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Abstract
BRAF V600E mutations have been recently reported in glioneuronal tumors (GNTs).
To evaluate the expression of the BRAF V600E mutated protein and its association with
activation of the mammalian target of rapamycin (mTOR) pathway, immunophenotype and
clinical characteristics in GNTs, we investigated a cohort of 174 GNTs. The presence
of BRAF V600E mutations was detected by direct DNA sequencing and BRAF V600E
immunohistochemical detection. Expression of BRAF-mutated protein was detected in
38/93 (40.8%) gangliogliomas (GGs), 2/4 (50%) desmoplastic infantile gangliogliomas
(DIGs) and 23/77 (29.8%) dysembryoplastic neuroepithelial tumors (DNTs) by immuno-
histochemistry. 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). Immunohis-
tochemical 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.

INTRODUCTION
Glioneuronal tumors (GNTs), including gangliogliomas (GGs)
and dysembryoplastic neuroepithelial tumors (DNTs), represent a
well-recognized cause of intractable epilepsy in children and
young adults. Their cellular composition, characterized by mixed
neuroepithelial cell types, including aberrantly shaped neuronal
cells and glial elements, in coexistence with cortical dysplasia
suggests a developmental pathogenesis for these lesions (12, 14,
31, 60). The possible origin of GGs from a dysplastic precursor
lesion is also supported by the reported association with molecular
alterations common to other developmental glioneuronal lesions,

such as reelin and the mammalian target of rapamycin (mTOR)
signaling pathways (11, 18, 39). mTOR is regulated by several
proteins, including PI3 kinase, PDK1, PTEN, AKT and LKB1
[tumor suppressor liver kinase B1 (54, 58)]. Deregulation of the
mTOR pathway, which is critical to cell growth and proliferation
during the development of the cerebral cortex, has been linked to
different malformations of cortical development (MCD) associ-
ated with epilepsy and neurobehavioral disabilities [for reviews,
see (21)]. Accordingly, GNTs have been included among the
MCD, in the group of malformations [including focal cortical
dysplasia (FCD) and brain lesions of tuberous sclerosis complex
(TSC)], characterized by abnormal neuronal and glial proliferation
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(9). In our previous study, in which we examined a small cohort of
GG and DNTs (including only simple DNTs), enhanced mTOR
signaling pathway activation was only observed in GGs (18).
However, recently, non-specific forms of DNTs, representing a
diagnostic challenge to neuropathologists, have also been reported
and their pathogenesis and relationship with GGs is still a matter of
discussion (17, 46, 59) [for review, see (60)].

Recent studies have reported a mutation of the BRAF oncogene
(a member of the RAF family of serine/threonine protein kinases
involved in the RAS-RAF-MEK-ERK-MAP kinase signaling
pathway) in up to 50% GGs (22, 26, 41, 56) and in few DNTs (20)
and desmoplastic infantile gangliogliomas [DIGs (40)], suggesting
a link with other tumor entities, such as pleomorphic xanthoa-
strocytoma (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.

Our aims were (i) to evaluate the presence and distribution,
across GNT subtypes, of enhanced mTOR signaling pathway acti-
vation; (ii) to evaluate the incidence and distribution, across GNT
subtypes, of BRAF V600E mutation detected by a BRAF V600E
mutation-specific antibody, as well as by direct DNA sequencing;
and (iii) to compare the tumor immunohistochemical characteris-
tics with molecular genetics profile and clinical features, including
seizure outcome after surgery.

MATERIAL AND METHODS

Subjects

The GNT specimens included in this study (inclusion period:
1991–2011) were all obtained from the databases of the Depart-
ments of Neuropathology of the Academic Medical Center (Uni-
versity of Amsterdam) in Amsterdam, the University Medical
Center in Utrecht and of the University College London Institute
of Neurology Queen Square (London, UK). The extent of resection
was determined by reviewing the operative report and postopera-
tive brain scans.

We examined a total of 174 surgical specimens (n = 93 GGs,
n = 4 DIGs, n = 77 DNTs; Table 1). Informed consent was
obtained for the use of brain tissue and for access to medical
records for research purposes. Tissue was obtained and used in a
manner compliant with the Declaration of Helsinki. We reviewed
all cases, and the diagnosis was confirmed according to the revised
World Health Organization (WHO) classification of tumors of the
nervous system (46).

The clinical features of the included patients (such as age at
surgery, duration of epilepsy and seizure type) are summarized in
Table 1. One hundred sixty-eight patients (96%) underwent resec-
tion 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).

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.

Diagnosis GGs
(n = 93)

DIGs
(n = 4)

DNTs
(n = 77)

Male/Female 48/45 2/2 41/36
Mean age at surgery: years (range) 24.6 (1–66) 6.5 (1–12) 24.7 (3–49)
Location F : 5; F-T : 2; T : 68; O : 2; P : 8; P-T :

3; P-O : 1; BG : 1; BS : 1; Cer : 1;
SC : 1

F : 1; T : 1; P : 1; BG : 1 F : 4; P : 7; T : 65; O : 1

Histological grading/subtype GG WHO I : 89
GG WHO III : 4

WHO I WHO I
Complex DNT : 33; Simple DNT : 15;

Diffuse DNT : 22; DNT/GG : 7
Recurrence (yes/no) 4/89 0/4 2/75
Epilepsy (yes/no) 87/6 3/1 77/0
Seizure type CPS (90%); SGS (20%); GS: 7%;

SPS: 5%
CPS (100%); SGS (33%) CPS (100%); SGS (5%); GS (37%);

SP (2.5%)
Mean age at seizure onset: years

(range)
13.1 (0.25–52) 3.7 (0.25–10) 11.8 (0.3–29)

Duration of epilepsy: years (range) 11.1 (0.66–41) 2 (0.75–2) 12.87 (0.91–40)
FCD IIIb: present/absent 4/89 0/4 5/72
Extent of resection GTR (40%); GTR/MSR (51%);

PR (9%)
PR (25%); GTR (75%) GTR (20%); GTR/MSR (76%);

PR (4%)
Hippocampus histology (yes/no):

cases with hippocampal resection
15/78 (2 HS-ILAE type 1; 2 HS-ILAE

type 3; 11, no HS)
0/4 11/66 (2 HS-ILAE type 1;

1 HS-ILAE type 3; 8, no HS)
Postoperative epilepsy: Engel’s

class
I (74%); II (14%); III (7%); IV (5%) IV I (81%); II (10%); III (5%); IV (4%)

ILAE classification (16).
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The patients with epilepsy underwent presurgical evaluation (62)
and the postoperative seizure outcome was classified according to
Engel (29). Patients who were free of habitual preoperative sei-
zures 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.

Tissue preparation

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

Immunohistochemistry

Single-label immunohistochemistry (see Table 2) was performed,
as previously described (4), using the Powervision kit (Immuno-
logic, Duiven, the Netherlands) and 3,3-diaminobenzidine as chro-
mogen. 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 con-
trols, we used a tissue microarray of colon carcinoma specimens
with known BRAF V600E status (66 wild-type, 15 BRAF V600E).

For double-labeling of VE1 with pS6 or phospho-tumor sup-
pressor 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 mono-
clonal antibodies), sections were incubated with the first
primary antibody, anti-NeuN, which was visualized with a

polymer-alkaline phosphatase (AP)-labeled anti-mouse antibody
(BrightVision #DPVM55AP, Immunologic, Duiven, the Nether-
lands) and Vector Red (AP substrate kit III, #SK-5100, Vector
Labs, Burlingame, CA, USA) as chromogen. To remove the first
primary antibody, sections were incubated at 121°C in citrate
buffer (0.01 M, pH 6.0) for 10 minutes. Sections were then incu-
bated for 1 h at room temperature with the second primary anti-
body (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 clinical data for the presence or absence
of various histopathological parameters and specific immunore-
activity (IR) for the different markers. HE stained slides were used
to evaluate the neuronal and glial components of the tumors, the
presence of dysplastic neurons, calcifications, hemosiderin deposi-
tion and perivascular cuffs of lymphocytes. Ki67 staining was
examined using an ocular grid and counting 1000 cells from repre-
sentative fields of the tumor (the section border and hemorrhagic
areas were omitted). The result was recorded as the Ki67 labeling
index of the immunostained nuclei (number of labeled cells per total
number of cells, excluding vascular cells and lymphocytes).

We also semi-quantitatively evaluated the IR for the different
markers, such as synaptophysin, glial fibrillary acidic protein
(GFAP) and CD34, MHC-I, MHC-II, IDH1(R132H) and Lin28A.
The intensity of the staining was evaluated as previously described
(37, 52), using a semi-quantitative scale ranging from 0 to 3
(0: negative; 1: weak; 2: moderate; 3: strong IR). All areas of the
specimen were examined and the score represents the predominant
cell staining intensity found in each case. The approximate pro-
portion 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

Table 2. Immunohistochemistry: primary antibodies. Abbreviation: MHC = major histocompatibility complex; GFAP = glial fibrillary acidic protein.

Antigen Primary antibody Source Dilution

GFAP Polyclonal rabbit DAKO, Glostrup, Denmark 1:4000
Neuronal nuclear protein (NeuN) Mouse clone MAB377 Chemicon, Temecula, CA, USA 1:2000
Synaptophysin Mouse clone Sy38 DAKO, Glostrup, Denmark 1:200
Ki67 Mouse clone MIB-1 DAKO, Glostrup, Denmark 1:200
BRAF V600E VE1 clone † 1:5
IDH1 R132H Clone H09 Dianova, Hamburg, Germany 1:75
CD34 Mouse clone QBEnd10 Immunotech, Marseille, Cedex, France 1:600
Lin28A Rabbit polyclonal Cell Signaling Technology, Beverly, MA, USA 1:200
Phospho-S6 ribosomal protein (pS6) Monoclonal rabbit (Ser235/236) Cell Signaling Technology, Beverly, MA, USA 1:200
Phospho-S6 ribosomal protein (pS6) Monoclonal rabbit (Ser240/244) Cell Signaling Technology, Beverly, MA, USA 1:2000
Phospho-tumor suppressor liver kinase B1 (pLKB1) Monoclonal rabbit Cell Signaling Technology, Beverly, MA, USA 1:50
Human leukocyte antigen (HLA-DP, DQ, DR; MHC-II) Mouse clone CR3/43 DAKO, Glostrup, Denmark 1:100
Human leukocyte antigen (HLA-A, B, C; MHC-I) Mouse clone HC-10 ‡ 1:200

†Kindly provided by D. Capper and A. von Deimling (19).
‡Kindly provided by J. Neefjes (NKI, the Netherlands).
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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 representa-
tive, adjacent, non-overlapping fields of the areas of interest were
captured and digitized using a laser scanning confocal microscope.
The total number of cells stained with pS6 (or pLKB1) or VE1, as
well as the number of double-labeled cells, were counted and
percentages were calculated [expressed as mean ± standard error
of mean (SEM)] of cells co-expressing pS6 (or pLKB1) and VE1.

DNA extraction and BRAF V600E
mutation analysis

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

Statistical analysis

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

RESULTS

Case material and histological features

Among the 174 patients included in the study (Table 1), 168 had a
history of chronic pharmacoresistant epilepsy. Postoperatively,

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

The GGs were composed of dysplastic neuronal cells lacking
uniform orientation, surrounded by neoplastic astrocytes
(Figure 1A–F) and included 90 GG WHO grade I and 4 GG WHO
grade III. Tumor recurrence with histological change occurred in
two histologically benign GG (after partial resection), two GG
WHO grade III and two DNT. The diagnosis at the second opera-
tion 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 character-
ized by a prominent desmoplastic stroma and displayed both
astrocytic and ganglionic differentiation (Figure 2A–D). CD34
expression was observed in three of four DIGs (75%; 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 (char-
acterized by the presence of specific glioneuronal elements) as
well as the controversial non-specific forms, including 22 diffuse
DNT (with diffuse cortical infiltration pattern and relative lack
of glioneuronal element or nodular growth pattern) and 7 mixed
DNT/GG (Table 1), defined on the basis of the predominant
growth pattern [(59); applied criteria for the diffuse DNT variants
are summarized in Supporting Information Table S1]. Previous
molecular analysis reported lack of 1p19q co-deletion in all
cases. Expression of CD34 (Figures 4H and 5A) was observed in
51% of DNTs (Figure 5A). None of the 174 GNT cases displayed
immunohistochemical detection of IDH1(R132H) or Lin28A (42)
(not shown).

MHC-I and MHC-II IR in GNTs

As previously reported in GG specimens (51), MHC-I (major
histocompatibility complex class I) IR was detected in blood
vessels, neurons and microglial cells, but not in astrocytes
(Supporting Information Figures S1F–G and S4A). A similar IR
pattern was observed in DIGs and DNTs (Figures 2I and 4I). The
IRS of MHC-I in both microglial and neuronal cells was found to
be significantly higher in GG than in DNTs (Supporting Informa-
tion Figure S4A). Variable amount of activated microglial cells
positive for MHC-II were observed within the tumor in a large
majority of GNT specimens. The MHC-II IRS was, however,
significantly higher in GGs compared with DNTs (Supporting
Information Figure S4A).
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pS6 IR in GNTs

In agreement with previous studies (18, 51), expression of pS6 (a
reliable marker of mTOR activation) was observed within GG
samples in our cohort; pS6 IR was detected in microglial cells (as
confirmed by co-localization with microglial markers; not shown),
as well as in the neuronal component of GGs (Figures 1J–L and 5).
We used two antibodies directed against different phosphorylation
sites of the S6 (Ser235/236 and Ser240/244; Table 2), taking
into consideration that S6 can be phosphorylated at Ser235/236
not only by p70 ribosomal S6 protein kinase 1 but also by p90

ribosomal S6 kinase (3); however, similar IR patterns were
observed using both these antibodies. As previously reported (18),
cytoplasmic IR for p-S6 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 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

A B C

D E F

G H I

J K L

Figure 1. BRAF V600E mutated
ganglioglioma (GG): histopathological
features, VE1 and pS6 immunoreactivity.
A, B. Hematoxylin & eosin (HE) staining of
GG showing the mixture of neuronal cells,
lacking uniform orientation (arrows in B) and
glial cells. C. Glial fibrillary acidic protein
(GFAP) immunoreactivity (IR) showing the
astroglial component of the tumor. D, E.

NeuN staining detects the neuronal
component (nuclear staining, arrows in E) of
GG. F. Synaptophysin expression along the
cell borders of dysplastic neuron (arrow).
G–I. BRAF V600E (VE1) immunostaining
showing diffuse IR within the tumor area,
with prominent expression in large
dysplastic cells (arrows in H and I); inset
in (I) shows VE1 IR (blue) in a dysplastic
neuron (NeuN positive, red). J–L.

Phosphorylated (p)-S6 expression within
the tumor area with IR in microglial cells
(arrowheads in K) and dysplastic neurons
(arrows in K and L); co-localization of pS6
with VE1 is shown in the insert in (L). Scale
bar in (L): A, D, G, J: 400 μm; B, C, E, F, H,
K: 80 μm. I, L: 40 μm.
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pS6 and BRAF V600E positive dysplastic neurons (Supporting
Information Figure S2, GG).

Correlation of pS6 expression with clinical
and histological/immunohistochemical
features in GNTs

For both GGs and DNTs, we found no statistically significant
association between pS6 IR and clinical features, such as age
at surgery, gender, location of the tumor, tumor recurrence or
duration of epilepsy (Supporting Information Table S2; Table 4).

However, in GGs, a positive correlation was observed between the
pS6 IRS (in both microglia and dysplastic neurons) and the fre-
quency of dysplastic neurons, the presence of perivascular cuffs
of lymphocytes (P < 0.001), as well as the expression of CD34
(P < 0.05). A significant association was observed (in both GG
and DNT specimens) between pS6 IR (dysplastic neurons) and
MHC-II and MHC-I IR (dysplastic neurons). The number of
patients with DIGs was too small to perform meaningful statisti-
cal comparisons. Unsupervised analysis of clinical features
(tumor recurrence and postoperative seizure outcome) in tumors
with and without pS6 positive dysplastic neurons showed a worse

A B C

D E

F G

H I

Figure 2. BRAF V600E mutated
desmoplastic infantile ganglioglioma (DIG):
histopathological features, VE1 and pS6,
MHC-II and MHC-I immunoreactivity. A, B.

Hematoxylin & eosin (HE) staining of DIG
with a prominent population of neoplastic
astrocytes and scattered dysplastic neurons
(arrows). C. Glial fibrillary acidic protein
(GFAP) immunoreactivity (IR) showing
the astroglial component of the tumor. D.

Synaptophysin IR in a dysplastic neuron
(arrow). E, F. BRAF V600E (VE1)
immunostaining showing diffuse IR within
the tumor area, with expression also in
large dysplastic cells (arrow in F). G.

Phosphorylated (p)-S6 expression within
the tumor area with IR in microglial cells
(arrowheads) and dysplastic neurons
(arrows). H, I. Prominent MHC class II and I
antigen (MHC-II; MHC-I) expression within
the tumor area, with MHC-I IR in large
dysplastic cells (arrows in I). Scale bar in
(I): A–H: 80 μm; B, C, D, F, G, I: 40 μm; E:
400 μm.
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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
cloneVE1) was observed in both GG, DNT and DIGs specimens; in
our cohort, BRAFV600E IR was detected in 38/93 (40.8%) of GGs,
in 23/77 (29.8%) of DNTs, as well as in 2 of 4 DIGs (Figure 5). We
did not detect BRAF V600E expression in simple DNTs. BRAF
V600E expression was observed in two of four GG WHO grade III.
All six cases with tumor recurrence were BRAF wild type. The
staining intensity ranged from weak to strong.

In all GGs and DIGs, the BRAF V600E-mutated protein was
predominantly localized within the neuronal component of the
tumor (Figures 1 and 2) and we observed co-localization of BRAF
V600E with the neuronal marker NeuN (Figure 1I). In 2 of VE1
positive DIGs and in 25 of the 38 VE1 positive GGs, IR was also
observed in astroglial cells, as well as in cells with ganglion
appearance, expressing both GFAP and synaptophysin. In one DIG
and in five GGs, we could detect only small clusters of VE1-

positive ganglionic cells, and in six GGs, only few VE1-positive
dysplastic neurons were observed (Supporting Information
Figure S3A, GG).

In DNTs, diffuse BRAF V600E immunostaining was observed
within the tumor area in the glial nodules, and IR was also detected
in neuronal cells, including cells with gangliocytic appearance and
only occasionally in floating neurons (Figure 4A–E). The DNTs
that were positive for BRAF V600E expression included 8/33
complex DNT, 9/22 diffuse DNT and 6/7 mixed DNT/GG (within
the GG component). The perilesional cortex did not display VE1
IR (DNT Figure 4A; Supporting Information Figure S3B, GG);
non-specific staining was only occasionally seen in macrophages.

In GNTs with BRAF V600E mutation, we observed co-
localization 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.

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

A B

C D

E F

Figure 3. Dysembryoplastic neuroepithelial
tumor (DNT; BRAF wild-type status):
histopathological features, VE1 and pS6,
CD34 and MHC-II immunoreactivity. A.

Hematoxylin & eosin (HE) staining of DNT
showing a typical heterogeneous cellular
composition, with floating neurons (arrow)
surrounded by a prominent population of
oligodendroglia-like cells. B. NeuN staining
detects the neuronal component of DNT.
C. No detectable BRAF V600E (VE1)
immunoreactivity (IR) within the tumor area.
D. No detectable phosphorylated (p)-S6 IR in
neuronal cells (arrows). E. CD34 shows IR
only in blood vessels. F. MHC class II
antigen (MHC-II) expression within the
tumor area (microglial cells). Scale bar
in (F): A, B, F: 80 μm; C, D, E: 40 μm.
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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 muta-
tion were characterized by focal IR in small groups of ganglionic
cells or in few dysplastic neurons. In these discordant cases,
immunostaining and BRAF sequencing was repeated. In addition,
we performed laser capture microdissection; however, the amount
of DNA obtained from the few positive cells was not sufficient for
additional analysis. Concordance between immunohistochemistry

and sequencing was observed in 154/168 tumors (91.6%; 82/93
GGs, 88%; 3/4 DIG, 75%; 69/71 DNTs, 97.1%).

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

A B C

D E

F G

H I

Figure 4. BRAF V600E mutated
dysembryoplastic neuroepithelial tumor
(DNT): VE1 and pS6, CD34 and MHC-I. A–E.

BRAF V600E (VE1) immunostaining, showing
diffuse IR within the tumor area (arrow, but
not in the adjacent non-neoplastic tissue,
asterisk in A), with expression also in cells
with ganglionic appearance (arrows in B–D)
and occasionally in floating neurons (arrow in
E). F–G. Phosphorylated (p)-S6 expression
within the tumor area with IR in microglial
cells (arrowheads) and dysplastic neurons
(arrows); 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 within the tumor
area with expression also in dysplastic
neurons (arrow). Scale bar in (I): A,
400 μm; B, H: 80 μm. C–G, I: 40 μm.
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sequencing analysis for BRAF V600E mutation were concordant
(Table 3). This analysis was not performed for DIGs because of the
low number of cases.

For both GG and DNT, we found no statistically significant
association between the BRAF status and several clinical and
histopathological features, including gender, location of the tumor
(temporal; extratemporal), duration of epilepsy, calcifications,
hemosiderin deposition, presence of cortical dysplasia and prolif-
eration 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 muta-
tion was significantly associated with the expression of CD34
(P < 0.001), pS6 in dysplastic neurons (GGs, P < 0.001; DNTs,
P = 0.023) and synaptophysin (GGs, P = 0.01; DNTs, P = 0.008).

In GGs, the presence of lymphocytic cuffs was more frequent
in BRAF-mutated cases (31 vs. 15.8%; P < 0.001), whereas
hemosiderin deposition was observed only in BRAF wild-type
GGs (0% vs. 8.6%; P = 0.03). In GGs, the BRAF V600E mutation
was also significantly associated with the expression of pS6 in
microglial cells (P = 0.001) and NeuN (P < 0.001).

BRAF V600E mutation in DNTs was significantly associated
with the expression of MHC-I in both microglia and neuronal
cells (P = 0.04 and P = 0.02) as well as with MHC-II (P = 0.021).
Figure 6 shows the IRS for MHC-I, MHC-II, CD34, pS6,
synaptophysin and GFAP in BRAF wild-type or BRAF-mutated
GGs and DNTs.

Unsupervised analysis of clinical features (tumor recurrence
and postoperative seizure outcome) in tumors with and without
positive BRAF V600E staining showed a worse postoperative
seizure outcome in BRAF V600E-positive GNTs (P < 0.05)
and this association was stronger in GNT expressing also pS6
within the neuronal component of the tumor (P < 0.001; Table 4).
There were no statistical differences in the age at surgery and
the duration of epilepsy between BRAF V600E positive (age
at surgery: 26.3 ± 1.7; duration of epilepsy: 12.9 ± 1.2) and
negative GNTs (age at surgery: 23.1 ± 1.1; duration of epilepsy:
11.2 ± 0.9). The expression of BRAF V600E, pS6 and CD34 was
significantly higher in GGs compared to DNTs. The expression
of CD34 did not influence the seizure outcome. In our cohort,
all six cases with recurrence were BRAF wild-type/CD34
negative tumors, whereas no significant differences were detected
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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 find-
ings, including their pathogenic and diagnostic implications, as
well as correlations to histopathological and clinical features,
such as patients’ epileptogenesis and clinical course, are discussed
below.

mTOR signaling pathway across GNT subtypes

mTOR signaling pathway functions as a key regulator of cell
growth, proliferation, differentiation and survival during brain
development and increasing evidence supports the role of this
signaling pathway in a wide variety of neurological disorders,

including brain tumors and MCD (1, 21, 23, 67). Immunohisto-
chemical studies provided evidence for mTOR hyperactivation
in enlarged, dysmorphic neurons and balloon/giant cells in FCD
type II, hemimegalencephaly and cortical tubers in TSC (6, 37,
49). Thus, the activation of this signaling pathway, evidenced by
the detection of S6 phosphorylation, could serve as a biomarker
for a group of histopathologically related epileptogenic glio-
neuronal lesions [for review, see (21)]. GNTs, particularly GGs
(characterized by the presence of dysmorphic ganglion cells),
share pathologic features with FCD and TSC. In our previous
study, we demonstrated activation of several components of this
signaling pathway (including the downstream effector and a hall-
mark of mTORC1 activation, pS6), in a small cohort (n = 9) of
GGs (18).

In the present study, we provide additional evidence of mTOR
overactivation in a large cohort of GGs (n = 93). We confirmed the
consistent pS6 expression in the neuronal component of the tumors
(dysmorphic neurons) and provide evidence of pS6 expression in
the neuronal component of DIGs. In contrast to our previous study,
including a small cohort of simple forms of DNTs (18), here we

Table 3. Correlation of BRAF V600E expression with clinical data and histological/immunohistochemical features in GGs and DNTs. Abbreviation:
nd = not done; GFAP = glial fibrillary acidic protein; GG = gangliogliomas; DNTs = dysembryoplastic neuroepithelial tumors; IRS = immunoreactivity
score.

Parameter BRAF V600E BRAF wt P-value† (correlation strength)‡

GGs DNTs GGs DNTs GGs DNTs

Age at surgery
(mean ± SEM)

23.30 (± 2.57) 30.71 (± 1.86) 24.67 (± 1.57) 22.90 (± 1.75) 0.481 0.01 (0.296)**

Gender (male/female) 15/12 10/11 25/30 25/23 0.396 0.737
Location (temporal/other) 22/5 20/1 40/15 38/10 0.329 0.120
Duration of epilepsy

(mean ± SEM)
8.44 (± 1.51) 17.06 (± 2.56) 11.20 (± 1.42) 12.50 (± 1.61) 0.379 0.080

Postoperative outcome
(Engel’s class I/other)

19/6 19/2 39/11 33/15 0.848 0.055 (−0.232)

Histology (presence; % of
cases)

Dysplastic/atypical
neurons

100 100 100 4.2 nd <0.001 (0.935)***

Lymphocytic cuffs 96.3 4.8 23.6 0 <0.001 (0.684)*** 0.132
Calcifications 37 38.1 23.6 20.8 0.209 0.137
Hemosiderin deposition 0 4.8 14.5 12.5 0.03 (−0.230)* 0.335
Ki67 (%) 1.11 (± 0.08) 1 1.15 (± 0.06) 1.06 (± 0.03) 0.635 0.248

IRS
MHC-I-glia 5.19 (± 0.45) 2.00 (± 0.32) 4.82 (± 0.32) 1.20 (± 0.16) 0.492 0.04 (0.250)*
MHC-I-DN 4.26 (± 0.45) 1.38 (± 0.36) 3.75 (± 0.33) 0.52 (± 0.16) 0.571 0.020 (0.279)*
MHC-II 7.07 (± 0.43) 3.90 (± 0.41) 6.36 (± 0.31) 2.85 (± 0.23) 0.181 0.021 (0.278)*
CD34 5.11 (± 0.54) 6.81 (± 0.56) 2.47 (± 0.33) 1.77 (± 0.40) <0.001 (0.437)*** <0.001 (0.650)***
pS6-glia 4.30 (± 0.24) 1.86 (± 0.23) 3.40 (± 0.17) 1.83 (± 0.13) 0.001 (0.356)*** 0.696
pS6-DN 6.30 (± 0.42) 0.90 (± 0.19) 3.16 (± 0.28) 0.42 (± 0.09) <0.001 (0.574)*** 0.023 (0.274)**

Others
Synaptophysin 3.30 (± 0.51) 1.14 (± 0.23) 1.98 (± 0.28) 0.48 (± 0.14) 0.01 (0.285)** 0.008 (0.318)**
NeuN 7.00 (± 0.32) nd 3.60 (± 0.18) nd <0.001 (0.760)*** nd
GFAP 6.74 (± 0.45) 4.86 (± 0.25) 6.98 (± 0.32) 4.7 (± 0.21) 0.705 0.840

*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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provide evidence of mTOR activation in DNTs (40% of cases) in
both pediatric and adult patients. Although the histopathological
classification of GNT remains a matter of debate and the definition
of “non-specific” DNT variants (such as diffuse DNT) is still

controversial, our observations indicate that the phosphorylation
of S6, as a marker of mTOR activation, in neurons represents a
common feature of GNTs, supporting the potential etiological
relationship between GGs and DNTs.
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Figure 6. MHC-I, MHC-II, CD34, pS6, synaptophysin and glial fibrillary
acidic protein (GFAP) immunoreactivity score (IRS) in BRAF wild-type or
BRAF-mutated gangliogliomas (GGs) and dysembryoplastic neuroepi-
thelial tumor (DNTs). A. MHC-I (glial/neuronal) and MHC-II IR scores
(total score; mean ± SEM) in BRAF wild-type (Wt) or BRAF-mutated
(BRAF V600E) GGs and DNTs. B. CD34 IR scores (total score;
mean ± SEM) in BRAF wild-type (Wt) or BRAF-mutated (BRAF V600E)

GGs and DNTs. C. pS6 (glial/neuronal) IR scores (total score; mean ±
SEM) in BRAF wild-type (Wt) or BRAF-mutated (BRAF V600E) GGs
and DNTs. D. Synaptophysin (Syn) and GFAP IR scores (total score;
mean ± SEM) in BRAF wild-type (Wt) or BRAF-mutated (BRAF V600E)
GGs and DNTs. Syn = synaptophysin; DN = dysplastic neuron; *P <
0.05; **P < 0.01; ***P < 0.001.

Table 4. BRAF V600E, CD34 and pS6 expression in glioneuronal tumors and clinical features: tumor recurrence and postoperative seizure outcome.
Abbreviations: GGs = gangliogliomas; DNTs = dysembryoplastic neuroepithelial tumors.

Parameters (positive/negative) Recurrence (No. of patients) Postoperative seizure outcome Diagnosis

Without With P-value† Engel I Engel II-IV P-value† GG DNT P-value†

BRAF V600E 63/105 0/6 0.088 43/90 17/16 0.040 38/55 23/54 0.137
pS6-DN 96/72 2/4 0.406 61/72 29/4 <0.001 83/10 12/65 <0.001
CD34 107/60 0/6 0.003 80/53 21/11 0.568 66/27 39/38 0.008
pS6 & CD34 73/38 0/4 0.016 47/39 20/3 0.005 62/7 9/35 <0.001
BRAF V600E & pS6-DN 47/56 0/4 0.129 27/56 17/4 <0.001 38/10 7/49 <0.001
BRAF V600E & CD34 55/53 0/6 0.028 39/49 14/9 0.157 32/22 22/37 0.020
BRAF V600E & pS6-DN & CD34 40/37 0/4 0.116 24/38 14/3 0.001 32/7 7/34 <0.001

†Fisher’s exact test or Pearson’s chi square test.
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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 expres-
sion within the tumor. Whether the activation of mTOR signaling
(involving both neuron and microglial cells) could contribute to
the sustained inflammatory reaction in glioneuronal lesions is still
unclear and requires further functional studies. In addition, expres-
sion of pS6 in both microglial and neuronal cells was more promi-
nent in CD34-positive GGs. In agreement with previous studies,
CD34 positivity was observed in >70% GGs, as well as in
DNTs (17, 20, 25, 59). The association between pS6 and CD34
may reflect the presence of a population of immature cells
(glioneuronal precursor cells) in tumors, characterized by consti-
tutive activation of the mTOR signaling cascade.

The mechanisms underlying activation and regulation of the
mTOR signaling in GNTs are still a matter of discussion. Although
mutational analysis of TSC1 and TSC2 was not performed in the
GNT specimens examined in this study, previous studies have not
identified mutations in GGs (50) and only a somatic mutation in
intron 32 of the TSC2 gene was reported in one GG patient in glial
cells, but not in dysplastic neurons (10). The secretion of growth
factors, such as vascular endothelial growth factor (VEGF), in the
microenvironment of these tumors has also been suggested to
contribute to the activation of the mTOR pathway (35, 55, 61).

Whether seizure activity contributes to the mTOR activation
has also to be taken into consideration. In this respect, mTOR
dysregulation has also been demonstrated in acquired forms of
epilepsy (in both humans and animal models), supporting the
role of mTOR as a key regulator of cellular changes involved in
epileptogenesis [for reviews, see (34, 48, 63)]. Interestingly, in our
cohort, the neuronal expression of pS6 was associated with a
worse postoperative seizure outcome. However, expression of pS6
was observed also in GGs without history of seizure and pS6 IR
was not detected in all DNTs associated with seizure activity, or in
normal cortex adjacent to the epileptogenic lesions. Moreover, for
both GGs and DNTs, we found no statistically significant associa-
tion between pS6 IR and the duration of epilepsy. It would be
interesting to identify the mechanisms that regulate the mTOR
signaling to explain the observed differences in activation of this
pathway in the different GNTs. Several other pathways such as the
ERK1/2-, the LKB1-AMPK- and the Wnt-signaling pathway are
known to regulate the TSC1/TSC2 complex (8, 38, 43, 47) and
GGs have been reported in Peutz-Jeghers patients with a mutation
of the LKB1 gene (24, 53). Previous studies support the biological
relationship between LKB1 and mTOR regulation (54, 58) and
more recent studies indicate that BRAF V600E mutant cells have
a dysfunctional LKB1-AMP-activated protein kinase (AMPK)-
mTOR signaling (30, 68). Interestingly, in BRAF-mutated papil-
lary thyroid carcinoma, a positive association between BRAF
V600E mutation and mTOR pathway activation has been reported,
possibly mediated by phosphorylation of LKB1Ser428 (32).
Accordingly, we observed increased expression of pLKB1 in
dysplastic neurons of BRAF V600E tumors and the presence of
BRAF V600E mutation was significantly associated with the
expression of pS6 in dysplastic neurons. Thus, these observations
suggest BRAF-induced phosphorylation of LKB1 as possible
mechanism contributing to mTOR activation in BRAF V600E-
mutated GNTs, possibly through uncoupling of the LKB1-AMPK-
mTOR signaling.

BRAF V600E mutation across GNT subtypes

In the present study, we confirmed the occurrence of BRAF V600E
mutation in a large cohort of non-IDH1(R132H)-mutated GNTs,
including both GGs and DNTs.

In GGs, the mutated BRAF protein was detected in 38/93
(40%) of GGs. In a recent study (including 71 GGs), this muta-
tion was identified by immunohistochemistry in up to 58% of
GGs (41). In agreement with this study (41), in our cohort, the
mutated protein was detected in both the glial and the neuronal
components of the tumor, strongly supporting the involvement of
neuronal component in the pathogenesis of BRAF mutated GGs.
In several cases, we only detected BRAF IR in small nests or
sparse dysplastic neurons with ganglioid morphology and this
distribution may explain the difference in frequency of the BRAF
mutation reported in different cohorts of GGs (26, 41, 56), as
well as the VE1-positive GG cases failing to demonstrate BRAF
V600E mutation by DNA sequencing. Thus, in these cases, the
VE1 antibody may represent a more specific and sensitive tool
compared to sequencing, emphasizing the importance of per-
forming 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 detected (26, 56). In a recent study, including
20 DNTs and focusing on pediatric tumors, this mutation was
identified by immunohistochemistry in up to 30% of DNTs (20).
Similarly, in our larger cohort of 77 DNTs (both adult and
pediatric cases), we could confirm the presence of mutated BRAF
protein 29.8% of the cases. In DNTs, diffuse immunostaining
was observed within the tumor area in the glial nodules and
we observed an excellent concordance with DNA sequencing
(98.2%). As in GGs, the mutated protein was also detected in
neuronal cells, including cells with ganglionic appearance and
only occasionally in floating neurons. Interestingly, we did not
detect BRAF V600E mutation in simple DNTs, but only in
complex and non-specific forms. The presence of BRAF mutation
in about 30% of DNTs, based on two independent studies [(20);
present study], strongly supports a relationship between DNTs
and GGs, pointing to the pathogenic role of BRAF in different
entities within the large spectrum of GNTs together with other
lower grade tumors, such pilocytic astrocytomas (approximately
10% of cases) and PXA [60% of cases (28, 56)]. The search for
the underlying mechanisms of low-grade glial/GNT development
in BRAF wild-type cases represents a major challenge for future
studies.

Several histopathological features were evaluated in our
cohort and we found a statistically significant association
between the BRAF status and synaptophysin in both GGs and
DNTs as well as for BRAF V600E mutation with NeuN in GGs.
This finding was not so surprising, considering the neuronal
expression of BRAF V600E-mutated protein. Accordingly,
Koelsche et al (41) also reported a more frequent expression
of synaptophysin in BRAF-mutated GGs. Our study confirms
the predominant expression of BRAF V600E-mutated protein in
the neuronal component of GNTs, including also DNTs and
DIGs.
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GGs with BRAF V600E mutation showed lymphocytic infil-
trates 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 expres-
sion in neurons and microglial cells appears to be a feature of the
immune response occurring in epileptogenic glioneuronal lesions,
including GNTs [(51); present study]. These observations, suggest
a possible role of the BRAF-mutated protein in the regulation of
the immune response. Accordingly, a potential immunogenicity of
BRAF-mutated protein has been shown in melanoma patients and
suggested as a potential target for immunotherapy (2, 33). The
potential immunogenicity of BRAF-mutated protein in GNTs
requires further investigation and could possibly be related to the
above discussed positive association between the BRAF V600E
mutation and mTOR pathway activation, which is known to influ-
ence both the innate and the adaptive immune response (45, 57,
66). This is particularly interesting in view of the observation that
proinflammatory molecules may alter neuronal excitability and, in
experimental models, have been shown to decrease the seizure
threshold (7, 64, 65).

GGs and DNTs with BRAF V600E mutation showed a more
frequent expression of CD34. This is in contrast to the two other
recent studies in which CD34 was not differentially expressed in
BRAF wild-type and -mutated GG and DNT tumors (20, 41).
However, the study of Chappe et al (20) focused on pediatric
tumors, whereas our study consists of a larger cohort, including
several adult DNT and GG cases. Thus, both CD34 and pS6
represent two markers that characterize GNTs with BRAF V600E
mutation and these markers are particularly highly expressed in
GGs. In addition, our results suggest a prognostic value for BRAF
V600E and pS6 as potential indicators of worse postoperative
seizure outcome.

Similar to Koelsche et al (41), we observed an association
between BRAF wild-type and hemosiderin deposition in GGs (but
not in DNTs). However, in our cohort, hemosiderin deposition was
not associated with older patient age. In our series of GGs, we did
not detect a correlation between the BRAF status and the age at
surgery or other clinical variables, such as duration of epilepsy or
seizure outcome after surgery. In our retrospective study, we could
not determine whether GGs or DNTs with BRAF V600E mutation
would display a tendency to malignant transformation. In our
cohort, the number of patients with tumor recurrence (all BRAF
V600E negative tumors) was too small to evaluate the possible
prognostic value of the BRAF status on recurrence-free survival,
as recently reported in GG (22).

In conclusion, our findings support the pathogenic role of
BRAF V600E mutation in different entities within the large spec-
trum of GNTs, with a cellular distribution that points to the
involvement of the neuronal component in the pathogenesis of
BRAF-mutated tumors. The immunophenotype of these tumors
is characterized by CD34 expression, indicating the presence of
glioneuronal precursor cells, and phosphorylation of S6, indicat-
ing activation of the mTOR signaling cascade. Thus, immunohis-
tochemical detection of BRAF V600E-mutated protein may be
valuable in the diagnostic evaluation of these glioneuronal lesions
and the observed association with mTOR activation may aid in the
development of targeted treatment involving specific pathogenic
pathways.
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SUPPORTING INFORMATION
Additional Supporting Information may be found in the online
version of this article at the publisher’s web-site:

Figure S1. BRAF V600E mutated ganglioglioma (GG): CD34,
MHC-II and MHC-I immunoreactivity. A, B. Prominent CD34
immunoreactivity (IR) within the tumor area. C–E. Prominent
MHC class II antigen (MHC-II) expression within the tumor area,
with IR in microglial cells (arrows in D and E) and occasionally in
large dysplastic neurons (arrowhead in E). F, G. Prominent MHC
class I antigen (MHC-I) expression within the tumor area, with IR
in large dysplastic neurons (arrows in G). Scale bar in (G): A, C, F:
400 μm; B, G: 80 μm; D, E: 40 μm.
Figure S2. BRAF V600E mutated ganglioglioma (GG): pLKB1.
A–C. Phosphorylated (p)-LKB1 immunoreactivity (IR) within
the tumor area in large dysplastic neurons (arrows in A; B, C);
co-localization of pLKB1 with VE1 is shown in the insert in (A).
Scale bar in (C): A. 40 μm; B, C. 20 μm.
Figure S3. VE1 immunoreactivity in ganglioglioma (GG) and
in control cortex. A. GG with only few VE1-positive dysplastic
neurons (arrows and insert). B. Perilesional cortex without VE1
immunoreactivity (IR). Scale bar in (B): A. 80 μm; B. 160 μm.
Figure S4. MHC-I, MHC-II and pS6 immunoreactivity score
(IRS) in GGs and DNTs. A. MHC-I (glial/neuronal) and MHC-II
IR scores (total score; mean ± SEM) in GGs and DNTs. B. pS6
(glial/neuronal) IR scores (total score; mean ± SEM) in GGs
and DNTs (***P < 0.001). Desmoplastic infantile gangliogliomas
(DIGs); gangliogliomas (GGs); dysembryoplastic neuroepithelial
tumors (DNTs); dysplastic neurons (DN).
Table S1. Criteria to distinguish diffuse DNTs from other DNT
types.
Table S2. Correlation of pS6 IRS with clinical data and
histological/immunohistochemical features in GGs and DNTs.
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