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List of abbreviations

aCGH  Array comparative genomic hybridization
ADK  Adenosine kinase
AMPA  Alpha-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid
BBB  Blood brain barrier
CNA(s)  Copy number aberration(s)
CNS  Central nervous system
CT  Computed tomography
DNA  Deoxyribonucleic acid
DNT(s)  Dysembryoplastic neuroepithelial tumor(s)
ECoG  Electrocorticography
EEG  Electroencephalogram
FCD  Focal cortical dysplasia
GABA  Gamma-amicobutyric acid
GG(s)  Ganglioglioma(s)
GFAP  Glial fibrillary acidic protein
GluR  Glutamate receptor
GNT(s)  Glioneuronal tumor(s)
GTNI  Glioneuronal tumour with neuropil-like islands
GW  Gestational weeks
HE  Hematoxylin-Eosin
HLA  Human leukocyte antigen
IED  Interictal epileptiform discharges
iGluR  Ionotropic glutamate receptor
LEAT  Long term epilepsy associated tumor
MAP2  Microtubule-associated protein 2
MCD  Malformation of cortical development
mGluR  Metabotropic glutamate receptor
miR/miRNA microRNA
MRI  Magnetic resonance imaging
mTOR  Mammalian target of rapamycin
MVNT  Multinodular and vacuolating neuronal tumour
NeuN  Neuronal nuclear antigen
OLC  Oligodendrocyte-like cell
Olig2  Oligodendrocyte transcription factor 2
PCR  Polymerase chain reaction
PGNT  Papillary Glioneuronal tumour
pS6  Phosphorylated S6
PXA  Pleomorphic xanthoastrocytoma

Chapter 1

10



RGNT  Rosette-forming glioneuronal tumours
RIN  RNA integrity number
RNA  Ribonucleic acid
RT-PCR Real time – polymerase chain reaction
S6  Ribosomal protein S6
SEGA  Subependymal giant cell astrocytoma
SGNE  Specific glioneuronal element
TSC  Tuberous sclerosis complex
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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 dy-
sembryoplastic neuroepithelial tumour (DNT), consisting of a mixture of differentiated 
glial and neuronal components [1].

This chapter summarizes the clinical and histopathological features of GNT (particular-
ly 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 consist-
ently 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 neuro-
pathological features of surgical specimens from the tumor of patients with chronic in-
tractable 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 pa-
tients with neuroepithelial tumours and drug-resistant epilepsy who underwent surgery 
between 1988-1999 and introduced the concept of a long-term epilepsy associated tu-
mour (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 
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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/me-
dian 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 in-
tractable epilepsy (UK*: National Hospital for 
Neurology and Neurosurgery [NHNN], Lon-
don; NL**: Academisch Medisch Centrum 
[AMC], Amsterdam and Universitair Medisch 
Centrum Utrecht [UMCU], Utrecht).
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Recently, few publications reported the occurrence of GGs located in cerebellum [11-
13], 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 differ-
ent 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 tu-
mor 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 electro-
corticography (ECoG) in GG 
and DNT. A: MRI image reveal-
ing a focal lesion (GG) in the 
right temporal lobe (T2-weighted 
image). B-C: T1-weighted in-
version 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 dis-
tances 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 in-
clude a part of the macroscopical-

ly 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 provid-
ed 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 pat-
terns. 1) sporadic spikes, spikes occurring at irregular time intervals at several sites; 2) continu-
ous 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, pre-
operatively, ≥90% exhibit complex partial seizures and more than 50% develop second-
ary generalized tonic-clonic seizures [2]. The interval between onset of seizures and ac-
tual 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 electro-
corticography (ECoG) during surgery offers a unique opportunity to assess the extented 
area of cortex which causes epileptogenicity and to correlate these findings with histo-
pathology (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, dis-
torted and multipolar cell body, vesicular nucleus with protruding nucleolus, bi- or mul-
ti-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 astro-
cytic or oligodendroglial in morphology) with low expression of proliferation markers; 
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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 neu-
rofilaments 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 expres-
sion 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 eo-
sin (HE) staining of GG showing the mixture of neuronal cells (arrows), lacking uniform ori-
entation, 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 expres-
sion 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 glio-
blastoma, 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 encoun-
tered 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 oc-
curs in the cerebral hemispheres of adult patients. The hallmarks of oligodendroglioma 
are the presence of neoplastic cells, which resemble morphologically the oligodendro-
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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, histo-
logical 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 dura-
tion of symptoms prior to diagnosis and the histological features may suggest a develop-
mental origin, most likely from foci of cortical dysplasia (FCD) [49-51]. Cytoarchitec-
tural 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 de-
velopmental anomaly [53]. Recently clinical evidence suggest that FCD, and GNT may 
share common genetic determinants [54].
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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].   
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Table 2. The incidence of GNTs (GGs and DNTs) with the coexistence of cortical dys-
plasia reported in publications from 2000-2014.



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 malfor-
mation 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 pro-
vided 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 nor-
mally form a complex that acts as a tumour suppressor in the phosphatidylinositol 3-ki-
nase (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 com-
plex 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 compara-
tive 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].

Chapter 1

22



Introduction 

1

23

Table 3. Molecular genetic abnormalities reported in GNT. (Modified from Thom et al. 
[82])
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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 tempo-
rally, 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 
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FISH = fluorescent in situ hybridization, aCGH = array comparative genomic hybridi-
zation, 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 = doublecor-
tin, 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.



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 presenta-
tion. Nonetheless, the common characteristics are cortical location, absence of mass ef-
fect, 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, well-
delineated, 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 histologi-
cal 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 non-
specific 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 back-
ground activity are typical character of tumour activity [28]. 
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Pathology

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 var-
ies 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, trans-
lucent 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 “nonspe-
cific 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 ma-
trix 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 ex-
pressed 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 immunoreactiv-
ity 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 MIB-
1, 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 diag-
nosis with other tumor entities (diffuse astrocytoma, pilocytic astrocytoma, oligoden-
droglioma 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 coex-
istence 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 ab-
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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 tu-
mour (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 gangliocy-
toma, 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 medi-
cal, 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 lo-
calization 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 resec-
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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 clini-
cal 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]. His-
tologically, GTNI has features of neuropil-like or rosetted islands, a background of dif-
fuse 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, non-
neurocytic 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 pre-
senting symptom [126-129]. Available data suggest that MVNT is a benign tumour and 
surgical resection for MVNT patients is aimed to control lesion-associated neurologi-
cal 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 
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neuronal cells of indistinct phenotype [126-129]. The cells in the lesion are stained posi-
tive 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 encom-
passes low grade, slowly growing, cortically based tumours often localized at the tempo-
ral 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 medi-
cal, 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) sub-
types (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 promi-
nent expression of the mGluR5 in the dysplastic neuron components, supporting the 
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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 ex-
clusively through synaptic vesicles and requires a Ca2+ dependent fusion event, whereas 
in glial cells, glutamate is released in several ways including vesicular release, reverse op-
eration 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 activ-
ity 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 epilepto-
genic 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 in-
creasing the extracellular glutamate concentration contributing to tumour epileptogen-
esis [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 contrib-
utes 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 produc-
tion 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 ad-
jacent 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, persis-
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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 rever-
sal 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 con-
sidered strongly in GNTs [6].     
              

Challenges of the current classification in defining LEAT
Currently, neuropathologists, whose diagnosis of GNT relies on microscopical inspec-
tion 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 histopathologi-
cal phenotypes might lead to ‘over-interpretation’ of tumour progression leading to erro-
neous 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 re-
sults published in literature leads to the need for a better definition and the use of stand-
ardized parameters for diagnosis of LEATs, especially GNTs. There are proposals sub-
mitted 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 set-
tings, (iii) identify biomarkers for more aggressive tumor behaviour and (iv) to further 
explore the molecular features and signals relevant to their aetiology and epileptogenic-
ity. 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 muta-
tion 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 expres-
sion 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 post-
operative 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 morphologi-
cally 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-inflamma-
tory responses in the TSC lesions which may contribute to the pathogenesis of seizures  
(Chapter 4). Similarly, a prominent upregulation of the major histocompatibility com-
plex class I (MHC-I) was observed in dysmorphic/dysplastic neurons, endothelial and 
microglial cells in glioneuronal lesions including GG, which might represent an impor-
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tant accompanying event of the immune response in these lesions (Chapter 5). Regu-
lation 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 develop-
ment 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 in-
trinsic 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) rep-
resent the most common histological entities within the spectrum of glioneuronal tu-
mours (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. Com-
parison 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 fea-
tures, and our findings support the need to improve classification and differential diag-
nosis of tumour entities within the spectrum of GNTs, as well as their distinction from 
other glioma.

Keywords: copy number aberrations, dysembryoplastic neuroepithelial tumour, gangli-
oglioma, 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 relative-
ly 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 sup-
ported by reports indicating an association with molecular alterations of key develop-
mental 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 ac-
cording 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 muta-
tion 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 mo-
lecular 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, Ger-
many). 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 immunore-
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activity (IR) for the different antigens (Supporting Information Table 1). Semi-quanti-
tative evaluation of the IR was performed for major histocompatibility complex (MHC) 
class II, synaptophysin, glial fibrillary acidic protein (GFAP), CD34 and phosphoryl-
ated 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 recom-
mendations (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 sequenc-
ing 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 acces-
sion 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 de-
fined 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 re-
gions 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 frac-
tion 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 diag-
nosis (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 epi-
lepsy, of which 85 patients (76%) were postoperatively completely seizure free (Engel 
class I). There was no male or female predominance within histological subgroups. Me-
dian 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 de-
ceased 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 re-
cently described [7]. C, cerebellar; CPS, complex partial seizure; DNT, dysembryoplastic neu-
roepithelial tumour; F, frontal; GG, ganglioglioma; GS, generalized seizure; GTR, gross total re-
section; 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 KIAA1549-
BRAF gene fusion. Histopathological and immunocytochemical features are summa-
rized 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 with-
in the tumour in a large majority of GG specimens (Supporting Information Table 2).

All DNTs were supratentorial tumours. In one DNT, tumour recurrence occurred with-
out 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 dys-
plastic 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 ex-
ample, 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 pro-
tein. Moreover, no significant correlation was found between CNAs or the number of 
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CNAs and clinical features such as tumour location, age at surgery (after dichotomiza-
tion 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). Chromo-
thripsis 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-

Figure 2. Detection limit of copy number aberrations (CNAs) in ganglioglioma (GG). Examples to il-
lustrate 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 CD34-
positive 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.
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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 num-
ber 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 

Figure 3. Somatic chromothripsis in a glioneuronal tumour. Illustration of a representative chro-
mothripsis-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 chromo-
some 7. (B) Enlargement of chromosome 7 shows frequent alternating copy number aberrations over nor-
mal 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.
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in 10 samples, as indicated by marginal deflection from the normal level, but not de-
tected 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 chromo-
some 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 with-
in GNT specimens was considered (that is, perivascular cuffs of lymphocytes; MHC-II 
positive microglial cells (Supporting Information Table S2)). Admixture of non-neo-
plastic 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 occur-
ring 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, immunohistochemi-
cal 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 con-
trol) 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 inter-
observer 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 histologi-
cally 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 on-
cofetal 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 mor-
phological and clinical features of GNT [31].
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The landscape of CNAs in GNT we present here does not elucidate the biological ef-
fect 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. Chromoth-
ripsis is considered to be the result of a single catastrophic event [45] and has been iden-
tified in high-grade malignant cancer types such as osteosarcomas and neuroblastomas 
[27, 46], but has also been associated with germline molecular alterations in develop-
mental 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 in-
terfered 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 predomi-
nantly 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 heteroge-
neity 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 diag-
nostically 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, po-
tential adverse effects of adjuvant radiation therapy on such slow growing tumours have 
also been suggested [49]. Gain of whole chromosome 5 (together with combined analy-
sis 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 rou-
tine 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 adoles-
cent 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 inclu-
sion 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, immunopheno-
type 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

 



BRAF V600E Mutation Is Associated with mTOR Signaling Activation in GNTs

73

3

Introduction
Glioneuronal tumors (GNTs), including gangliogliomas (GGs) and dysembryoplastic 
neuroepithelial tumors (DNTs), represent a well-recognized cause of intractable epi-
lepsy 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 rapa-
mycin (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 differ-
ent malformations of cortical development (MCD) associated with epilepsy and neu-
robehavioral 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 abnor-
mal 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 signal-
ing 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 tu-
mor 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 distri-
bution, 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 Academ-
ic 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 opera-
tive 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 com-
pliant 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 ha-
bitual 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, Ger-
many). 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 immunohisto-
chemical markers (Table 2).

Immunohistochemistry
Single-label immunohistochemistry (see Table 2) was performed, as previously de-
scribed [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 phos-
pho-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 #DPV-
M55AP, Immunologic, Duiven, the Netherlands) and Vector Red (AP substrate kit III, 
#SK-5100, Vector Labs, Burlingame, CA, USA) as chromogen. To remove the first pri-
mary 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 clini-
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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 evalu-
ate the neuronal and glial components of the tumors, the presence of dysplastic neu-
rons, 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 la-
beled cells per total number of cells, excluding vascular cells and lymphocytes).

We also semi-quantitatively evaluated the IR for the different markers, such as synap-
tophysin, glial fibrillary acidic protein (GFAP) and CD34, MHC-I, MHC-II, IDH1 
(R132H) and Lin28A. The intensity of the staining was evaluated as previously de-
scribed [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 neuropatholo-
gists (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, Carls-
bad, 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 macrodis-
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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 se-
quenced 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., Chi-
cago, 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 non-
parametric Kruskal-Wallis test followed by Mann-Whitney U-test was used to assess dif-
ferences between the groups. Correlation between BRAF V600E status with histologi-
cal/immunohistochemical and clinical features (duration of epilepsy, seizure frequency, 
age at surgery, age at seizure onset, epilepsy outcome, etc.) were assessed using the Spear-
man’s rank correlation test. A value of P < 0.05 was defined statistically significant. In 
addition, we performed an unsupervised analysis comparing tumor recurrence, postop-
erative 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 sig-
nificantly 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).



Chapter 3

78

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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The GGs were composed of dysplastic neuronal cells lacking uniform orientation, sur-
rounded 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 his-
tologically 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 differ-
entiation (Figure 2A-D). CD34 expression was observed in three of four DIGs (75%; 

Table 2. Immunohistochemistry: primary antibodies.

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).
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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 contro-
versial 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 In-
formation 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 com-
plex 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 

Figure 1. BRAF V600E mutated ganglioglioma 
(GG): histopathological features, VE1 and pS6 
immunoreactivity A, B. Hematoxylin & eo-
sin (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 com-
ponent (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 expres-
sion in large dysplastic cells (arrows in H and 
I); inset in (I) shows VE1 IR (blue) in a dys-
plastic neuron (NeuN positive, red). J-L. Phos-
phorylated (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.
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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 (Support-
ing 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 (Sup-
porting 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 de-
tected 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 

Figure 2. BRAF V600E mutated desmoplastic infan-
tile ganglioglioma (DIG): histopathological features, 
VE1 and pS6, MHC-II and MHC-I immunoreactiv-
ity. A, B. Hematoxylin & eosin (HE) staining of DIG 
with a prominent population of neoplastic astrocytes 
and scattered dysplastic neurons (arrows). C. Glial fi-
brillary 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 dif-
fuse 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.
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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 re-
currence 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 perivascu-
lar 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. 

Figure 3. Dysembryoplastic neuroepithe-
lial 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 neu-
rons (arrow) surrounded by a prominent 
population of oligodendroglia-like cells. B. 
NeuN staining detects the neuronal com-
ponent 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 (micro-
glial cells). Scale bar in (F): A, B, F: 80 µm; 
C, D, E: 40 µm.
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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-lo-
calization of BRAF V600E with the neuronal marker NeuN (Figure 1I). In 2 of VE1 

Figure 4. BRAF V600E mutated dysembryoplas-
tic 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 non-
neoplastic tissue, asterisk in A), with expression 
also in cells with ganglionic appearance (arrows 
in B-D) and occasionally in floating neurons (ar-
row in E). F-G. Phosphorylated (p)-S6 expression 
within the tumor area with IR in microglial cells 
(arrowheads) and dysplastic neurons (arrows); co-
localization 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 with-
in 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 synapto-
physin. In one DIG and in five GGs, we could detect only small clusters of VE1-pos-
itive 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 perile-
sional 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 VE1-
negative 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 immuno-
histochemistry 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) immu-
noreactivity score (IRS) in BRAF wild-type or BRAF-mutated gangliogliomas (GGs) and dysembryoplas-
tic 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, loca-
tion of the tumor (temporal; extratemporal), duration of epilepsy, calcifications, he-
mosiderin 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 as-
sociated 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, syn-
aptophysin 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 as-
sociation 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; dura-
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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.
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tion of epilepsy: 11.2 ± 0.9). The expression of BRAF V600E, pS6 and CD34 was sig-
nificantly 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, in-
cluding their pathogenic and diagnostic implications, as well as correlations to histo-
pathological 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, dif-
ferentiation 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 evi-
dence 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 phosphoryla-
tion, 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 signal-
ing pathway (including the downstream effector and a hallmark of mTORC1 activa-
tion, 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 expres-
sion 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 obser-
vations 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 (in-
volving both neuron and microglial cells) could contribute to the sustained inflam-
matory 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 positiv-
ity 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 ac-
quired 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 as-
sociated 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 asso-
ciation 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 pa-
tients with a mutation of the LKB1 gene [24, 53]. Previous studies support the biologi-
cal 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 dysplas-
tic 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 pro-
tein 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 mu-
tated 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 single-
cell 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 de-
tected [26, 56]. In a recent study, including 20 DNTs and focusing on pediatric tu-
mors, 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 (approxi-
mately 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 statisti-
cally 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 epilepto-
genic 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 dif-
ferentially 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, hemosid-
erin 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 retrospec-
tive 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-mu-
tated tumors. The immunophenotype of these tumors is characterized by CD34 expres-
sion, indicating the presence of glioneuronal precursor cells, and phosphorylation of S6, 
indicating activation of the mTOR signaling cascade. Thus, immunohistochemical de-
tection 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 muta-
tions in either the TSC1 or TSC2 genes and characterized by developmental brain ab-
normalities. 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 target-
of-rapamycin complex 1 (TORC1) signaling pathway; and (ii) activation of inflamma-
tory 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 histocom-
patibility 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 in-
tractable epilepsy [8, 12, 27]. TSC is associated with the presence of developmental 
brain lesions including cortical tubers [17, 27], subependymal nodules and subependy-
mal 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 num-
ber of brain lesions can be detected during the prenatal period [11, 15, 41]. These im-
aging 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) path-
way has been described in tubers [4, 6, 24]. Nonetheless, the cellular mechanisms under-
lying 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 ac-
tivation 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 Am-
sterdam 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 De-
bre, 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 spontane-
ous 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 ap-
proved 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 paraf-
fin-embedded tissue. Immunohistochemistry (see Table 1) was carried out as previously 
described [3]. Single-label immunohistochemistry was developed using the Powervi-
sion kit (Immunologic, Duiven, the Netherlands) with 3,3-diaminobenzidine (Sigma, 
St. Louis, MO, USA) as chromogen. For double-labeling studies, sections were incu-
bated 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 micro-
scope 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 paraffin-
embedded material using the BiOstic® FFPE Tissue DNA Isolation Kit (MOBIO Labo-
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*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.

Table 1. Immunocytochemistry: primary antibodies
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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, Germa-
ny), 1.5 µM MgCl2 (Invitrogen), 0.05 %/W-1, 1.2 µM of each primer (forward: 5´-CC-
CCCTTCTCATCTCAGGTT-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 (In-
vitek, 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 in-
tracerebral lesion (diameter 3 cm; not shown) in one fetus of a monozygotic twin preg-
nancy. 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. Mono-
zygotic 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 hypercellular-
ity 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 iden-
tified 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 (Fig-
ure 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 archi-
tecture 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 (dou-
ble 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 eosino-
philic 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 nucleo-
tide 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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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 histo-
pathological 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 fibril-
lary 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 us-
ing 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 

Table 2. Histopathological findings in TSC fetal brain

GW = gestational weeks.
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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 com-
posed 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 ad-
dition, 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 ap-
pearing 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 histocompat-
ibility 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 le-
sion. 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 subependy-
mal 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.
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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 stain-
ing 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. c-
Myc 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 speci-
mens 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 subcorti-
cal 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 speci-
men. 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 mag-
nification). 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-cy-
totoxic/suppressor immunophenotype) and occasionally granzyme B immunoreactivity  
was observed within the lesions (insert in Figure 7I); CD4-positive cells and B-lympho-
cytes (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 ab-
normalities 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 lo-
cated 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 
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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 subcorti-
cal/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 dys-
morphic 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, pro-
viding 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 ad-
dition, the pattern of pS6 staining highlights the complexity of TSC pathology. We de-
tected many small clusters and even isolated, single giant cells scattered throughout the 
fetal TSC brain. Interestingly, TORC1 activation was not detected in the small, germi-
nal 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 lamina-
tion (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].
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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 patho-
genesis of SEGA during fetal brain development.

There is an increasing amount of evidence that suggests that activation of both the in-
nate 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 observa-
tions 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 inves-
tigation. 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 sug-
gested 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]).
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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 con-
cept 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 criti-
cal 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 chang-
es 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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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 activity-
dependent brain development and plasticity.

Methods: In the present study we evaluated the expression and cellular pattern of MHC-
I 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 lympho-
cytes with granzyme-B+ granules and albumin immunoreactivity was also performed.

Results: All lesions were characterized by MHC-I expression in blood vessels. Expres-
sion in both endothelial and microglial cells as well as in neurons (dysmorphic/dysplas-
tic 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, as-
sociated 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 dys-
plasia (FCD) has been classified into type I, characterized by cortical dyslamination 
(with three FCD subtypes according to the pattern of dyslamination), and type II, char-
acterized 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 develop-
mental glioneuronal lesions and whether induction of major histocompatibility com-
plex (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 upregula-
tion 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 distri-
bution of MHC-I within a large spectrum of glioneuronal lesions, including focal corti-
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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 le-
sion 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 de-
rived 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 ac-
cording 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 re-
cently 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 pa-
tients (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 im-
munocytochemistry was developed using the Powervision kit (Immunologic, Duiven, 
the Netherlands). 3,3-diaminobenzidine (Sigma, St Louis, USA) was used as the chro-
mogen. 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 ana-
lyzed 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 Nether-
lands) 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 in-
cubated for 1 h at room temperature with the second primary antibody (NeuN). The sec-
ond 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 
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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 inten-
sity 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 (immu-
noreactivity 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, digi-
tal images of eight representative fields per section (magnification 20 times) were col-
lected (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 inten-
sity 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 be-
tween 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

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 du-
ration 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 corti-
cal 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 dyslamina-
tion, giant cells, dysplastic neurons and astrogliosis [21,22]. TSC1 mutations were de-
tected 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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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).

Figure 1. Evaluation of MHC-I ex-
pression 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 neu-
rons. (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 com-
pared 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.

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

Table.1 Summary of clinical findings for epilepsy patients and  controls
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In agreement with previous observations, in both viral [13] and Rasmussen’s encepha-
litis [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 ex-
pression 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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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 bal-
loon 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 posi-
tive 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 stain-
ing in neurons in TSC and the different clinical variables. However, a positive correla-

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.
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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 

Figure 3. Distribution of MHC-I immu-
noreactivity (IR) in FCD, TSC and GG. 
(A)-(B) Control cortex (A) and white mat-
ter (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 neu-
rons (DN; asterisks) and microglial cells 
(arrowheads). Insert in (D) shows a neu-
ron (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 as-
terisk in (F)). MHC-I  IR was also detected  
in blood vessels (arrows in (E)) and in mi-
croglial 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 MHC-
II in microglial cells (the arrow in (c) indi-
cates 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 occasion-
ally detected  in giant cells (insert in (I)). In-
sert (a) in (H): co-localization with NeuN. 
Insert (b) in (H): co-localization with pS6. 
Insert (c) in (H): co-localization with MAP-
2. (J) GG: MHC-I  IR in dysplastic neu-
rons (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.
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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 gli-
oneuronal lesions, such as FCD IIb, contain T lymphocytes (CD8+, T-cytotoxic im-
munophenotype) (Figure 4A).

Figure 4. Granzyme B (GrB) and albumin  
immunoreactivity (IR). (A)-(E) Granzyme  
B (GrB)  IR. (A) Perivascular  CD8 posi-
tive cells (arrows) for FCD IIb. (B) and 
(C) GrB positive cells (arrows) for FCD 
IIb around blood vessels and in the vicin-
ity of dysmorphic neurons (asterisks). In-
sert in (C) shows a GrB positive cell near 
an astrocyte (GFAP positive).  (D) and (E) 
GrB positive cells in cortical tubers (ar-
rows) for TSC, also the vicinity of a dys-
morphic neuron (asterisk in (D)). (F)-(L) 
Albumin  IR. For FCD  I (F)  and FCD 
IIa (G) there is an absence of glial  IR. Al-
bumin 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 albu-
min 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 al-
bumin 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.
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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 oppo-
sition) to dysmorphic neurons and astrocytes (Figure 4B,C,D,E and Figure 2A). Gran-
zyme 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 immuno-
cytochemistry 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 (de-
spite the absence of significant differences in seizure frequency and duration). Interest-
ingly, 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], sug-
gest some differences between IIa and IIb and indicate that induction of MHC-I is not 
simply an effect of seizure activity.

Table 3. MHC-I immunoreactivity in microvessel endotheliuma

aScoring 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.
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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 ex-
pression of components of the IL-1R/TLR signaling pathways in neuronal cells in epi-
leptogenic glioneuronal lesions [6,26,27,36]. Signaling through these pathways leads 
to activation of the transcription factor, nuclear factor-kappa B (NF-ĸB) [37]. Interest-
ingly, 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 MHC-
I 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 encepha-
litis 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 de-
velopmental pathologies and intractable epilepsy [18,44], requires further investigation.
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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 mi-
croglial cells observed in FCD II specimens [6]. Moreover, MHC-I expression in micro-
glia 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 astro-
cytes 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 oc-
currence 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 major-
ity 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 promi-
nent inflammatory changes and MHC-I upregulation in neurons and microglia dis-
played evidence of alterations in blood-brain barrier permeability, with albumin extrava-
sation 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 upregula-
tion of MHC-I in neurons and microglial cells as part of the immune response occur-
ring in epileptogenic glioneuronal lesions, such as FCD II, TSC and GG.



Chapter 5

142

References
1. Aronica E, Crino PB: Inflammation in epilepsy: clinical observations. Epilepsia 2011, 52(Suppl 

3):26–32.

2.  Vezzani A, French J, Bartfai T, Baram TZ: The role of inflammation in epilepsy. Nature Reviews 
Neurology 2011, 7:31–40.

3.  Vezzani A, Auvin S, Ravizza T, Aronica E: Glia-neuronal interactions in ictogenesis and epileptogen-
esis: role of inflammatory mediators. In Jasper’s Basic Mechanisms of the Epilepsies. 4th edition. 
Edited by Noebels JL, Avoli M, Rogawski MA, Olsen RW, Delgado-Escueta AV. Bethesda, MD: 
2012.

4.  Aronica E, Ravizza T, Zurolo E, Vezzani A: Astrocyte immune responses in epilepsy. Glia 2012, 
60:1258–1268.

5.  Blumcke I, Thom M, Aronica E, Armstrong DD, Vinters HV, Palmini A, Jacques TS, Avanzini G, 
Barkovich AJ, Battaglia G, et al: The clinicopathologic spectrum of focal cortical dysplasias: a consen-
sus classification proposed by an ad hoc Task Force of the ILAE Diagnostic Methods Commission. 
Epilepsia 2011, 52:158–174.

6.  Iyer A, Zurolo E, Spliet WGM, van Rijen PC, Baayen JC, Gorter JA, Aronica E: Evaluation of 
the innate and adaptive immunity in type I and type II focal cortical dysplasias. Epilepsia 2010, 
51(9):1763–1773.

7.  Boulanger LM: MHC class I in activity-dependent structural and functional plasticity. Neuron Glia 
biology 2004, 1:283–289.

8.  Bien CG, Bauer J, Deckwerth TL, Wiendl H, Deckert M, Wiestler OD, Schramm J, Elger CE, Lass-
mann H: Destruction of neurons by cytotoxic T cells: a new pathogenic mechanism in Rasmussen’s 
encephalitis. Ann Neurol 2002, 51:311–318.

9.  Bauer J, Elger CE, Hans VH, Schramm J, Urbach H, Lassmann H, Bien CG: Astrocytes are a specific 
immunological target in Rasmussen’s encephalitis. Ann Neurol 2007, 62:67–80.

10.  Engel JJ: Outcome with respect to epileptic seizures. In Surgical Treatment of the Epilepsies. Edited 
by Engel JJ. New York: Raven Press; 1993:609–621.

11.  Gomez M, Sampson J, Whittemore V: The Tuberous Sclerosis Complex. Oxford: Oxford University 
Press; 1999.

12.  Louis DN, Ohgaki H, Wiestler OD, Cavanee WK: WHO Classification of Tumours of the Central 
Nervous System. Lyon: IARC; 2007.

13.  van Thiel PP, de Bie RM, Eftimov F, Tepaske R, Zaaijer HL, van Doornum GJ, Schutten M, Os-
terhaus AD, Majoie CB, Aronica E, et al: Fatal human rabies due to Duvenhage virus from a bat in 
Kenya: failure of treatment with coma-induction, ketamine, and antiviral drugs. PLoS Neglected 
Tropical Diseases [electronic resource] 2009, 3:428.

14.  Ravizza T, Boer K, Redeker S, Spliet WG, van Rijen PC, Troost D, Vezzani A, Aronica E: The IL-
1beta system in epilepsy-associated malformations of cortical development. Neurobiol Dis 2006, 
24:128–143.

15.  Aronica E, Gorter JA, Redeker S, Ramkema M, Spliet WG, van Rijen PC, Leenstra S, Troost D: 
Distribution, characterization and clinical significance of microglia in glioneuronal tumours from 
patients with chronic intractable epilepsy. Neuropathol Appl Neurobiol 2005, 31:280–291.

16.  van der Loos CM: Multiple immunoenzyme staining: methods and visualizations for the observation 
with spectral imaging. J Histochem Cytochem 2008, 56:313–328.



Differential expression of MHC class I in developmental glioneuronal lesion

143

5

17.  Boer K, Troost D, Timmermans W, Gorter JA, Spliet WG, Nellist M, Jansen F, Aronica E: Cellular 
localization of metabotropic glutamate receptors in cortical tubers and subependymal giant cell tu-
mors of tuberous sclerosis complex. Neuroscience 2008, 156:203–215.

18.  Maldonado M, Baybis M, Newman D, Kolson DL, Chen W, McKhann G 2nd, Gutmann DH, 
Crino PB: Expression of ICAM-1, TNF-alpha, NF kappa B, and MAP kinase in tubers of the tuber-
ous sclerosis complex. Neurobiol Dis 2003, 14:279–290.

19.  Aronica E, Gorter JA, Redeker S, van Vliet EA, Ramkema M, Scheffer GL, Scheper RJ, van der Valk 
P, Leenstra S, Baayen JC, et al: Localization of breast cancer resistance protein (BCRP) in microvessel 
endothelium of human control and epileptic brain. Epilepsia 2005, 46:849–857.

20.  Airas L, Lindsberg PJ, Karjalainen-Lindsberg ML, Mononen I, Kotisaari K, Smith DJ, Jalkanen 
S: Vascular adhesion protein-1 in human ischaemic stroke. Neuropathol Appl Neurobiol 2008, 
34:394–402.

21.  Mizuguchi M, Takashima S: Neuropathology of tuberous sclerosis. Brain Dev 2001, 23:508–515.

22.  DiMario FJ Jr: Brain abnormalities in tuberous sclerosis complex. J Child Neurol 2004, 19:650–657.

23.  Baybis M, Yu J, Lee A, Golden JA, Weiner H, McKhann G 2nd, Aronica E, Crino PB: mTOR cas-
cade activation distinguishes tubers from focal cortical dysplasia. Ann Neurol 2004, 56:478–487.

24. Schick V, Majores M, Engels G, Hartmann W, Elger CE, Schramm J, Schoch S, Becker AJ: Differen-
tial Pi3K-pathway activation in cortical tubers and focal cortical dysplasias with balloon cells. Brain 
Pathology 2007, 17:165–173.

25.  Boer K, Troost D, Timmerman W, Spliet WGM, van Rijen PC, Aronica E: Pi3K-mTOR signaling 
and AMOG expression in epilepsy-associated glioneuronal tumors. Brain Pathology 2010, 20:234–
244.

26.  Boer K, Jansen F, Nellist M, Redeker S, van den Ouweland AM, Spliet WG, van Nieuwenhuizen O, 
Troost D, Crino PB, Aronica E: Inflammatory processes in cortical tubers and subependymal giant 
cell tumors of tuberous sclerosis complex. Epilepsy Res 2008, 78:7–21.

27.  Aronica E, Boer K, Becker A, Redeker S, Spliet WG, van Rijen PC, Wittink F, Breit T, Wadman 
WJ, Lopes da Silva FH, et al: Gene expression profile analysis of epilepsy-associated gangliogliomas. 
Neuroscience 2008, 151:272–292.

28.  Maehlen J, Schroder HD, Klareskog L, Olsson T, Kristensson K: Axotomy induces MHC class I 
antigen expression on rat nerve cells. Neurosci Lett 1988, 92:8–13.

29.  Pereira RA, Tscharke DC, Simmons A: Upregulation of class I major histocompatibility complex 
gene expression in primary sensory neurons, satellite cells, and Schwann cells of mice in response to 
acute but not latent herpes simplex virus infection in vivo. J Exp Med 1994, 180:841–850.

30.  Neumann H, Cavalie A, Jenne DE, Wekerle H: Induction of MHC class I genes in neurons. Science 
1995, 269:549–552.

31.  Neumann H, Schmidt H, Cavalie A, Jenne D, Wekerle H: Major histocompatibility complex (MHC) 
class I gene expression in single neurons of the central nervous system: differential regulation by in-
terferon (IFN)-gamma and tumor necrosis factor (TNF)-alpha. J Exp Med 1997, 185:305–316.

32.  Kimura T, Griffin DE: The role of CD8(+) T cells and major histocompatibility complex class I 
expression in the central nervous system of mice infected with neurovirulent Sindbis virus. J Virol 
2000, 74:6117–6125.

33.  Foster JA, Quan N, Stern EL, Kristensson K, Herkenham M: Induced neuronal expression of class 
I major histocompatibility complex mRNA in acute and chronic inflammation models. J Neuroim-
munol 2002, 131:83–91.



Chapter 5

144

34.  Neumann H: Control of glial immune function by neurons. Glia 2001, 36:191–199.

35.  Neumann H: The immunological microenvironment in the CNS: implications on neuronal cell 
death and survival. J Neural Transm Suppl 2000, 59:59–68.

36.  Boer K, Crino PB, Gorter JA, Nellist M, Jansen FE, Spliet WG, van Rijen PC, Wittink F, Breit T, 
Troost D, et al: Gene expression analysis of tuberous sclerosis complex cortical tubers reveals in-
creased expression of adhesion and inflammatory factors. Brain Pathol 2010, 20:704–719.

37.  Oeckinghaus A, Hayden MS, Ghosh S: Crosstalk in NF-kappaB signaling pathways. Nat Immunol 
2011, 12:695–708.

38.  Kesson AM, Cheng Y, King NJ: Regulation of immune recognition molecules by flavivirus, West 
Nile. Viral immunology 2002, 15:273–283.

39.  Forloni M, Albini S, Limongi MZ, Cifaldi L, Boldrini R, Nicotra MR, Giannini G, Natali PG, Gi-
acomini P, Fruci D: NF-kappaB, and not MYCN, regulates MHC class I and endoplasmic reticulum 
aminopeptidases in human neuroblastoma cells. Cancer Res 2010, 70:916–924.

40.  Schild H, Rotzschke O, Kalbacher H, Rammensee HG: Limit of T cell tolerance to self proteins by 
peptide presentation. Science 1990, 247:1587–1589.

41.  Caron E, Vincent K, Fortier MH, Laverdure JP, Bramoulle A, Hardy MP, Voisin G, Roux PP, Le-
mieux S, Thibault P, Perreault C: The MHC I immunopeptidome conveys to the cell surface an 
integrative view of cellular regulation. Mol Syst Biol 2011, 7:533.

42.  Chen J, Tsai V, Parker WE, Aronica E, Baybis M, Crino PB: Detection of human papillomavirus in 
human focal cortical dysplasia type IIB. Ann Neurology 2012, 72:881–892.

43.  Christinck ER, Luscher MA, Barber BH, Williams DB: Peptide binding to class I MHC on living 
cells and quantitation of complexes required for CTL lysis. Nature 1991, 352:67–70.

44.  Choi J, Nordli DR Jr, Alden TD, DiPatri A Jr, Laux L, Kelley K, Rosenow J, Schuele SU, Rajaram 
V, Koh S: Cellular injury and neuroinflammation in children with chronic intractable epilepsy. J 
Neuroinflammation 2009, 6:38.

45.  Gobin SJ, Montagne L, Van Zutphen M, Van Der Valk P, Van Den Elsen PJ, De Groot CJ: Upregu-
lation of transcription factors controlling MHC expression in multiple sclerosis lesions. Glia 2001, 
36:68–77.

46. Prabowo AS, Anink JJ, Lammens M, Nellist M, van den Ouweland AM, Adle-Biassette H, Sarnat 
HB, Flores-Sarnat L, Crino PB, Aronica E: Fetal brain lesions in tuberous sclerosis complex: TORC1 
activation and inflammation. Brain Pathology 2012, 23:45–59.



Differential expression of MHC class I in developmental glioneuronal lesion

145

5





Avanita S. Prabowo, Anand M. Iyer, Tim J. Veersema, Jasper J. Anink, 
Antoinette Y. N. Schouten-van Meeteren, Wim G. M. Spliet, 

Pieter C. van Rijen, Cyrille H. Ferrier, Maria Thom and Eleonora Aronica 

HAPTER 6

Expression of Neurodegenerative 
Disease Related Proteins and  

Caspase-3 in Glioneuronal Tumours

Neuropathology Applied Neurobiology 2015; 41 (2): e1-e15



Chapter 6

148

Abstract
Aims: Recent evidence supports the activation of mechanisms underlying cellular age-
ing and neurodegeneration in developmental lesions associated with epilepsy. The pre-
sent 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 dysem-
bryoplastic neuroepithelial tumours, DNT). Sections were processed for immunohisto-
chemistry 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, ex-
pression 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, phos-
phorylated (p)TDP43 and pTau. Double labelling experiments showed colocalization 
of phosphorylated S6 (marker of mammalian target of rapamycin, mTOR, pathway ac-
tivation) 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 epi-
lepsy in patient with GG.

Keywords: apoptosis, epilepsy, long-term epilepsy-associated tumours, mTOR, neuro-
degeneration
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Introduction
Glioneuronal tumours (GNT), including gangliogliomas (GG) and dysembryoplastic 
neuroepithelial tumours (DNTs), represent the most common tumour within the spec-
trum 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, sug-
gests 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 mal-
formations 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 onco-
gene (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 dif-
ferent 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 apop-
tosis 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 chang-
es (reviewed in [19-21]). Our recent observations suggest that the abnormal activa-
tion of mTOR may contribute to apoptosis signalling pathways and premature ac-
tivation 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 spec-
trum 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 intrin-
sic 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 Am-
sterdam; 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 re-
cords 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 ac-
cording 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 cor-
tex/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 pre-
coated 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 immunohistochemi-
cal markers (Table 2).

Immunohistochemistry
Single-label Immunohistochemistry (see Table 2) was performed, as previously de-
scribed [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 previ-
ously 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 olig-
2 (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 clini-
cal 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 (immunore-
activity total score; IRS).

Statistical analysis
Statistical analyses were performed with SPSS for Windows (SPSS 20, SPSS Inc., Chi-
cago, IL, USA). Continuous variables were described with mean and ranges; categori-
cal 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 clini-
cal 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 sei-
zure free (Engel’s class I). There was no male or female predominance within each tu-
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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 de-
tected (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. Dou-
ble labelling experiments confirmed the caspase-3 expression in neuronal (NeuN-posi-

GG, ganglioglioma; DNT, dysembryoplastic neuroepithelial tumour; M, male; F, female; F, frontal; T, 
temporal; O, occipital; P, parietal; SC, spinal cord; Cer, cerebellum.

Table.1 Summary of clinical findings of epilepsy patients and controls
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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 postopera-
tive seizure outcome (r = 0.365; P < 0.05) and a negative correlation was detected with 

Table.2 Immunocytochemistry: primary antibodies
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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 neu-
ronal 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 detect-

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) surround-
ing 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 GFAP-
positive cell (green). C: DR6 staining showing 
diffuse neuropil expression with strong immu-
noreactivity in dysplastic neurones (arrows and 
insert). D: β-Amyloid precursor protein (APP) 
staining showing several positive dysplastic 
neurones (arrows and insert). E: p62 stain-
ing showing nuclear expression in several cells 
within the tumour (arrows) and cytoplasmic 
accumulation in some dysplastic neurones (in-
sert 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 gran-
ulovacuolar degeneration. G-H: hyperphos-
phorylated Tau (pTAU) immunoreactivity in 
dysplastic neurones (arrowheads in G; arrow 
in H) and pTau-positive neuropil threads (ar-
rows 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.
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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 postopera-
tive 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).

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 through-

Figure 2. Dysembryoplastic neuroepithelial tumour 
(DNT). A: Haematoxylin eosin (HE) staining of 
DNT showing a typical heterogeneous cellular com-
position, 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 ex-
pression. D: Amyloid precursor protein (APP) stain-
ing showing occasionally positive neuronal cells (ar-
row). E: p62 staining showing variable cytoplasmic 
expression in few cells (arrows; inserts); insert (b) 
shows cytoplasmic accumulation of p62 IR in a binu-
cleate 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.
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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 tau-
positive 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 colo-
calization 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 as-
sociation 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 (Fig-
ures 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 
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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 neu-
ronal/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 

Figure 4. Figure 3. Evaluation of 
caspase-3 (Casp3), APP, DR6 and 
p62 immunoreactivity. A–F: Immu-
noreactive score (IRS; see Material 
and methods) in ganglioglioma (GG) 
and dysembryoplastic neuroepitheli-
al tumour (DNT) (*P < 0.05).
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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 fre-
quency. 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 dis-
ease-related proteins in GG and DNT specimens from patients with medically intrac-
table epilepsy.

Several studies suggest the occurrence of cell injury, including apoptosis, in MCD as-
sociated 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 path-
ways [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 report-
ed 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 pro-
vided evidence of caspase-3 activation, in both glial and neuronal cells, following induc-
tion 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 cas-
pase-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 [44-
46]). 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 caspas-
es, 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. Simi-
lar 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 regu-
lation 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 per-
ilesional 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 susceptibil-
ity 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 neu-
rodegeneration 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 accumula-
tion in a premature degeneration of neurones in neoplastic and non-neoplastic devel-
opmental 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 ef-
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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 simi-
lar 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 neu-
ronal 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 sug-
gested 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 phospho-
rylation 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 epileptogen-
esis [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 thera-
pies. 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 ribonu-
cleoproteins (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 cytoplas-
mic 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].



Chapter 6

164

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 neurodevelop-
mental and neurodegenerative pathways. For the interpretation of these observational 
data we should also consider that proteins (representing hallmarks of neurodegenera-
tive 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 epilep-
togenesis 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 character-
ized by prominent activation of the innate immune response.

Methods: The expression levels of miR21, miR146, and miR155 were evaluated us-
ing 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 distribu-
tion 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 astro-
glial cells. Tumor and peritumoral miR146a expression was negatively correlated with 
frequency of seizures and the density of activated microglial cells. Neuronal and astro-
glial 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 epi-
lepsy, either directly in epileptogenesis or as modulation of seizure activity.

Keywords: Gangliogliomas, miRNA, Real-time polymerase chain reactions, In situ hy-
bridization, 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 as-
sociated tumor (LEAT; [2]). GGs display a very low risk for tumor recurrence and ma-
lignant 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 inflamma-
tory 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 path-
ways, 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 dyspla-
sia (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 [17-
20]. Recently, both clinical and experimental studies have shown the potential contribu-
tion 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, includ-
ing 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 path-
ways with proictogenic properties [30], in a large cohort of gangliogliomas with well-
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characterized intractable epilepsy. In addition, we analyzed the expression of these miR-
NAs 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 eval-
uated 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 ex-
amined. 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 in-
dependently by two neuropathologists, and the diagnosis was confirmed according to 
the revised WHO classification of tumors of the central nervous system [33]. Thirty-
two 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 Ta-
ble 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 ra-
bies 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 exten-
sive 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 immu-
nocytochemical 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 us-
ing a 5´ - 3´ fluorescein (FAM) and double digoxygenin (DIG)-labeled Superior 
probes (miR21; DIG-TcaAcaTcaGucTgaTaaGcuA-DIG; miR146a: FAM-AacCcaTg-
gAauTcaGuuCucA; miR155: DIG-AccCcuAucAcgAuuAgcAuuAa-DIG; Ribotask 
ApS, Odense, Denmark). The hybridizations were done on 5 µm sections of paraffin-
embedded 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, Swit-
zerland) 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 sec-
tions 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, Temecu-
la, 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 (Epicen-
tre, 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 Sci-
ence, 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 de-
scribed [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 immu-
nocytochemistry detection kit (PowerVision Peroxidase system, Immuno-Vision, Bris-
bane, 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 counter-
stained with hematoxylin, dehydrated in alcohol and xylene, and coverslipped. The sec-
tions 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 clini-
cal 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 semi-
quantitatively 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 stain-
ing). 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 frequen-
cy 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 Collec-
tion (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 strep-
tomycin, and 10% FCS on poly-L-lysine-coated plates.

For astrocytes-enriched human cell cultures, fetal brain tissue (15-20 weeks of gesta-
tion) 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 per-
formed as previously described [25].
 

Treatment of cell cultures
Human recombinant (r)IL-1β (Peprotech, NJ, USA; 10 ng/ml) was applied and main-
tained 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., Chi-
cago, 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 non-
parametric 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, epi-
lepsy 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



Chapter 7

180

Among the 34 patients (15 males and 19 females) included in the study, 32 had a his-
tory 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 stabil-
ity of miRNAs, supporting the accuracy of miRNA measurements with RT-qPCR also 
in FFPE tissues [43, 44].

Table.1 Continued.

M male, F female, Fr frontal, T temporal, P parietal, Cer cerebellum, BS brain stem
aFFPE (formalin-fixed, paraffin-embedded) tissue
bFrozen tissue
cPeritumoral cortex tissue
dPre-operative seizure frequency
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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 ex-
pression 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 mate-
rial; 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

MHC major histocompatibility  complex
aKindly provided by D. Capper and A. von Deimling [39]
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including 15 cases with perilesional cortex) showed a tendency towards increased ex-
pression 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 mate-
rial; 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 hybridi-
zation 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 

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 con-
trol 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
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(Fig. 3B-D). Double labeling confirmed miR146a expression in NeuN- and GFAP-
positive 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 posi-
tive 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 neu-

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
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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 ob-
served 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 cul-
ture 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 

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 neu-
rons (arrows) and was undetectable  in glial cells. B 
Peritumoral cortex (CTX-peri), showing miR146a 
expression in neurons (arrows) and glial cells (arrow-
heads). 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 colocaliza-
tion (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 (arrow-
heads). 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 (ar-
rows). J GG, showing miR155 expression in neu-
rons (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 posi-
tive blood vessel (arrowheads); scale bar in (J): (A, C) 
150 µm; (B, E–J) 80 µm; (D) 40 µm
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miR21 levels was observed (Fig. 5B). In fetal astrocytes, we observed a prominent up-
regulation 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).

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 mi-
R146a 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 coeffi-
cient. *P < 0.05; **P < 0.01

Figure 5. miRNAs expression levels after ex-
posure to IL-1β in culture. Quantitative real-
time 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 extra-
cellular (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 expres-
sion was normalized to that of the U6B small 
nuclear RNA gene (Rnu6B) or to that of 
miR23a for the intra- and extracellular frac-
tions, respectively
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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 im-
munocytochemistry 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: Fig-
ure 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 pre-
operative 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 du-
ration 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; how-
ever, 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 speci-
mens from various drug-resistant types of epilepsy (including GGs), demonstrated the 
relevance of inflammation in the pathophysiology of epilepsy (for reviews see [11, 14, 45-
47]). In particular, the IL-1R/TLR proinflammatory pathway has been shown to criti-
cally 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 in-
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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 regu-
lation 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 cell-
specific 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 peri-
tumoral 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 strong-
ly upregulated miRNA in high-grade gliomas [54, 55]. Among the various targets of 
miR21 are tumor suppressors such as phosphatase and tensin homolog (PTEN), pro-
grammed 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 de-
termine 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 dur-
ing 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 recep-
tor 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 dura-
tion 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 re-
active 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 mol-
ecules 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 pre-
operative 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, altera-
tions 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 target-
ing 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 biol-
ogy 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 dif-
ferentiation, 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-regula-
tion of NUMB [78]. In our study, we observed a colocalization with the BRAF V600E-
mutated 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 mi-
R146a 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 dura-
tion of epilepsy.
An issue to be considered in the interpretation of these data is represented by the pos-
sible 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 expres-
sion of three inflammation related microRNAs in GGs. Our results indicate a differen-
tial 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, point-
ing 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 epileptogen-
esis of GNTs and related developmental abnormalities with abnormal glioneuronal pro-
liferation.

In the first part of the thesis we investigated the molecular features of GNTs using dif-
ferent approaches including 1) copy number aberration profile, 2) DNA methylation 
profile, and 3) presence of BRAFV600E mutation. Utilizing shallow-genome wide se-
quencing, 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 dis-
tinct from each other. 

In the second part of this thesis we looked into the association of a variety of neuro-
logical 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 dif-
ferent developmental glioneuronal lesions. Apart from inflammation related changes, 
we also observed, similarly to other developmental lesions associated with mTOR de-
regulation, 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 im-
munostainings [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 differ-
ent 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 de-
velopment and epileptogenicity. As a further extension of this study, miRNA microarray 
analysis identified novel miRNAs, the miR519d and miR4758, which were differen-
tially 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 hybridiza-
tion (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. 



Discussion & Future Direction

205

8

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 histopatho-
logical 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, ulti-
mately preventing unnecessary postoperative irradiation with long-term cognitive defi-
cits. 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. Simi-
lar observations were noted in previous studies [24, 25]. Although a careful selection 
and macrodissection of the representative tumor area was carried out, the observed as-
sociation 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 tu-
mor 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 aber-
rant 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 impor-
tant understanding the evolution of GNTs at the molecular level and it might influ-
ence 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 simi-
lar 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 attrib-
uted 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 ac-
count 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 methyla-
tion 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. Re-
currence 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 func-
tions 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 func-
tional 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 clas-
sification 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 astrocy-
toma (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). Further-
more, 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 differ-
ences 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, histopathol-
ogy 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 similar-
ity of GGs and DNTs at the molecular level, their distinct histopathological presenta-
tion 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 previ-
ously, 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 posi-
tion 600 to glutamate (BRAFV600E) have been reported in a high proportion of mela-
noma, 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 subse-
quent 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 ana-
lysed the association of BRAFV600E occurrence with clinical and immunohistopathologi-
cal 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 character-
ized 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 ex-
pression 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 dab-
rafenib (BRAF inhibitor), is currently being examined in phase I for BRAFV600E-mutant 
pediatric tumors, including LGGs (NCT01677741) [53]. These studies show the grow-
ing 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 path-
way, cell differentiation cycle and immune response, a functional study comparing wild-
type 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 morphol-
ogy, and intractable seizures as a result of abnormal mTOR signaling [55, 56]. The 
mTOR signaling pathway functions as an important regulatory cascade during the de-
velopment of the brain, governing growth, proliferation and migration of cells [57, 58]. 
Aberrant mTOR signaling results in brain malformations, e.g. tuberous sclerosis com-
plex (TSC), hemimegalencephaly (HMEG), focal cortical dysplasia (FCD) and gangli-
oglioma (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 neu-
roglial 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 phosphoryla-
tion 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 pathogen-
esis of seizures and cognitive impairment in TSC patients. 
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Neuropathological evidence nowadays supports the critical role of a sustained inflam-
matory reaction in glioneuronal lesions with activation of both the innate and the adap-
tive 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 astro-
cytes in GG. The expression of MHC-I can be upregulated in glia and neurons in re-
sponse 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 regula-
tory 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 expres-
sion 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 pro-
mote the accumulation of hyperphosphorylated tau, including the overactivation of the 
mTOR pathway [57]. Tau accumulation can potentially contribute to a premature de-
generation of neurons in neoplastic and non-neoplastic developmental lesions, however 
further investigation is required to elucidate this relationship. Also p62, a stress induc-
ible 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 ma-
jor component of cytoplasmic inclusions in different neurodegenerative disorders [80]. 
We found that in GNT, the TDP43 expression pattern was similar to controls; how-
ever, 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 pro-
teins/pathways could also contribute to epileptogenesis in GNT requires further in-
vestigation. 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 corti-
cal lamination during brain development [4], however, this proposition has been strong-
ly 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) ge-
nome within the human genome (unpublished observations). Ten GNT DNA (GG= 5, 
DNT= 5) samples showed the presence of HPV DNA integrated within the human ge-
nome. 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 ge-
nome 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 trans-
genic 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 malfor-
mation 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 regu-
lated process with the involvement of various regulatory mechanisms and molecules at 
different levels. 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 [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 miR-
NAs 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 down-
stream 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 posi-
tively 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 ob-
servations), supporting the potential for targeting this miRNA as strategy for modulat-
ing inflammatory pathways and seizure activity.

MiR155 was observed in both the tumor and peritumoral cortex, with increased ex-
pression 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 pro-
inflammatory cytokines and TLR ligands [116]. Although miR155 has been shown 
to exert both positive and negative effects on the NF-kB signaling proteins ([117]; re-
viewed 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 correla-
tion 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 (miR-
519d, -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 miR-
519d 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 astro-
cytic 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 sta-
tus, 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 ca-
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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-

Figure 3. Quantitative real-time PCR of miR519d and miR4758 in ganglioglioma (GG), pi-
locytic astrocytoma (PA), astrocytoma grade II (AII), astrocytoma grade III (AIII) and glio-
blastoma 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.
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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 ex-
ample, 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 co-
hort 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 as-
sociation 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 activa-
tion 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 treat-
ment 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 sei-
zures should be the primary treatment target in order to reduce the risk for such progres-
sive 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 con-
tested by other studies. We studied the presence of HPV16 DNA within GNTs and 
FCD IIb using PCR, immunohistochemistry and a bioinformatics approach. Our re-
sults 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 relation-
ship between BRAFV600E mutation, frequently observed in GNTs. This can itself re-
sult 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 com-
bination 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 
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seizure frequency support the potential role of miR146a in regulating the clinical be-
havior 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 tumo-
rigenesis. 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 re-
vealed 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 po-
tential 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), rep-
resent 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 be-
nign, 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 defini-
tions 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 neurode-
generation (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 chro-
mosome 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 meth-
ylation 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 
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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 Sclero-
sis Complex (TSC). Our study indicates that brain lesions in TSC are likely a conse-
quence 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 glioneu-
ronal 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 in-
trinsic 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 consti-
tutive 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 fre-
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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 pro-
inflammatory/proictogenic pathways as an attractive target for further preclinical stud-
ies in drug-resistant epilepsies. In addition, array-based profiling of miRNAs was per-
formed 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 neuroepi-
theliale tumor (DNT), vormen een veel voorkomende oorzaak van epilepsie op jonge 
leeftijd. LEATs zijn gekenmerkt als traag groeiende, laag-gradige, corticaal gelegen tu-
moren met een lange voorgeschiedenis (2 jaar of langer) van therapie-resistente epilep-
sie. 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 tu-
morweefsel om LEAT volgens de 2007 WHO-classificatie vast te stellen. De WHO-
classificatie is de huidige gouden standaard in de diagnose van gliomen en andere 
centraal zenuwstelsel tumoren. Echter, het groeiende spectrum van LEATs en hun histo-
morfologische variatie worden niet volledig omvat door de huidige WHO-classificatie. 
Het brede spectrum van histopathologische fenotypes van LEATs kan leiden tot overin-
terpretatie 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 histopatholo-
gische 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 ken-
merken van LEATs te identificeren, gericht op GGs en DNTs. Dit proefschrift is ver-
deeld 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 chro-
mosomen in GNTs met behulp van genoom-brede sequencing. De voornaamste bevin-
ding is de toename van chromosoom 5 en 7 in GGs en DNTs, hoewel geen significante 
correlatie werd gevonden tussen afwijkende chromosoomaantallen en de histopatholo-
gische diagnose van GGs of DNTs. Ook de eerste resultaten van DNA methylerings an-
alyse 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 chro-
mosoom aantallen van deze GNTs om de specifieke patronen te detecteren die geas-
socieerd zijn met afwijkend biologisch gedrag. Dit studieonderdeel is echter nog niet 
afgerond; voorlopige resultaten tonen in 42% van recidiverende en 83% van de pro-
gressieve 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 ver-
schillende ontstekingsreacties, hetgeen de rol van immuun- ontstekingsreacties in TSC 
laesies onderstreept, en de mogelijke invloed van ontstekingsreacties bij epileptische in-
sulten (hoofdstuk 4). Een evidente activatie van de major histocompatibility complex 
class I (MHC-I) werd tevens waargenomen bij dysmorfe / dysplastische neuronen, endo-
theelcellen 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 mTOR-
route. Samenvattend tonen we aan dat er voortdurende celbeschadiging en kwetsbaar-
heid 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 regu-
latie van inflammatoire pathways in een groot cohort van GGs met evidente therapie-
resistente epilepsie. Alle drie miRNAs toonden expressie in tumorweefsel en het peri-
tumorale 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 micro-
glia 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 ver-
wantschap 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 ontwik-
kelingstoornissen. Voor toekomstige therapieën is, naast toepassing van BRAF modula-
tors, 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 di-
verse GNTs, is een samenwerking nodig tussen neuropathologen, neuro-oncologen en 
neuroloog-epileptologen voor interdisciplinaire studies. 
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early 2009 with DIKTI scholarship from Indonesian Ministry of Education. As part 
of this program she did her internship for one year at Radboud University of Medical 
Center, Nijmegen at the Department of Human Genetics under Prof. Ad Geurts van 
Kessel and Dr. Roland Kuiper. Her thesis was on copy number variation involving 
miRNAs in familial colorectal cancer. She earned her second Master also in 2011. 
She then moved to the Netherlands to start her Ph.D. at the Department of (Neuro)
Pathology in the Academic Medical Center in Amsterdam (University of Amsterdam) 
under supervision of Prof. Dr. E.M.A. Aronica.         
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