level, but not detected by the calling algorithm. Presence of tumour cells could be inferred in a subset of
these samples from marginal deflection of chromosome 7 in chromosomal profiles, the
most frequent CNA in samples with clearly visible CNAs. Chromosomal profiles were
classified in three categories (I ´quiet´; II minimal deflection suggestive of CNAs; III
clear cut CNAs). For this visual classification, we did not include deflection of regions
that could be attributed to artefacts induced by GC-nucleotide content such as chromosome 19 [25]. We hypothesized that tumour cell content did not reach the detection
limit of CNA analysis [25] and repeated histological analysis.
The proportion of non-neoplastic cells which are known to be variably represented within GNT specimens was considered (that is, perivascular cuffs of lymphocytes; MHC-II
positive microglial cells (Supporting Information Table S2)). Admixture of non-neoplastic cells was not higher in tumours with few or no CNAs, compared with tumours
with prominent alterations (Figure 2). Secondly, we performed a quantification of the
tumour fraction by using gains of chromosome 5 and/or 7 (the most frequently occurring CNAs) as tumour fraction markers. The resulting tumour fractions allowed us to
group the profiles in three categories; quiet category (I), median 5% (range 5-100%);
minimal deflection (II), median 10% (range 5-45%); clear cut CNAs (III), median 0.45
(range 5-125%) (Figure 2 and Supporting Information Table S2). Semi-quantitative
analysis of the observation of three categories (Spearman’s rank correlation), was used to
asses if this distinction could be attributed to specific histological, immunohistochemical and clinical features, but this analysis did not reveal significant correlations.
FISH
To validate the gain on chromosome 7 and investigate which tumour cells carried this
gain, we used a FISH probe for chromosome 7 and a probe for chromosome 2 (as control) in GGs and DNTs. Analysis of a total of 5 GGs and 5 DNTs showed two signals for
C-MET (7q31) in 49% of cells (219/450; GGs) and in 60% of cells (192/321; DNTs).
Representative images of FISH analysis in a GG and a DNT are shown in Figure 4.
By FISH, a normal diploid signal of MYCN (2p24) was observed in both DNT and GG
(Figure 4B), whereas over 60% of cells showed more than two signals for C-MET (7q31)
Figure 4C, E). The cells indicative of copy number gain displayed the morphology of
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Figure 4. Validation of chromosomal copy number aberrations and tissue sections by split ﬂuorescence in

situ hybridization (FISH) in dysembryoplastic neuroepithelial tumour (DNT) and ganglioglioma (GG).
(A) Copy number proﬁle of DNT with gains at chromosomes 7, 19 and 20. (B) Representative image of
FISH analysis of this tumour with two probes red (MYCN, 2p24) and green (internal control, centromere
of chromosome 2); a diploid pattern was observed. (C) Representative image of FISH analysis with two
probes red (C-MET, 7q31) and green (internal control, centromere of chromosome 2); 64% (51/80) of
cells show more than two signals for C-MET, indicating copy number gain. (D) Copy number proﬁle of
GG with gains at chromosomes 7 and 10. (E) Representative image of FISH analysis in this tumour; 63%
(44/70) of cells showed more than two signals for the same probes of chromosome 7 in glial cells, indicating
copy number gain. (F) In neuronal cells, a diploid pattern was observed.

Figure 5. Chromosomal copy number aberrations (CNAs) are indicative for histological classiﬁcation as

either dysembryoplastic neuroepithelial tumour (DNT) or astrocytoma (AII). Frequency plots of CNAs are
given for both histological entities: (A) gains and (B) losses, top of both graphs AII, bottom of graphs DNT.
Gain of whole chromosome 5 is only observed in DNT, while in general AIIs show a higher frequency of
CNAs at various genomic positions. Bins are ordered by genomic position and from chromosomes 1 to 22
on the x-axis; percentages of cases showing CNAs are depicted on the y-axis.
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glial cell; copy number gain was not observed in cells with neuronal morphology (Figure
4F), except for a single neurone in one GG (not shown).
Comparison CNAs GNT and diffuse low-grade gliomas
CNAs of 38 adult patients with diffuse low-grade glioma histologically classified as AII
were compared to CNAs of 16 non-specific, diffuse DNTs. Overall, there were more
CNAs in AIIs than diffuse DNTs. Thirty-one CNAs were unique to AIIs, while gain
of whole chromosome 5 was only observed in diffuse DNTs (5/16) (Figure 5). IDH1
132H mutation was detected in 31 of 37 AII cases analysed. Gain of whole chromosome
5 was also detected in 8 specific DNT.

Discussion
WHO grade I GNTs are notorious for their large spectrum of morphological features,
including GG, DNT and DNT variants. Histological classification is subject to interobserver variability and may be complemented with molecular markers. The present
data indicate that GG and DNT share a spectrum of CNAs with similar frequency of
gains of chromosomes 5 and 7 [24, 28]. This spectrum can also be recognized histologically in rare cases, displaying a mixture of DNT and GG histological features within
the same sample. In a small cohort of desmoplastic infantile GG (DIG, n=10) and AII
(DIA, n=4) a comparable shared spectrum of CNAs was revealed [29]. Our findings in
GGs confirm previous studies, while, to our knowledge, we are the first to report on
CNAs in a large cohort of DNTs. A previous CGH-array study did not reveal alterations
in a small cohort of pediatric DNTs and cortical LGGs [30].
In our study, commonalities of CNAs were not restricted to histological subtype; CNAs
were not correlated to immunohistochemical features, such as the expression of oncofetal marker CD34 or the BRAF V600 mutant protein. We also did not detect any
significant association between CNAs and clinical features. The observation of Hoischen
et al [24] in GG where a lower median number of CNAs was observed in patients with
epilepsy compared with those without seizures could not be confirmed. This may be
explained by the low number of patients of the latter group in our cohort (n=3) [24].
Analysis of gene mutations or epigenetic alterations, such as aberrant methylation, may
provide additional insights in the molecular underpinnings of the wide variety in morphological and clinical features of GNT [31].
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The landscape of CNAs in GNT we present here does not elucidate the biological effect of gains on chromosome 5 and 7. In future studies, identification of early and late
molecular events may provide additional insights in this respect. The indolent behaviour
of low-grade GNT has been attributed to a developmental origin [4]. However, there is
little knowledge on the mechanism involved in tumourigenesis. Identification of genes
involved is complicated by the high number of genes located on chromosomes 5 and 7.
We list several genes of interest. GG has been reported in a Sotos syndrome patients with
an NSD1 (SET-domain-containing protein; located on chromosome 5) deletion [32].
PIK3R1, CCNH, GOLPH3, TERT, XRCC4 (located on chromosome 5) and EGFR,
GLI3, c-MET, PDGFA, PMS2, RAC1, SMO, RPA3 and BRAF (located on chromosome
7) are all genes recently associated with tumourigenesis and particularly gliomagenesis
[33-39]. We did not observe focal gain of BRAF which has been reported in GG [40].
MEF2C, another gene located on chromosome 5 is associated with developmental delay
and seizures [41]. CDK5, a key gene in neuronal development is located on chromosome
7. However, no mutation in this gene has been reported in GG [42]. Gene expression
and/or functional studies are required in order to assess the impact of a chromosomal
copy number gain on the tumour phenotype.
Analysis of spatially and temporally different samples that were acquired from LGG and
Glioblastoma Multiforme (GBM) has provided insight into their subclonal evolution,
with one subclone seeding outgrowth of the recurrence [43]. A similar type of evolution
is suggested by a report of a GG with malignant progression, where the histologically
more malignant part showed gain of chromosome 7, not present in the subclone with
benign features, whereas gain of chromosome 5 was detected equally in both parts of the
tumour [44]. We infer from intermediate copy number levels in chromosomal profiles
in our study that the proportion of tumour cells bearing CNAs varies within samples,
possibly reflecting intratumoural heterogeneity, as has been observed by us in an LGG
cohort [22]. Interestingly, we found a chromothripsis-like pattern in a subset of samples;
this phenomenon was absent in peritumoural non-neoplastic brain tissue. Chromothripsis is considered to be the result of a single catastrophic event [45] and has been identified in high-grade malignant cancer types such as osteosarcomas and neuroblastomas
[27, 46], but has also been associated with germline molecular alterations in developmental disorders [47]. Contrary to reports on the association of somatic chromothripsis
with an unfavorable survival [48], the patients in our cohort with chromothripsis in
their GNTs are still alive without progressive disease after long follow up.
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The substantial proportion of samples with ´quiet´ chromosomal profiles may have interfered with correlation analysis. However, this lack of CNAs is confirmed by previous
studies in GG and DIA [24, 29]. Heterogeneity in morphological features including
variable admixture of non-neoplastic cells and our observation that CNAs are predominantly detected in glial cells, not neuronal cells, complicates estimation of tumour cell
percentage in GNT, although attention was put into selection and macrodissection of
a representative tumour area. Despite histological similarities, the proportion of cells
bearing CNAs was variable, as demonstrated with our tumour fraction calculation. The
observed association between the fraction of tumour cells with gains at chromosome
5 and/or 7 and profile categories (quiet, minimal deflection and clear cut CNAs) may
either imply an underestimation of tumour cell percentage or intratumoural heterogeneity of these two CNAs in the tumour cell population.
Using the data sets included in this CNA study, we have been able to aid in the diagnostically challenging discrimination between WHO grade I diffuse DNT and WHO
grade II AII. This is mandatory to withhold unnecessary irradiation and thereby prevent
cognitive deficits in DNTpatients falsely diagnosed to have an AII [21]. Moreover, potential adverse effects of adjuvant radiation therapy on such slow growing tumours have
also been suggested [49]. Gain of whole chromosome 5 (together with combined analysis of BRAF, IDH1 status and P53 accumulation) supports diagnosis of DNT and may
therefore aid the pathologist in this clinically relevant distinction, particularly in cases in
which the quality or size of the biopsy does not allow a definitive diagnosis based on routine histology. The overall higher fraction of alterations in diffuse WHO grade II AIIs
confirms previous observations, but is so far too unspecific to be used in daily practice
[40]. Acknowledging that diffuse gliomas in the paediatric vs. adult age group generally
differ in molecular background, an ideal experimental design would include material of
age-matched patients for comparative analysis of CNAs in DNTs vs. in diffuse gliomas.
However, a large series of diffuse WHO grade II AII samples of paediatric and adolescent patients is difficult to obtain. Moreover, our DNT cohort includes a substantial
number of patients with age above 18 (n= 46). Due to the retrospective character of
this study (with inclusion of cases of which material was obtained more than 20 years
ago and from different centers) magnetic resonance imaging (MRI) could be revised for
only a subset of patients and MRI data are not included in the present study. Of note,
in a previous study, review of preoperative MRI in a large cohort of DNT did not show
significant correlation between any radiologic feature and histologic tumour type [10].
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In conclusion we studied CNAs in a GNT cohort unique due to its size and the inclusion of DNT. Our findings on the relative frequency of gain of chromosome 7 and/or 5
in GG corroborate previous reports. Additionally, we found a similar frequency of these
and other CNAs in DNT. Thus, in addition to a shared frequency of BRAF V600E
mutation, the similar chromosomal copy number profiles also suggest GG and DNT
are related at the molecular level and could represent different morphological variants
of the same tumour entity. These findings may help to design an improved classification
of GNT.
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Abstract
BRAF V600E mutations have been recently reported in glioneuronal tumors (GNTs).
To evaluate the expression of the BRAF V600E mutated protein and its association with
activation of the mammalian target of rapamycin (mTOR) pathway, immunophenotype and clinical characteristics in GNTs, we investigated a cohort of 174 GNTs.
The presence of BRAF V600E mutations was detected by direct DNA sequencing and
BRAF V600E immunohistochemical detection.
Expression of BRAF-mutated protein was detected in 38/93 (40.8%) gangliogliomas
(GGs), 2/4 (50%) desmoplastic infantile gangliogliomas (DIGs) and 23/77 (29.8%)
dysembryoplastic neuroepithelial tumors (DNTs) by immunohistochemistry. In both
GGs and DNTs, the presence of BRAF V600E mutation was significantly associated
with the expression of CD34, phosphorylated ribosomal S6 protein (pS6; marker of
mTOR pathway activation) in dysplastic neurons and synaptophysin (P < 0.05). In
GGs, the presence of lymphocytic cuffs was more frequent in BRAF-mutated cases (31
vs. 15.8%; P = 0.001). The expression of both BRAF V600E and pS6 was associated
with a worse postoperative seizure outcome in GNT (P < 0.001).
Immunohistochemical detection of BRAF V600E mutated protein may be valuable in
the diagnostic evaluation of these glioneuronal lesions and the observed association with
mTOR activation may aid in the development of targeted treatment involving specific
pathogenic pathways.

Keywords: BRAF, immunohistochemistry, inflammation, long-term epilepsy associated
tumors, mTOR, sequencing
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Introduction
Glioneuronal tumors (GNTs), including gangliogliomas (GGs) and dysembryoplastic
neuroepithelial tumors (DNTs), represent a well-recognized cause of intractable epilepsy in children and young adults. Their cellular composition, characterized by mixed
neuroepithelial cell types, including aberrantly shaped neuronal cells and glial elements,
in coexistence with cortical dysplasia suggests a developmental pathogenesis for these
lesions [12, 14, 31, 60]. The possible origin of GGs from a dysplastic precursor lesion is
also supported by the reported association with molecular alterations common to other
developmental glioneuronal lesions, such as reelin and the mammalian target of rapamycin (mTOR) signaling pathways [11, 18, 39]. mTOR is regulated by several proteins,
including PI3 kinase, PDK1, PTEN, AKT and LKB1 (tumor suppressor liver kinase
B1 [54, 58]). Deregulation of the mTOR pathway, which is critical to cell growth and
proliferation during the development of the cerebral cortex, has been linked to different malformations of cortical development (MCD) associated with epilepsy and neurobehavioral disabilities (for reviews, see [21]). Accordingly, GNTs have been included
among the MCD, in the group of malformations (including focal cortical dysplasia
(FCD) and brain lesions of tuberous sclerosis complex (TSC)), characterized by abnormal neuronal and glial proliferation [9]. In our previous study, in which we examined a
small cohort of GG and DNTs (including only simple DNTs), enhanced mTOR signaling pathway activation was only observed in GGs [18]. However, recently, non-specific
forms of DNTs, representing a diagnostic challenge to neuropathologists, have also been
reported and their pathogenesis and relationship with GGs is still a matter of discussion
[17, 46, 59] (for review, see [60]).
Recent studies have reported a mutation of the BRAF oncogene (a member of the RAF
family of serine/threonine protein kinases involved in the RAS-RAF-MEK-ERK-MAP
kinase signaling pathway) in up to 50% GGs [22, 26, 41, 56] and in few DNTs [20]
and desmoplastic infantile gangliogliomas (DIGs [40]), suggesting a link with other tumor entities, such as pleomorphic xanthoastrocytoma (PXA) and pilocytic astrocytoma
(PA) (for reviews, see [36, 60]).
In the present study, we collected and analyzed the histopathological and clinical data in
a large cohort of 174 patients with GNTs.
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Our aims were (i) to evaluate the presence and distribution, across GNT subtypes, of
enhanced mTOR signaling pathway activation; (ii) to evaluate the incidence and distribution, across GNT subtypes, of BRAF V600E mutation detected by a BRAF V600E
mutation-specific antibody, as well as by direct DNA sequencing; and (iii) to compare
the tumor immunohistochemical characteristics with molecular genetics profile and
clinical features, including seizure outcome after surgery.

Materials and methods
Subjects
The GNT specimens included in this study (inclusion period: 1991–2011) were all
obtained from the databases of the Departments of Neuropathology of the Academic Medical Center (University of Amsterdam) in Amsterdam, the University Medical
Center in Utrecht and of the University College London Institute of Neurology Queen
Square (London, UK). The extent of resection was determined by reviewing the operative report and postoperative brain scans.
We examined a total of 174 surgical specimens (n = 93 GGs, n = 4 DIGs, n = 77 DNTs;
Table 1). Informed consent was obtained for the use of brain tissue and for access to
medical records for research purposes. Tissue was obtained and used in a manner compliant with the Declaration of Helsinki. We reviewed all cases, and the diagnosis was
confirmed according to the revised World Health Organization (WHO) classification of
tumors of the nervous system [46].
The clinical features of the included patients (such as age at surgery, duration of epilepsy
and seizure type) are summarized in Table 1. One hundred sixty-eight patients (96%)
underwent resection of GNT for medically intractable epilepsy. The predominant type
of seizure pattern was that of complex partial seizures, which were resistant to maximal
doses of anti-epileptic drugs (AEDs).
The patients with epilepsy underwent presurgical evaluation [62] and the postoperative
seizure outcome was classified according to Engel [29]. Patients who were free of habitual preoperative seizures were classified as class I, and patients in class II were almost
seizure free or had rare or nocturnal seizures only. The follow up period ranged from 1
to 15 years.
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Tissue preparation

Formalin fixed, paraffin-embedded (FFPE) tissue was sectioned at 6 µm and mounted
on precoated glass slides (Star Frost, Waldemar Knittel GmbH, Braunschweig, Germany). Representative sections of all specimens were processed for hematoxylin & eosin
(HE), luxol fast blue (LFB) and Nissl stains, as well as for a number of immunohistochemical markers (Table 2).
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Immunohistochemistry

Single-label immunohistochemistry (see Table 2) was performed, as previously described [4], using the Powervision kit (Immunologic, Duiven, the Netherlands) and
3,3-diaminobenzidine as chromogen. Immunostaining for BRAF V600E (clone VE1,
Spring Bioscience, Pleasanton, CA, USA) was performed on a Ventana BenchMark XT
immunostainer (Ventana Medical Systems, Tucson, AZ, USA) as previously reported
[41]. Sections were counterstained with hematoxylin. As positive and negative controls,
we used a tissue microarray of colon carcinoma specimens with known BRAF V600E
status (66 wild-type, 15 BRAF V600E). For double-labeling of VE1 with pS6 or phospho-tumor suppressor liver kinase B1 (pLKB1), sections were, after incubation with
the primary antibodies overnight at 4°C, incubated for 2 h at room temperature with
Alexa Fluor® 568-conjugated anti-rabbit and Alexa Fluor® 488 anti-mouse IgG (1:100,
Molecular Probes, Leiden, the Netherlands). Sections were then analyzed by means of a
laser scanning confocal microscope (Leica TCS Sp2, Wetzlar, Germany).
For double-labeling of VE1 with NeuN (both mouse monoclonal antibodies), sections
were incubated with the first primary antibody, anti-NeuN, which was visualized with a
polymer-alkaline phosphatase (AP)-labeled anti-mouse antibody (BrightVision #DPVM55AP, Immunologic, Duiven, the Netherlands) and Vector Red (AP substrate kit III,
#SK-5100, Vector Labs, Burlingame, CA, USA) as chromogen. To remove the first primary antibody, sections were incubated at 121°C in citrate buffer (0.01 M, pH 6.0) for
10 minutes. Sections were then incubated for 1 h at room temperature with the second
primary antibody (VE1). The second primary antibody was visualized with poly-AP
anti-mouse antibody (BrightVision) and Vector Blue (AP substrate kit III, #SK-5300,
Vector Labs) as chromogen.
Evaluation of histology and immunohistochemistry

All labeled tissue sections were evaluated by two independent observers blinded to clini75
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cal data for the presence or absence of various histopathological parameters and specific
immunoreactivity (IR) for the different markers. HE stained slides were used to evaluate the neuronal and glial components of the tumors, the presence of dysplastic neurons, calcifications, hemosiderin deposition and perivascular cuffs of lymphocytes. Ki67
staining was examined using an ocular grid and counting 1000 cells from representative
fields of the tumor (the section border and hemorrhagic areas were omitted). The result
was recorded as the Ki67 labeling index of the immunostained nuclei (number of labeled cells per total number of cells, excluding vascular cells and lymphocytes).
We also semi-quantitatively evaluated the IR for the different markers, such as synaptophysin, glial fibrillary acidic protein (GFAP) and CD34, MHC-I, MHC-II, IDH1
(R132H) and Lin28A. The intensity of the staining was evaluated as previously described [37, 52], using a semi-quantitative scale ranging from 0 to 3 (0: negative; 1:
weak; 2: moderate; 3: strong IR). All areas of the specimen were examined and the score
represents the predominant cell staining intensity found in each case. The approximate
proportion of cells showing IR for the different makers (1: single to 10%; 2: 11%–50%;
3: >50%) was also scored to give information about the relative number (“frequency”
score) of positive cells within the tumor areas. In case of disagreement, independent
re-evaluation was performed by both observers to define the final score. As proposed
before [5, 37], the product of these two values (intensity and frequency scores) was
taken to give the overall score (immunoreactivity total score; IRS). For the pS6 staining,
an immunoreactivity score of 2 or more was considered to be positive. To analyze the
percentage of VE1 positive cells that express pS6 or pLKB1 (n = 8, 5 GGs, 3 DNTs),
in each specimen, two representative, adjacent, non-overlapping fields of the areas of
interest were captured and digitized using a laser scanning confocal microscope. The
total number of cells stained with pS6 (or pLKB1) or VE1, as well as the number of
double-labeled cells, were counted and percentages were calculated [expressed as mean ±
standard error of mean (SEM)] of cells co-expressing pS6 (or pLKB1) and VE1.
DNA extraction and BRAF V600E mutation analysis

Areas of representative tumor identified on HE stained sections by the neuropathologists (AE, WS, MT) were marked and tumor DNA was extracted from 10 µm-thick
sections of FFPE tissue using BiOstic FFPE Tissue DNA Isolation kit (MOBIO, Carlsbad, CA, USA) according to the manufacturer’s instructions. We analyzed a total of 168
cases (in 6 cases, the amount of representative tumor tissue available was not sufficient
for the analysis). The sections in which the tumor area was below 60% were macrodis76
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sected. Polymerase chain reaction (PCR) amplifications and sequencing for codon 600
of BRAF were performed as previously described [56]. Purified PCR products were sequenced using the Big Dye Terminator Cycle Sequencing Kit (PerkinElmer Biosystems,
Foster City, CA, USA).
Statistical analysis

Statistical analyses were performed with SPSS for Windows (SPSS 20, SPSS Inc., Chicago, IL, USA). Continuous variables were described with mean and ranges; categorical
variables with proportions and percentages. The two-tailed Student’s t-test or the nonparametric Kruskal-Wallis test followed by Mann-Whitney U-test was used to assess differences between the groups. Correlation between BRAF V600E status with histological/immunohistochemical and clinical features (duration of epilepsy, seizure frequency,
age at surgery, age at seizure onset, epilepsy outcome, etc.) were assessed using the Spearman’s rank correlation test. A value of P < 0.05 was defined statistically significant. In
addition, we performed an unsupervised analysis comparing tumor recurrence, postoperative seizure outcome and different tumor diagnosis in BRAF, CD34 and pS6 positive
tumors with tumors negative for these markers. We analyzed all GNT together without
considering DNT variants. The Pearson’s chi-square test or the Fisher’s exact test was
used to analyze the association of the immunostainings with the clinical features. The
results are reported in Table 4.

Results
Case material and histological features
Among the 174 patients included in the study (Table 1), 168 had a history of chronic
pharmacoresistant epilepsy. Postoperatively, 133 patients (79%) were completely seizure
free (Engel’s class I). The mean age at diagnosis for DIG was 6.5 years and they were significantly younger (P < 0.05) than patients with GG (mean age: 24.7 years) and DNT
(mean age: 24.7 years). There was no male or female predominance within each tumor
group. All the DNTs and DIGs were supratentorial tumors. Of the 93 GGs, 90 tumors
were supratentorial (96.77%), 1 from the posterior fossa and 2 from the spinal cord/
brainstem. One hundred seventy-three of the 174 patients were alive at the last follow
up. Evidence of hippocampal sclerosis was detected in 15% of GGs and 14% of DNTs;
in addition, in 4 GG and 5 DNTs, areas of dyslamination (FCD type IIIb [15]) were
observed (Table 1).
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Table 1. Summary of clinical findings of patients.

Abbreviations: CPS = complex partial seizures; GS = generalized seizures; SGS = secondary generalized
seizures; SPS = simple partial seizures; HS = hippocampal sclerosis; FCD = focal cortical dysplasia;
GNT = Glioneuronal tumor; PR = partial resection; GTR = gross-total resection; MSR = mesial-structures
resection; F = frontal; T = temporal; BG = basal ganglia; O = occipital; P = parietal; SC = spinal cord; Cer =
cerebellum; BS = brain stem; DIGs = desmoplastic infantile gangliogliomas; GGs = gangliogliomas; DNTs
= dysembryoplastic neuroepithelial tumors.
ILAE classification (16)
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Table 2. Immunohistochemistry: primary antibodies.

3

Abbreviation: MHC = major histocompatibility complex; GFAP = glial fibrillary acidic protein.
†Kindly provided by D. Capper and A. von Deimling (19).
‡Kindly provided by J. Neefjes (NKI, the Netherlands).

The GGs were composed of dysplastic neuronal cells lacking uniform orientation, surrounded by neoplastic astrocytes (Figure 1A-F) and included 90 GG WHO grade I and
4 GG WHO grade III. Tumor recurrence with histological change occurred in two histologically benign GG (after partial resection), two GG WHO grade III and two DNT.
The diagnosis at the second operation was anaplastic astrocytoma [n = 2; IDH1(R132H)
negative; no P53 mutation], glioblastoma multiforme [n = 2; IDH1(R132H) negative;
no P53 mutation] and DNT [n = 2 IDH1(R132H) negative; no. 1p19q co-deletion].
Expression of the precursor cell marker, CD34 ([13]; Supporting Information Figure
S1A-B), was observed in 71% of GGs (Figure 5A). The DIGs were characterized by
a prominent desmoplastic stroma and displayed both astrocytic and ganglionic differentiation (Figure 2A-D). CD34 expression was observed in three of four DIGs (75%;
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Figure 1. BRAF V600E mutated ganglioglioma
(GG): histopathological features, VE1 and pS6
immunoreactivity A, B. Hematoxylin & eosin (HE) staining of GG showing the mixture
of neuronal cells, lacking uniform orientation
(arrows in B) and glial cells. C. Glial fibrillary
acidic protein (GFAP) immunoreactivity (IR)
showing the astroglial component of the tumor.
D, E. NeuN staining detects the neuronal component (nuclear staining, arrows in E) of GG. F.
Synaptophysin expression along the cell borders
of dysplastic neuron (arrow). G-I. BRAF V600E
(VE1) immunostaining showing diffuse IR
within the tumor area, with prominent expression in large dysplastic cells (arrows in H and
I); inset in (I) shows VE1 IR (blue) in a dysplastic neuron (NeuN positive, red). J-L. Phosphorylated (p)-S6 expression within the tumor
area with IR in microglial cells (arrowheads in
K) and dysplastic neurons (arrows in K and L);
co-localization of pS6 with VE1 is shown in the
insert in (L). Scale bar in (L): A, D, G, J: 400
µm; B, C, E, F, H, K: 80 µm. I, L: 40 µm.

Figure 5A). The DNTs were composed of a mixture of neuronal cells, astrocytes and a
prominent population of oligodendroglia-like cells (Figure 3A-B). Our series of DNTs
consist of 77 specimens (WHO grade I) including 15 simple DNT, 33 complex DNT
(characterized by the presence of specific glioneuronal elements) as well as the controversial non-specific forms, including 22 diffuse DNT (with diffuse cortical infiltration
pattern and relative lack of glioneuronal element or nodular growth pattern) and 7
mixed DNT/GG (Table 1), defined on the basis of the predominant growth pattern
([59]; applied criteria for the diffuse DNT variants are summarized in Supporting Information Table S1]. Previous molecular analysis reported lack of 1p19q codeletion
in all cases. Expression of CD34 (Figures 4H and 5A) was observed in 51% of DNTs
(Figure 5A). None of the 174 GNT cases displayed immunohistochemical detection of
IDH1(R132H) or Lin28A [42] (not shown).
MHC-I and MHC-II IR in GNTs

As previously reported in GG specimens [51], MHC-I (major histocompatibility complex class I) IR was detected in blood vessels, neurons and microglial cells, but not in
astrocytes (Supporting Information Figures S1F-G and S4A). A similar IR pattern was
80
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Figure 2. BRAF V600E mutated desmoplastic infantile ganglioglioma (DIG): histopathological features,
VE1 and pS6, MHC-II and MHC-I immunoreactivity. A, B. Hematoxylin & eosin (HE) staining of DIG
with a prominent population of neoplastic astrocytes
and scattered dysplastic neurons (arrows). C. Glial fibrillary acidic protein (GFAP) immunoreactivity (IR)
showing the astroglial component of the tumor. D.
Synaptophysin IR in a dysplastic neuron (arrow). E,
F. BRAF V600E (VE1) immunostaining showing diffuse IR within the tumor area, with expression also in
large dysplastic cells (arrow in F). G. Phosphorylated
(p)-S6 expression within the tumor area with IR in
microglial cells (arrowheads) and dysplastic neurons
(arrows). H, I. Prominent MHC class II and I antigen
(MHC-II; MHC-I) expression within the tumor area,
with MHC-I IR in large dysplastic cells (arrows in I).
Scale bar in (I): A-H: 80 µm; B, C, D, F, G, I: 40 µm;
E: 400 µm.

observed in DIGs and DNTs (Figures 2I and 4I). The IRS of MHC-I in both microglial
and neuronal cells was found to be significantly higher in GG than in DNTs (Supporting Information Figure S4A). Variable amount of activated microglial cells positive for
MHC-II were observed within the tumor in a large majority of GNT specimens. The
MHC-II IRS was, however, significantly higher in GGs compared with DNTs (Supporting Information Figure S4A).
pS6 IR in GNTs

In agreement with previous studies [18, 51], expression of pS6 (a reliable marker of
mTOR activation) was observed within GG samples in our cohort; pS6 IR was detected in microglial cells (as confirmed by co-localization with microglial markers; not
shown), as well as in the neuronal component of GGs (Figures 1J-L and 5). We used
two antibodies directed against different phosphorylation sites of the S6 (Ser235/236
and Ser240/244; Table 2), taking into consideration that S6 can be phosphorylated at
Ser235/236 not only by p70 ribosomal S6 protein kinase 1 but also by p90 ribosomal
S6 kinase [3]; however, similar IR patterns were observed using both these antibodies.
As previously reported [18], cytoplasmic IR for pS6 was not detected in histologically
normal cortex. In the present study, pS6 IR was also observed in DIGs (Figure 2G) and
in a subpopulation of DNTs (Figures 4F-G and 5B; Supporting Information Figure
S4B). The pS6 IRS in both microglial and neuronal cells was significantly higher in
81
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Figure 3. Dysembryoplastic neuroepithelial tumor (DNT; BRAF wild-type status):
histopathological features, VE1 and pS6,
CD34 and MHC-II immunoreactivity.
A. Hematoxylin & eosin (HE) staining
of DNT showing a typical heterogeneous
cellular composition, with floating neurons (arrow) surrounded by a prominent
population of oligodendroglia-like cells. B.
NeuN staining detects the neuronal component of DNT. C. No detectable BRAF
V600E (VE1) immunoreactivity (IR)
within the tumor area. D. No detectable
phosphorylated (p)-S6 IR in neuronal cells
(arrows). E. CD34 shows IR only in blood
vessels. F. MHC class II antigen (MHC-II)
expression within the tumor area (microglial cells). Scale bar in (F): A, B, F: 80 µm;
C, D, E: 40 µm.

GGs compared to DNTs (Supporting Information Figure S4B and Table 4). The DNT
cases with neuronal pS6 IR (n = 31) included 5 simple DNT, 17 complex DNT, 5
mixed DNT/GG and 4 diffuse DNT. Expression of pLKB1 was detected only in cases
containing pS6 and BRAF V600E positive dysplastic neurons (Supporting Information
Figure S2, GG).
Correlation of pS6 expression with clinical and histological/
immunohistochemical features in GNTs
For both GGs and DNTs, we found no statistically significant association between pS6
IR and clinical features, such as age at surgery, gender, location of the tumor, tumor recurrence or duration of epilepsy (Supporting Information Table S2; Table 4). However,
in GGs, a positive correlation was observed between the pS6 IRS (in both microglia and
dysplastic neurons) and the frequency of dysplastic neurons, the presence of perivascular cuffs of lymphocytes (P < 0.001), as well as the expression of CD34 (P < 0.05). A
significant association was observed (in both GG and DNT specimens) between pS6
IR (dysplastic neurons) and MHC-II and MHC-I IR (dysplastic neurons). The number
of patients with DIGs was too small to perform meaningful statistical comparisons.
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Unsupervised analysis of clinical features (tumor recurrence and postoperative seizure
outcome) in tumors with and without pS6 positive dysplastic neurons showed a worse
postoperative seizure outcome in pS6 positive GNT (P < 0.001; Table 4).
BRAF V600E expression in GNTs
In agreement with recent studies [20, 22, 41], expression of BRAF mutated protein
(using a BRAF V600E mutation-specific antibody clone VE1) was observed in both
GG, DNT and DIGs specimens; in our cohort, BRAF V600E IR was detected in 38/93
(40.8%) of GGs, in 23/77 (29.8%) of DNTs, as well as in 2 of 4 DIGs (Figure 5). We
did not detect BRAF V600E expression in simple DNTs. BRAF V600E expression was
observed in two of four GG WHO grade III. All six cases with tumor recurrence were
BRAF wild type. The staining intensity ranged from weak to strong.

In all GGs and DIGs, the BRAF V600E-mutated protein was predominantly localized
within the neuronal component of the tumor (Figures 1 and 2) and we observed co-localization of BRAF V600E with the neuronal marker NeuN (Figure 1I). In 2 of VE1
Figure 4. BRAF V600E mutated dysembryoplastic neuroepithelial tumor (DNT): VE1 and pS6,
CD34 and MHC-I. A-E. BRAF V600E (VE1)
immunostaining, showing diffuse IR within the
tumor area (arrow, but not in the adjacent nonneoplastic tissue, asterisk in A), with expression
also in cells with ganglionic appearance (arrows
in B-D) and occasionally in floating neurons (arrow in E). F-G. Phosphorylated (p)-S6 expression
within the tumor area with IR in microglial cells
(arrowheads) and dysplastic neurons (arrows); colocalization of pS6 with VE1 is shown in the insert
in (G). H. Strong CD34 IR within the tumor area.
I. MHC class I antigen (MHC-I) expression within the tumor area with expression also in dysplastic
neurons (arrow). Scale bar in (I): A, 400 µm; B, H:
80 µm. C-G, I: 40 µm.
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positive DIGs and in 25 of the 38 VE1 positive GGs, IR was also observed in astroglial
cells, as well as in cells with ganglion appearance, expressing both GFAP and synaptophysin. In one DIG and in five GGs, we could detect only small clusters of VE1-positive ganglionic cells, and in six GGs, only few VE1-positive dysplastic neurons were
observed (Supporting Information Figure S3A, GG).
In DNTs, diffuse BRAF V600E immunostaining was observed within the tumor area
in the glial nodules, and IR was also detected in neuronal cells, including cells with
gangliocytic appearance and only occasionally in floating neurons (Figure 4A-E). The
DNTs that were positive for BRAF V600E expression included 8/33 complex DNT,
9/22 diffuse DNT and 6/7 mixed DNT/GG (within the GG component). The perilesional cortex did not display VE1 IR (DNT Figure 4A; Supporting Information Figure
S3B, GG); non-specific staining was only occasionally seen in macrophages. In GNTs
with BRAF V600E mutation, we observed colocalization of VE1 with pS6 and pLKB1
(Figures 1L and 4G; Supporting Information Figure S2); 89 ± 8% and 82 ± 7% of the
cells positive for VE1 co-expressed pS6 and pLKB1, respectively.

Figure 5. Frequency of CD34, pS6 expression (IR) and BRAF V600E mutation in desmoplastic infantile
gangliogliomas (DIGs), gangliogliomas (GGs) and dysembryoplastic neuroepithelial tumors (DNTs). A.
CD34 expression is detected in all three tumor types. B. DIGs and GGs show stronger expression of pS6
in both glial cells and dysplastic neurons (DN) compared to DNTs. C. BRAF V600E mutation is detected
in all three tumor types. D. BRAF V600E mutation shows increase of frequency with the age in DNTs.
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Correlation between BRAF V600E protein expression and
BRAF DNA sequencing
DNA sequencing was performed in 168 of 174 cases (93 GGs; 4 DIG; 71 DNTs). In
1 of 2 VE1-positive DIG cases, in 27 of 38 VE1-positive GG cases and in 21 of 23
VE1-positive DNT cases, we detected the BRAF V600E mutation. None of the VE1negative GG or DNT cases showed the BRAF V600E mutation. The VE1 positive cases
(n = 13) failing to demonstrate BRAF V600E mutation were characterized by focal
IR in small groups of ganglionic cells or in few dysplastic neurons. In these discordant
cases, immunostaining and BRAF sequencing was repeated. In addition, we performed
laser capture microdissection; however, the amount of DNA obtained from the few
positive cells was not sufficient for additional analysis. Concordance between immunohistochemistry and sequencing was observed in 154/168 tumors (91.6%; 82/93 GGs,
88%; 3/4 DIG, 75%; 69/71 DNTs, 97.1%).

Figure 6. MHC-I, MHC-II, CD34, pS6, synaptophysin and glial fibrillary acidic protein (GFAP) immunoreactivity score (IRS) in BRAF wild-type or BRAF-mutated gangliogliomas (GGs) and dysembryoplastic neuroepi- thelial tumor (DNTs). A. MHC-I (glial/neuronal) and MHC-II IR scores (total score; mean
± SEM) in BRAF wild-type (Wt) or BRAF-mutated (BRAF V600E) GGs and DNTs. B. CD34 IR scores
(total score; mean ± SEM) in BRAF wild-type (Wt) or BRAF-mutated (BRAF V600E) GGs and DNTs.
C. pS6 (glial/neuronal) IR scores (total score; mean ± SEM) in BRAF wild-type (Wt) or BRAF-mutated
(BRAF V600E) GGs and DNTs. D. Synaptophysin (Syn) and GFAP IR scores (total score; mean ± SEM)
in BRAF wild-type (Wt) or BRAF-mutated (BRAF V600E) GGs and DNTs. Syn = synaptophysin; DN =
dysplastic neuron; *P < 0.05; **P < 0.01; ***P < 0.001.
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Correlation of BRAF V600E expression with clinical and histological/
immunohistochemical features in GNTs
We performed a comparative analyses for GGs and DNTs (151 cases; 82 GG; 69 DNTs)
in which immunohistochemistry and sequencing analysis for BRAF V600E mutation
were concordant (Table 3). This analysis was not performed for DIGs because of the low
number of cases.
For both GG and DNT, we found no statistically significant association between the
BRAF status and several clinical and histopathological features, including gender, location of the tumor (temporal; extratemporal), duration of epilepsy, calcifications, hemosiderin deposition, presence of cortical dysplasia and proliferation index (Table 3).
Patients with BRAF-mutated DNTs were significantly older at surgery (30.7 ± 1.8 years)
compared to DNTs with BRAF wild-type status (22.9 ± 1.8 years).
In both GGs and DNTs, the presence of BRAF V600E mutation was significantly associated with the expression of CD34 (P < 0.001), pS6 in dysplastic neurons (GGs, P
< 0.001; DNTs, P = 0.023) and synaptophysin (GGs, P = 0.01; DNTs, P = 0.008). In
GGs, the presence of lymphocytic cuffs was more frequent in BRAF-mutated cases (31
vs. 15.8%; P < 0.001), whereas hemosiderin deposition was observed only in BRAF
wild-type GGs (0% vs. 8.6%; P = 0.03). In GGs, the BRAF V600E mutation was also
significantly associated with the expression of pS6 in microglial cells (P = 0.001) and
NeuN (P < 0.001).
BRAF V600E mutation in DNTs was significantly associated with the expression of
MHC-I in both microglia and neuronal cells (P = 0.04 and P = 0.02) as well as with
MHC-II (P = 0.021). Figure 6 shows the IRS for MHC-I, MHC-II, CD34, pS6, synaptophysin and GFAP in BRAF wild-type or BRAF-mutated GGs and DNTs.
Unsupervised analysis of clinical features (tumor recurrence and postoperative seizure
outcome) in tumors with and without positive BRAF V600E staining showed a worse
postoperative seizure outcome in BRAF V600E-positive GNTs (P < 0.05) and this association was stronger in GNT expressing also pS6 within the neuronal component of
the tumor (P < 0.001; Table 4). There were no statistical differences in the age at surgery
and the duration of epilepsy between BRAF V600E positive (age at surgery: 26.3 ± 1.7;
duration of epilepsy: 12.9 ± 1.2) and negative GNTs (age at surgery: 23.1 ± 1.1; dura86
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*P < 0.05; **P < 0.01; ***P < 0.001.
†Student’s t-test or Kruskal–Wallis test followed by Mann–Whitney U-test.
‡Spearman’s rank correlation coefficient.

87

Chapter 3

tion of epilepsy: 11.2 ± 0.9). The expression of BRAF V600E, pS6 and CD34 was significantly higher in GGs compared to DNTs. The expression of CD34 did not influence
the seizure outcome. In our cohort, all six cases with recurrence were BRAF wild-type/
CD34 negative tumors, whereas no significant differences were detected for pS6 or the
combination of BRAF V600E with pS6 and/or CD34 (Table 4).

Discussion
In the present study, we evaluate a large cohort of GNTs and provide evidence of mTOR
signaling pathway activation and of BRAF V600E mutation in a large percentage of
these tumors, including GGs, DNTs and DIGs. The significance of these findings, including their pathogenic and diagnostic implications, as well as correlations to histopathological and clinical features, such as patients’ epileptogenesis and clinical course,
are discussed below.
mTOR signaling pathway across GNT subtypes
mTOR signaling pathway functions as a key regulator of cell growth, proliferation, differentiation and survival during brain development and increasing evidence supports
the role of this signaling pathway in a wide variety of neurological disorders, including
brain tumors and MCD [1, 21, 23, 67]. Immunohistochemical studies provided evidence for mTOR hyperactivation in enlarged, dysmorphic neurons and balloon/giant
cells in FCD type II, hemimegalencephaly and cortical tubers in TSC [6, 37, 49]. Thus,
the activation of this signaling pathway, evidenced by the detection of S6 phosphorylation, could serve as a biomarker for a group of histopathologically related epileptogenic
glioneuronal lesions (for review, see [21]). GNTs, particularly GGs (characterized by the
presence of dysmorphic ganglion cells), share pathologic features with FCD and TSC.
In our previous study, we demonstrated activation of several components of this signaling pathway (including the downstream effector and a hallmark of mTORC1 activation, pS6), in a small cohort (n = 9) of GGs [18].
In the present study, we provide additional evidence of mTOR overactivation in a large
cohort of GGs (n = 93). We confirmed the consistent pS6 expression in the neuronal
component of the tumors (dysmorphic neurons) and provide evidence of pS6 expression in the neuronal component of DIGs. In contrast to our previous study, including
a small cohort of simple forms of DNTs [18], here we provide evidence of mTOR
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activation in DNTs (40% of cases) in both pediatric and adult patients. Although the
histopathological classification of GNT remains a matter of debate and the definition
of “non-specific” DNT variants (such as diffuse DNT) is still controversial, our observations indicate that the phosphorylation of S6, as a marker of mTOR activation, in
neurons represents a common feature of GNTs, supporting the potential etiological
relationship between GGs and DNTs.
Interestingly, in GGs, we observed a positive correlation between the pS6 expression
and the presence of perivascular cuffs of lymphocytes, as well as with the MHC-II and
MHC-I expression within the tumor. Whether the activation of mTOR signaling (involving both neuron and microglial cells) could contribute to the sustained inflammatory reaction in glioneuronal lesions is still unclear and requires further functional
studies. In addition, expression of pS6 in both microglial and neuronal cells was more
prominent in CD34-positive GGs. In agreement with previous studies, CD34 positivity was observed in >70% GGs, as well as in DNTs [17, 20, 25, 59]. The association
between pS6 and CD34 may reflect the presence of a population of immature cells
(glioneuronal precursor cells) in tumors, characterized by constitutive activation of the
mTOR signaling cascade.
The mechanisms underlying activation and regulation of the mTOR signaling in GNTs
are still a matter of discussion. Although mutational analysis of TSC1 and TSC2 was
not performed in the GNT specimens examined in this study, previous studies have not
identified mutations in GGs [50] and only a somatic mutation in intron 32 of the TSC2
gene was reported in one GG patient in glial cells, but not in dysplastic neurons [10].
The secretion of growth factors, such as vascular endothelial growth factor (VEGF),
in the microenvironment of these tumors has also been suggested to contribute to the
activation of the mTOR pathway [35, 55, 61].
Whether seizure activity contributes to the mTOR activation has also to be taken into
consideration. In this respect, mTOR dysregulation has also been demonstrated in acquired forms of epilepsy (in both humans and animal models), supporting the role of
mTOR as a key regulator of cellular changes involved in epileptogenesis (for reviews,
see [34, 48, 63]). Interestingly, in our cohort, the neuronal expression of pS6 was associated with a worse postoperative seizure outcome. However, expression of pS6 was
observed also in GGs without history of seizure and pS6 IR was not detected in all
DNTs associated with seizure activity, or in normal cortex adjacent to the epileptogenic
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lesions. Moreover, for both GGs and DNTs, we found no statistically significant association between pS6 IR and the duration of epilepsy. It would be interesting to identify
the mechanisms that regulate the mTOR signaling to explain the observed differences
in activation of this pathway in the different GNTs. Several other pathways such as the
ERK1/2-, the LKB1-AMPK- and the Wnt-signaling pathway are known to regulate the
TSC1/TSC2 complex [8, 38, 43, 47] and GGs have been reported in Peutz-Jeghers patients with a mutation of the LKB1 gene [24, 53]. Previous studies support the biological relationship between LKB1 and mTOR regulation [54, 58] and more recent studies
indicate that BRAF V600E mutant cells have a dysfunctional LKB1-AMP-activated
protein kinase (AMPK)-mTOR signaling [30, 68]. Interestingly, in BRAF-mutated
papillary thyroid carcinoma, a positive association between BRAF V600E mutation and
mTOR pathway activation has been reported, possibly mediated by phosphorylation of
LKB1Ser428 [32]. Accordingly, we observed increased expression of pLKB1 in dysplastic neurons of BRAF V600E tumors and the presence of BRAF V600E mutation was
significantly associated with the expression of pS6 in dysplastic neurons. Thus, these
observations suggest BRAF-induced phosphorylation of LKB1 as possible mechanism
contributing to mTOR activation in BRAF V600E mutated GNTs, possibly through
uncoupling of the LKB1-AMPK-mTOR signaling.
BRAF V600E mutation across GNT subtypes
In the present study, we confirmed the occurrence of BRAF V600E mutation in a large
cohort of non-IDH1(R132H)-mutated GNTs, including both GGs and DNTs.
In GGs, the mutated BRAF protein was detected in 38/93 (40%) of GGs. In a recent
study (including 71 GGs), this mutation was identified by immunohistochemistry in up
to 58% of GGs [41]. In agreement with this study [41], in our cohort, the mutated protein was detected in both the glial and the neuronal components of the tumor, strongly
supporting the involvement of neuronal component in the pathogenesis of BRAF mutated GGs. In several cases, we only detected BRAF IR in small nests or sparse dysplastic
neurons with ganglioid morphology and this distribution may explain the difference in
frequency of the BRAF mutation reported in different cohorts of GGs [26, 41, 56], as
well as the VE1-positive GG cases failing to demonstrate BRAF V600E mutation by
DNA sequencing. Thus, in these cases, the VE1 antibody may represent a more specific
and sensitive tool compared to sequencing, emphasizing the importance of performing
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DNA sequencing from macrodissected tissue, or even, when possible, to apply singlecell laser-capture microdissection [41]. In addition, we also reported the presence of
BRAF V600E mutation in DIG, rare entities within the spectrum of GNTs [46, 60].
In previous studies, including only few DNTs, BRAF V600E mutation was not detected [26, 56]. In a recent study, including 20 DNTs and focusing on pediatric tumors, this mutation was identified by immunohistochemistry in up to 30% of DNTs
[20]. Similarly, in our larger cohort of 77 DNTs (both adult and pediatric cases), we
could confirm the presence of mutated BRAF protein 29.8% of the cases. In DNTs,
diffuse immunostaining was observed within the tumor area in the glial nodules and
we observed an excellent concordance with DNA sequencing (98.2%). As in GGs, the
mutated protein was also detected in neuronal cells, including cells with ganglionic
appearance and only occasionally in floating neurons. Interestingly, we did not detect
BRAF V600E mutation in simple DNTs, but only in complex and non-specific forms.
The presence of BRAF mutation in about 30% of DNTs, based on two independent
studies ([20]; present study), strongly supports a relationship between DNTs and GGs,
pointing to the pathogenic role of BRAF in different entities within the large spectrum
of GNTs together with other lower grade tumors, such pilocytic astrocytomas (approximately 10% of cases) and PXA (60% of cases [28, 56]). The search for the underlying
mechanisms of low-grade glial/GNT development in BRAF wild-type cases represents a
major challenge for future studies.
Several histopathological features were evaluated in our cohort and we found a statistically significant association between the BRAF status and synaptophysin in both GGs
and DNTs as well as for BRAF V600E mutation with NeuN in GGs. This finding
was not so surprising, considering the neuronal expression of BRAF V600E-mutated
protein. Accordingly, Koelsche et al [41] also reported a more frequent expression of
synaptophysin in BRAF-mutated GGs. Our study confirms the predominant expression
of BRAF V600E-mutated protein in the neuronal component of GNTs, including also
DNTs and DIGs.
GGs with BRAF V600E mutation showed lymphocytic infiltrates more frequently.
This association has also been reported by Koelsche et al in GNTs [41], as well as in
other BRAF-mutated tumors [27, 44]. In addition, DNTs with BRAF V600E mutation
showed higher expression of MHC-II and MHC-I. MHC-I expression in neurons and
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microglial cells appears to be a feature of the immune response occurring in epileptogenic glioneuronal lesions, including GNTs ([51]; present study). These observations,
suggest a possible role of the BRAF-mutated protein in the regulation of the immune
response. Accordingly, a potential immunogenicity of BRAF-mutated protein has been
shown in melanoma patients and suggested as a potential target for immunotherapy [2,
33]. The potential immunogenicity of BRAF-mutated protein in GNTs requires further
investigation and could possibly be related to the above discussed positive association
between the BRAF V600E mutation and mTOR pathway activation, which is known
to influence both the innate and the adaptive immune response [45, 57, 66]. This is
particularly interesting in view of the observation that proinflammatory molecules may
alter neuronal excitability and, in experimental models, have been shown to decrease the
seizure threshold [7, 64, 65].
GGs and DNTs with BRAF V600E mutation showed a more frequent expression of
CD34. This is in contrast to the two other recent studies in which CD34 was not differentially expressed in BRAF wild-type and -mutated GG and DNT tumors [20, 41].
However, the study of Chappe et al [20] focused on pediatric tumors, whereas our
study consists of a larger cohort, including several adult DNT and GG cases. Thus,
both CD34 and pS6 represent two markers that characterize GNTs with BRAF V600E
mutation and these markers are particularly highly expressed in GGs. In addition, our
results suggest a prognostic value for BRAF V600E and pS6 as potential indicators of
worse postoperative seizure outcome.
Similar to Koelsche et al [41], we observed an association between BRAF wild-type and
hemosiderin deposition in GGs (but not in DNTs). However, in our cohort, hemosiderin deposition was not associated with older patient age. In our series of GGs, we did
not detect a correlation between the BRAF status and the age at surgery or other clinical
variables, such as duration of epilepsy or seizure outcome after surgery. In our retrospective study, we could not determine whether GGs or DNTs with BRAF V600E mutation
would display a tendency to malignant transformation. In our cohort, the number of
patients with tumor recurrence (all BRAF V600E negative tumors) was too small to
evaluate the possible prognostic value of the BRAF status on recurrence-free survival, as
recently reported in GG [22].
In conclusion, our findings support the pathogenic role of BRAF V600E mutation in
different entities within the large spectrum of GNTs, with a cellular distribution that
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points to the involvement of the neuronal component in the pathogenesis of BRAF-mutated tumors. The immunophenotype of these tumors is characterized by CD34 expression, indicating the presence of glioneuronal precursor cells, and phosphorylation of S6,
indicating activation of the mTOR signaling cascade. Thus, immunohistochemical detection of BRAF V600E-mutated protein may be valuable in the diagnostic evaluation
of these glioneuronal lesions and the observed association with mTOR activation may
aid in the development of targeted treatment involving specific pathogenic pathways.
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Abstract
Tuberous sclerosis complex (TSC) is an autosomal dominant disorder caused by mutations in either the TSC1 or TSC2 genes and characterized by developmental brain abnormalities. We defined the spectrum of brain abnormalities in fetal TSC brain ranging
from 23 to 38 gestational weeks. We hypothesized (i) prenatal activation of the targetof-rapamycin complex 1 (TORC1) signaling pathway; and (ii) activation of inflammatory pathways in fetal brain lesions.
Immunocytochemical analysis of cortical tubers, as well as subependymal lesions in all
cases confirmed the cell-associated activation of the TORC1 signaling pathway in both
the cortical tubers and subependymal lesions (including a congenital subependymal
giant cell astrocytoma) with expression of pS6, p4EBP1 and c-myc proteins, as well as
of p70 S6 kinase 1. The lesions contained macrophages and T-lymphocytes; giant cells
within the lesions expressed inflammatory response markers including major histocompatibility complex class I and II, Toll-like receptors (TLR) 2 and 4 and receptor for
advanced glycation end products (RAGE).
These observations indicate that brain malformations in TSC are likely a consequence
of increased TORC1 activation during embryonic brain development. We also provide
evidence supporting the possible immunogenicity of giant cells and the early activation
of inflammatory pathways in TSC brain

Keywords: development, giant cells, major histocompatibility complex (MHC) class I,
microglia, phophorylated ribosomal protein S6, TORC1 signaling, tubers
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Introduction
Tuberous sclerosis complex (TSC) is an autosomal dominant disorder caused by TSC1
or TSC2 mutations [14, 36] and characterized by neurobehavioral disabilities and intractable epilepsy [8, 12, 27]. TSC is associated with the presence of developmental
brain lesions including cortical tubers [17, 27], subependymal nodules and subependymal giant cell astrocytomas (SEGAs) [13, 25]. The prenatal diagnosis of TSC is often
based on the detection of cardiac rhabdomyomas. However, with the recent advances in
both fetal ultrasonography and magnetic resonance imaging (MRI), an increasing number of brain lesions can be detected during the prenatal period [11, 15, 41]. These imaging studies indicate that tubers may form during the early stages of embryonic brain
development, most likely between weeks 10 and 20 of gestation, but do not provide any
information about tuber histopathology or the pathogenic mechanisms leading to tuber
development. Autopsy studies offer more insight into the complexity and multifocality
of TSC brain pathology [25]. To date, only few autopsy cases of fetal TSC have been
reported [9, 29].
Cell-associated activation of the target of rapamycin (TOR) complex 1 (TORC1) pathway has been described in tubers [4, 6, 24]. Nonetheless, the cellular mechanisms underlying the seizures and cognitive impairments in TSC patients remain largely unknown
[17, 40]. Recently, particular attention has been focused on the role of proinflammatory
cytokines that could predispose to seizures and to progressive cognitive dysfunction (for
review, see [2, 38]).
Here, we report the neuropathological features of TSC in fetal brain from 23 to 38
weeks gestation. The aim of the study was twofold (1): to clarify whether TORC1 activation occurs in specific cell types in fetal TSC brain and (2) to clarify whether the
expression of inflammatory molecules and the activation of inflammatory pathways are
a feature of fetal TSC cerebral lesions.

Methods
Human tissue specimens
The specimens included in this study were obtained from the brain collections of the
Departments of Neuropathology at the Academic Medical Center, University of Amsterdam and the University Medical Centre, St Radboud, Nijmegen (The Netherlands),
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The Service d’anatomie pathologique, CHI de Creteil and the Hospital Robert Debre, Paris (France), the University of Calgary and Alberta Children’s Hospital, Calgary
(Canada), and the University of Pennsylvania Medical Center, Philadelphia (USA). The
specimens were obtained following post-mortem examination at gestational week (GW)
23 (monozygotic twins; male), 27 (female), 32 (female), 34 (female) and 38 (male). We
also included age (gestation)-matched control fetal brain tissue obtained from spontaneous or therapeutic abortions; only specimens displaying a normal cortical structure for
the corresponding age and without any significant brain pathology were included. In
each case, informed consent was obtained for the brain autopsy, and tissue was used in
a manner compliant with the Declaration of Helsinki. Human tissue studies were approved by the University of Pennsylvania Institutional Review Board and Committee
on Human Research.

Histology and immunohistochemistry
Pathological examination was carried out on hematoxylin and eosin (HE) stained paraffin-embedded tissue. Immunohistochemistry (see Table 1) was carried out as previously
described [3]. Single-label immunohistochemistry was developed using the Powervision kit (Immunologic, Duiven, the Netherlands) with 3,3-diaminobenzidine (Sigma,
St. Louis, MO, USA) as chromogen. For double-labeling studies, sections were incubated with primary antibodies against Ser235/236 phosphorylated ribosomal protein
S6 (pS6; monoclonal rabbit, Cell Signaling Technology, Inc., Danvers, MA, USA; 1:50
dilution) and human leukocyte antigen (HLA) class I (HLA-I; mouse clone HC-10;
1:200), followed by the Alexa Fluor® 568-conjugated anti-rabbit IgG and the Alexa
Fluor® 488-conjugated anti-mouse IgG (both 1:100, Molecular Probes, Bleiswijk, the
Netherlands) secondary antibodies. Incubations were carried out for 2 hours at room
temperature. Sections were analyzed using a MRC1024 laser scanning confocal microscope equipped with an argon-ion laser (Bio-Rad, Hercules, CA, USA).

DNA analysis
TSC1 and TSC2 mutation analysis was performed by sequence analysis of all coding
exons and exon/intron boundaries. Mutations are described according to the Human
Genome Variation Society nomenclature (Accession number NM_000548.3; [35]).
For loss of heterozygosity (LOH) analysis at the TSC2 locus the lesion, identified on HE
and pS6 stained sections, was excised and DNA was isolated from the excised paraffinembedded material using the BiOstic® FFPE Tissue DNA Isolation Kit (MOBIO Labo104
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Table 1. Immunocytochemistry: primary antibodies

4

*Kindly provided by Dr. E.M. Hol (Department of Astrocyte Biology & Neurodegeneration, Netherlands
Institute for Neuroscience).
†Kindly provided by Dr. J. Neefjes (Netherlands Cancer Institute), which recognizes HLA-A, B and C.
GFAP = glial fibrillary acidic protein; HLA = human leukocyte antigen; MHC = major histocompatibility
complex; TLR = toll-like receptor.
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ratories, Inc., Carlsbad, CA, USA). Polymerase chain reaction (PCR) amplification was
performed in a 25-µl reaction volume with 2.5 µL 10× PCR buffer (Invitrogen, Breda,
the Netherlands), 0.8 µM deoxynucleotide triphosphates (Pharmacia, Freiburg, Germany), 1.5 µM MgCl2 (Invitrogen), 0.05 %/W-1, 1.2 µM of each primer (forward: 5´-CCCCCTTCTCATCTCAGGTT-3´; reverse: 5´-CTCCACCTGCCTGTCACTCT-3´),
0.02 units of Taq polymerase (Invitrogen) and 30-100 ng of extracted DNA. PCR was
performed as follows: initial denaturation at 94°C for 5 min, followed by 40 cycles of
denaturation at 95°C for 1 min, annealing at 60°C for 1 min, and extension at 72°C for
30 s, and final extension at 72°C for 10 minutes. Amplified fragments were dissected
from 1.5% agarose gels and purified using the Invisorb® Spin DNA extraction Kit (Invitek, Berlin, Germany) following the manufacturer’s protocol. Purified PCR products
were sequenced using the Big Dye Terminator Cycle Sequencing Kit (Perkin Elmer
Biosystems, Foster City, CA, USA).

Results
In all cases the diagnosis was made prenatally on the basis of the detection of cardiac
rhabdomyoma, which was confirmed at autopsy and histologic examination. In one
case, routine prenatal ultrasound at 22 weeks gestation also revealed a right frontal intracerebral lesion (diameter 3 cm; not shown) in one fetus of a monozygotic twin pregnancy. MRI (22 weeks; Figure 1A) confirmed the presence of the lesion in the right

Figure 1. Prenatal magnetic resonance imaging of fetal tuberous sclerosis complex brain. Monozygotic twin pregnancy (22 gestation weeks) showing a large intracerebral lesion (right frontal)
in one fetus (A) and subependymal lesions in the co-twin (B). The lesions are hypointense on the
T2-weighted image in reference to the cerebral cortex.
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frontal lobe and showed multiple subependymal lesions in the co-twin (Figure 1B). The
lesions were hypointense on T2-weighted MRI, most likely because of the hypercellularity of the lesion and the high water concentration of the immature brain. Hypointensity,
as detected by T2-weighted MRI has been reported previously in infants with SEGA
[16, 33]. The pregnancy was terminated at 23 weeks and an autopsy was performed.

Histopathology
In each case, microscopic examination of the fetal brain sections revealed a cerebral
architecture relatively appropriate for the corresponding gestational age (23, 27, 32, 34
and 38 weeks). However, multiple focal cortical tubers, as well as subependymal nodular
lesions, were detected in different brain regions in all cases.
In one 23-week fetus, a focal lesion mainly composed of large bizarre cells with the
appearance of gemistocytic astrocyte-like balloon-type cells (large cells with eccentric
nuclei and eosinophilic cytoplasm; resembling giant cells in adult TSC brain) was identified in the deep white matter adjacent to the germinal matrix (Figure 2B-E). These
cells were localized under the cortical plate (CP), which had normal cellular architecture
for the gestational age (Figure 2D). In the same fetus, subependymal nodular lesions,
mainly composed of plump cells with eosinophilic cytoplasm, were also observed (Figure 2A). In the twin 23-week fetus, microscopic examination confirmed the presence
of a large SEGA and composed of giant cells and small germinal matrix-like cells with
scant cytoplasm (Figure 2F). The cerebellum and brain stem were normal.
In the 27-week case, multiple lesions consisting of giant cells and germinal matrix cells
were observed in the deep white matter adjacent to the germinal matrix (Figure 3A-C).
In this case, single giant cells were also detected, scattered throughout the subcortical
white matter (Figure 3B,C). Nonetheless, the overlying cortex showed normal architecture for the corresponding gestational age. Multiple lesions consisting of giant cells
were also observed in the 32- and 34-week fetal brains (Figure 3D-I). These cells were
often located deep in the white matter and arranged in longitudinal cell clusters. In the
32- and 34-week cases, we observed regions of disorganized cortical lamination with
abnormal cell types, including large, dysmorphic neuroglial cells with the appearance of
giant cells (Figure 3H). Similar neuropathological features were observed in the 38-week
case and in both cases large, dysmorphic neuroglial giant cells were also detected in the
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Figure 2. Hematoxylin and eosin staining, monozygotic twin pregnancy at 23-weeks gestation;
TSC2 germline mutation. A. Low magnification image of a focal, eosinophilic lesion in the deep
white matter adjacent to the germinal matrix (arrows) and a subependymal nodular lesion (double arrows; insert) from a 23-week fetus (23 GW I); B–D. Lesion is mainly composed of large
dysmorphic cells with the appearance of giant cells (large cells with eccentric nuclei and eosinophilic cytoplasm). The CP displayed a normal cellular architecture for the gestational age (insert
in D). E. High magnification of giant cells in the subcortical lesion. F. Large lesion resembling a
SEGA and composed of giant cells and small, germinal matrix-like cells with scant cytoplasm. G.
TSC2 c.2713C > T (p.R905W) mutation detected in leukocyte DNA from monozygotic twins
(23 GW I and II) compared with a control leukocyte DNA sample. The line represents nucleotide 2713 in TSC2. The wild-type allele is absent in DNA isolated from the SEGA (bottom).
Scale bar (in A): A: 5 mm; B, D: 500 mm; C: 250 mm; F: 125 mm; E: 50 mm. CP = cortical
plate; GW = gestational week; MRI = magnetic resonance imaging; SEGA = subependymal giant
cell astrocytoma; TSC = tuberous sclerosis complex; VZ = ventricular zone.
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Figure 3. 27- 32- and 34-week fetal TSC brain. A-C. Fetal brain (27 GW) with a focal lesion
consisting of giant cells and germinal matrix cells (arrows) in the deep white matter adjacent to
the germinal matrix. D-F. Fetal brain (32 GW) with multiple lesions consisting of giant cells.
These cells were located in the deep white matter and often arranged in longitudinal cell clusters
(F). H and I. Fetal brain (H, 34 GW; I, 38 GW) showing disorganized cortical lamination
with abnormal cell types, including large, bizarre neuroglial cells with the appearance of giant
cells (arrows indicate giant cells in the subpial region, molecular zone). J. High magnification of
giant cells; insert in J shows positivity for nestin (38 GW). Scale bar (in A): A: 5 mm; B, D: 500
mm; C, E: 250 mm; F–I: 125 mm; J: 50 mm. CP = cortical plate; GW = gestational week; TSC
= tuberous sclerosis complex; VZ = ventricular zone.
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Table 2. Histopathological findings in TSC fetal brain

GW = gestational weeks.

molecular zone (layer 1) of the cortex (Figure 3I). We did not observe dysmorphic or
hypertrophic neurons in any of the cases in the cortex. Table 2 summarizes the histopathological findings in TSC fetal brain.

DNA analysis
A de novo germline TSC2 c.2713C>T (p.R905W) missense mutation was identified in
DNA isolated from skin biopsies from both twins, confirming the diagnosis of TSC. This
mutation has been identified previously in other patients/families with TSC (see http://
www.LOVD.nl/TSC2), although in our case, the mutation was shown to be de novo
and was therefore an independent event. Sequence analysis of DNA isolated from a large
SEGA detected in one fetus (Figure 1F) revealed LOH at the TSC2 locus (Figure 1G).

Immunohistochemical analysis
The large, bizarre neuroglial cells with the appearance of giant cells in the subcortical/
cortical lesions, as well as in the subependymal nodules, expressed vimentin, glial fibrillary acidic protein (GFAP; Figures 4A and 6A) and nestin (insert in Figure 3J), but did
not display synaptophysin or neurofilament immunoreactivity, except in a few of the
giant cells in the 38-week case (not shown). GFAP immunoreactivity was detected using a GFAP antibody, recognizing all GFAP isoforms (Figure 4A, insert), as well as an
antibody specific for the GFAP δ isoform (Figure 4F). In all cases, strong cytoplasmic
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immunoreactivity for pS6, a marker of TORC1 activation, was observed in the majority
of giant cells (Figures 4-6). In the large lesion resembling a SEGA (23 GW) and composed of giant cells and small germinal matrix-like cells, only the giant cells displayed
immunoreactivity for pS6 (Figure 4D). The pS6 staining allowed the detection of small
clusters of giant cells as well as single giant cells scattered throughout the subcortical
white matter (Figure 5A,D,E) and in the molecular layer (Figures 5F and 6B). In addition, we observed expression of Thr389-phosphophorylated p70 S6 kinase 1 (pS6K),
Thr37/46- phosphorylated eukaryotic initiation factor 4E binding protein 1 (p4EBP1)
and c-myc, a downstream transcriptional activator of mTOR (Figures 4E and 6D-F).
We did not detect immunoreactivity for pS6, pS6K, p4EBP1 or c-myc in normal appearing perituberal cortex or in age-matched control specimens.
The nodular lesions in the the subcortical white matter, as well as the large cells within
the cortex and in the subependymal nodules were also positive for major histocompatibility complex (MHC) class I and II antigen (HLA-I and HLA-II; Figures 7-9). Similar
to the pS6 staining, HLA-I was detected in small clusters or singleton giant cells scattered
throughout the subcortical white matter and molecular layer (Figure 8A-F). We observed
co-localization of HLA-I and pS6 (insert in Figure 7C), but the large HLA-I and II
Table 3. Immunocytochemical features of fetal tubers.
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Figure 4. Immunohistochemical features of 23-week fetal TSC lesions. A. VIM staining in the
nodular subcortical lesion (23 GW I); insert: GFAP expression in the same lesion (pan-GFAP
antibody) with a pattern similar to VIM, showing robust expression at the periphery of the lesion. B-D. Strong and homogeneous staining of pS6 in the focal lesion of one twin fetus (23
GW I) as well as in the giant cells within the lesion of the co-twin (23 GW II). E. Expression of
pS6K in giant cells within the lesion from twin II GW 23. F. GFAPδ staining in the subependymal nodular lesion (23 GW I). Scale bar (in A): A, B: 250 mm; C, F: 80 mm; D: 160 mm; E:
50 mm. GFAP = glial fibrillary acidic protein; GW = gestational week; TSC = tuberous sclerosis
complex; VIM = vimentin.

112

Fetal brain lesions in tuberous sclerosis complex: TORC1 activation and inflammation

4

Figure 5. Immunohistochemical features of TSC fetal lesions at 27 and 32 GW. A (27 GW): pS6
staining showing a cluster of positive giant cells in the white matter. B-F (32 GW): pS6 staining
showing positive giant cells in the subependymal nodular lesion (B; low magnification in the
insert), in the in the white matter (C-E; arrows in E show a small cluster of positive giant cells)
and in the molecular layer (arrows and insert). Scale bar (in A): A: 80 mm; B: 320 mm; C-F: 160
mm. GW = gestational week; TSC = tuberous sclerosis complex.
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Figure 6. Immunohistochemical features of a 34-week fetal TSC tuber specimen. A. VIM staining showing strong immunoreactivity in giant cells within the tuber (insert). B-C. Strong pS6
staining in giant cells within the dysplastic cortex (B; insert in B), as well as in giant cells within
the subependymal nodular lesion (C; insert in C). D. Expression of pS6K in giant cells within
the subependymal nodule. E. Expression of p4EBP1 in giant cells within the white matter. F. cMyc expression in giant cells. Scale bar (in A): A-C: 160 mm; D: 80 mm; E: 50 mm; F: 25 mm.
TSC = tuberous sclerosis complex; VIM = vimentin.
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Figure 7. Expression of inflammatory molecules and inflammatory cells in TSC fetal tuber specimens at 23 GW. A-D (23 GW I): HLA-I staining showing strong expression in the focal lesion
in the deep white matter (A-C; arrows in A) and in the subependymal nodular lesion (D). Insert
in C: merged image showing co-localization of HLA-I (green) with pS6 (red). E-G (23 GW I):
HLA-II staining showing expression in a focal lesion, as well as in the giant cells within the lesion
of the co-twin (23 GW II; insert in F: high magnification). H. CD68 staining showing positive
cells within the lesion. I. CD3 immunoreactive cells (T-lymphocytes) within the nodular lesion
and occasional granzyme B immunoreactivity (insert). J-L. TLR2, TLR4 and RAGE expression
in giant cells. Scale bar (in A): A: 5 mm; B, D, E: 250 mm; C: 125 mm; F-G: 80 mm; H-I: 40
mm; J-L: 25 mm. GW = gestational week; HLA = human leukocyte antigen; RAGE = receptor
for advanced glycation end products; TSC = tuberous sclerosis complex; TLR = toll-like receptor.
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Figure 8. Inflammatory molecules and inflammatory cells in 32-week fetal TSC tuber specimen.
A-F. HLA-I staining in small clusters or single cells scattered throughout the cortex and subcortical white matter. These cells were also detected in the subpial region (molecular zone; arrows in
E). G. CD3 immunoreactive cells (T-lymphocytes) within the lesion. Scale bar (in A): A-B: 500
mm; C: 80 mm; D-F: 160 mm; F-G: 80 mm; G: 40 mm. HLA = human leukocyte antigen; TSC
= tuberous sclerosis complex.
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Figure 9. Inflammatory molecules and inflammatory cells in a 34-week fetal TSC tuber specimen. A-C. Strong HLA-I staining in giant cells within the dysplastic cortex (A-B) and the white
matter (C). D. CD68 staining, showing positive cells surrounding the giant cells; insert in D
shows CD3 immunoreactive cells (T-lymphocytes) within the same lesion. E-F. TLR2 staining
in giant cells within the white matter and in the subependymal nodular lesion (insert: high magnification). G. TLR4 staining in giant cells within the white matter. H. RAGE staining in giant
cells (insert) within the dysplastic cortex. Scale bar (in A): A, F, H: 300 mm; B, E, G: 80 mm; C:
160 mm; D: 20 mm. HLA = human leukocyte antigen; RAGE = receptor for advanced glycation
end products; TLR = toll-like receptors; TSC = tuberous sclerosis complex.
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positive cells did not display CD68 immunoreactivity. Nonetheless, CD68 positive cells
were observed within the lesions, surrounding the giant cells (Figures 7H and 9D). In
addition, a few CD3 immunoreactive cells (T-lymphocytes) were detected within the
nodular lesions containing the large cells (Figures 7I, 8G and 9D, insert). CD8 (T-cytotoxic/suppressor immunophenotype) and occasionally granzyme B immunoreactivity
was observed within the lesions (insert in Figure 7I); CD4-positive cells and B-lymphocytes (CD20 positive cells) were not found (data not shown). No CD3, CD4, CD8 and
CD20-positive cells were observed in the brain parenchyma (white matter and CP) of
age-matched control specimens; only a few CD68- immunoreactive cells were found
closely associated with blood vessels and MHC-I-II immunoreactivity was restricted to
the meninges, choroid plexus and blood vessels within the subependymal zone.
In addition, the giant cells at 23 and 34 weeks, displayed immunoreactivity for TLR2,
TLR4 and receptor for advanced glycation end products (RAGE) (Figures 7J-L and
9E-H). TLR2, TLR4 and RAGE-immunopositive cells were not detected in normal
appearing perituberal cortex or in age-matched control specimens. Table 3 summarizes
the immunocytochemical features of giant cells in fetal TSC brain.

Discussion
The present study provides information about the spectrum of neuropathological abnormalities in TSC fetal brain. In two cases (monozygotic twins; with de novo germline
mutations in TSC2) after autopsy (performed at 23 GW), we detected cortical tubers
and subependymal nodules that showed increased TORC1 activity, a characteristic of
TSC-associated lesions. Although monozygotic, the twins displayed distinct patterns of
brain lesions. One twin had a large frontal lesion with features of a SEGA. Congenital
SEGA are rarely detected in fetal and neonatal periods [26, 30, 31]. Raju and colleagues
[31] reported a case in which a SEGA was identified in utero at 19 weeks and confirmed
by post-mortem examination after 33 GW. However, in this case, genetic testing for
TSC1 and TSC2 mutations was not performed. Our case is one of the youngest cases
with genetically proven TSC examined at autopsy. The tumor was composed by sheets
of large, plump glial cells with homogeneously eosinophilic cytoplasm, eccentrically located nuclei and prominent nucleoli that expressed intermediate filament proteins, such
as vimentin, nestin and GFAP (including the GFAP d isoform [23], which is known to
be expressed in neuroglial progenitor cells during brain development). These cells were
118

Fetal brain lesions in tuberous sclerosis complex: TORC1 activation and inflammation

intermingled with small germinal matrix-like cells, which did not express any of the
neural stem cell and glial markers tested. The similarity of the immuno-phenotype of
the giant cells in the SEGA and similar cells in the subependymal nodules and subcortical/cortical lesions observed in the other fetal cases, supports the hypothesis that these
cells share a functionally related neuroglial progenitor cell [20]. In the 23- and 27-week
cases, multiple clusters of giant cells were detected in the deep white matter, adjacent
to the germinal matrix, whereas in the 32-, 34- and 38-week cases, these cells were
noted in the CP and molecular layer. These observations are consistent with abnormal
migration of the dysplastic cells from the germinal zone. Moreover, the absence of dysmorphic neurons in our study, as well as in previously described TSC fetal cases [9, 29],
may suggest that in the temporal evolution of these lesions, the giant cells appear before
dysmorphic neurons.
Inactivating TSC1 or TSC2 mutations in neuroglial progenitor cells lead to constitutive
activation of the TORC1 signaling cascade, as indicated by increased phosphorylation
of S6K and S6 [18], and cell-associated activation of the TORC1 pathway has been
detected postnatally in the giant cells in tubers and SEGA [4, 5, 6, 10, 24]. In this
study, we provide evidence of cell-associated activation of TORC1 in fetal brain, providing support for the important role of TORC1 hyperactivation in the pathogenesis of
TSC brain lesions. We show in different fetal cases (ranging from 23 GW to 34 GW),
increased S6K, S6 and 4EBP1 phosphorylation, and increased expression of c-myc (a
downstream transcriptional activator of mTOR expressed in surgically resected cortical
tubers; [28]) in the giant cells in subependymal nodules, subcortical and cortical lesions
(resembling tubers), as well as in the giant cells in the congenital SEGA (23 GW). In addition, the pattern of pS6 staining highlights the complexity of TSC pathology. We detected many small clusters and even isolated, single giant cells scattered throughout the
fetal TSC brain. Interestingly, TORC1 activation was not detected in the small, germinal matrix-like cells within the brain lesions, supporting the hypothesis that a second hit
mutation in a single progenitor cell gives rise to progeny with hyperactivated TORC1
and subsequent cytomegaly, causing abnormal migration and disrupted cortical lamination (for review see [27]). These microscopic cytoarchitectural alterations, originating
in fetal TSC brain, persist throughout development. Accordingly, subtle abnormalities
have been also detected in adult TSC brains and may underlie the complex neurological
disabilities encountered in TSC patients [22].

119

4

Chapter 4

Loss of TSC1-TSC2 function, with subsequent constitutive activation of TORC1, is
believed to result from bi-allelic TSC1 or TSC2 gene inactivation. Many TSC-associated
tumors, show LOH at either the TSC1 or TSC2 locus [1, 10]. In our study, we screened
the population of pS6 positive giant cells in the 23 GW SEGA for LOH at the TSC2
locus. The detection of LOH in this lesion supports the two-hit model for the pathogenesis of SEGA during fetal brain development.
There is an increasing amount of evidence that suggests that activation of both the innate and adaptive immune system occurs in epileptic human tissue, including cortical
tubers from TSC patients undergoing surgery for intractable epilepsy [7] (for reviews see
[2, 37]). Whether the activation of inflammatory processes is intrinsic to these lesions or
is induced by seizure activity is still a matter of debate. Fetal seizures are rare; however,
there have been a few reports of prenatal diagnosis of fetal seizure-like activity detected
by the mother and documented by ultrasonography [19, 34]. Seizure-like activity was
not reported in the fetal cases included in this study. We demonstrate, for the first time,
that MHC class I and II molecules are expressed in the giant cells from different types
of TSC-associated brain lesions in fetal cases ranging from 23 to 34 GW. We did not
detect MHC class I or II immunoreactivity in normal-appearing peri-tuberal cortex or
in age-matched control specimens. The activation of TORC1 signaling observed in the
giant cells could contribute to the inflammatory response as TOR has been shown to
influence both the innate and adaptive immune response [21, 32, 39]. Expression of
HLA-I was detected in the same small clusters of cells and single giant cells as pS6. These
cells and cell clusters were scattered through out the subcortical white matter at 23 and
27 GW, as well as in the CP and molecular layer at 32, 34 and 38 GW. These observations suggest that the giant cells may have a role as antigen presenting cells. Whether
the expression of MHC class I molecules promotes the accumulation of CD8 positive
T cells, as has been observed postnatally in cortical tubers [6, 7], deserves further investigation. CD8 positive T cells, as well as CD68 positive cells (microglia/ macrophage
cells), were detected within the fetal lesions, surrounding the giant cells. Finally, we
provide evidence of activation of the TLR/RAGE pathways in fetal TSC brain. TLR2,
TLR4 and RAGE expression was detected in giant cells at different developmental ages,
including 23 GW. Interestingly, different TLR/RAGE pathways have recently been suggested to play a role in the mechanisms underlying the intrinsic high epileptogenicity of
focal developmental lesions and as causative factor in the epilepsy-associated autistic like
behavior [42] (for reviews see [2, 37]).

120

Fetal brain lesions in tuberous sclerosis complex: TORC1 activation and inflammation

Conclusions
Autopsy findings confirmed the complexity of the brain abnormalities encountered in
fetal brain in TSC patients, showing the presence of small clusters of morphologically
abnormal cells, as well as single abnormal cells, scattered throughout the cortex and
subcortical white matter. These cells show activation of TORC1, supporting the concept that increased TORC1 activity during embryonic brain development underlies the
formation of brain lesions in TSC patients. This suggests that a therapeutic window for
prenatal intervention in TSC with TOR inhibitors will be just prior or during the critical period of brain lesion formation.
In addition, this study provides evidence for the immunogenicity of giant cells and the
prenatal activation of key inflammatory pathways in developing TSC brain lesions. These
observations support the role of immune-inflammatory responses in the dynamic changes occurring over time in TSC lesions (including calcification, cystic change), which may
contribute to the pathogenesis of seizures and cognitive impairment in TSC patients.

121

4

Chapter 4

References
1.

Al-Saleem T, Wessner LL, Scheithauer BW, Patterson K, Roach ES, Dreyer SJ et al (1998) Malignant
tumors of the kidney, brain, and soft tissues in children and young adults with the tuberous sclerosis
complex. Cancer 83:2208–2216.

2.

Aronica E, Crino PB (2011) Inflammation in epilepsy: clinical observations. Epilepsia 52(Suppl.
3):26–32.

3.

Aronica E, Gorter JA, Jansen GH, van Veelen CW, van Rijen PC, Ramkema M, Troost D (2003)
Expression and cell distribution of group I and group II metabotropic glutamate receptor subtypes in
taylor-type focal cortical dysplasia. Epilepsia 44:785– 795.

4.

Baybis M, Yu J, Lee A, Golden JA, Weiner H, McKhann G, 2nd et al (2004) mTOR cascade activation distinguishes tubers from focal cortical dysplasia. Ann Neurol 56:478–487.

5.

Boer K, Troost D, Spliet WG, Redeker S, Crino PB, Aronica E (2007) A neuropathological study
of two autopsy cases of syndromic hemimegalencephaly. Neuropathol Appl Neurobiol 33:455–470.

6.

Boer K, Jansen K, Nellist M, Redeker M, van den Ouweland AMW, Spliet WGM et al (2008) Inflammatory processes in cortical tubers and subependymal giant cell tumors of tuberous sclerosis complex.
Epilepsy Res 78:7–21.

7.

Boer K, Crino PB, Gorter JA, Nellist M, Jansen FE, Spliet WG et al (2010) Gene expression analysis
of tuberous sclerosis complex cortical tubers reveals increased expression of adhesion and inflammatory factors. Brain Pathol 20:704–719.

8.

Bolton PF (2004) Neuroepileptic correlates of autistic symptomatology in tuberous sclerosis. Ment
Retard Dev Disabil Res Rev 2:126–131.

9.

Bordarier C, Lellouch-Tubiana A, Robain O (1994) Cardiac rhabdomyoma and tuberous sclerosis in
three fetuses: a neuropathological study. Brain Dev 16:467–471.

10. Chan JA, Zhang H, Roberts PS, Jozwiak S, Wieslawa G, Lewin-Kowalik J et al (2004) Pathogenesis of
tuberous sclerosis subependymal giant cell astrocytomas: biallelic inactivation of TSC1 or TSC2 leads
to mTOR activation. J Neuropathol Exp Neurol 63:1236–1242.
11. Chen CP, Liu YP, Huang JK, Chang TY, Chen MR, Chiu NC, Wang W (2005) Contribution of ultrafast magnetic resonance imaging in prenatal diagnosis of sonographically undetected cerebral tuberous
sclerosis associated with cardiac rhabdomyomas. Prenat Diagn 25:523–524.
12. Curatolo P, Verdecchia M, Bombardieri R (2002) Tuberous sclerosis complex: a review of neurological
aspects. Eur J Paed Neurol 6:15–23.
13. DiMario FJ, Jr (2004) Brain abnormalities in tuberous sclerosis complex. J Child Neurol 19:650–657.
14. Consortium ECTS (1993) Identification and characterization of the tuberous sclerosis gene on chromosome 16. The European Chromosome 16 Tuberous Sclerosis Consortium. Cell 75:1305–1315.
15. Glenn OA (2010) MR imaging of the fetal brain. Ped Radiol 40:68–81.
16. Hahn JS, Bejar R, Gladson CL (1991) Neonatal subependymal giant cell astrocytoma associated with
tuberous sclerosis: MRI, CT, and ultrasound correlation. Neurology 41:124–128.
17. Holmes GL, Stafstrom CE, Tuberous Sclerosis Study G (2007) Tuberous sclerosis complex and epilepsy: recent developments and future challenges. Epilepsia 48:617–630.
18. Huang J, Manning BD (2008) The TSC1-TSC2 complex: a molecular switchboard controlling cell
growth. Biochem J 412:179–190.

122

Fetal brain lesions in tuberous sclerosis complex: TORC1 activation and inflammation

19. Jung E, Lee BY, Huh CY (2008) Prenatal diagnosis of fetal seizure: a case report. J Korean Med Sci
23:906–908.
20. Lee A, Maldonado M, Baybis M, Walsh CA, Scheithauer B, Yeung R et al (2003) Markers of cellular
proliferation are expressed in cortical tubers. Ann Neurol 53:668–673.
21. Lim HK, Choi YA, Park W, Lee T, Ryu SH, Kim SY et al (2003) Phosphatidic acid regulates systemic inflammatory responses by modulating the Akt-mammalian target of rapamycin-p70 S6 kinase
1 pathway. J Biol Chem 278:45117–45127.
22. Marcotte L, Aronica E, Baybis M, Crino PB (2012) Cytoarchitectural alterations are widespread in
cerebral cortex in tuberous sclerosis complex. Acta Neuropathol 123:685–693.
23. Middeldorp J, Boer K, Sluijs JA, De Filippis L, Encha-Razavi F, Vescovi AL et al (2010) GFAPdelta
in radial glia and subventricular zone progenitors in the developing human cortex. Development
137:313–321.
24. Miyata H, Chiang AC, Vinters HV (2004) Insulin signaling pathways in cortical dysplasia and TSCtubers: tissue microarray analysis. Ann Neurol 56:510–519.
25. Mizuguchi M, Takashima S (2001) Neuropathology of tuberous sclerosis. Brain Dev 23:508–515.
26. Oikawa S, Sakamoto K, Kobayashi N (1994) A neonatal huge subependymal giant cell astrocytoma:
case report. Neurosurgery 35:748–750.
27. Orlova KA, Crino PB (2010) The tuberous sclerosis complex. Ann N Y Acad Sci 1184:87–105.
28. Orlova KA, Tsai V, Baybis M, Heuer GG, Sisodiya S, Thom M et al (2010) Early progenitor cell
marker expression distinguishes type II from type I focal cortical dysplasias. J Neuropathol Exp Neurol
69:850–863.
29. Park SH, Pepkowitz SH, Kerfoot C, De Rosa MJ, Poukens V, Wienecke R et al (1997) Tuberous
sclerosis in a 20-week gestation fetus: immunohistochemical study. Acta Neuropathol 94:180–186.
30. Phi JH, Park SH, Chae JH, Hong KH, Park SS, Kang JH et al (2008) Congenital subependymal giant
cell astrocytoma: clinical considerations and expression of radial glial cell markers in giant cells. Childs
Nerv Syst 24:1499–1503.
31. Raju GP, Urion DK, Sahin M (2007) Neonatal subependymal giant cell astrocytoma: new case and
review of literature. Pediatr Neurol 36:128–131.
32. Schmitz F, Heit A, Dreher S, Eisenacher K, Mages J, Haas T et al (2008) Mammalian target of rapamycin (mTOR) orchestrates the defense program of innate immune cells. Eur J Immunol 38:2981–2992.
33. Tien RD, Hesselink JR, Duberg A (1990) Rare subependymal giant-cell astrocytoma in a neonate
with tuberous sclerosis. Am J Neuroradiol 11:1251–1252.
34. Usta IM, Adra AM, Nassar AH (2007) Ultrasonographic diagnosis of fetal seizures: a case report and
review of the literature. BJOG 114:1031–1033.
35. van den Ouweland AM, Elfferich P, Zonnenberg BA, Arts WF, Kleefstra T, Nellist MD et al (2011)
Characterisation of TSC1 promoter deletions in tuberous sclerosis complex patients. Eur J Hum Genet 19:157–163.
36. van Slegtenhorst M, de Hoogt R, Hermans C, Nellist M, Janssen B, Verhoef S et al (1997) Identification of the tuberous sclerosis gene TSC1 on chromosome 9q34. Science 277:805–808.
37. Vezzani A, Aronica E, Mazarati A, Pittman QJ (2011) Epilepsy and brain inflammation. Exp Neurol
http://dx.doi.org/10.1016/ j.expneurol.2011.09.033.

123

4

Chapter 4

38. Vezzani A, Maroso M, Balosso S, Sanchez MA, Bartfai T (2011) IL-1 receptor/toll-like receptor signaling in infection, inflammation, stress and neurodegeneration couples hyperexcitability and seizures.
Brain Behav Immun 25:1281–1289.
39. Weichhart T, Saemann MD (2009) The multiple facets of mTOR in immunity. Trend Immunol
30:218–226.
40. Wong M (2008) Mechanisms of epileptogenesis in tuberous sclerosis complex and related malformations of cortical development with abnormal glioneuronal proliferation. Epilepsia 49:8–21.
41. Wortmann SB, Reimer A, Creemers JW, Mullaart RA (2008) Prenatal diagnosis of cerebral lesions
in tuberous sclerosis complex (TSC). Case report and review of the literature. Eur J Paediatr Neurol
12:123–126.
42. Zurolo E, Iyer A, Maroso M, Carbonell C, Anink JJ, Ravizza T et al (2011) Activation of toll-like
receptor, RAGE and HMGB1 signalling in malformations of cortical development. Brain 134(Pt
4):1015–1032.

124

Fetal brain lesions in tuberous sclerosis complex: TORC1 activation and inflammation

4

125

HAPTER 5
Differential Expression of Major
Histocompatibility Complex Class I in
Developmental Glioneuronal Lesions

Avanita S. Prabowo, Anand M. Iyer, Jasper J. Anink, Wim G. M. Spliet,
Peter C. van Rijen and Eleonora Aronica

Journal of Neuroinflammation 2013; (24) 10:12

Chapter 5

Abstract
Purpose: The expression of the major histocompatibility complex class I (MHC-I) in
the brain has received considerable interest not only because of its fundamental role in
the immune system, but also for its non-immune functions in the context of activitydependent brain development and plasticity.
Methods: In the present study we evaluated the expression and cellular pattern of MHCI in focal glioneuronal lesions associated with intractable epilepsy. MHC-I expression
was studied in epilepsy surgery cases with focal cortical dysplasia (FCD I, n = 6; FCD
IIa, n = 6 and FCD IIb, n = 15), tuberous sclerosis complex (TSC, cortical tubers; n = 6)
or ganglioglioma (GG; n = 15) using immunocytochemistry. Evaluation of T lymphocytes with granzyme-B+ granules and albumin immunoreactivity was also performed.
Results: All lesions were characterized by MHC-I expression in blood vessels. Expression in both endothelial and microglial cells as well as in neurons (dysmorphic/dysplastic neurons) was observed in FCD II, TSC and GG cases. We observed perivascular and
parenchymal T lymphocytes (CD8+, T-cytotoxic) with granzyme-B+ granules in FCD
IIb and TSC specimens. Albumin extravasation, with uptake in astrocytes, was observed
in FCD IIb and GG cases.
Conclusions: Our findings indicate a prominent upregulation of MHC-I as part of
the immune response occurring in epileptogenic glioneuronal lesions. In particular, the
induction of MHC-I in neuronal cells appears to be a feature of type II FCD, TSC and
GG and may represent an important accompanying event of the immune response, associated with blood-brain barrier dysfunction, in these developmental lesions.

Keywords: Focal cortical dysplasia. Ganglioglioma, Cortical tubers, Neurons, Microglia,
Major histocompatibility complex (MHC) class I
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Introduction
Recent clinical and neuropathological evidence supports the critical role of a sustained
inflammatory reaction in glioneuronal lesions with activation of both the innate and the
adaptive immune response and involvement of different inflammatory pathways (for
reviews see [1-4]). Interestingly, proinflammatory molecules have been shown to alter
neuronal excitability and, in experimental models, to decrease the seizure threshold,
contributing to neuronal cell death [2-4].
According to the current histopathological classification system [5], focal cortical dysplasia (FCD) has been classified into type I, characterized by cortical dyslamination
(with three FCD subtypes according to the pattern of dyslamination), and type II, characterized by additional cytological abnormalities (FCD IIa with dysmorphic neurons
and FCD IIb with dysmorphic neurons and balloon cells).
In a recent study [6], we confirmed the occurrence of complex inflammatory changes
(involving both glial and neuronal cells) in FCD specimens and demonstrated that the
severity of these changes is greater in FCD IIb than in specimens from patients with
FCD I. The activation of components of the adaptive immunity, with the presence of T
lymphocytes (CD8+, T-cytotoxic/suppressor immunophenotype), has also been mainly
observed in FCD IIb specimens [6].
Whether these inflammatory changes represent a feature common to different developmental glioneuronal lesions and whether induction of major histocompatibility complex (MHC) class I molecules may be involved still needs to be clarified.
MHC-I molecules play a fundamental role in the immune system, in particular in the
context of the adaptive immune response, but have also been shown to have non-immune
functions, being involved in the regulation of activity-dependent brain development
and plasticity (for a review see [7]). Interestingly, glial and neuronal MHC-I upregulation has been observed in brain specimens from patients with Rasmussen’s encephalitis
(a severe inflammatory epileptic encephalopathy of childhood) and intractable epilepsy
and it has been suggested that it plays a critical role in antigen-specific cytotoxicity [8,9].
The aim of the present study was to determine whether MHC-I is induced in focal
glioneuronal lesions associated with intractable epilepsy. We evaluated the cellular distribution of MHC-I within a large spectrum of glioneuronal lesions, including focal corti129
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cal dysplasia type I, type IIa and type IIb, cortical tubers from patients with tuberous
sclerosis complex (TSC) and gangliogliomas (GGs). Additionally, the presence of T
lymphocytes with granzyme-B+ granules and albumin immunoreactivity within the lesion and its uptake into astrocytes were also analyzed.

Materials and methods
Patients and controls
We examined a total of 48 surgical specimens: 6 FCD I (3, Ia; 3, Ib), 6 FCD IIa, 15
FCD IIb, 6 cortical tubers from patients with TSC and 15 GG. The cases included in
this study were obtained from the departments of neuropathology of the Academic
Medical Center (University of Amsterdam, UvA) in Amsterdam and the University
Medical Center in Utrecht (UMCU), the Netherlands. The clinical characteristics derived from the patients’ medical records are summarized in Table 1. Patients underwent
therapeutic surgical resection for refractory epilepsy and had, predominantly, medically
intractable complex partial seizures. The postoperative seizure outcome was classified according to Engel [10]. All the patients included in our series did not have any apparent
seizure activity in the 24 h before surgery. Patients who underwent implantation of strip
and/or grid electrodes for chronic subdural invasive monitoring before resection were
excluded from this study.
To grade the degree of FCD, we followed the international consensus classification recently proposed [5]. All patients with cortical tubers fulfilled the diagnostic criteria for
TSC [11]. For GG, we used the revised WHO classification of tumors of the central
nervous system [12]. In five patients (one FCD, one TSC and three GG) a significant
amount of perilesional tissue (normal-appearing cortex/white matter adjacent to the
lesion) was resected as well. Brain tissue from patients with viral encephalitis (rabies
encephalitis [13]; herpes simplex encephalitis (female, age at autopsy: 69 years) and
Rasmussen’s encephalitis (n = 6; 4 females and 2 males; mean age at surgery: 20.6 years,
range: 16 to 26) were also examined as positive controls. In addition, normal-appearing
control cortex/white matter was obtained at autopsy from six young adult control patients (Table 1), without a history of seizures or other neurological diseases. All autopsies
were performed within 12 h after death. Informed consent was obtained for the use of
brain tissue. Tissue was obtained and used in a manner compliant with the Declaration
of Helsinki.
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Tissue preparation
Formalin-fixed, paraffin-embedded tissue samples (one representative paraffin block per
case containing the complete lesion or the largest part of the lesion resected at surgery)
were sectioned at 6 µm and mounted on precoated glass slides (Star Frost, Waldemar
Knittel GmbH, Braunschweig, Germany). Sections of all specimens were processed for
hematoxylin eosin, luxol fast blue and Nissl stains as well as for immunocytochemical
stainings for a number of neuronal and glial markers, which are described below.

Immunocytochemistry
The primary antibodies used in the study are summarized in Table 2. Single-label immunocytochemistry was developed using the Powervision kit (Immunologic, Duiven,
the Netherlands). 3,3-diaminobenzidine (Sigma, St Louis, USA) was used as the chromogen. Sections were counterstained with hematoxylin.
For double-labeling of MHC-I with GFAP, MAP-2 or pS6 (as well as of albumin with
CD31 or GFAP and GrB with GFAP) sections were, after incubation with the primary
antibodies overnight at 4°C, incubated for 2 h at room temperature with Alexa FluorW
568-conjugated anti-rabbit and Alexa FluorW 488 anti-mouse immunoglobulin G (IgG)
or anti-goat IgG (Molecular Probes, The Netherlands; 1:100). Sections were then analyzed using a laser scanning confocal microscope (Leica TCS Sp2, Wetzlar, Germany).
For double-labeling of MHC-I with NeuN, sections were incubated with the first primary
antibody. Anti MHC-I was visualized with a polymer-alkaline phosphatase (AP)-labeled
anti-rabbit antibody (BrightVision #DPVM55AP, Immunologic, Duiven, The Netherlands) and Vector Red (AP substrate kit III, #SK-5100, Vector labs, Burlingame, CA,
USA) as the chromogen. To remove the first primary antibody (MHC-I), the sections were
incubated at 121°C in a citrate buffer (0.01 M, pH 6.0) for 10 min. Sections were then incubated for 1 h at room temperature with the second primary antibody (NeuN). The second primary antibodies were visualized with poly-AP anti-rabbit antibody (BrightVision
#DPVM55AP, Immunologic, Duiven, The Netherlands) and Vector Blue (AP substrate
kit III, #SK-5300, Vector labs, Burlingame, CA, USA) as the chromogen.

Evaluation of immunostaining
All labeled tissue sections were evaluated by two independent observers blind to clinical
data, for the presence or absence of various histopathological parameters and specific
131
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immunoreactivity for the different markers. Two representative sections per case were
stained and assessed for the MHC-I and albumin. The intensity of the staining was
evaluated as previously described [6,14], using a semi-quantitative scale ranging from
0 to 3 (0: negative; 1: weak; 2: moderate; 3: strong immunoreactivity). All areas of the
specimen were examined and the score represents the predominant cell staining intensity found in each case. The approximate proportion of cells (microglia, neurons and
endothelial cells/blood vessels) showing MHC-I immunoreactivity (1: single to 10%; 2:
11% to 50%; 3: >50%) was also scored to give information about the relative number
(‘frequency’ score) of positive cells within the specimens with a malformation of cortical
development. In the case of a disagreement, independent reevaluation was performed by
both observers to define the final score. As proposed before [6,15], the product of these
two values (intensity and frequency scores) was taken to give the overall score (immunoreactivity total score), which is shown in Figure 1 (MHC-I) and Figure 2 (albumin).
Neuronal cell bodies were differentiated from glia and glia-neuronal balloon cells or
giant cells based on morphology.
To analyze the percentage of double-labeled cells positive for MHC-I and NeuN, digital images of eight representative fields per section (magnification 20 times) were collected (Leica DM5000B). Images were analyzed with a Nuance VIS-FL Multi-spectral
Imaging System (Cambridge Research Instrumentation; Woburn, MA) as previously
described [16,17]. The total number of cells stained with MHC-I or NeuN, as well as
the number of cells double labeled with both were counted visually and percentages
were calculated (expressed as mean ± SEM) of cells co-expressing NeuN and MHC-I.
Quantitative analysis was performed for GrB and the numbers of positive cells were
quantified as previously described [15,18]. Quantitative analysis of the staining intensity in endothelial cells was also performed. The relative optical density ratio (ODR) of
endothelial cells immunolabeled with MHC-I was calculated as previously described
[19]. The degree of MHC-I expression in microvessels was evaluated by counting the
numbers of vessels expressing the protein in two non-overlapping microscopic fields
(field size 1 mm2) of control and FCD IIb specimens (n = 6 in each group). Results were
expressed as a normalized mean ± SEM of MHC-I positive vessels per microscopic field,
taking into account the total number of microvessels in control and FCD specimens,
assessed by counting the number of CD31 positive vessels in adjacent serial sections, as
previously described [20].
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Statistical analysis
Statistical analyses were performed with SPSS for Windows (SPSS 11.5, SPSS Inc.,
Chicago, IL, USA). The two-tailed Student’s t-test was used to assess differences between groups. To assess differences between more than two groups a non-parametric
Kruskal-Wallis test followed by a Mann-Whitney U-test were used. Correlation between
immunostaining (number of positive cells) and different clinical variables (duration of
epilepsy, seizure frequency, age at surgery, age at seizure onset and epilepsy outcome)
were assessed using the Spearman’s rank correlation test. A value of P < 0.05 was defined
as being statistically significant.

Results

5

Case material and histological features
The clinical features of the cases included in this study are summarized in Table 1. All
patients had a history of chronic pharmaco-resistant epilepsy. Age at surgery, seizure duration and seizure frequency were not statistically different between patients with FCD
I, FCD II and GG in this cohort. Postoperatively, 67% of patients in this cohort were
completely seizure free. In this study, we excluded patients with a mild degree of cortical dysplasia (mild malformation of cortical development). The FCD cases included
displayed the histopathological features of FCD Ib or FCD IIa and IIb, according to the
international consensus classification [5].
The histopathological features of the cortical tuber samples included cortical dyslamination, giant cells, dysplastic neurons and astrogliosis [21,22]. TSC1 mutations were detected in one patient and TSC2 mutations in five patients. In agreement with previous
studies [6,23-25], the expression of pS6 (indicating the activation of the mTOR signal
transduction pathway) was observed within all tubers, and FCD II and GG samples in
our cohort. All of the 15 FCD IIb samples had a neuronal labeling index (frequency
score) greater than 50%. Of the 6 FCD IIa samples with pS6-positive neuronal cells, 3
(50%) had a labeling index between 1% and 10%, and the other 3 (50%) had a labeling
index between 11% and 50%. In contrast, pS6 protein expression was not detected in
FCD I cases, as in the normal control specimens. The number of HLA-DR (MHC-II)
immunoreactive cells was not significantly different between FCD IIa and IIb in our
cohort, but was higher compared to FCD I, as previously reported [6].
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Table.1 Summary of clinical findings for epilepsy patients and controls

FCD, focal cortical dysplasia; TSC, tuberous sclerosis complex; GG, ganglioglioma.

Figure 1. Evaluation of MHC-I expression in control and FCD I, FCD
IIa, FCD IIb, TSC and GG. (A) and
(B): MHC-I immunoreactivity scores
(total score; see material and methods
for details) in microglial cells and neurons. (C): Graph showing percentages
of neuronal cells immunoreactive for
NeuN and co-expressing MHC-I.
Data are expressed as mean ± standard
error of mean (SEM). P < 0.05 compared to FCD I and controls. FCD,
focal cortical dysplasia; TSC, tuberous
sclerosis complex; GG, ganglioglioma;
MHC-I, major histocompatibility
complex class I; ND, not determined;
nd, not detectable.

MHC-I expression in FCD I and II
In the cortical autopsy of the human control, as well as in the normal-appearing cortex
adjacent to the lesions (not shown), MHC-I was confined to blood vessels, and was not
detected either in neurons or in glial cells in both cortex and white matter throughout
all cortical layers (Figure 3A,B).
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In agreement with previous observations, in both viral [13] and Rasmussen’s encephalitis [8,9] immunoreactivity for MHC-I was also detected in lymphocytes, microglial
cells, astrocytes and neurons (not shown).
In FCD I, MHC-I displayed an immunoreactivity pattern as in the controls, with expression in blood vessels, but no detectable immunoreactivity in glial or neuronal cells
(Figure 3C and Figure 1A,B); in one case weak immunoreactivity was detected in a few
microglial cells (Figure 1A).
In FCD IIa and IIb, consistent MHC-I expression was also observed in neurons and
glial cells with the morphology of microglial cells (Figure 3D,E,F,G and Figure 1A, B).
Double labeling confirmed MHC-I expression in cells of the microglial/macrophage
lineage (HLA-DR positive cells; Figure 3 and inserts in 3E and 3G), in neurons (MAP-2
Table.2 Immunocytochemistry: primary antibodies
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Figure 2. Evaluation of GrB positive cells and albumin immunoreactivity (IR) in astrocytes.
(A): Graph showing GrB cell counting in control cortex, FCD I, FCD IIa, FCD IIb and GG.
*P < 0.05, compared to GG, FCD I, FCD IIa and controls. (B): Albumin immunoreactivity
scores (total score; see material and methods for details) in astrocytes.

and NeuN positive cells; not shown), but not in astrocytes (Figure 3; insert (b) in 3E).
The mean number of MHC-I positive neurons was found to be significantly higher in
FCD IIb than in FCD IIa, whereas no significant differences were detected compared
to TSC and GG specimens (Figure 1C). We did not detect MHC-I expression in balloon cells (Figure 3E,G). MHC-I immunoreactivity in microvessel endothelium was
not significantly different compared to the control cortex (autopsy; Table 3, and/or
the perilesional cortex, not shown). No significant correlation was found between the
increased MHC-I staining in neurons in FCD II and the different clinical variables.
However, a positive correlation was detected between the MHC-I staining in microglia
and the duration of epilepsy (Spearman’s rank correlation coefficient for FCD II, r =
0.865 with P < 0.05).

MHC-I expression in cortical tubers (TSC)
The expression pattern of MHC-I in cortical tubers of TSC patients resembled that
observed in FCD II, with MHC-I positive blood vessels, neurons and microglial cells,
but not astrocytes (Figure 3H,I and Figure 1A,B). The mean number of MHC-I positive neurons was found to be significantly higher in TSC than in FCD IIa, whereas no
significant differences were detected compared to FCD IIb and GG specimens (Figure
1C). A large majority of giant cells were negative for MHC-I, only occasionally (in two
cases) was MHC-I expression detected in sporadic giant cells within the white matter
(Figure 3I). No significant correlation was found between the increased MHC-I staining in neurons in TSC and the different clinical variables. However, a positive correla-
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Figure 3. Distribution of MHC-I immunoreactivity (IR) in FCD, TSC and GG.
(A)-(B) Control cortex (A) and white matter (wm; B): MHC-I IR in blood vessels
(arrows). (C) FCD I: MHC-I IR in blood
vessels (arrows). (D) FCD IIa: MHC-I IR
in blood vessels (arrows), dysmorphic neurons (DN; asterisks) and microglial cells
(arrowheads). Insert in (D) shows a neuron (asterisk) positive for MHC-I and both
MHC-I and MHC-II IR in blood vessels
(arrows). (E)-(G) FCD IIb: strong MHC-I
IR in cortex, (E) and (F) and wm, (G) with
expression in DN (arrowheads in (E) and asterisk in (F)). MHC-I IR was also detected
in blood vessels (arrows in (E)) and in microglial cells (insert (a) in (E), arrowheads in
(F) and (G)). The balloon cells are negative
(asterisks in (G)). Insert (b) in (E): absence
of co-localization of MHC-I with GFAP in
astrocytes. Insert (c) in (E) and the insert in
(G): co-localization of MHC-I with MHCII in microglial cells (the arrow in (c) indicates a microglial cell). (H), (I) TSC: strong
MHC-I IR in both cortex (H) and wm (I)
with expression in DN (arrowheads in (H)),
blood vessels (arrows in (H) and (I)) and
microglia (arrowhead in (I)). Giant cells are
negative (asterisks). MHC-I IR is occasionally detected in giant cells (insert in (I)). Insert (a) in (H): co-localization with NeuN.
Insert (b) in (H): co-localization with pS6.
Insert (c) in (H): co-localization with MAP2. (J) GG: MHC-I IR in dysplastic neurons (arrowheads; high magnification in
insert (a)) and blood vessels (arrow). Insert
(b) in (J): co-localization with NeuN. Insert
(c) in (J): co-localization with MHC-II in
microglial cells. Insert (d) in (J): absence
of co-localization with GFAP. Scale bars:
(A)-(C) and (E): 150 µm; (D), (G)-(I): 40
µm; (F): 25 µm; (J): 80 µm.

tion was detected between the MHC-I staining in microglia in TSC and the duration
of epilepsy (Spearman’s rank correlation coefficient for TSC, r = 0.835 with P < 0.05).

MHC-I expression in GG
In GG specimens, MHC-I immunoreactivity was detected in blood vessels, neurons
and microglial cells, but not in tumor astrocytes (Figure 3J and Figure 1A,B). The mean
number of MHC-I positive neurons was found to be significantly higher in GG than
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5

Chapter 5

Figure 4. Granzyme B (GrB) and albumin
immunoreactivity (IR). (A)-(E) Granzyme
B (GrB) IR. (A) Perivascular CD8 positive cells (arrows) for FCD IIb. (B) and
(C) GrB positive cells (arrows) for FCD
IIb around blood vessels and in the vicinity of dysmorphic neurons (asterisks). Insert in (C) shows a GrB positive cell near
an astrocyte (GFAP positive). (D) and (E)
GrB positive cells in cortical tubers (arrows) for TSC, also the vicinity of a dysmorphic neuron (asterisk in (D)). (F)-(L)
Albumin IR. For FCD I (F) and FCD
IIa (G) there is an absence of glial IR. Albumin IR was detected in blood vessels
(arrows). (H) and (I) FCD IIb: Albumin
IR was detected in perivascular astrocytes
(arrows). (J) and (K) TSC: Strong albumin IR was detected within the tuber in
the perivascular region with expression in
giant cells (arrows). Insert (a) in (J) shows
albumin in cells surrounding a blood vessel
(stained with CD31). Insert (b) in (J) and
the insert in (K) show co-localization of albumin with GFAP within tubers. (L) For
GG, there is strong albumin IR within the
tumor. The insert shows co-localization of
albumin with GFAP in tumor astrocytes.
Scale bars (A): 40 µm; (B): 25 µm; (C)-(E):
20 µm; (F)-(H), (J) and (K) (bar in (J)): 80
µm; (I), (L): 40 µm.

in FCD IIa, whereas no significant differences were detected compared to FCD IIb and
TSC specimens (Figure 1C).
No significant correlation was found between the increased MHC-I staining in neurons
in GG and the different clinical variables. However, a positive correlation was detected
between the MHC-I staining in microglia and the duration of epilepsy (Spearman’s rank
correlation coefficient for GG, r = 0.847 with P < 0.05).

T lymphocytes with granzyme B+ granules
In agreement with previous observations [6,26,27], inflammatory infiltrates in glioneuronal lesions, such as FCD IIb, contain T lymphocytes (CD8+, T-cytotoxic immunophenotype) (Figure 4A).
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Table 3. MHC-I immunoreactivity in microvessel endotheliuma

Scoring of the histological specimens was performed as described in the Materials and methods section.
Values represent the mean ± SEM of the number of samples indicated in parentheses. ODR: relative
optical density ratio of CD31-immunolabeled endothelium.
a

In FCD IIb and TSC, we detected CD8 positive cells with granzyme-B+ granules. These
cells were often perivascularly located, but occasionally in the vicinity (or in close opposition) to dysmorphic neurons and astrocytes (Figure 4B,C,D,E and Figure 2A). Granzyme B immunoreactivity was not detected in FCD I or IIa, and only occasionally (one
case) in GG specimens (Figure 2A).

Albumin extravasation and immunoreactivity in astrocytes
Alterations in blood-brain barrier permeability were detected using albumin immunocytochemistry in FCD IIb, TSC and GG specimens (Figure 4H,I,J,K,L and Figure 2B).
In FCD IIb and TSC specimens, albumin immunoreactivity, with diffuse cytoplasmatic
staining, was detected in perilesional astrocytes and in perivascularly located balloon/
giant cells in FCD IIb and TSC specimens (Figure 4H,I,J,K); double labeling confirmed
colocalization in GFAP positive cells (Figure 4J,K). Strong albumin immunoreactivity
was observed within GG specimens in tumor astrocytes (Figure 4L and Figure 2B).

Discussion
In the present study we provide evidence of neuronal and microglial MHC-I expression
in epileptogenic glioneuronal lesions. The neuronal expression of MHC-I was, however,
only detected in FCD II, but not in FCD I specimens or in the perilesional region (despite the absence of significant differences in seizure frequency and duration). Interestingly, MHC-I expression in neurons was significantly higher in FCD IIb compared to
FCD IIa and the large majority of balloon/giant cells did not express detectable levels
of MHC-I. These observations confirm the difference between FCD I and II [6], suggest some differences between IIa and IIb and indicate that induction of MHC-I is not
simply an effect of seizure activity.
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Several studies demonstrate that expression of MHC-I can be upregulated in glia and
neurons in response to different types of challenges, including injury, infections (chronic
and acute), central administration of endotoxins and exposure to different cytokines
([28-33] reviewed in [7]). Cytokines have been show to differentially regulate MHC-I
induction in neurons [31,34,35]. Previous studies have demonstrated prominent expression of components of the IL-1R/TLR signaling pathways in neuronal cells in epileptogenic glioneuronal lesions [6,26,27,36]. Signaling through these pathways leads
to activation of the transcription factor, nuclear factor-kappa B (NF-ĸB) [37]. Interestingly, it has been suggested that activation of NF-ĸB plays a role in induction of MHC-I
[38,39]. Thus, NF-ĸB-dependent mechanisms of regulation may contribute to the more
prominent MHC-I expression detected in FCD II (associated with consistent activation
of IL-1R/TLR signaling pathways [6]) compared to FCD I.
Endogenous peptides presented by MHC-I molecules (called MHC-I peptides (MIPs)
or the immunopeptidome) represent the key to self/non-self-discrimination by cells of
the immune system. In this respect, a recent study confirmed previous observations
indicating that the immune system is tolerant to MIPs expressed at physiological levels
but may promote immune responses towards self MIPs present in excessive amounts
[40,41]. This may be important in the context, of the suggestion that neuronal MHCI expression mediates removal of dysfunctional neurons [30]. The study by Caron et
al. also suggests that changes in mTOR signaling can affect the expression of MHC-I
and the repertoire of MIPs presented by MHC-I [41]. These observations highlight the
complexity of MHC-I regulation and indicate the need for further analysis of the effect
of mTOR modulation in lesions (such as FCD II, TSC and GG) in which this pathway
is involved. Interestingly, a recent study suggests a novel viral etiology for FCD IIB [42],
which could explain the constitutive activation of mTOR, as well as the induction of
MHC-I, in this focal malformation of cortical development.
Interestingly, neuronal MHC-I expression has been reported in Rasmussen’s encephalitis and it has been suggested that it plays a critical role in antigen-specific cytotoxicity
[8]. MHC-I expression is necessary for antigen-specific cytotoxicity mediated by CD8+
lymphocytes [43]. In this context, we also detected CD8+ T lymphocytes with GrB in
FCD IIB and TSC specimens in the vicinity of neurons. The possible contribution of a
MHC-I restricted immune response to neuronal injury, occurring in patients with developmental pathologies and intractable epilepsy [18,44], requires further investigation.

140

Differential expression of MHC class I in developmental glioneuronal lesion

MHC-I was also was found to be expressed in reactive microglial cells. Upregulation in
microglial cells has been shown in both multiple sclerosis (MS) [45] and Rasmussen’s
encephalitis [8,9]. Interestingly, the microglial expression of MHC-I was significantly
higher in FCD II compared to FCD I, reflecting the more prominent activation of microglial cells observed in FCD II specimens [6]. Moreover, MHC-I expression in microglia correlated positively with the duration of epilepsy, suggesting that the upregulation
of MHC-I in these cells may also occur later in epileptogenesis.
Astrocytes did not display MHC-I immunoreactivity. Expression of MHC-I in astrocytes has also not been observed in MS lesions [45]. Thus upregulation of MHC-I
in astrocytes appears to represent a specific feature of Rasmussen’s encephalitis and an
MHC-I restricted T-cell response has been suggested as critically contributing to the occurrence of the astrocytic degeneration observed in this pathology [9].
MHC-I expression was not detected in balloon cells in FCD IIb and in the large majority of giant cells in TSC. Interestingly, expression of MHC-I has been detected in the
giant cells from different types of TSC-associated brain lesions in fetal cases ranging
from 23 to 34 gestational weeks (GW) [46], indicating developmental changes in the
phenotype of giant cells. MHC-I expression in these cells early in development may
reflect their role as antigen presenting cells and may account for the dynamic changes
occurring early in development in TSC lesions.
We did not detect changes in the expression levels of MHC-I in endothelial cells within
the different lesions examined. However, lesions (FCD IIB, TSC and GG) with prominent inflammatory changes and MHC-I upregulation in neurons and microglia displayed evidence of alterations in blood-brain barrier permeability, with albumin extravasation and uptake in astrocytes. These observations confirm previous findings for TSC
[26], highlighting its similarity to FCD IIB and the differences with FCD I.
Our findings distinguish type I from type II FCD and indicate a prominent upregulation of MHC-I in neurons and microglial cells as part of the immune response occurring in epileptogenic glioneuronal lesions, such as FCD II, TSC and GG.
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Abstract
Aims: Recent evidence supports the activation of mechanisms underlying cellular ageing and neurodegeneration in developmental lesions associated with epilepsy. The present study examined the ongoing cell injury and vulnerability to neuronal degeneration
in glioneuronal tumours (GNT).
Methods: We evaluated a series of GNT (n = 31 gangliogliomas, GG and n = 30 dysembryoplastic neuroepithelial tumours, DNT). Sections were processed for immunohistochemistry using markers for the evaluation of caspase-3 and neurodegeneration-related
proteins/pathways and their expression was correlated with the tumour features and the
clinical history of epilepsy.
Results: Both GG and DNT specimens contained caspase-3-positive cells. In GG, expression of activated caspase-3 was negatively correlated the with the BRAF V600E
mutation status. We also observed an abnormal expression of death receptor-6 and
β-amyloid precursor protein (APP). Moreover, dysplastic neurones expressed p62, phosphorylated (p)TDP43 and pTau. Double labelling experiments showed colocalization
of phosphorylated S6 (marker of mammalian target of rapamycin, mTOR, pathway activation) with pTau and p62. In GG, neuronal p62 expression was positively correlated
with pS6. The immunoreactivity score (IRS) of caspase-3, APP, DR6, p62 and pTDP43
were found to be significantly higher in GG than in DNT. Expression of APP, DR6,
pTau (in GG and DNT) and caspase-3 (in GG) positively correlated with duration of
epilepsy. In GG, the expression of neuronal caspase-3, DR6 and glial p62 was associated
with a worse postoperative seizure outcome.
Conclusions: Our observations in GNT provide evidence of premature activation of
mechanisms of neurodegeneration which are associated with the clinical course of epilepsy in patient with GG.

Keywords: apoptosis, epilepsy, long-term epilepsy-associated tumours, mTOR, neurodegeneration
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Introduction
Glioneuronal tumours (GNT), including gangliogliomas (GG) and dysembryoplastic
neuroepithelial tumours (DNTs), represent the most common tumour within the spectrum of long-term epilepsy-associated tumours (LEAT), often arising in children and
young adults [1].
The histopathological features of GNT, with a differentiated glioneuronal phenotype,
the expression of precursor cell markers and the coexistence with cortical dysplasia, suggests a developmental pathogenesis [1,2]. Recent studies provided new insights into the
diverse molecular pathways involved in the pathogenesis and epileptogenesis of GNT
[1,3]. Alterations of signalling pathways, such as reelin and the mammalian target of
rapamycin (mTOR), which play critical roles in cell size and growth control, cortical
development and neuronal migration, have been reported in GNT [4-7]. In particular,
attention has been focused on the deregulation of the mTOR pathway, supporting the
inclusion of GNT within the spectrum of an mTORopathy, together with focal malformations of cortical development (MCD, such as focal cortical dysplasia, FCD and
tuberous sclerosis complex, TSC) characterized by cortical dysgenesis with abnormal
cell proliferation [8,9].
The mechanisms underlying the activation of the mTOR pathway have only recently
begun to be elucidated. Recent studies have reported a mutation of the BRAF oncogene (a member of the RAF family of serine/ threonine protein kinases involved in
the RAS-RAF-MEK-ERK-MAP kinase signalling pathway) in a large number of GNT
[10-15]. Interestingly, BRAF V600E mutation may potentially contribute, through different mechanisms, to the enhanced mTOR signalling [16,17] and a positive association
between BRAF V600E mutation and mTOR pathway activation has been reported in
GNT [15]. Moreover, BRAF mutation has been associated with dysregulation of apoptosis in other tumour types [18].
Aberrant hyperactivation of the mTOR pathway may also critically contribute to an
accumulation of cell damage, promoting the development of ageing-related changes (reviewed in [19-21]). Our recent observations suggest that the abnormal activation of mTOR may contribute to apoptosis signalling pathways and premature activation of mechanisms of neurodegeneration in both FCD type II and TSC [22].
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Whether these neurodegenerative changes occur also in GNT which belong to the spectrum of an mTORopathy, possibly sharing common mechanism(s) of pathogenesis and
epileptogenesis is still unclear.
The aim of the present study was to evaluate the ongoing cell injury and vulnerability to
neuronal degeneration in GG and DNT and their relationship with the clinical course
of epilepsy. We hypothesized that neurodegenerative changes could represent an intrinsic feature of these tumour types and can be viewed as programmed process driven by
changes in signalling pathways, such as the mTOR pathway.

Material and methods
Subjects
The GNT specimens included in this study were all obtained from the databases of the
Departments of Neuropathology of the Academic Medical Center (University of Amsterdam; UvA) in Amsterdam, the University Medical Center in Utrecht (UMCU) and
of the University College London Institute of Neurology, Queen Square (London, UK).
We examined a total of 61 surgical specimens (n = 31 GGs; n = 30 DNTs; Table 1).
Informed consent was obtained for the use of brain tissue and for access to medical records for research purposes. Tissue was obtained and used in a manner compliant with
the Declaration of Helsinki. We reviewed all cases and the diagnosis was confirmed according to the revised WHO classification of tumours of the nervous system [23]. The
clinical features of the included patients are summarized in Table 1. Fifty-nine patients
underwent resection of GNT for medically intractable epilepsy. The predominant type
of seizure pattern was that of complex partial seizures, which were resistant to maximal
doses of anti-epileptic drugs (AEDs). The patients with epilepsy underwent presurgical
evaluation [24] and the post-operative seizure outcome was classified according to Engel
[25]. The follow-up period ranged from 1 to 15 years.
Control cortex/white matter from the temporal region was obtained at autopsy from
six adult control patients without history of neurological diseases. All autopsies were
performed within 12 h after death. We also selected six GNT cases (three GG and three
DNT) that contained sufficient amount of peritumoural tissue (normal-appearing cortex/white matter adjacent to the tumour), for comparison with the autopsy specimens.
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This material represents good disease control tissue, as it is exposed to the same seizure
activity, drugs, fixation time, and age and gender are the same.

Tissue preparation
Formalin fixed, paraffin-embedded tissue was sectioned at 5 µm and mounted on precoated glass slides (Star Frost, Waldemar Knittel GmbH, Braunschweig, Germany).
Representative sections of all specimens were processed for haematoxylin eosin (HE),
luxol fast blue and Nissl stains (LFB/N) as well as for a number of immunohistochemical markers (Table 2).

Immunohistochemistry
Single-label Immunohistochemistry (see Table 2) was performed, as previously described [26], using the Powervision kit (Immunologic, Duiven, The Netherlands) and
3,3-diaminobenzidine as chromogen. Sections were counterstained with haematoxylin.
Immunoreactivity for BRAF V600E (clone VE1, Spring Bioscience, Pleasanton, CA,
USA; kindly provided by D. Capper [27]) was performed on a Ventana BenchMark XT
immunostainer (Ventana Medical Systems, Tucson, AZ, USA) and confirmed as previously reported [15]. For double-labelling experiments, sections were, after incubation
with the primary antibodies overnight at 4°C, incubated for 2 h at room temperature
with Alexa Fluor® 568-conjugated anti-rabbit and Alexa Fluor® 488 anti-mouse IgG
(1:100, Molecular Probes, The Netherlands). Sections were then analysed by means of a
laser scanning confocal microscope (Leica TCS Sp2, Wetzlar, Germany).
For double labelling of p62 with NeuN or GFAP and p62 and caspase-3 with olig2 (rabbit polyclonal; ImmunoBiological Laboratories Minneapolis, MN, USA; 1:200)
sections were processed as previously described [28]. Alkaline phosphatase (AP) activity
was visualized with the alkaline phosphatase substrate kit I Vector Red (SK-5100, Vector
laboratories Inc., CA, USA) or with AP substrate kit III Vector Blue (SK-5300, Vector
laboratories Inc., CA, USA). Sections incubated without the primary antibodies or with
the primary antibodies, followed by heating treatment were essentially blank.

Evaluation of histology and immunohistochemistry
All labelled tissue sections were evaluated by two independent observers blind to clinical data, for the presence or absence of specific immunoreactivity (IR) for the different
markers. We also semi-quantitatively evaluated the immunoreactivity for the different
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markers, such as caspase-3, APP, DR6, p62 and pTDP43, The intensity of the staining
was evaluated as previously described [15,22], using a semi-quantitative scale ranging
from 0 to 3 (0: negative; 1: weak; 2: moderate; 3: strong IR). All areas of the specimen
were examined and the score represents the predominant cell staining intensity found
in each case. The approximate proportion of cells showing IR for the different markers
(1: single to 10%; 2: 11–50%; 3: >50%) was also scored to give information about the
relative number (‘frequency’ score) of positive cells within the tumour areas. In case of
disagreement, independent re-evaluation was performed by both observers to define the
final score. For proteins such as caspase-3 and p62, showing both neuronal and astroglial
immunoreactivity, we evaluated the IRS for both cell types. Neuronal cell bodies were
differentiated from astrocytes on the basis of morphology and only neurones in which
the nucleolus could be clearly identified were included. For DR6, APP, pTDP43 and
pTau we evaluated the IR in neuronal cells. The percentage positive and negative cases
for p62 (nuclear and cytoplasmic IR) and for pTDP43 (granular positivity) was also
evaluated in both GG and DNT. As proposed before [15,29], the product of these two
values (intensity and frequency scores) was taken to give the overall score (immunoreactivity total score; IRS).

Statistical analysis
Statistical analyses were performed with SPSS for Windows (SPSS 20, SPSS Inc., Chicago, IL, USA). Continuous variables were described with mean and ranges; categorical variables with proportions and percentages. The two-tailed Student’s t-test or the
nonparametric Kruskal-Wallis test followed by Mann-Whitney U-test was used to assess
differences between the groups. Correlation between immunohistochemical and clinical features (duration of epilepsy, seizure frequency, age at surgery, age at seizure onset,
epilepsy outcome etc.) were assessed using the Spearman’s rank correlation test. A value
of P < 0.05 was defined statistically significant.

Results
Case material and histological features
Among the 61 patients included in the study (Table 1), 59 had a history of chronic
pharmacoresistant epilepsy. Post-operatively, 44 patients (74.5%) were completely seizure free (Engel’s class I). There was no male or female predominance within each tu152
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mour group. The DNT were composed of a mixture of neuronal cells, astrocytes and
a prominent population of oligodendroglia-like cells (Figure 2) including eight simple
DNT, 20 complex DNT and two diffuse DNT [30]. Expression of the precursor cell
marker, CD34 [31] was observed in 71% of GGs and 53% of DNT. None of the 61
GNT cases harboured an IDH1R132C mutation. BRAF (V600E) mutation was detected (by immunohistochemistry and sequencing analysis [15]) in 20 GG (64.5%) and
in 10 DNT (33%) of this tumour cohort.

Caspase-3 immunoreactivity in GG and DNT
Both GG and DNT specimens displayed caspase-3 IR (Figures 1B, 2B and 3A,B). In
post-mortem cortex, as well as in the surgically removed histologically normal cortex
(peritumoural cortex), no detectable labelling was observed (not shown; [22]). On the
basis of morphology, both neurones and glial cells displayed nuclear caspase-3 IR. Double labelling experiments confirmed the caspase-3 expression in neuronal (NeuN-posi-

6

Table.1 Summary of clinical findings of epilepsy patients and controls

GG, ganglioglioma; DNT, dysembryoplastic neuroepithelial tumour; M, male; F, female; F, frontal; T,
temporal; O, occipital; P, parietal; SC, spinal cord; Cer, cerebellum.
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tive cells), astroglial (GFAP-positive cells; Figure 1B), and oligodendroglial (olig-2) cell
types (in DNT; Figure 2B). The IRS of caspase-3 was significantly higher in GG than
in DNT (Figure 3A,B). The neuronal caspase-3 IR in GG was positively correlated with
APP, DR6 and pTDP43 neuronal expression (P < 0.05).
We also evaluated the possible correlation with clinical variables such as age at surgery,
age at seizure onset, duration of epilepsy, seizure frequency and postoperative seizure
outcome. The caspase-3 IRS in neuronal cells was positively correlated with both the
age at surgery and the duration of epilepsy in GG (age at surgery: r = 0.624; duration
of epilepsy: r = 0.651; P < 0.01). There was no correlation with the seizure frequency. In
GG, the expression of neuronal caspase-3 was weakly associated with a worse postoperative seizure outcome (r = 0.365; P < 0.05) and a negative correlation was detected with

Table.2 Immunocytochemistry: primary antibodies
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Figure 1. Ganglioglioma (GG). A: Haema-

toxylin eosin (HE) staining of GG showing
the mixture of neuronal cells, lacking uniform
orientation (arrows), and glial cells; insert in
A shows a dysplastic neurone with vacuolar
changes (granulovacuolar degeneration). B:
Caspase-3 (Casp3) staining showing several
positive glial cells (arrows; insert a) surrounding dysplastic neurones (arrowhead); insert (b)
shows a positive dysplastic neurone; insert in
b shows nuclear colocalization of caspase-3
(red) with NeuN (green) and DAPI; insert (c)
shows expression of caspase-3 (red) in a GFAPpositive cell (green). C: DR6 staining showing
diffuse neuropil expression with strong immunoreactivity in dysplastic neurones (arrows and
insert). D: β-Amyloid precursor protein (APP)
staining showing several positive dysplastic
neurones (arrows and insert). E: p62 staining showing nuclear expression in several cells
within the tumour (arrows) and cytoplasmic
accumulation in some dysplastic neurones (insert a, arrow); insert (b) nuclear colocalization
of p62 with ubiquitin; insert (c) cytoplasmic
colocalization of p62 with pS6 in a dysplastic
neurone; insert (d) shows expression of p62
(blue) in a NeuN-positive cell (red) and insert
(e) expression of p62 (blue) in a GFAP-positive
cell (red). F: TDP43 staining showing nuclear
positivity in both neurones (arrowhead) and
glial cells (arrows); insert in F shows pTDP43
granular positivity within a neurone with granulovacuolar degeneration. G-H: hyperphosphorylated Tau (pTAU) immunoreactivity in
dysplastic neurones (arrowheads in G; arrow
in H) and pTau-positive neuropil threads (arrows in G); insert in H shows colocalization of
pTAU with pS6 in a dysplastic neurone. Scale
bars: A-C, E-F: 40 µm; D, H: 25 µm; G: 80
µm.

BRAF (V600E) mutation (r = −0.662; P < 0.01). We did not detect significant
differences in the caspase-3 IRS between different forms of DNT (simple, complex and
diffuse).

β-Amyloid precursor protein (APP) in GG and DNT
Evaluation of APP in GG and DNT specimens showed increased IR within the neuronal component of the tumour (Figures 1D and 2D). In post-mortem cortex, as well as
in the surgically removed histologically normal cortex (peritumoural cortex), no detect155
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able labelling was observed (not shown; [22]). The IRS of APP was significantly higher
in GG than in DNT (Figure 3C). The neuronal APP IRS in both GG and DNT was
positively correlated with caspase-3, hyperphosphorylated tau (pTau), DR6, P62 and
pTDP43 neuronal expression (P<0.05). In GG, the APP IRS in dysplastic neurones was
positively correlated with the duration of epilepsy (r = 0.527; P<0.01). There was no
correlation between APP IRS and the BRAF V600E mutation status or the postoperative seizure outcome and seizure frequency. In all cases included in this study, β-amyloid
plaques were not detected. We did not detected significant differences in the APP IRS
between different forms of DNT (simple, complex and diffuse).
Figure 2. Dysembryoplastic neuroepithelial tumour

(DNT). A: Haematoxylin eosin (HE) staining of
DNT showing a typical heterogeneous cellular composition, with floating neurones (arrow) surrounded
by a prominent population of oligodendroglia-like
cells. B: Caspase-3 (Casp3) staining showing several
positive glial cells (arrows; insert a; insert b shows in
purple colocalization of caspase-3, blue and Olig-2,
red). C: DR6 staining showing diffuse neuropil expression. D: Amyloid precursor protein (APP) staining showing occasionally positive neuronal cells (arrow). E: p62 staining showing variable cytoplasmic
expression in few cells (arrows; inserts); insert (b)
shows cytoplasmic accumulation of p62 IR in a binucleate cell; insert (d) shows expression of p62 (blue)
in a NeuN-positive cell (red). F: TDP43 staining
showing nuclear positivity within the tumour (high
magnification in insert). G: Hyperphosphorylated
Tau (pTAU) staining showing occasionally positive
neuropil dots (arrows) and cytoplasmic positivity in
few neuronal cells (inserts a-c). Scale bars in F: A, C,
E-G: 40 µm; D, B: 80 µm; D: 25 µm.

Death receptor-6 (DR6) immunoreactivity in GG and DNT
In GNT specimens (particularly in GG), we observed an abnormal DR6 expression
pattern, with clusters of punctate labelling along cell borders and processes of dysplastic
neurones and increased expression in neuronal perikarya (Figures 1C, 2C and 3D). In
the peritumoural cortex, the expression pattern was similar to that previously described
in human control cortical autopsy specimens [22,28]. DR6 IR was observed through156
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out all cortical layers with neuropil labelling around the somata and dendrites of large
pyramidal neurones (data not shown). The neuronal DR6 IRS was positively correlated
with caspase-3 (GG: r = 0.422; P <0.05), APP (GG: r = 0.575; DNT: r = 0.551; P
<0.01), pTau (GG: r = 0.459; DNT: r = 0.557; P <0.01) and pTDP43 (GG: r = 0.494;
DNT: r = 0.568; P <0.01) neuronal expression. In GG, the DR6 IRS in dysplastic
neurones was positively correlated with the duration of epilepsy (r = 0.485; P <0.01)
and weakly associated with a worse postoperative seizure outcome (r = 0.360; P <0.05).
There was no correlation between DR6 IRS and the BRAF V600E mutation status or
seizure frequency. We did not detect significant differences in the DR6 IRS between
different forms of DNT (simple, complex and diffuse).

Hyperphosphorylated tau in GG and DNT
In 18 of the 61 GNT specimens (29%; 10 GG and eight DNT) we observed taupositive neuropil threads and occasionally tau-positive neuronal cells within the tumour
(Figures 1G-H and 2G); pTau was not detected in the peritumoural cortex in any cases.
Tau-positive neuropil threads were often observed around pS6-positive cells and colocalization of pTau and pS6 was detected in dysplastic neurones (Figure 1H). pTau IRS
in both GG and DNT was positively correlated with APP (GG: r = 0.650; DNT: r =
0.473; P <0.01) and DR6 (GG: r = 0.459; DNT: r = 0.557; P <0.01). There was no association between pTau IRS and the BRAF V600E mutation status or the postoperative
seizure outcome. However, in both GG and DNT pTau IRS was positively correlated
with the duration of epilepsy (GG: r = 0.590; DNT: r = 0.585; P <0.01) and in DNT
also with the age at surgery (r = 0.532; P <0.01). There was no correlation with the
seizure frequency. We did not detect significant differences in the pTau IRS between
different forms of DNT (simple, complex and diffuse).

p62 immunoreactivity in GG and DNT
In GNT specimens, nuclear/cytoplasmic p62 IRS was detected within the tumour (Figures 1E and 2E) and was significantly higher in GG than in DNT for both neural and
glial cells (Figure 3E-F). Although the fixation time was similar for the different surgical
specimens, p62 cytoplasmic IR ranged from faint (finely granular) to strong cytoplasmic
positivity and in few cases cytoplasmic inclusions were observed (Figures 1E and 2E).
Colocalization with ubiquitin (in the nucleus) and pS6 (in the cytoplasm) was detected
in dysplastic neurones (Figure 1E). In postmortem cortex, as well as in the surgically
removed histologically normal cortex (peritumoural cortex), no detectable labelling was
157
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Figure 4. Figure 3. Evaluation of

caspase-3 (Casp3), APP, DR6 and
p62 immunoreactivity. A–F: Immunoreactive score (IRS; see Material
and methods) in ganglioglioma (GG)
and dysembryoplastic neuroepithelial tumour (DNT) (*P < 0.05).

observed (not shown [22];). Variable neuronal p62 IR was observed in all GG and in
90% of DNT, whereas glial p62 was detected in 84% of GG and 46% of DNT. Both
nuclear and cytoplasmic p62 IR was observed in the positive cases. The neuronal p62
IRS (in both GG and DNT) was positively correlated with APP (GG: r = 0.417; DNT:
r = 0.374; P <0.05) and in GG with pS6 neuronal expression (r = 0.382; P <0.05); there
was no correlation with the seizure frequency. There was no correlation between neuronal/glial p62 IRS and the BRAF V600E mutation status or the postoperative seizure
outcome. However, glial p62 IRS was positively correlated with the age at surgery (GG:
r = 0.618; DNT: r = 0.486; P <0.01), the duration of epilepsy (GG: r = 0.537; P <0.01)
and seizure frequency (GG: r = 0.491; P <0.01; DNT: r = 0.419; P <0.05). We did not
detect significant differences in the p62 IRS between different forms of DNT (simple,
complex and diffuse).

TDP43 immunoreactivity in GG and DNT
The expression pattern of TDP43 in GNT was similar to controls, showing nuclear
expression in both neuronal and glial cells (Figures 1F and 2F). Cytoplasmic pTDP43
IR (granular positivity) was occasionally detected in neuronal cells (particularly in GG;
Figure 1F; the IRS was significantly higher in GG than in DNT, P < 0.05). Neurones
with cytoplasmic granular IR were detected in 90% of GG and in 60% of DNT. Besides
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this granular positivity no specific inclusions were observed. There was no correlation
between pTDP43 IRS (granular positivity) and the BRAF V600E mutation status. In
GG, pTDP43 IRS (granular positivity) was positively correlated with the duration of
epilepsy (GG: r = 0.554; P < 0.01) and in DNT also with the age at surgery (r = 0.464;
P < 0.01). pTDP43 expression in GG was weakly associated with a worse postoperative
seizure outcome (r = 0.393; P < 0.01). There was no correlation with the seizure frequency. We did not detect significant differences in the TDP43/pTDP43 IRS between
different forms of DNT (simple, complex and diffuse).

Discussion
In the present histological study, we examined the activation of apoptosis signalling
pathways and the cellular distribution of caspase-3 and various neurodegenerative disease-related proteins in GG and DNT specimens from patients with medically intractable epilepsy.
Several studies suggest the occurrence of cell injury, including apoptosis, in MCD associated with epilepsy [32-35]. Recently we provided evidence of neuro-degenerative
changes in MCD associated with mTOR pathway hyperactivation (FCD type II and
TSC), supporting a link between neurodevelopmental and neuro-degenerative pathways [22]. However the evaluation of neurodegenerative changes in GG and DNT,
where mTOR pathway activation has similarly been reported, as well as the possible
correlation with patient clinical history is still lacking.

Apoptosis in GNT and relation to clinical variables
Altered expression of apoptosis associated genes and proteins has been previously reported in GG [36-38]. Moreover, our recent observations indicate activation of apoptosis
signalling pathways in focal MCD [22]. In this study, we confirmed the expression of
activated caspase-3 (as a marker of apoptosis) in both the neuronal and glial components
of GNT. The expression of activated caspase-3 was greater in GG than in specimens
from patients with DNT, suggesting that GG are more susceptible to the pathological
effects of chronic seizures. Accordingly, several experimental animal studies have provided evidence of caspase-3 activation, in both glial and neuronal cells, following induction of status epilepticus [39–41]. In GG, caspase-3 labelling positively correlates with
age at surgery and the duration of epilepsy. However, seizures alone cannot account for
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the activation of caspase-3, as the perilesional tissue was exposed to seizures but devoid
of detectable immunoreactivity and activated caspase-3 expression was detected in the
specimens of two GG from patients without seizures. Interestingly, in GG we observed
a negative correlation between activated caspase-3 expression and the BRAF V600E
mutation status. Accordingly, in human colorectal carcinomas BRAF mutation has been
associated with dysregulation of apoptosis, through an upregulation of the antiapoptotic
role of the RAS/RAF/MEK/ERK pathway [18]. The functional evaluation of the role
of BRAF mutation on the dysregulation of apoptosis in glial tumours deserves further
investigation.
In GG the expression of neuronal caspase-3 was also weakly associated with a worse
postoperative seizure outcome. This could represent a reflection of the relatively later
surgical intervention and longer duration of epilepsy in patients with prominent caspase-3 expression. Accordingly, worst seizure outcome has been reported in patients
with longer duration of epilepsy ([42,43]; for review see [1]).
Although activated caspase-3 is generally considered a key protein in mediating cell
death, recent studies provide evidence of a non-apoptotic role for this enzyme in the
regulation of innate immune response, neural stem cell differentiation and synaptic
plasticity (reviewed in [44,45]). Thus, although a persistent activation of caspase-3 may
ultimately result in cell death, the regulation of enzyme activation level and its substrate
specificities, may also promote the non-apoptotic cellular responses (reviewed in [4446]). Particularly interesting is the role of caspases in the regulation of innate immune
response. Accordingly, both gene expression and immunocytochemical studies provide
evidence for a prominent activation of the inflammatory response in GNT [15,37].

Death receptor-6 (DR6) and APP expression in GNT and relation
to clinical variables
DR6 (TNFRSF21) is a member of the death receptor family which has been shown
to promote apoptosis when overexpressed (for review see [47,48]). In addition recent
studies indicate that activation of DR6 by N-terminal-APP (N-APP) may, via caspases, contribute to degenerative processes [49,50]. Recently, we reported increased DR6
IR around and in dysmorphic neurones in focal MCD [22]. In the present study, we
observed increased DR6 IR around and in the neuronal component of GNT. Similar to caspase-3, DR6 expression was greater in GG than in specimens from patients
with DNT and, in GG, positively correlated with the duration of epilepsy and worse
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post-operative seizure outcome. These observations may suggest a role for DR6 in the
apoptotic and non-apoptotic cellular responses involving caspases. On the other hand,
we have also to consider the recently described physiological functions of DR6 during
brain development, including the regulation of myelination and vascular development
[51,52].
Whether APP plays a key role in the activation of DR6 is still matter of discussion, and
the mechanism of formation of N-APP fragment is still unclear [53,54]. Experimental
studies support the critical role of the APP in early brain development, including regulation of neuronal cell adhesion, migration, synapse formation and function [55,56].
In our study, we observed increased APP IR within the neuronal component of the
tumour, particularly in GG. Interestingly, the neuronal APP IR in GNT was positively
correlated with caspase-3 neuronal expression and the duration of epilepsy. As discussed
above, seizures alone are unlikely to account for the increased expression of neuronal
DR6 and APP, as normal expression pattern for both proteins was detected in the perilesional tissue. In agreement with this study, we also reported increased neuronal APP
in focal MCD [22]. Interestingly, developmental overexpression of dendritic APP and
β-amyloid has been recently suggested to contribute to the increased seizure susceptibility observed in Alzheimer’s disease, Down syndrome and Fragile X syndrome [57,58].
In GNT, however, the increased expression of APP was not associated with deposition
of β-amyloid in or outside the tumour area.

Expression pattern of neurodegenerative disease-related
proteins in GG and DNT
To our knowledge, only one study has explored the occurrence of tau-mediated neurodegeneration in three adult patients with DNT and in 1 mixed (GG/DNT) tumour
[30]. Recently, tau pathology has been also reported in MCD, such as FCD [22,59],
cortical tuber of TSC patients [22] and in hemimegalencephaly (HME [60];). In the
present study, we provide evidence of the occurrence of tau pathology, confined to the
tumour area, in GNT, further supporting the potential contribution of tau accumulation in a premature degeneration of neurones in neoplastic and non-neoplastic developmental lesions.
Several mechanisms may promote the accumulation of hyperphosphorylated tau, which
in both MCD and GNT was not associated with β-amyloid deposition. In our cohort,
pTau was positively correlated with the duration of epilepsy. This may support the ef161
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fect of chronic seizure activity on the cellular changes occurring within the tumour.
Accordingly, seizure activity may potentially contribute to tau hyperphosphorylation
[61]. However, pTau IR was not detected in the perilesional tissue (exposed to similar seizure activity and duration of epilepsy). Thus seizures alone may not account for
changes. The inflammatory response observed in GNT [15,37] may also indirectly
modulate tau phosphorylation [62].
An additional mechanism to be considered is the overactivation of the mTOR pathway,
which has been reported in GNT and represents the link between these tumours and
focal MCD, such as FCD, TSC and HME (for review see [63]). Interestingly, several
studies support the key role of this pathway in cellular ageing and neurodegeneration,
including tau hyperphosphorylation (reviewed in [19-21]). Accordingly, colocalization
of pTau and pS6 (used as marker of mTOR pathway activation) was detected in neuronal cells within the tumour. In our study no association was detected between pTau
and the BRAF V600E mutation status. Tau proteins play a critical role in controlling
axonal microtubule assembly and stabilization during brain development [64]. Whether
a deregulation of tau degradation may reflect an early defect in microtubules (as suggested in HME [60]), and may contribute to epileptogenesis in GNT requires further
investigation. Accordingly, epileptiform discharges and spontaneous recurrent seizures
have been reported in a mouse models of AD [65] and it has been known for some
time that seizures occur in some patients with tauopathies [66], supporting the role of
dysfunctional tau in intractable epilepsy [67]. Moreover, as a high level of phosphorylation of the tau protein is observed during foetal development [68,69], an abnormal
phosphorylation of tau may reflect the immature properties of the neuronal component
of the tumour or even a recapitulation of a developmental programme contributing to
pathological neuroplasticity [69-71].
The ubiquitin-binding protein p62 is a stress-inducible intracellular protein known to
regulate different signal transduction pathways involved in cell survival and cell death
and plays a key role in autophagy [72-74]; p62 has been shown to inhibit autophagy via
activation of mTORC1 and an inhibition of autophagy may result in the accumulation
of this protein (for review see [74]). Accordingly, accumulation of p62 has been recently
observed in MCD (such as FCD and TSC) associated with overactivation of the mTOR
pathway [22,75].
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In the present study, we observed nuclear and cytoplasmic accumulation of p62 IR in
the neuronal component of GNT (particularly in GG) and cytoplasmic p62 colocalizes
with pS6 (marker of mTOR pathway activation). There was no correlation between
neuronal p62 expression and duration of epilepsy and p62 IR was not detected in the
peritumoural cortex. However, in both GG and DNT, glial p62 positively correlates
with the age at surgery and the duration of epilepsy and with the seizure frequency in
GG. These findings suggest that a defect in autophagy represents a common feature of
developmental lesions within the spectrum of disorders of mTOR signalling (so-called
‘TORopathies’ [9]). This is particularly interesting in view of the recent observations
supporting the role of an mTOR-dependent impairment of autophagy in epileptogenesis [76]. Moreover, as increasing evidence supports the involvement of autophagy in
glial tumour initiation and development [77], evaluation of its role in the biology of
GNT is important and deserves further investigation. Thus a better understanding of
the mechanisms underlying the formation of cytoplasmic inclusions containing p62
and/or impaired autophagy could provide the basis for the development of new therapies. Moreover, the nucleocytosolic distribution of this protein, which has been also
reported in FCD and TSC specimens [22,75], deserves attention and may reflect the
steady state of a highly dynamic nuclear-cytoplasmic shuttling process [78].
TDP-43 is a ubiquitous protein which belongs to the heterogeneous nuclear ribonucleoproteins (hnRNPs) family and acts as multifunctional RNA-binding protein being
involved in pre-mRNA processing and gene expression regulation [79,80]. TDP-43 is
involved in the regulation of a wide of cellular processes, including cell cycle regulation
and axon guidance, and has been identified as the major component of the cytoplasmic inclusions in different neurodegenerative disorders [81]. Cytoplasmic aggregates of
pTDP-43 have been recently observed in MCD (such as FCD and TSC) associated with
overactivation of the mTOR pathway [22]. Interestingly, studies have recently shown
a potential cross-talk between TDP43 and the mTOR pathway [82-84] and mTOR
mediated suppression of phagophore formation has been suggested to play a role in
the formation of granulovacuolar degeneration (GVD) bodies [85]. In GNT, TDP43
expression pattern was similar to controls; however, cytoplasmic granular pTDP43 IR
was occasionally detected in neuronal cells, particularly in GG. The granular positivity
for pTDP43 is frequently seen in neurones with granulovacuolar degeneration (GVD)
and pTDP43 is known to stain GVD [86].
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Different forms of DNT were included in our cohort; however, we did not detect major
differences in the expression pattern for the various proteins between DNT subtypes.
The number of diffuse DNT was too low to draw any conclusion and deserves further
evaluation in a larger cohort.
In conclusion, our data provides evidence of ongoing cell injury and vulnerability to
neuronal degeneration in GNT, similar to other developmental lesions associated with
overactivation of the mTOR pathway. This study, together with functional evidence
in experimental models [70,76,87], supports the potential link between neurodevelopmental and neurodegenerative pathways. For the interpretation of these observational
data we should also consider that proteins (representing hallmarks of neurodegenerative diseases) have distinct physiological functions in both developing and adult human
brain and a their deregulation could also reflect a recapitulation of a developmental
programme contributing to pathological neuroplasticity (for review see [71]).
Several hypotheses have been put forward during the past decades to explain epileptogenesis in GNT, suggesting the involvement of multiple mechanisms [3]. Whether a
deregulation of neurodegeneration-related proteins/pathways could also contribute to
epileptogenesis in GNT requires further investigation [67].
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Abstract
Purpose: miR21, miR146, and miR155 represent a trio of microRNAs which has been
shown to play a key role in the regulation of immune and inflammatory responses. In
the present study, we investigated the differential expression and clinical significance of
these three miRNAs in glioneuronal tumors (gangliogliomas, GGs) which are characterized by prominent activation of the innate immune response.

Methods: The expression levels of miR21, miR146, and miR155 were evaluated using Taqman PCR in 34 GGs, including 15 cases with sufficient amount of perilesional
cortex. Their expression was correlated with the tumor features and the clinical history
of epilepsy. In addition, in situ hybridization was used to evaluate their cellular distribution in both tumor and peritumoral cortex.

Results: Increased expression of miR146a was observed in both tumor and peritumoral
cortex compared to control samples. miR146a was detected in both neuronal and astroglial cells. Tumor and peritumoral miR146a expression was negatively correlated with
frequency of seizures and the density of activated microglial cells. Neuronal and astroglial expression was observed for both miR21 and miR155 with increased expression of
miR21 within the tumor and miR155 in the peritumoral region. Negative correlations
were observed between the miRNA levels and the expression of putative targets within
the astroglial component of the tumor.

Conclusion: We report a differential regulation of three miRNAs, known to be related
to inflammation, in both tumor and peritumoral cortex of patients with GG. Moreover,
our findings suggest a functional relationship between miR146a expression and epilepsy, either directly in epileptogenesis or as modulation of seizure activity.

Keywords: Gangliogliomas, miRNA, Real-time polymerase chain reactions, In situ hybridization, Immunohistochemistry, Inflammation, Epilepsy
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Introduction
Gangliogliomas (GGs) represent the most frequent tumor entity in young patients who
undergo surgery for chronic intractable focal epilepsy [1, 2]. They are low-grade, slowly
growing, cortically based tumors included within the group of long-term epilepsy associated tumor (LEAT; [2]). GGs display a very low risk for tumor recurrence and malignant progression. Although surgical intervention shows favorable prognosis, both in
terms of tumor management and improving seizures, in a proportion of cases, seizures
may persist despite surgery [1-4]. Resection of tumor alone has been associated with a
less satisfactory outcome supporting the epileptogenic contribution of the peritumoral
zone [5, 6]. Histologically, GGs are characterized by a mixture of dysmorphic neurons
and glial tumor cells. Recent studies have provided evidence of a sustained inflammatory reaction in glioneuronal lesions with activation of both the innate and adaptive
immune response and involvement of different inflammatory pathways, including the
interleukin-1 receptor/Toll-like receptor pathway (IL-1R/TLR) [7-10]. Interestingly,
experimental evidence indicates proconvulsant and ictogenic properties of these pathways, supporting the role of inflammation in the pathophysiology of human epilepsy
(for review see [11-14]). Accordingly, it has also been shown that the density of activated
microglia, as well as the number of IL-1β-positive neuronal cells in focal cortical dysplasia (FCD) and in GG was positively correlated with the frequency of seizures prior to
surgical resection [7, 15, 16].
In recent years, microRNAs (miRNAs) have been reported as key post-transcriptional
regulators of gene expression in several biological processes of the central nervous system,
as well as in the pathogenesis of different neurological diseases and in oncogenesis [1720]. Recently, both clinical and experimental studies have shown the potential contribution of miRNAs to epilepsy pathophysiology [21, 22]. miRNA array profiling studies
point to the role of microRNAs involved in inflammatory processes [23-26]. During
epileptogenesis in experimental temporal lobe epilepsy [26], a significant upregulation of
miRNAs involved in the regulation of the IL-1R/TLR proinflammatory pathway, including miR146a, miR21, and miR155 [27-32], has been observed. Interestingly, miR146a
has been shown to be induced in response to inflammatory cues as a negative-feedback
regulator of the human astrocyte-mediated inflammatory response [25].
In the present study, we investigated the expression and cellular distribution of miR21,
miR146, and miR155, three miRNAs involved in the regulation of inflammatory pathways with proictogenic properties [30], in a large cohort of gangliogliomas with well173
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characterized intractable epilepsy. In addition, we analyzed the expression of these miRNAs in the perilesional tissue, which is of particular interest for its possible contribution
to generation/propagation of seizures. To provide better insights into the mechanisms
underlying the intrinsic and high epileptogenicity of these glioneuronal lesions, we evaluated a possible relationship between changes in expression of these miRNAs, microglial
activation, and the clinical course of epilepsy.

Material and methods
Subjects
The cases included in this study were obtained from the archives of the Department of
Neuropathology of the Academic Medical Center (AMC, University of Amsterdam)
and the University Medical Center in Utrecht (UMCU). A total of 34 brain tissue
specimens, removed from patients undergoing surgery for intractable epilepsy, were examined. Tissue was obtained and used in accordance with the Declaration of Helsinki
and the AMC Research Code provided by the Medical Ethics Committee and approved
by the science committee of the UMC Utrecht Biobank. All cases were reviewed independently by two neuropathologists, and the diagnosis was confirmed according to
the revised WHO classification of tumors of the central nervous system [33]. Thirtytwo patients underwent resection of the tumor for medically intractable epilepsy. The
predominant type of seizure pattern was that of complex partial seizures, which were
resistant to maximal doses of anti-epileptic drugs (AEDs). The patients with epilepsy
underwent pre-surgical evaluation [34], and the post-operative seizure outcome was
classified according to Engel [35]. Twenty patients underwent tailored temporal lobe
epilepsy surgery. The clinical features of the included GG patients are summarized in Table 1. We included 15 GGs cases that contained sufficient amount of peritumoral tissue
(normal-appearing cortex/white matter adjacent to the tumor), for comparison with the
autopsy specimens. Control cortex/white matter from the temporal region was obtained
at autopsy from eight adult control patients without history of neurological diseases
(years/range, 25–52; female/male (F/M), 4/4). Autopsy brain tissues from patients with
neuro-inflammatory pathologies (viral encephalitis; herpes simplex encephalitis and rabies encephalitis) were also examined as positive controls. All autopsies were performed
within 12 h after death. Furthermore, we also used histologically normal temporal neo-
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cortex from three male adult patients (F/M, 2/1; years/range, 20-32) undergoing extensive surgical resection of the mesial structures for the treatment of medically intractable
complex partial epilepsy.

Tissue preparation
Brain tissue from the control autopsy patients (n = 8) and surgical tissue block from
patients with GG were snap frozen in liquid nitrogen and stored at −80°C until further
use (RNA isolation for RT-PCR). Additional tissue was fixed in 10% buffered formalin
and embedded in paraffin. Paraffin-embedded tissue was sectioned at 5µm, mounted on
pre-coated glass slides (Star Frost, Waldemar Knittel GmbH, Brunschweig, Germany),
and used for in situ hybridizations and immunocytochemistry, as described below. One
representative paraffin block per case were sectioned, stained, and assessed. Sections
of all specimens were processed for hematoxylin and eosin (HE), as well as for immunocytochemical stainings for a number of neuronal and glial markers to confirm the
diagnosis of ganglioglioma.

In situ hybridization
In situ hybridization (ISH) for miR21, miR146a, and miR155 were performed using a 5´ - 3´ fluorescein (FAM) and double digoxygenin (DIG)-labeled Superior
probes (miR21; DIG-TcaAcaTcaGucTgaTaaGcuA-DIG; miR146a: FAM-AacCcaTggAauTcaGuuCucA; miR155: DIG-AccCcuAucAcgAuuAgcAuuAa-DIG; Ribotask
ApS, Odense, Denmark). The hybridizations were done on 5 µm sections of paraffinembedded materials as described previously [26]. The probes were hybridized at 53°C
(miR21) and 56°C (miR146a and miR155) for 1 h, and the hybridization was detected
with alkaline phosphatase (AP)-labeled anti-DIG (Roche Applied Science, Basel, Switzerland) and AP-labeled anti-fluorescein (Roche Applied Science, Basel, Switzerland).
NBT (nitro-blue tetrazolium chloride)/BCIP (5-bromo-4-chloro-3´-indolyphosphate
p-toluidine salt) was used as chromogenic substrate for AP. Negative control assays were
performed without probes and without primary antibody (sections were blank). For the
double-staining, combining immunocytochemistry with in situ hybridization, the sections were first processed for ISH and then processed for immunocytochemistry with
glial fibrillary acidic protein (GFAP; monoclonal mouse, Sigma, St. Louis, Mo, USA;
1:4000), NeuN (neuronal nuclear protein; mouse clone MAB377; Chemicon, Temecula, CA, USA; 1:2000), (HLA)-DP, DQ, DR (mouse clone CR3/43; DAKO, Glostrup,
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Denmark; 1:400), or CD34 (mouse clone QBEnd10; Immunotech, Marseille, Cedex,
France; 1:600). Signal was detected using the chromogen 3-amino-9-ethylcarbazole
(Sigma-Aldrich, St. Louis, MO, USA).

RNA isolation
For RNA isolation, frozen material or cell culture material was homogenized in Qiazol
Lysis Reagent (Qiagen Benelux, Venlo, The Netherlands). The total RNA including the
miRNA fraction was isolated using the miRNeasy Mini kit (Qiagen Benelux, Venlo, the
Netherlands) according to manufacturer’s instructions. The concentration and purity of
RNA were determined at 260/280 nm using a Nanodrop spectrophotometer (Ocean
Optics, Dunedin, FL, USA). Formalin-fixed paraffin-embedded (FFPE) material was
processed for RNA isolation using QuickExtract™ FFPE (RNA Extraction Kit (Epicentre, Madison, WI, USA) according to manufacturer’s instructions. The concentration of
RNA was determined using Qubit® 2.0 Fluorometer (Life Technologies, Carlsbad, CA,
USA).

Real-time quantitative PCR analysis (qPCR)
miRNA (miR21, miR146a, miR155, and the U6B small nuclear RNA gene, Rnu6B;
miR23a) expression was analyzed using Taqman microRNA assays (Applied Biosystems,
Foster City, CA). cDNA was generated using Taqman MicroRNA reverse transcription
kit (Applied Biosystems, Foster City, CA) according to the manufacturer’s instructions,
and the PCRs were run on a Roche Lightcycler 480 thermo cycler (Roche Applied Science, Basel, Switzerland).
Quantification of data was performed using the computer program LinRegPCR in
which linear regression on the Log (fluorescence) per cycle number data is applied to
determine the amplification efficiency per sample [36, 37]. The starting concentration
of each specific product was divided by the starting concentration of reference gene
(Rnu6B or miR23a), and this ratio was compared between groups.
To evaluate the microRNA targets (IRAK1, IRAK2, TNF receptor associated factor 6
(TRAF6), programmed cell death 4 (PDCD4), SHIP1, ERBB4, MEF2C, NOTCH1,
NUMB, and phosphatase and tensin homolog (PTEN)), five micrograms of total RNA
(n = 10 GG; n = 8 controls) were reverse-transcribed into cDNA using oligo dT primers
(see Additional file 1: Table S1).
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Immunohistochemistry
Single-label immunohistochemistry (see Table 2) was performed, as previously described [10, 38]. The sections were deparaffinated in xylene, rinsed in ethanol (100%,
95%, 70%), and incubated for 20 min in 0.3% hydrogen peroxide diluted in methanol.
Antigen retrieval was performed using a pressure cooker in 0.1 M citrate buffer pH 6.0
at 120°C for 10 min. Slides were washed with phosphate-buffered saline (PBS; 0.1 M,
pH 7.4) and incubated overnight with the primary antibody in PBS at 4°C. Hereafter,
the sections were washed in PBS and stained with a polymer-based peroxidase immunocytochemistry detection kit (PowerVision Peroxidase system, Immuno-Vision, Brisbane, CA, USA). After washing, the sections were stained with 3,3´-diaminobenzidine
tetrahydrochloride (50 mg DAB, Sigma-Aldrich, Zwijndrecht, The Netherlands) and 5
µl 30 % hydrogen peroxide in a 10-ml solution of Tris-HCl. The sections were counterstained with hematoxylin, dehydrated in alcohol and xylene, and coverslipped. The sections incubated without primary antibodies or with pre-immune serum were essentially
blank. The sections were counterstained with hematoxylin. Immunostaining for BRAF
V600E (clone VE1, Spring Bioscience, Pleasanton, CA, USA; [39]) was performed on a
Ventana BenchMark XT immunostainer (Ventana Medical Systems, Tucson, AZ, USA).

Evaluation of histology and immunohistochemistry
All labeled tissue sections were evaluated by two independent observers blinded to clinical data for the presence or absence of various histopathological parameters and specific
immunoreactivity (IR) for the different markers. Hematoxylin-eosin (HE) stained slides
were used to evaluate the neuronal and glial components of the tumors, the presence of
dysplastic neurons, calcifications, and perivascular cuffs of lymphocytes. We also semiquantitatively evaluated the IR for the different markers, such as synaptophysin, GFAP,
CD34, and HLA-DR (MHC-II). The intensity of IL-1β immunoreactive staining was
evaluated using a scale of 0-3 (0: -, no; 1: +/-, weak; 2: +, moderate; 3: ++, strong staining). All areas of the tumors, as well the peritumoral cortex, were examined, and the
score represents the predominant cell staining intensity found in each case. The frequency of IL-1β, TRAF6, IRAK1, PDCD4, and SHIP1-positive cells [(1) rare, (2) sparse, (3)
high] was also evaluated to give information about the relative number of positive glial
cells within and around the tumor. As proposed before [7, 40], the product of these two
values (intensity and frequency scores) was taken to give the overall score (total score;
total score; immunoreactivity score; IRS). The numbers of HLA-DR positive microglia/
macrophages were quantified as previously described [15, 41].
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Cell cultures
The astrocytoma cell line U373 was obtained from the American Type Culture Collection (Rockville, MD, USA); cells were cultured in Dulbecco’s Modified Eagle’s Medium
(DMEM)/HAM F10 (1:1) supplemented with 50 units/ml penicillin, 50 µg/ml streptomycin, and 10% FCS on poly-L-lysine-coated plates.
For astrocytes-enriched human cell cultures, fetal brain tissue (15-20 weeks of gestation) was obtained from spontaneous or medically induced abortions with appropriate
maternal written consent for brain autopsy. Tissue was obtained in accordance with the
Declaration of Helsinki and the AMC Research Code provided by the Medical Ethics
Committee of the AMC. Resected tissue samples were collected in DMEM/HAM F10
(1:1) medium (Gibco, Life Technologies), supplemented with 50 units/ml penicillin
and 50 µg/ml streptomycin and 10% fetal calf serum (FCS). Cell isolation was performed as previously described [25].

Treatment of cell cultures
Human recombinant (r)IL-1β (Peprotech, NJ, USA; 10 ng/ml) was applied and maintained for 24 h before harvesting the cells for RNA isolation, as previously shown [42],
the viability of human astrocytes in culture was not influenced by the treatments.

Statistical analysis
Statistical analyses were performed with SPSS for Windows (SPSS 20, SPSS Inc., Chicago, IL, USA). Continuous variables were described with mean and ranges; categorical
variables with proportions and percentages. The two-tailed Student’s t- test or the nonparametric Kruskal-Wallis test followed by the Dunn’s post hoc test was used to assess
differences between the groups. Correlation between immunohistochemical and clinical
features (duration of epilepsy, seizure frequency, age at surgery, age at seizure onset, epilepsy outcome, etc.) were assessed using the Spearman’s rank correlation test. A value of
P < 0.05 was defined as statistically significant.

Results
Case material and histological features
The clinical features of the cases included in this study are summarized in Table 1.
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Table.1 Summary of clinical findings of epilepsy patients and controls
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Table.1 Continued.

M male, F female, Fr frontal, T temporal, P parietal, Cer cerebellum, BS brain stem
a
FFPE (formalin-fixed, paraffin-embedded) tissue
b
Frozen tissue
c
Peritumoral cortex tissue
d
Pre-operative seizure frequency

Among the 34 patients (15 males and 19 females) included in the study, 32 had a history of chronic pharmacoresistant epilepsy. Postoperatively, 30 out of 32 patients with
epilepsy were completely seizure free (Engel’s class I). Thirty-two had supratentorial
tumors (n = 28 in temporal lobe). The mean age at the time of surgery was 23.9 years
(range 1-56; SD 12.9). The mean age at epilepsy onset was 13.2 years (range 0.25-52;
SD 9.5); the mean pre-operative seizure frequency was 67.6 per month (range 3-200;
SD 45.9); and the mean duration of epilepsy was 10.5 years (range 0.5-31, SD 9).
BRAF V600E mutation was evaluated in 33 GGs and detected in 15 cases (45.4%).

miR21, miR146a, and miR155 expression by real-time qPCR in
GG and peritumoral cortex
miR21, miR146a, and miR155 expression was studied using qPCR in control human
cerebral cortex samples and in GG samples. As previously shown for miR146a [25],
there were no significant differences in expression between autopsy and surgical control
samples, and miRNA expression levels between paired frozen and FFPE control samples
were similar (not shown).
The expression of miR21, miR146a, and miR155 was evaluated in both the frozen (Fig.
1; n = 9) and FFPE (Fig. 2; n = 26) GG samples. Recent studies indicate a robust stability of miRNAs, supporting the accuracy of miRNA measurements with RT-qPCR also
in FFPE tissues [43, 44].
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Expression of miR21 in frozen tissues was significantly increased in GG compared to
control cortex (P = 0.02; Fig. 1). Evaluation of miR21 in a larger cohort (FFPE tissue;
including 15 cases with perilesional cortex) showed a tendency towards increased expression compared to both control and peritumoral cortex (P = 0.5; Fig. 2).
Expression of miR146a in frozen tissue was significantly higher in GG compared to
control cortex (P = 0.002; Fig. 1). Increased expression of miR146a was observed in
both the tumor and peritumoral cortex compared to the control samples (FFPE material; P = 0.01; Fig. 2). There was no significant difference in the expression of miR146a
between GG and peritumoral cortex.
Expression of miR21 in frozen tissues was significantly increased in GG compared to
control cortex (P = 0.02; Fig. 1). Evaluation of miR21 in a larger cohort (FFPE tissue;
Table.2 Immunohistochemistry: primary antibodies

7

MHC major histocompatibility complex
aKindly provided by D. Capper and A. von Deimling [39]
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Figure 1. Quantitative real-time PCR
of miR21, miR146a, and miR155
in GG. Expression levels of miR21,
miR146a, and miR155 in GG (n = 9;
frozen material). Data are expressed
relative to the levels observed in control cortex (n = 8, frozen material);
miRNA expression was normalized to
that of the U6B small nuclear RNA
gene (Rnu6B). The error bars represent
SEM; statistical significance: *P < 0.05;
**P < 0.01

including 15 cases with perilesional cortex) showed a tendency towards increased expression compared to both control and peritumoral cortex (P = 0.5; Fig. 2).
Expression of miR146a in frozen tissue was significantly higher in GG compared to
control cortex (P = 0.002; Fig. 1). Increased expression of miR146a was observed in
both the tumor and peritumoral cortex compared to the control samples (FFPE material; P = 0.01; Fig. 2). There was no significant difference in the expression of miR146a
between GG and peritumoral cortex.
Expression of miR155 in both frozen and FFPE tissue showed no difference between GG
and control cortex (P = 0.1; Figs. 1 and 2). However, miR155 was highly expressed in
peritumoral cortex, showing a significant difference compared to GG (P = 0.01; Fig. 2).

miR21, miR146a, and miR155 cellular distribution by in situ hybridization in GG and peritumoral cortex
The cellular distribution of miR21, miR146a, and miR155 in GG and peritumoral
cortex was investigated using in situ hybridization. In control cortex, miR146a was
expressed at low levels in neuronal cells but was undetectable in glial cells (Fig. 3A).
miR146a expression was increased in both tumor and peritumoral cortex. We detected
miR146a expression in cells with typical astroglia morphology and in dysplastic neurons
182
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Figure 2. miR21, miR146a, and miR155 expression levels in GG and peritumoral cortex. A
Quantitative real-time PCR of miR21, miR146a, and miR155 in GG (n = 26; formalin-fixed,
paraffin-embedded, FFPE material) and peritumoral cortex (ctx; n = 15; FFPE material). Data
are expressed relative to the levels observed in control ctx (n = 5, FFPE); miRNAs expression was
normalized to that of the U6B small nuclear RNA gene (Rnu6B). The error bars represent SEM;
statistical significance: *P < 0.05; **P < 0.01. B Schematic representation of miR21, miR146a,
and miR155 changes in GG and peritumoral ctx

(Fig. 3B-D). Double labeling confirmed miR146a expression in NeuN- and GFAPpositive cells, whereas no detectable expression was observed in HLA-DR-positive
cells of the microglial/macrophage lineage (Fig. 3B-D); miR146a was also detected in
BRAF V600E and IL-1β-positive cells (Fig. 3D). miR146a was positively associated
with miR155 expression within the tumor (r = 0.471, P = 0.018; Fig. 4A). The tumor
miR146a expression was negatively correlated with the density of activated microglial
cells (r = −0.400, P = 0.043; Fig. 4B) and CD34 expression (r = −0.541, P = 0.037; not
endothelial cells). A positive correlation was observed between miR146a expression in
the peritumoral cortex and GFAP IRS (r = 0.695, P = 0.004).
In both control and peritumoral cortex, miR21 was mainly detected in neuronal cells
(Fig. 3E, F). In GG, the expression of miR21 was increased and it was detected in both
neuronal and glial cells, as confirmed by double-labeling experiments (Fig. 3G). A positive correlation was observed between miR21 expression in GG and GFAP IRS (r =
0.396, P = 0.045). Expression of miR155 in control cortex was mainly observed in neu183
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Figure 3. In situ hybridization of miR146a, miR21,
and miR155 expression in control, peritumoral
cortex, and GG. A–D miR146a. a Control cortex
(−con); miR146a was expressed at low levels in neurons (arrows) and was undetectable in glial cells. B
Peritumoral cortex (CTX-peri), showing miR146a
expression in neurons (arrows) and glial cells (arrowheads). C–D GG; miR146a was expressed in both
the neuronal (arrows) and the glial (arrowheads in D)
tumor components. Inserts (a) in (B) and (C) show
expression of miR146a in a neuron (NeuN positive,
red); inserts (b) in (B) and in (D) show colocalization (purple) of miR146a with GFAP (red). Insert
(b) in C shows colocalization (purple) of miR146a
with BRAF (red). Insert (a) in (D) shows absence
of colocalization with HLA-DR (microglia, red).
Insert (c) in (D) shows colocalization (purple) of
miR146a with IL-1β (red). E–G miR21. In both
control (E) and peritumoral cortex (F), miR21 was
expressed at low levels in neurons (arrows) and was
undetectable in glial cells. G GG, showing miR21
expression in neurons (arrows) and glial cells (arrowheads). Insert (a) in (G) shows expression of miR21
in a neuron (NeuN positive, red); insert (b) shows
expression of miR21 in astrocytes (GFAP positive,
red). H–J miR155. H Control cortex, showing low
expression of miR155. In peritumoral cortex (I),
moderate expression was observed in neurons (arrows). J GG, showing miR155 expression in neurons (arrows) and glial cells (arrowheads). Insert in
I shows expression of miR155 in a neuron (arrow)
and astrocytes (GFAP positive, red; arrowheads)
around a positive blood vessel. Insert (a) in J shows
expression of miR155 in a neuron (NeuN positive,
red); insert (b) shows expression of miR155 in an
astrocyte (GFAP positive, red; arrow) around a positive blood vessel (arrowheads); scale bar in (J): (A, C)
150 µm; (B, E–J) 80 µm; (D) 40 µm

ronal cells (Fig. 3H). In peritumoral cortex and within the tumor, miR155 was expressed
in both neurons and glial cells (NeuN- and GFAP-positive cells; Fig. 3I, J); we also observed expression of miR155 in blood vessels (peritumoral cortex and tumor; Fig. 3I, J).

Regulation of miR21, miR146a, and miR155 expression by IL-1β
in cell culture
In the present study, we used both U373 glioblastoma cells and fetal astrocytes in culture to examine the effect of IL-1β on miR21, miR146a, and miR155 expression. qPCR
analysis demonstrated that exposure to IL-1β increased miR21, miR146a, and miR155
expression in U373 cells (Fig. 5A). Also, a tendency towards increased extracellular
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Figure 4. miR146a expression in GG: correlation with miR155, number of HLA-DR-positive
cells and seizure frequency. Scatter plots showing the significant correlation between tumor miR146a expression and (A) tumor miR155 expression; (B) number of HLA-DR-positive cells
within the tumor; (C) pre-operative seizure frequency; r = Spearman’s rank correlation coefficient. *P < 0.05; **P < 0.01
Figure 5. miRNAs expression levels after exposure to IL-1β in culture. Quantitative realtime PCR. Cellular (A) and extracellular (B)
levels of miR21, miR146a, and miR155 in
U373 glioblastoma cells 24 h after exposure
to IL-1β (10 ng/ml). Cellular (C) and extracellular (D) levels of miR146a in human fetal
astrocytes in culture 24 h after exposure to
IL-1β (10 ng/ml). Data are expressed relative
to the levels observed in unstimulated cells
and are mean ± SEM from two cultures (*P <
0.05 compared to control). miRNAs expression was normalized to that of the U6B small
nuclear RNA gene (Rnu6B) or to that of
miR23a for the intra- and extracellular fractions, respectively

miR21 levels was observed (Fig. 5B). In fetal astrocytes, we observed a prominent upregulation of both intracellular and extracellular miR146a (Fig. 5C, D).

miR21, miR146a, and miR155 expression and clinical
features in GG
We found no statistically significant association between miR21, miR146a, and miR155
expression and clinical features, such as gender, age at surgery, location of the tumor,
or duration of epilepsy. However, a negative correlation was observed between tumor
and peritumoral miR146a expression and the pre-operative seizure frequency (GG: r =
−0.454, P = 0.02; Fig. 4C; peritumoral cortex: r = −0.538, P = 0.039).
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miRNA target expression in GG
We evaluated the expression and cellular distribution of PDCD4 (target of miR21),
TRAF6 and IRAK1 (target of miR146a), and SHIP1 (target of miR155) in GG by immunocytochemistry in the large cohort of samples (FFPE, n = 26). Both PDCD4 and
TRAF6 were expressed in the astroglial component of the tumor (Additional file 2: Figure S2A, B), and a negative correlation was observed between the PDCD4 IRS and the
miR21 (r = −0.817, P = < 0.001), as well as between the TRAF6 IRS and the miR146a
(r = −0.498, P = < 0.05). Expression of TRAF6 was positively associated with the preoperative seizure frequency (r = 0.651, P = < 0.01), the density of activated microglial
cells (r = 0.522, P = < 0.01), and the IL-1β IRS (r = 0.515, P = < 0.01). SHIP1 and
IRAK1 were expressed in both neuronal and glial cells (Additional file 2: Figure S2C,
D). There was a negative correlation between miR155 and SHIP1 protein expression in
glial cells in both tumor (r = −0.439, P = < 0.05) and in peritumoral cortex (r = −0.699,
P = < 0.05). IRAK1 expression was negatively correlated with miR146a (r = −0.560,
P = < 0.05). No significant correlations were observed between miR155 and neuronal
SHIP1, as well as between miR146a and neuronal IRAK1.
Western blot analysis performed in a small cohort of GG (n = 8) showed an increased
expression of TRAF6 compared to controls and variable expression of IRAK1 and
IRAK2 (Additional file 3: Figure S3); only a tendency towards a negative correlation of
miR146a with IRAK2 protein expression was observed (r = −0.587, P = 0.07).
Evaluation of mRNA expression levels of downstream targets of miR21 (PTEN,
PDCD4, and MEF2C), miR146a (IRAK1, IRAK2 and TRAF6, ERBB4, NOTCH1,
and NUMB), and miR155 (SHIP1) showed significant downregulation of PTEN and
NUMB mRNA expression in GG compared to controls (data not shown; P < 0.001).
We also detected a negative correlation between PTEN mRNA and the miR21 (r =
−0.517, P = < 0.04) and a tendency towards a negative correlation between NUMB
mRNA and miR146a (r = −0.497, P = 0.0501).

Microglial activation, IL-1β, and clinical features in GG
The density of activated microglial cells (HLA-DR-positive cells) within the tumor was
positively correlated with the pre-operative seizure frequency (0.834, P < 0.001), the duration of epilepsy (0.631, P = 0.001), and the age at surgery (0.521, P = 0.006); positive
correlation was also observed with the IL-1β IRS in both tumor and peritumoral cortex
(0.838, P < 0.001; 0.535, P = 0.04); Additional file 4: Figure S1A-C.
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Expression of IL-1β in both tumor and peritumoral cortex was positively associated
with the pre-operative seizure frequency (GG 0.855, P < 0.001; peritumoral ctx 0.579,
P = 0.02) and the duration of epilepsy (GG 0.441, P = 0.02; peritumoral ctx 0.669, P =
0.006); Additional file 4: Figure S1D-F.

Discussion
GGs represent a major cause of medically intractable epilepsy in young patients; however, the cellular mechanisms underlying the intrinsic and high epileptogenicity of these
lesions remain to be fully investigated [1, 2].
Over the past decade, an increasing number of experimental studies in animal models,
as well as clinical and neuropathological observations, obtained in human brain specimens from various drug-resistant types of epilepsy (including GGs), demonstrated the
relevance of inflammation in the pathophysiology of epilepsy (for reviews see [11, 14, 4547]). In particular, the IL-1R/TLR proinflammatory pathway has been shown to critically contribute to seizure development, and targeting proinflammatory pathways has
been suggested as strategy to obtain disease-modifying effects (i.e., decreased frequency
and severity of chronic seizure and reduced comorbidity; [46, 48, 49]). Induction of
both innate and adaptive immune system with prominent activation of proinflammatory
proictogenic pathways (such as of the IL-1R/TLR) has also been observed in GGs ([7-9,
15, 50] present study). In this study, we provide additional evidence of the activation of
the Toll-like and interleukin-1 receptor (TIRs) signaling, showing increased expression of
downstream signaling molecules (IRAK1 and TRAF6) of the TIR pathway.
Interestingly, the density of activated microglial cells has been previously shown to be
positively correlated with the frequency of seizures prior to surgical resection and the
duration of epilepsy [15]. This observation has been confirmed in the present cohort,
showing a positive correlation between the IL-1β expression and pre-operative seizure
frequency, duration of epilepsy, as well as TRAF6 expression. A positive correlation was
also observed between TRAF6 and the pre-operative seizure frequency, as well as the
density of activated microglial cells.
Since several inflammatory pathways have been shown to be activated in concert in
GGs [8], it is important to identify and evaluate upstream master regulators (such as
miRNAs) of key proinflammatory/proictogenic pathways. In the present study, we in187
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vestigated the expression and cellular distribution of miR21, miR146, and miR155,
three miRNAs involved in the regulation of IL-1R/TLR proinflammatory/proictogenic
pathway in a large cohort of GGs. Our findings provide evidence of a differential regulation of these three miRNAs both within the tumor and in the peritumoral region,
supporting their potential active role in the clinical behavior of the tumor. The cellspecific distribution of these miRNAs in relation with the epileptogenicity of the tumor
is discussed below.

miR21 expression and distribution in GG and peritumoral
cortex
Expression of miR21 has been observed in both tumor and peritumoral cortex with a
tendency towards increased expression in the tumor compared to both control and peritumoral cortex. Recent studies indicate expression of this miRNA in both neuronal and
glial cells [26, 51-53]. However, data about miR21 functions and cellular distribution
in human brain are still limited. We observed neuronal expression in both control and
peritumoral cortex, whereas within the tumor, miR21 expression was detected in both
dysplastic neurons and tumor astrocytes.
miR21 has recently emerged as one of the important dysregulated miRNAs in many
pathological conditions, including cardiovascular disease, brain injury, ischemia, and in
a variety of human neoplastic disorders, representing the most commonly and strongly upregulated miRNA in high-grade gliomas [54, 55]. Among the various targets of
miR21 are tumor suppressors such as phosphatase and tensin homolog (PTEN), programmed cell death 4 (PDCD4), components of the p53 pathway, or transforming
growth factor-β (TGF-β) signaling, resulting in increase of cell proliferation, survival
and migration/invasion in tumors [54-56]. In our retrospective study, we could not determine whether the expression levels of this miRNA within the tumor would influence
local recurrence on malignant transformation and evaluation of its role in the regulation
of astrocytes proliferation and differentiation is still in progress. However, we observed
a negative correlation between the expression of tumor PTEN mRNA, as well as of
PDCD4 protein in tumor astrocytes and the level of tumor miR21, supporting the link
between miR21 and these targets. The positive correlation observed between miR21 and
the expression of tumor GFAP supports the role of astrocytes as targets of regulation and
as a source of miR21.
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Recently, miR21 has been shown to be upregulated in animal models of temporal lobe
epilepsy (TLE) after induction of status epilepticus (SE) [26, 57]. In particular, we have
shown a significant increase of this miRNA in three different hippocampal regions during the latent period preceding the onset of seizure [26] and associated with increased
levels of proinflammatory cytokines, such as IL-1β [58]. miR21 can be induced by
NF-κB and has been suggested to act as negative-feedback regulator of Toll-like receptor signaling via targeting of the proinflammatory tumor suppressor PDCD4 ([59]; for
review see [31, 32, 55, 60]). However, in our study, only modest increase was observed
in glioma cells in response to IL-1β and we did not find significant association between
miR21 expression and clinical features, such as preoperative seizure frequency or duration of epilepsy.
In addition, miR21 (as well as miR155) has been recently shown to be upregulated in
focal cortical dysplasia (FCD) tissue samples [61] and in cortical tubers of patients with
tuberous sclerosis complex (TSC; van Scheppingen et al., unpublished observations),
suggesting an epigenetic regulation of the mammalian target of rapamycin (mTOR)
signaling pathway, which is also activated in GGs [10]. Thus, a potential role for this
miRNA in neuronal dysfunction and mTOR activation can be considered and deserves
further investigation.

miR146a expression and distribution in GG and
peritumoral cortex
We confirmed, in a large tumor cohort, the previously observed increased expression of
miR146a in GG [25]. In situ hybridization showed increased expression of this miRNA
in tumor astrocytes and colocalization with IL-1β was observed. Accordingly, IL-1β
represents a major inducer of this miRNA in both human astrocytes and glioma cells
([25]; present data). Similar to miR21, miR146a has also been shown to increase in reactive astrocytes at 1 week after SE, which corresponds to the time of maximal astroglial
activation [26, 62] and upregulation in astrocytes has also been reported in human TLE
[62, 63]. Recent studies support the function of this miRNA as a key negative-feedback
regulator of the astrocyte-mediated inflammatory response (for reviews see [31, 32]). In
particular, miR146a overexpression has been shown to reduce major inflammatory molecules induced by IL-1β [25]. Accordingly, we observed a negative correlation between
the level of tumor miR146a and the expression of TRAF6, a downstream signaling
molecule of the TIR signaling pathway that has previously been shown to be a miR146
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target. Interestingly, the expression of TRAF6 was positively associated with the preoperative seizure frequency.
In our cohort, the tumor miR146a expression was negatively correlated with the density
of activated microglial cells. Moreover, we also observed a negative correlation between
tumor miR146a expression and the pre-operative seizure frequency. Interestingly, alterations of miR146a brain level have recently shown to modify acute seizures in mice and
to affect brain inflammation triggered by activation of the proictogenic IL-1R/TLR
signaling pathway ([64]; unpublished observation), supporting the potential for targeting this miRNA as strategy for modulating inflammatory pathways and seizure activity.
Secreted miRNAs may represent a new form of intercellular communication, acting as
signaling molecules [65-67] and have been also shown to play a key role in the biology of the tumor microenvironment [68]. In the present study, we provide evidence of
release of miR146a upon stimulation with IL-1β in fetal human astrocytes in culture.
Surprisingly, miR146a is also expressed within the dysplastic and immature neuronal
cell components of GG, and we observed a negative correlation between the levels of
this miRNA and the expression of the precursor cell marker, CD34 [69]. Interestingly,
miR146a has been recently shown to modulate neural stem cell proliferation and differentiation, and induction of this miRNA in gliomas has been suggested to represent a
negative feedback mechanism to restrict tumor growth [70]. Such inhibitory function of
miR146a on gliomas has been attributed to the down-regulation of the key neural stem
cell factor NOTCH1 [70]. However, another key target of mir146a is represented by
NUMB [71, 72] that has been shown to regulate cell fate and growth, acting as tumor
suppressor [73-75]. Interestingly, we observed a down-regulation of NUMB in GG and
a tendency towards a negative correlation with miR146a. Thus, further study is required
to determine whether the expression levels of this miRNA would differentially regulate
proliferation and/or differentiation of GG glial and neuronal components. Moreover,
since a mutation of the BRAF oncogene is frequently observed in GGs [39, 50, 76, 77],
its relationship with the expression of miR146a represents another aspect that deserves
attention. Accordingly, a recent study shows that miR146a, upregulated by oncogenic
BRAF, promotes the initiation and progression of melanoma cells through down-regulation of NUMB [78]. In our study, we observed a colocalization with the BRAF V600Emutated protein in dysplastic neurons.
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Increased expression of miR146a has been also observed in the peritumoral cortex with
expression in reactive astrocytes, and a positive correlation was observed between miR146a levels and the expression of GFAP. Both clinical and experimental studies support
the epileptogenicity of the peritumoral zone, which may contribute to the generation
and propagation of seizure activity [79-81]. The negative correlation observed between
peritumoral miR146a expression and the pre-operative seizure frequency support the
potential contribution of this miRNA to the peritumoral epileptogenic network.

miR155 expression and distribution in GG and
peritumoral cortex
miR155 has been extensively studied as a cancer-associated miRNA and has been shown
to be over-expressed in various types of cancers (for review see [30, 56]). In particular, it
has been recently shown to promote glioma cell proliferation via the regulation of MXI1
[82] and GABA receptors [83]. In our study, miR155 has been observed in both tumor
and peritumoral cortex, with increased expression in peritumoral tissue compared to
the tumor. In both tumor and peritumoral cortex, we observed astroglial expression of
miR155. Accordingly, this miRNA has been shown to be expressed in human astrocytes
and upregulated in response to cytokines and TLR ligands [84]. Increased expression of
this miRNA has been also reported in multiple sclerosis lesions [85]. In our study, we
showed induction of miR155 in response to IL-1β in glioma cells. Although miR155
has been shown to exert both positive and negative effects on the NF-kB signaling
proteins ([86]; reviewed in [30, 31]), in vitro studies support the positive role in the
induction of proinflammatory genes in human astrocytes [84]. Thus, the expression of
this miRNA observed in the peritumoral area may counteract the anti-inflammatory
function of miR146. miR21 has been shown to play an important role in the regulation
of miR155 expression by promoting the expression of IL-10, a key negative regulator
of miR155 expression [30, 31]. Interestingly, low levels of expression were detected for
miR21 in the peritumoral cortex.
In both tumor and peritumoral cortex, expression of miR155 has been also detected
in endothelial cells. Accordingly, miR155 has been shown to regulate endothelial cell
functions and angiogenesis and negatively affect blood brain barrier function during
neuroinflammation [87-90].
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Recently, miR155 has been shown be upregulated in animal models of TLE [91, 92],
as well as in FCD tissue samples [61] and in TSC (van Scheppingen et al., unpublished
observations). In the present study, we did not find a significant association between
miR155 expression and clinical features, such as preoperative seizure frequency or duration of epilepsy.
An issue to be considered in the interpretation of these data is represented by the possible influence of anti-epileptic drugs, such as valproate and phenobarbital, on miRNAs
expression [93, 94].
In conclusion, this study provides information on the cellular distribution and expression of three inflammation related microRNAs in GGs. Our results indicate a differential regulation of these miRNA involving also the epileptogenic peritumoral region. In
particular, the negative correlation observed between miR146a expression, the density
of activated microglial cells, and the preoperative seizure frequency support the potential
role of miR146a in regulating the clinical behavior of these epileptogenic lesions, pointing to this upstream regulator of proinflammatory/proictogenic pathways as attractive
target for further preclinical studies in drug-resistant epilepsies.
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General Discussion
Long-term epilepsy associated tumors (LEATs), including glioneuronal tumors (GNTs)
such as GG and DNT, represent a well-known cause of epilepsy although many aspects
of tumor biology still remain obscure [1]. The aim of the work presented in this thesis
was two-fold:
1) to characterize the molecular features of GNTs, with special emphasis on GG and
DNT, by integrating immunohistochemistry and molecular biology approaches and to
identify GNTs which have less favourable seizure outcome; and
2) to investigate the biological processes involved in the pathogenesis and epileptogenesis of GNTs and related developmental abnormalities with abnormal glioneuronal proliferation.
In the first part of the thesis we investigated the molecular features of GNTs using different approaches including 1) copy number aberration profile, 2) DNA methylation
profile, and 3) presence of BRAFV600E mutation. Utilizing shallow-genome wide sequencing, no significant correlation was found between copy number aberrations and
histopathological diagnosis of GGs or DNTs. However, 42% of recurrent tumors and
83% of tumors showing progression have distinct aberrations compared to the primary
tumor. Additionally, preliminary results of DNA methylation analyses suggest that on
molecular level, GG and DNT are highly related entities. However, our parallel study
indicating the presence of the BRAFV600E mutation more frequently in GG than
DNT suggests that although closely related, these two entities are still molecularly distinct from each other.
In the second part of this thesis we looked into the association of a variety of neurological disorders linked to an abnormal mTOR signaling with inflammation, cell injury
and neurodegeneration. Our findings suggest that mTOR activation may influence the
inflammatory response in the tuberous sclerosis complex very early during development.
Moreover, inflammatory changes were also found to represent a feature common to different developmental glioneuronal lesions. Apart from inflammation related changes,
we also observed, similarly to other developmental lesions associated with mTOR deregulation, ongoing cell injury and neuronal degeneration in GNTs.
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The etiology of mTOR activation in developmental malformations and glioneuronal
tumors has been a topic of much debate in the recent years [2, 3]. A few groups have
demonstrated an association between the presence of HPV16 at DNA level and by immunostainings [4, 5] in focal cortical dysplasia whereas these results have been contested
by others [6, 7]. Therefore, this issue remains highly controversial. Our own results
showed the presence of this viral DNA only in a small proportion of GNTs although
immunostainings for the viral protein were non conclusive.
Lastly, inflammation, as well as other biological processes, are tightly regulated at different levels and miRNAs form an important part of this regulatory cascade. We observed
that three miRNAs, miR21, miR146a and miR155 associated with inflammation were
differentially expressed in the tumoral and peritumoral area of GG which may have
implications for the regulation of important signaling pathways involved in tumor development and epileptogenicity. As a further extension of this study, miRNA microarray
analysis identified novel miRNAs, the miR519d and miR4758, which were differentially regulated in GNT compared to astrocytic tumors and these miRNAs might play
a role in tumorigenesis.
The subsequent sections will discuss the results obtained during the completion of this
thesis in detail.

1. The Molecular featured of GNTs
In the first section we focus on the characterization of molecular signatures of the GNT
subtypes and their comparison with other brain tumors. Newer techniques such as
whole genome and exome sequencing and array-based comparative genomic hybridization (aCGH) and epigenetic profiling by DNA methylation analysis make it possible to
study molecular alterations in depth which can be used to discriminate between closely
related tumor types.

Copy number aberration profile of GNTs
In chapter 2 we investigated the genomic aberrations in a large cohort of GG and DNT
using shallow genome-wide sequencing. We observed a wide variety of copy number
aberrations (CNAs), with the most frequent being gains at chromosome 5 (18%), 7
(23%) and 6 (10%). This result is similar to previous reports in GG by Hoischen et al.
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and Faria et al. [8, 9] but is the first report of CNAs in a large cohort of DNTs. Several
oncogenes are represented in these three chromosomes, including PDGFRβ [10], APC
[11], RICTOR [12], GDNF [13] in chromosome 5, CCND3 [14], MYB [15], DEK [16]
and HMGA1 [17] in chromosome 6, MET [18], SMO [19], BRAF [20], KIAA1549
[21] and EGFR [22] in chromosome 7.
In our study, no significant correlation was observed between CNAs and histopathological diagnosis of GGs or DNTs, staining for immunohistochemical markers (CD34
or BRAF V600E) and clinical features. We also compared the CNA profile of GNTs,
specifically WHO grade I GNT (“non-specific” or “diffuse” DNT), to WHO grade II
astrocytoma (AII). It is important to discriminate between these two types of tumors
since incorrect diagnosis of an AII subgroup could result in more aggressive treatment
while grade I tumours would lead to watchfull waiting (observation) approach, ultimately preventing unnecessary postoperative irradiation with long-term cognitive deficits. Interestingly, whole gain of chromosome 5 combined with the presence of BRAF
positivity, IDH1 status, and P53 accumulation were observed in diffuse DNT and not
in AII. This important observation is clinically relevant, particularly in cases where the
quality and size of biopsies may hamper definitive diagnosis based on routine histology.
However, an inherent drawback of this analysis is the overall higher frequency of CNAs
at various genomic positions in AII which makes it less specific for differential diagnosis.
Moreover, given the differences in molecular background of pediatric and adult gliomas
[23] future studies need to focus on larger, age-matched patient groups for comparative
analyses of CNAs in DNT to improve the insight in distinguished differences between
diffuse gliomas.
Moreover in our cohort, a large proportion of samples displayed a ’quiet’ chromosomal
profile making correlations of CNAs with patient clinical features more difficult. Similar observations were noted in previous studies [24, 25]. Although a careful selection
and macrodissection of the representative tumor area was carried out, the observed association between tumor cells with gains at chromosome 5 and/or 7 and CNA profile
categories (quiet, minimal deflection and clear-cut) suggests an underestimation of tumor cell percentage or intratumoral heterogeneity of these two CNA profiles in the
tumor cell population.This can at least partially be attributed to the heterogeneity in the
morphological features, such as a variable admixture of non-neoplastic cells in GNTs.
Accordingly, using FISH the CNAs were predominantly detected in glia and not in
neuronal cells. Overall, the CNA profile of both GGs and DNTs indicate that although
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histologically they are different, molecularly they are highly related entities. In the rare
event of recurrence and progression we were interested in investigating the CNA profiles
of these cases of GNT in order to determine the specific patterns associated with aberrant biological behaviour.

CNA profiles of recurrence and progression cases of GNT
Although rare, some cases of GNT have been shown to recur or undergo malignant
transformation [26-31]. The identification of these events at an early stage is important understanding the evolution of GNTs at the molecular level and it might influence a rational therapeutic approach [32]. We performed genome-wide sequencing on
rare GNTs that reappear with no change in grading (recurrence) or change into higher
grade (progression) after initial surgery (unpublished observations). Preliminary results
indicate that 3 out of 7 cases with recurrence have a distinct chromosomal alteration
between the first and the subsequent surgery (Fig. 1C, 1D), while the rest have similar aberrations (Fig. 1A, 1B). Within the 6 progressive cases, 5 cases showed increased
chromosomal aberrations compared to the initial surgery (unpublished data; Fig. 1E,
1F). Similar to other progressive cases reported in GBM and oligodendroglial tumors,
accumulation of chromosomal imbalances is associated with tumor evolution [32-34].
Primary and secondary GBM have common chromosomal imbalances, however few
specific CNAs affecting distinct loci are exclusively found in primary or secondary GBM
[34]. Many of the recurrence cases can be attributed to incomplete removal of the tumor
after initial surgery, in which samples the copy number profile remain unchanged, while
few recurrences with newly appearing differences in copy number profile can be attributed to further molecular alterations compared to the initial tumor. In summary, these
results may help to differentiate between tumors whose biological behaviour remains
stable and those which indicate transformation into a malignant entity. Our current
approach will take further statistical analysis of CNA profiles and clinical data into account and combine them with the gene mutations and DNA methylation analysis. This
approach will be useful to elucidate the driving force behind such clinical changes and
provide further insights into the consequences of molecular characteristics of GNTs. In
addition to copy number changes and gene mutations, epigenetic mechanisms such as
DNA methylation are also known to control gene transcription. Hence, to gain optimal
insight in the biological processes we further analysed the genome-wide DNA methylation profile of our cohort of GNTs.
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Figure 1. Examples of differences in chromosomal copy number aberrations (CNAs) tumor at
diagnosis and subsequent recurrent and progressive GNTs showing three distinct patterns. Recurrence case of mix GNT showing no change in CNAs: primary tumor (A1) with recurrence
(after 6 yrs) (A2). Recurrent case of GG with increase of CNAs: primary tumor of GG (B1)
with recurrence (after 3 yrs) (B2). Progression case of grade III GG to GBM with high increase
of CNAs profile: primary tumor of GG-III (C1) resulting in secondary tumor with progression
to GBM (after 3 yrs) (C2).
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DNA methylation profile of GNTs
DNA methylation is an epigenetic phenomenon that controls multiple genomic functions without any change in nucleotide sequence [35]. In the human genome, 80% of
CpG-dinucleotides contain a cytosine pyrimidine ring with methyl group at the fifth
position. This is regarded as the ‘fifth base’ of the genome, which has a major functional significance [35]. Previous studies have shown that methylation profiling using
the Illumina 450K methylation arrays can distinguish several pediatric brain tumors
including the four medulloblastoma subgroups; sonic hedgehog (MB_SHH), WNT
(MB_WNT), group 3 (MB_Gr3), and group 4 (MB_Gr4) [36-39]. However, a classification tool in methylation for diagnosing glioneuronal and other brain tumors, such
as low-grade glioma, is still lacking [40].
DNA methylation profile analysis was performed in a small cohort of GGs and DNTs
using Illumina 450K methylation arrays. Figure 2 highlights a preliminary unsupervised
cluster analysis of the methylation profile of several different brain tumors including

Figure 2. DNA methylation profile by unsupervised analysis of GG, DNT, pilocytic astrocytoma (PA), glioblastoma (GBM) and normal brain regions.
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GGs and DNTs. GGs and DNTs clustered together, suggesting that these two entities
are highly related to each other at a molecular level (unpublished observation). Furthermore, the methylation profile supports our observations with the CNA profiling that
GG and DNT show highly similar molecular signatures suggesting a common origin of
these two tumor entities. An interesting observation of this study is that major differences in the genome-wide methylation profiles are related to the location of the various
brain tumors (unpublished observation). The various subgroups discriminated by the
methylation signatures are being further analysed by targeted sequencing, histopathology and immunohistochemistry in this ongoing study.

BRAF V600E mutation: association with GNTs
Although the results of the CNA and DNA methylation analyses suggest a high similarity of GGs and DNTs at the molecular level, their distinct histopathological presentation suggests important differences in these two entities as well. We carried out a parallel
study to assess the presence of the BRAFV600E mutation in our GNT cohort. BRAF
is an important oncogene, located in chromosome 7. Interestingly, as mentioned previously, gains in chromosome 7 were observed to be the most frequent CNAs observed
in both GGs and DNTs in our patient cohort. BRAF is a member of RAS/RAF/MEK/
ERK kinase pathway and mutations resulting in a change in valine at amino acid position 600 to glutamate (BRAFV600E) have been reported in a high proportion of melanoma, papillary thyroid carcinoma, colorectal carcinoma and in various other cancers
[41]. This mutation leads to constitutive activation of the BRAF protein thus affecting
cell proliferation, differentiation and survival. Recent studies have demonstrated the
presence of BRAFV600E in a spectrum of pediatric low grade gliomas suggesting that this
mutation may constitute a major genetic alteration in these tumors [41, 42]. In a large
study, Schindler et al. screened 1320 primary pediatric and adult nervous system tumors
(in which 77 were GGs and 4 were DNTs) for the presence of the BRAFV600E mutation
[41]. 18% of GGs and none of the DNTs were positive for BRAFV600E [41]. A subsequent study screened 71 GGs for BRAFV600E mutation using immunohistochemistry
(IHC) and Sanger sequencing [43]. 58% of the GGs were positive by IHC furthermore
showing 97% concordance with sequencing [43]. In another study it was reported that
30% of DNTs and 38.7% of GGs were positive for BRAFV600E using sequencing [44].
In chapter 3 we investigated the BRAFV600E occurrence in a bigger cohort of GGs (n=93)
and DNTs (n=77) and its association with mTOR signalling pathway. In agreement with
previous studies, we observed BRAFV600E in 40.8% GGs and 29.8% DNTs in our cohort.
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The mutated protein was predominantly localized within the neuronal component of
the tumor similar to the study of Koelsche et al. [43]. Concordance between IHC and
DNA sequencing was found in 91.7% GGs and 97.1% DNTs. In addition, we analysed the association of BRAFV600E occurrence with clinical and immunohistopathological features. Phosphorylated S6 protein (pS6), which is a marker of mTOR activation
was observed in both GG and DNT. Expression of pS6 was more prominent in CD34
(oncofetal protein cell marker) positive GGs. The association between pS6 and CD34
may reflect the presence of a population of immature cells in tumors that is characterized by constitutive activation of the mTOR signalling cascade. GGs and DNTs with
BRAFV600E mutation also showed a more frequent expression of CD34. Interestingly
samples with BRAFV600E mutation show higher expression of MHC-II and MHC-I,
which is indicative of activation of the immune response. These observations suggest a
possible role of the BRAF mutated protein in the regulation of the immune response as
suggested by previous studies [45-52]. Samples with BRAFV600E mutation and high expression of pS6 had worse postoperative seizure outcomes. Thus this study suggests that
combined use of immunostainings for BRAFV600E, pS6 and CD34 have prognostic value
in GNTs, and that the involvement of BRAF gene in immune response and delayed cell
differentiation in GNTs might occur through the mTOR signalling cascade. The high
frequency of oncogenic BRAFV600E in many solid tumors, including brain tumors, led to
the development of BRAF-inhibitor PLX4032/vemurafenib which binds and inhibits
the ATP-binding domain of mutant BRAFV600E but not other mutant forms [53]. Its
precursor compound PLX4720 was shown to be effective in a xenograft-induced tumor
mouse model of BRAFV600E mutated pediatric PA [54]. In addition, the combined use of
PLX4720 and concurrent radiation led to a statistically significant survival in xenograft
induced mouse models of pediatric high-grade gliomas [54]. In another study, based
on the efficacy result seen in a phase I study, the Pediatric Brain Tumor Consortium
(NCT01089101) is examining in phase I/II trial the activity of an MEK1/2 inhibitor,
AZD4266/selumetinib, against recurrent / refractory pediatric LGGs [53]. Also dabrafenib (BRAF inhibitor), is currently being examined in phase I for BRAFV600E-mutant
pediatric tumors, including LGGs (NCT01677741) [53]. These studies show the growing relevance of BRAFV600E in brain tumors, including the GNT subtypes evaluated in
our study cohort. Our study is limited by the fact that it is a retrospective study. Hence,
to further understand the effect of BRAF mutated protein on mTOR signalling pathway, cell differentiation cycle and immune response, a functional study comparing wildtype BRAF with BRAFV600E in in vitro cell culture systems or in in vivo animal models
would be ideal.
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Following the indication that mutated BRAF protein can effect mTOR pathway, we
further explored the activation of mTOR signaling cascade in GNT.

2. ‘mTORopathies’: inflammation, cell injury and
neurodegeneration
The term “mTORopathies” was recently introduced to define a variety of neurological
disorders distinguished by changed cortical architecture, abnormal neuronal morphology, and intractable seizures as a result of abnormal mTOR signaling [55, 56]. The
mTOR signaling pathway functions as an important regulatory cascade during the development of the brain, governing growth, proliferation and migration of cells [57, 58].
Aberrant mTOR signaling results in brain malformations, e.g. tuberous sclerosis complex (TSC), hemimegalencephaly (HMEG), focal cortical dysplasia (FCD) and ganglioglioma (GG), and this aberrant mTOR signaling could function as a basic pathogenic
mechanism leading to intractable epilepsy, disruption of cognitive development and/or
autism in mTORopathies [55-58].
In chapter 4 fetal brain lesions in tuberous sclerosis complex (TSC) were investigated
for mTOR activation and inflammation. TSC is an autosomal dominant disorder caused
by mutations in either the TSC1 or TSC2 gene and characterized by neurobehavioral
disabilities and intractable epilepsy [59]. Inactivating TSC1 or TSC2 mutations in neuroglial progenitor cells lead to constitutive activation of the TORC1 signaling cascade,
as indicated by increased phosphorylation of the S6 kinase (S6K) and the ribosomal S6
protein [59]. In two cases of monozygotic twins with de novo germline mutations in
TSC2, cortical tubers, subependymal giant cell astrocytoma (SEGA) and subependymal
nodules showed increased TORC1 activity, as indicated by the increased phosphorylation of S6K, S6 and 4EBP1 [59]. In our study, expression of MHC-I was observed in
the giant cells within TSC tubers but not in normal appearing perituberal cortex of the
patients or in age matched control specimens suggesting increased inflammation in the
tubers. The activation of TORC1 signaling observed in the giant cells could contribute
to the inflammatory response as mTOR has been shown to influence both the innate
and adaptive immune response [57, 60, 61]. These observations support the role of
immune-inflammatory responses in the dynamic changes occurring over time in TSC
lesions (including calcification, cystic change), which may contribute to the pathogenesis of seizures and cognitive impairment in TSC patients.
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Neuropathological evidence nowadays supports the critical role of a sustained inflammatory reaction in glioneuronal lesions with activation of both the innate and the adaptive immune response and involvement of different inflammatory pathways [62]. In
a recent study, the occurrence of complex inflammatory changes (involving both glial
and neuronal cells) were observed in FCD specimens. The severity of these changes
was greater in FCD IIb than in specimens from patients with FCD I [63]. In chapter
5 we analyzed the involvement of MHC-I and confirmed that inflammatory changes
represent a common feature in different developmental glioneuronal lesions. In contrast
to control cortex and FCD I, consistent MHC-I expression was observed in neurons
and microglial cells but not in astrocytes in FCD IIa and IIb, TSC or in tumor astrocytes in GG. The expression of MHC-I can be upregulated in glia and neurons in response to different types of challenges, including injury, infections (chronic and acute),
central administration of endotoxins and exposure to different cytokines {this thesis,
[62]}. Increased expression of the IL-1R/TLR signaling pathways in neuronal cells of
epileptogenic glioneuronal lesions has been shown previously [63-66]. Upregulation of
this pathway leads to the activation of the transcription factor, nuclear factor-kappa B
(NF-κB), which plays an important role in induction of MHC-I [67, 68]. Therefore,
prominent MHC-I expression detected in FCD II and GNT can be attributed to a
NF-κB dependent mechanism. Caron et al. also suggest that the expression of MHC-I
and the repertoire of MHC-I peptides (MIPs) presented by MHC-I might be a result of
changes in mTOR signaling [69]. The complexity of MHC-I regulation has been shown
by the observations mentioned above, which indicate that further analysis of the effect
of mTOR activation in GG, FCD II and TSC is needed.
As mentioned above the mTOR signaling pathway functions as an important regulatory cascade during the development of the brain, governing growth, proliferation and
migration of cells. Additionally, increased activation of the mTOR pathway may also
contribute to the accumulation of cell damage inducing ageing-related changes [3, 70,
71]. We observed that the abnormal activation of mTOR may contribute to apoptosis
signaling pathways and premature activation of mechanisms of neurodegeneration in
both FCD type II and TSC [72]. In chapter 6 we examined the activation of apoptosis
signaling pathways and the cellular distribution of caspase-3 (a marker of apoptosis) and
various neurodegenerative disease-related proteins in GGs and DNTs. Increased expression of caspase-3, more in GG than DNT, was observed in both neuronal and glial
components. Moreover, the death receptor (DR6; TNFRSF21) a member of the death
receptor family, which has been shown to promote apoptosis through caspases, was
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observed to be increased around and in the neuronal component of GNT, more so in
GG than DNT [73-76]. Interestingly, in GG, increased DR6 expression was correlated
with the longer duration of epilepsy and worse post-operative seizure outcome. These
observations suggest a role for DR6 and caspase-3 in the apoptotic and non-apoptotic
cellular response involving caspases. We also observed the occurrence of tau-mediated
neurodegeneration, confined to the tumor area, in GNT. Several mechanisms may promote the accumulation of hyperphosphorylated tau, including the overactivation of the
mTOR pathway [57]. Tau accumulation can potentially contribute to a premature degeneration of neurons in neoplastic and non-neoplastic developmental lesions, however
further investigation is required to elucidate this relationship. Also p62, a stress inducible ubiquitin binding intracellular protein that regulates different signal and cell death
pathways, plays a key role in autophagy, was increased in the neuronal component of
GNT (particularly in GG) [77-79]. In GNT, glial expression of p62 positively correlates
with the duration of epilepsy and the age at surgery and with the seizure frequency in
GG. These observations suggest that a defect in autophagy represents a common feature
of developmental lesions within the spectrum of disorders of mTOR signaling.
Another molecule, the TDP43 is involved in the regulation of a large number of cellular
processes, including cell cycle and axon guidance and it has been identified as the major component of cytoplasmic inclusions in different neurodegenerative disorders [80].
We found that in GNT, the TDP43 expression pattern was similar to controls; however, cytoplasmic granular phospho-TDP43 (pTDP43) IR was occasionally detected
in neuronal cells, particularly in GG. The granular positivity for pTDP43 is frequently
seen in neurons with granulovacuolar degeneration (GVD) [81]. Thus in chapter 6, we
provide evidence that ongoing cell injury and vulnerability to neuronal degeneration
in GNTs is similar to other developmental lesions associated with overactivation of the
mTOR pathway. We should also take into consideration that proteins representing the
hallmarks of neurodegenerative diseases have distinct physiological functions in both
developing and adult human brain, and their deregulation may have disease specific
consequences [82]. However, whether a deregulation of neurodegeneration-related proteins/pathways could also contribute to epileptogenesis in GNT requires further investigation. We subsequently explored the potential effect of infectious agents on the
pathogenesis of mTORopathies.
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mTOR activation and developmental malformations/GNTs: Does
HPV play a role ?
The etiology of mTOR activation in developmental malformations and glioneuronal
tumors has been a topic of much debate over the past years [2, 83]. Recent findings from
a few groups suggest that human papillomavirus type 16 (HPV16), which is the most
common cause of cervical cancer, is associated with FCD IIb, high grade gliomas and
GBM [4, 84-86]. The pathogenicity of HPV16 in the brain has been proposed through
the enhancement of mTOR pathway signaling, specifically mTORC1, disrupting cortical lamination during brain development [4], however, this proposition has been strongly contested by other groups [6, 7]. Nevertheless, using next-generation sequencing
(NGS) unmapped regions of human DNA have been shown to contain incorporated
viral DNA [85]. We used the same cohort, recently studied to evaluate the CNA in
GNT by NGS ([49]), to study the integration of the human papilloma virus (HPV) genome within the human genome (unpublished observations). Ten GNT DNA (GG= 5,
DNT= 5) samples showed the presence of HPV DNA integrated within the human genome. Using PCR and Sanger sequencing for validation in 8 samples with enough DNA
available, all were positive for HPV16 E7 (GG=3, DNT=5). Additionally, 2 GG and 1
FCD IIb samples (where WGS was not performed) were also positive for HPV16 E7 by
PCR and Sanger sequencing. Considering the whole cohort, 9% (10/114) of the GNTs
and 10% (1/10) of FCD IIb were found to be positive for the presence of the HPV genome integrated in their genome, which could be validated using the HPV16 E7 PCR.
We also performed IHC for HPV16 E6 and E7 antigen on the whole cohort the result
of which was however inconclusive. Moreover, the stainings could not be validated using
PCR and Sanger sequencing. Our result is in agreement with Thom et al. advocating
caution in the interpretation of HPV16 immunohistochemistry [6]. Nevertheless, few
studies have reported results which support the association of HPV16 presence with
mTOR activation [2]. For instance the HPV16 E6 oncoprotein has been shown to
activate mTORC1 signaling at different levels, first, by binding to TSC2 and targeting
it for ubiquitin-mediated degradation [87], and second, by activating PDK1 and Akt
upstream of TSC1/TSC2 [88]. In both mechanisms, mTORC1 activation was inferred
from increased phosphorylation of the ribosomal S6 protein (pS6). FCD IIb and GNTs
also have increased pS6 protein as in cervical cancer [89, 90]. The effects of HPV16 E6
on mTORC1 signaling were comparable to earlier reports indicating reduced levels of
TSC2, enhanced phospho-PDK1 and phospho-Akt levels, and enhanced mTORC1
signaling in FCD IIb and GNTs [2, 90]. One interesting study indicated that transgenic mice expressing E6 and E7 oncoproteins develop anaplastic brain tumors [2, 91].
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When E6 was transfected into fetal mouse brain, alteration of cortical architecture,
similar to those of FCD IIb, was observed [4]. GNTs and FCD IIb are brain malformation that occur during embryonic brain development, therefore, hypothetically, a
possibility is transplacental HPV16 infection of progenitor cells in the developing brain
[2, 92]. In contrast to the above mentioned results, Coras et al. showed that HPV16
could not be detected in 14 cases of histopathologically confirmed FCD IIb by PCR
using various specific primers and that immunohistochemistry results were less-specific
[7]. While these results might be related to the low sample numbers used in their study,
our own results showed that only 10% of FCD IIb were positive for HPV16 PCR. This
observation suggests that the assumption of a causal role for HPV16 in FCD IIb and
GNT through mTOR activation is premature {Prabowo et al. unpublished observation;
[6]}. To follow up, we examined the post-transcriptional regulators of gene expression
involved in inflammatory response.

miRNAs as regulators of the inflammatory response in GNTs
The previous sections described the involvement of inflammatory changes as a common
feature in different developmental lesions and in GNTs. Inflammation is a tightly regulated process with the involvement of various regulatory mechanisms and molecules at
different levels. In recent years, microRNAs (miRNAs) have been reported as key posttranscriptional regulators of gene expression in several biological processes of the central
nervous system, as well as in the pathogenesis of different neurological diseases and in
oncogenesis [93-97]. Several studies have demonstrated the important regulatory role
of miRNAs in inflammation [98-101] and neoplastic transformation [102]. Recently,
both clinical and experimental studies have shown the potential contribution of miRNAs to epilepsy pathophysiology [103, 104]. During epileptogenesis in experimental
temporal lobe epilepsy [101], a significant upregulation of miRNAs involved in the
regulation of the IL-1R/TLR proinflammatory pathway, including miR146a, miR21,
and miR155 [105-110], has been observed. Interestingly, miR146a has been shown to
be induced in response to inflammatory cues as a negative-feedback regulator of the
human astrocyte-mediated inflammatory response [100]. In chapter 7 we investigated
the expression and cellular distribution of miR21, miR146a and miR155 in GGs since
a sustained inflammatory reaction was observed previously in GNTs [62]. Expression
of miR21 was observed in both tumor and peritumoral cortex with a tendency towards
increased expression in the tumor compared to both control and peritumoral cortex.
Among the various targets of miR21 are tumor suppressors such as phosphatase and
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tensin homolog (PTEN), programmed cell death 4 (PDCD4), components of the p53
pathway, or transforming growth factor-β (TGF-β) signaling, resulting in increase of
cell proliferation, survival and migration/invasion in tumors [111-113]. We observed
a negative correlation between the expression of tumor PTEN mRNA, as well as of
PDCD4 protein in tumor astrocytes and the level of tumor miR21, supporting the link
between miR21 and these targets. The positive correlation observed between miR21 and
the expression of tumor GFAP supports the role of astrocytes as targets of regulation
and/or as a source of miR21. MiR146a overexpression has been shown to reduce major
inflammatory molecules induced by IL-1β [100]. Accordingly, we observed a negative
correlation between the level of tumor miR146a and the expression of TRAF6, a downstream signaling molecule of the TIR signaling pathway that has previously been shown
to be a miR146 target [100, 114]. Interestingly, the expression of TRAF6 was positively associated with the pre-operative seizure frequency, while miR146a expression was
negatively correlated with the density of activated microglial cells and the pre-operative
seizure frequency. Alterations of expression of miR146a in the brain have been recently
shown to modify acute seizures in mice and to affect brain inflammation triggered by
activation of the pro-ictogenic IL-1R/TLR signaling pathway ([115]; unpublished observations), supporting the potential for targeting this miRNA as strategy for modulating inflammatory pathways and seizure activity.
MiR155 was observed in both the tumor and peritumoral cortex, with increased expression in peritumoral tissue compared to the tumor. In both tumor and peritumoral
cortex, we observed astroglial expression of miR155. Accordingly, this miRNA has
been shown to be expressed in human astrocytes and upregulated in response to proinflammatory cytokines and TLR ligands [116]. Although miR155 has been shown
to exert both positive and negative effects on the NF-kB signaling proteins ([117]; reviewed in [108, 109]), in vitro studies support the positive role in the induction of
pro-inflammatory genes in human astrocytes [116]. Thus, the expression of this miRNA
observed in the peritumoral area may counteract the anti-inflammatory function of
miR146. MiR21 has been shown to play an important role in the regulation of miR155
expression by promoting the expression of IL-10, a key negative regulator of miR155
expression [108, 109]. Interestingly, low levels of expression were detected for miR21
in the peritumoral cortex. Our results indicate a differential regulation of these miRNA
involving also the epileptogenic peritumoral region. In particular, the negative correlation observed between miR146a expression, the density of activated microglial cells, and
the preoperative seizure frequency support the potential role of miR146a in regulating
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the clinical behavior of these epileptogenic lesions, pointing to this upstream regulator
of pro-inflammatory/pro-ictogenic pathways as attractive target for further preclinical
studies in drug-resistant epilepsies.
In addition to this investigation, miRNA expression profiling using an Exiqon miRNA
microarray was performed in a small cohort of GG and validated in a bigger cohort
using Taqman qRT-PCR. The miRNA profiling identified a subset of 5 miRNAs (miR519d, -4758, -4714, -664b and -5681b) differentially expressed in GG as compared
to controls. On validation, only miR-519d and -4758 were found to be significantly
dysregulated in GG compared to control. Next we studied the expression of both miR519d and -4758 in astrocytomas (Grade I-IV). MiR4758 was significantly increased
in PA but not in AII and AIII as compared to control cortex. In GBM, miR4758 was
significantly decreased compared to control cortex, GG and PA. These results suggest an
association of the miR4758 expression with a tumor progression mechanism, see figure
3. MiR519d was significantly decreased in PA and GBM as compared to control cortex,
but not in AII and AIII although there was a trend towards lower expression. Overall,
miR519d showed a significantly higher expression in GG compared to PA and GBM
and suggesting a differential regulation in glioneuronal tumors as compared to astrocytic tumors. Visani et al. found downregulation of miR519d in their training set of
30 GBMs, however they could not validate this in their testing set and did not proceed
further [102]. In hepatocellular carcinoma overexpression of miR519d was observed
which was found to promote cell proliferation and growth [118, 119]. Interestingly,
although miR519d is increased compared to control cortex in our cohort of GGs, while
these tumors are usually benign with a low proliferation index. Further investigation is
needed to elucidate the role of miR519d in GNTs.

Implications of the results and directions for future research
In the first part of this thesis, we focused on various molecular approaches which could
be used as an adjunct to histopathology to distinguish between the tumor types within
the group of GNTs. We showed that although no significant correlation was found
between copy number aberrations and histopathological diagnosis of GGs or DNTs, a
combination of gain of whole chromosome 5 together with BRAF positivity, IDH1 status, and p53 accumulation could discriminate diffuse DNTs from astrocytoma grade II.
This has important implications for treatment, allowing a less aggressive approach since
unnecessary irradiation of GNTs can potentially be avoided or delayed. However, a ca217
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Figure 3. Quantitative real-time PCR of miR519d and miR4758 in ganglioglioma (GG), pilocytic astrocytoma (PA), astrocytoma grade II (AII), astrocytoma grade III (AIII) and glioblastoma multiforme (GBM), and miR5681 in GG (frozen materials). A. Expression levels of
miR519d, miR4758 and miR5681 in GG (n = 16). Data are expressed relative to the levels
observed in control cortex (n = 11); miRNA expression was normalized to that of the U6B small
nuclear RNA gene (Rnu6B). Expression level of B. miR519d and C. miR4758 in GG (n=16),
PA (n=15), AII (n=10), AIII (n=14) and GBM (n=15) and control white matter (n = 9). Data are
expressed relative to the levels observed in control cortex (n=11). The error bars represent SEM;
statistical significance: *p < 0.05; **p < 0.01.

veat to such discrimination is the overall higher frequency of CNAs at various genomic
positions in AII. Further analysis using deep sequencing, such as whole genome/exome
sequencing, will help in elucidating the minute differences between GG and DNT.
Furthermore, distinct patterns and increased number of chromosomal aberrations were
associated with recurrent or progressive tumors demonstrating the effect of accumula-
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tion of chromosomal imbalances on tumor evolution. Analysis of distinct aberrations
can help identify prognostic molecular markers associated with these tumors.
In addition to gene copy number changes, epigenetic alterations have a major impact
on gene expression and hence disease progression and meanwhile, DNA methylation
patterns can help discriminate between various tumor types, aiding diagnosis. For example, recent studies using DNA methylation profiles could distinguish between four
medulloblastoma subgroups. Such an analysis is however still lacking for low grade brain
tumors such as GNT, PA and other subgroups of low-grade glioma. Our preliminary
analysis of genome-wide DNA methylation patterns suggested that GG and DNT are
closely related to each other at the molecular level. Interestingly, analysis of a large cohort of various brain tumors demonstrated distinct methylation profiles associated with
the tumor location. Further analysis of DNA methylation alterations in large cohorts
of GNTs may help identify distinct patterns which could serve as biomarkers for the
various GNT subtypes.
At a single gene level, mutations in the BRAF gene, specifically the BRAFV600E, have been
found to be associated with several tumors including brain tumors. Our results showed
the association of BRAFV600E mutation with about 50% of GGs and 30% of the DNTs
in our cohort. Interestingly, the presence of the BRAFV600E mutation was associated with
activation of the immune response and mTOR signaling indicated by increased pS6
in both GGs and DNTs. More importantly, a combination of immunostainings for
BRAFV600E, pS6 and CD34 was found to have prognostic value in GNTs, by their association with worse seizure outcome.
In the second part of this thesis, we discussed the important role of inflammatory
pathways and mTOR signaling and their regulation. Our results showed that dynamic
changes occurred over time in the immune-inflammatory changes and mTOR activation in TSC lesions which may contribute to the pathogenesis of seizures and cognitive
impairment in TSC patients. A major implication of these results might be for treatment of TSC patients suggesting that an important therapeutic window for intervention
in occurrence of GNT in TSC will be just prior to or during the critical period of brain
formation. We also observed that inflammatory changes, represent a common feature
of different glioneuronal lesions including GNTs. Furthermore, abnormal activation of
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mTOR was associated with ongoing cell injury and neuronal degeneration in GNTs.
However, a major limitation of our studies is that they only demonstrate an association
between the process and the pathology. Future research should be aimed at dissecting
individual inflammatory pathways in model systems and human tissues to understand
their contribution to tumor development and epileptogenicity which may help identify
potential therapeutic targets. GNT remain a common causes of intractable epilepsy
in children and uncontrolled, tumor-related epilepsy affects a child’s quality of life via
impaired development of basic cognitive, behavioral, skills. Control of spontaneous seizures should be the primary treatment target in order to reduce the risk for such progressive cognitive impairment and / or adverse effects of medication.
Recent studies suggested a viral etiology of FCD IIb through activation of mTOR by
HPV16. These results have been the topic of much debate and have been strongly contested by other studies. We studied the presence of HPV16 DNA within GNTs and
FCD IIb using PCR, immunohistochemistry and a bioinformatics approach. Our results showed the presence of viral DNA in a small proportion of our GNTs and FCD IIb
suggesting that attributing a causal role to HPV16 in all these lesions may be premature.
As discussed above (see also chapter 3) previous studies support the biological relationship between BRAFV600E mutation, frequently observed in GNTs. This can itself result in a dysfunctional LKB1-AMP-activated protein kinase (AMPK)-mTOR signaling
[120, 121]. In addition, recent observations suggested that malformation of cortical
development associated with mTOR upregulations (including FCD II) may represent
the result of a somatic gene mutation, of PI3K/Akt/mTOR pathway regulatory genes.
Accordingly in FCD somatic mutations have been detected in different genes, including
PTEN, PI3KCA, AKT, DEPDC5 (a component of the mTOR regulatory GATOR-1
complex), as well as mTOR itself [122-129]. Interestingly, a recent study suggest that
FCD and GNT may share common genetic determinants [130]. Thus, further analysis
of this suggested genetic relationship requires analysis of germline mutations in combination with accurate evaluation of the tissue resected at surgery to detect potential
somatic mutations of PI3K/Akt/mTOR pathway regulatory genes.
Finally, we studied the regulation of inflammation in GNTs by miRNAs, specifically the
miR21, miR146a and miR155. Our results suggest the involvement of inflammatory
miRNAs not only in the tumor but also epileptogenic peritumoral region. Importantly,
the negative correlation observed between miR146a expression and the preoperative
220

Discussion & Future Direction

seizure frequency support the potential role of miR146a in regulating the clinical behavior of these epileptogenic lesions and as an attractive therapeutic target for further
preclinical studies in drug-resistant epilepsies. Such a therapeutic effect is part of an
ongoing study in our group involving injection of a miR146a mimic into the brain in a
murine model of epileptogenesis [115]. In addition to the above mentioned miRNAs,
profiling of other miRNAs associated with GNTs revealed two important candidates;
the miR519d and miR4758. These miRNAs were found to be differentially regulated
in GNTs as compared to astrocytic tumors and might potentially be involved in tumorigenesis. Inevitably further research on the putative target pathways of miR519d and
miR4758 is required to assess their specific role in GNTs and other brain tumors.
In conclusion, our study revealed the complex molecular characteristics of GNTs and revealed the relatedness as well as, subtle differences between GGs and DNTs which might
aid in the discrimination of these tumor types. Activation of inflammatory pathways
and mTOR signaling represent a common feature of GNTs and other developmental
lesions. Besides the emerging therapies with BRAF modulators, further research into
regulators of inflammation, such as miRNAs, might reveal interesting targets with potential therapeutic applications.
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Summary
Long-term epilepsy associated tumors (LEATs), including glioneuronal tumors (GNTs)
such as ganglioglioma (GG) and dysembryoplastic neuroepithelial tumour (DNT), represent a common cause of epilepsy with onset in early life. LEATs are characterized by
slowly growing, low grade cortically based tumors with a long history (2 years or more)
of pharmacoresistant epilepsy. Due to the tendency of these tumors to arise at younger
age , they can critically affect the daily quality of life because of the burden of a high
seizure frequency.
Currently, neuropathologists rely on microscopic judgment of surgical tumor specimens
following the 2007 WHO classification and grading scale to establish the diagnosis of
LEATs. The WHO classification is the current gold standard in diagnosing all gliomas
and other CNS tumor entities. However, the growing spectrum of LEATs and their
variable histomorphological appearance are not fully captured by the current WHO
classification. The broad spectrum of histopathological phenotypes of these tumors
might lead to ‘over-interpretation’ of classical tumor-associated features and might lead
to an erroneous more aggressive therapeutic approach. Most LEATs are considered benign, displaying a mild biological behavior without bold risk of recurrence or malignant
transformation. Furthermore, the wide variability of LEATs and the inconsistent use of
histopathological terminology as published in the literature have made guidelines for
neuropathological diagnosis of these entities extremely challenging. Thus better definitions and the use of standardized parameters for the categorization of GNTs are needed.
The major aim of this thesis is to identify the molecular features of GNTs, focusing on
GGs and DNTs. This thesis is divided into two major parts: 1) the molecular features
of GNTs (chapter 2-3) and 2) ‘mTORopathies’: inflammation, cell injury and neurodegeneration (chapter 4-7).
Chapter 2 provides an overview of chromosomal copy number aberrations (CNA)
found in GNTs by genome-wide shallow sequencing. In conclusion, gains in chromosome 5 and 7 were the more frequently observed aberrations in GGs and DNTs,
however no significant correlation was found between copy number aberrations and
histopathological diagnosis of GGs or DNTs. Additionally, initial results of DNA methylation analysis support the results of the CNA profile, that on molecular level, GG and
DNT are highly related entities. In the rare event of recurrence and progression we are
interested in investigating the CNA profiles of these cases of GNT in order to determine
the specific patterns associated with aberrant biological behaviour. This study it is still
231
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ongoing, however preliminary results indicate that 42% of recurrent tumors and 83% of
tumors showing progression have distinct aberrations compared to the primary tumor.
Chapter 3 covers the association of BRAFV600E with the mTOR pathway in GNTs. The
presence of the BRAFV600E mutation is significantly associated with the expression of the
phosphorylated ribosomal S6 protein (pS6; a marker of mTOR pathway activation) and
the expression of both proteins together is associated with a worse postoperative seizure
outcome in GNTs.
Chapters 4 and 5 examine the involvement of components of inflammatory pathways
in GNT and developmental glioneuronal lesions associated with epilepsy and mTOR
pathway activation amongst other lesions occurring in patients with Tuberous Sclerosis Complex (TSC). Our study indicates that brain lesions in TSC are likely a consequence of prenatal activation of the target-of-rapamycin complex 1 (TORC1) signaling
pathway. Moreover, the study provides evidence for the prenatal activation of several
inflammatory pathways supporting the role of immune-inflammatory responses in TSC
lesions, which may contribute to the pathogenesis of seizures (Chapter 4). Similarly, a
prominent upregulation of the major histocompatibility complex class I (MHC-I) was
observed in dysmorphic/dysplastic neurons, endothelial and microglial cells in glioneuronal lesions including GG, which might represent an important accompanying event
of the immune response in these lesions (Chapter 5).
Chapter 6 addresses the question whether neurodegenerative changes represent an intrinsic feature of GNTs driven by signalling pathways such as the mTOR pathway. In
summary, we provide evidence that ongoing cell injury and vulnerability to neuronal
degeneration in GNTs is similar to other developmental lesions associated with constitutive activation of the mTOR pathway.
Lastly, in chapter 7, we examine the expression and cellular distribution of the three
miRNAs, miR21, miR146a and miR155, involved in the regulation of inflammatory
pathways in a large cohort of GGs with well-characterized intractable epilepsy. All three
miRNAs were expressed in both the tumor and peritumoral tissue, with a tendency of
increased expression in the tumor for miR21 and in the peritumoral tissue for miR146a
and -155. The results indicate a differential regulation of these miRNAs involving the
epiloptogenic peritumoral region. The negative correlation observed between miR146a
expression, the density of activated microglial cells, and the preoperative seizure fre232
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quency indicate the potential role of miR146a in regulating the clinical behaviour of
these epileptogenic lesions. Our results are pointing to this upstream regulator of proinflammatory/proictogenic pathways as an attractive target for further preclinical studies in drug-resistant epilepsies. In addition, array-based profiling of miRNAs was performed in a small cohort of GG and validated later on. Overall, two miRs, miR-519d
and -4758 were upregulated in GG and further evaluation of their functions is presently
in progress.
In conclusion, our study reveals the complex molecular characteristics of GNTs and
determines the relatedness as well as, subtle differences between GGs and DNTs which
might aid the discrimination of these tumor types. Utilizing immunohistochemistry and
molecular diagnostics approach, GGs and DNTs are similar in some extent but there are
still distinguishing differences between them. Activation of inflammatory pathways and
mTOR signaling represent a common feature of GNTs and other related developmental
lesions. Thus, besides the emerging therapies with BRAF modulators, further research
into regulators of inflammation, such as miRNAs, might reveal interesting targets with
potential therapeutic applications.
To establish a better diagnostic and therapeutic approach to GNTs, a strong interaction
is required between neuropathologists, neurooncologists and epileptologists to design
adequate interdisciplinary studies.
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Samenvatting
Lange termijn epilepsie geassocieerde tumoren (LEATs), waaronder glioneuronale
tumoren (GNTs) zoals een ganglioglioom (GG) en een dysembryoplastische neuroepitheliale tumor (DNT), vormen een veel voorkomende oorzaak van epilepsie op jonge
leeftijd. LEATs zijn gekenmerkt als traag groeiende, laag-gradige, corticaal gelegen tumoren met een lange voorgeschiedenis (2 jaar of langer) van therapie-resistente epilepsie. Vanwege hun presentatie op jonge leeftijd, zijn deze tumoren van kritische invloed
op de dagelijkse kwaliteit van leven mede ten gevolge van de belasting met frequente
epileptische insulten.
Momenteel vertrouwen neuropathologen op microscopische beoordeling van het tumorweefsel om LEAT volgens de 2007 WHO-classificatie vast te stellen. De WHOclassificatie is de huidige gouden standaard in de diagnose van gliomen en andere
centraal zenuwstelsel tumoren. Echter, het groeiende spectrum van LEATs en hun histomorfologische variatie worden niet volledig omvat door de huidige WHO-classificatie.
Het brede spectrum van histopathologische fenotypes van LEATs kan leiden tot overinterpretatie van “klassieke” tumorkenmerken en zou daarmee aanleiding kunnen geven
tot een meer agressieve behandeling. De meeste LEAT s zijn echter laaggradig en hebben
een mild biologisch gedrag zonder verhoogd risico op recidief dan wel kwaadaardige
transformatie. De grote variatie in LEATs en het inconsistent gebruik van histopathologische termen in de literatuur maken een richtlijn voor de neuropathologische diagnose
van deze entiteiten tot een grote uitdaging. Gestandaardiseerde parameters zijn nodig
voor de categorisering van deze tumoren.
Het belangrijkste doel van dit promotieonderzoek is om de moleculair biologische kenmerken van LEATs te identificeren, gericht op GGs en DNTs. Dit proefschrift is verdeeld in twee grote rubrieken: 1) de moleculaire kenmerken van LEATs (hoofdstuk
2-3) en 2) “mTORopathies” dat wil zeggen: ontsteking, celschade en neurodegeneratie
(hoofdstuk 4-7).
Hoofdstuk 2 geeft een overzicht van de aantallen en de afwijkende kopieën van chromosomen in GNTs met behulp van genoom-brede sequencing. De voornaamste bevinding is de toename van chromosoom 5 en 7 in GGs en DNTs, hoewel geen significante
correlatie werd gevonden tussen afwijkende chromosoomaantallen en de histopathologische diagnose van GGs of DNTs. Ook de eerste resultaten van DNA methylerings analyse ondersteunen een sterke verwantschap tussen GG en DNT op moleculair niveau.
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In het zeldzame geval van recidief of tumor progressie zijn we geïnteresseerd in de chromosoom aantallen van deze GNTs om de specifieke patronen te detecteren die geassocieerd zijn met afwijkend biologisch gedrag. Dit studieonderdeel is echter nog niet
afgerond; voorlopige resultaten tonen in 42% van recidiverende en 83% van de progressieve tumoren duidelijke veranderingen ten opzichte van de primaire tumor.
Hoofdstuk 3 behandelt de associatie van BRAFV600E en de mTOR-route in GNTs. De
aanwezigheid van de BRAFV600E-mutatie blijkt significant geassocieerd met de expressie
van gefosforyleerd ribosomale S6 eiwit (PS6, een marker van mTOR-route activering)
en de expressie van beide eiwitten tezamen is geassocieerd met een slechter beloop van
post-operatieve convulsies.
De hoofdstukken 4 en 5 beschrijven de betrokkenheid van de ontstekingsroutes in
GNT en in glioneuronale laesies geassocieerd met epilepsie en tevens mTOR-activatie bij
patiënten met Tubereuze Sclerose Complex (TSC). Onze studieresultaten tonen dat de
laesies bij TSC waarschijnlijk het gevolg zijn van prenatale activering van de het TORC1
complex in de mTOR-route. Bovendien tonen de gegevens prenatale activatie van verschillende ontstekingsreacties, hetgeen de rol van immuun- ontstekingsreacties in TSC
laesies onderstreept, en de mogelijke invloed van ontstekingsreacties bij epileptische insulten (hoofdstuk 4). Een evidente activatie van de major histocompatibility complex
class I (MHC-I) werd tevens waargenomen bij dysmorfe / dysplastische neuronen, endotheelcellen en microgliale cellen in de glioneuronale laesies inclusief GG, hetgeen passend
kan zijn bij een uiting van immuunrespons in deze laesies (hoofdstuk 5).
Hoofdstuk 6 gaat in op de vraag of neurodegeneratieve veranderingen een intrinsiek
kenmerk van GNTs vormen, aangedreven door signalering van bijvoorbeeld de mTORroute. Samenvattend tonen we aan dat er voortdurende celbeschadiging en kwetsbaarheid is voor neuronale degeneratie bij GNTs, hetgeen vergelijkbaar is met andere laesies
van ontwikkelingsstoornissen die worden gevonden bij constitutionele activatie van de
mTOR-route.
In hoofdstuk 7, beschrijven we ten slotte de resultaten van de expressie en cellulaire
verdeling van de drie miRNAs, miR21, miR146a en miR155, betrokken bij de regulatie van inflammatoire pathways in een groot cohort van GGs met evidente therapieresistente epilepsie. Alle drie miRNAs toonden expressie in tumorweefsel en het peritumorale weefsel. Er was een tendens tot verhoogde expressie van miR21 in de tumor
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en miR146a en -155 in het peri-tumorale weefsel. De resultaten tonen een differentiële
regulatie van deze miRNAs waarbij epileptogene peritumorale regio is betrokken. De
negatieve correlatie tussen miR146a expressie, de dichtheid van de geactiveerde microglia cellen en de preoperatieve aanvalsfrequentie suggereren een rol van miR146a bij
het reguleren van het klinisch effect van deze epileptogene gebeiden. Deze regulator
van pro-inflammatoire / pro-ictogene routes lijkt een belangrijk onderwerp voor nader
preklinisch onderzoek bij resistente epilepsie. In een klein cohort GG werd profilering
van miRNAs verricht waarbij opregulatie van twee miRs, miR-519d en miR-4758 werd
aangetroffenen nadere evaluatie van de rol van deze miRs is gaande.

Concluderend
Onze studie onthult de complexe moleculaire kenmerken van GNTs en bepaalt de verwantschap en tevens de subtiele verschillen tussen GGs en DNTs, hetgeen een betere
discriminatie van deze typen tumoren kan bevorderen. Met immunohistochemie en
moleculaire diagnostiek zijn GGs en DNTs tot op zekere hoogte vergelijkbaar, maar er
blijken evidente verschillen. Activering van ontstekingsreacties en mTOR signalering
vormen een gemeenschappelijk kenmerk van GNTs en aanverwante laesies van ontwikkelingstoornissen. Voor toekomstige therapieën is, naast toepassing van BRAF modulators, aandacht nodig voor ontstekingregulatoren, zoals de miRNAs, welke mogelijk een
interessante target voor therapeutische toepassingen zullen vormen.
Voor de ontwikkeling van nieuwe diagnostische en therapeutische plannen voor de diverse GNTs, is een samenwerking nodig tussen neuropathologen, neuro-oncologen en
neuroloog-epileptologen voor interdisciplinaire studies.
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