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ABSTRACT

Objective: Recently, BRAF V600OE mutation, and activation of mTOR and MAPK pathways have been
identified in various glial/glioneuronal tumors. Dysembryoplastic neuroepithelial tumors (DNTs) are
epilepsy-associated glioneuronal neoplasms which have not been analyzed extensively in this respect.
Methods: Sequencing for BRAF V60OE mutation, analysis of BRAF copy number by qRT-PCR, and immuno-
histochemistry for mTOR (p-S6, p-4EBP1) and MAPK (p-MAPK) pathways were performed.
Results: Sixty-four DNTs were identified, accounting for 15.1% of patients with drug-refractory epilepsy
(mean age: 15.5 years). Duration of seizures ranged from 1 to 22 years. BRAF V60OE mutation was iden-
tified in 3.7% of DNTs, while BRAF copy number gain was observed in 33.3%. mTOR-pathway activation
indicated by p-S6 or p-4EBP1 immunopositivity was seen in 89.7% cases. Interestingly, p-S6 positivity
was also seen in adjacent dysplastic cortex. p-MAPK immunopositivity was seen in 50% cases. MAPK and
mTOR pathway activation was independent of BRAF alterations. All patients that underwent incomplete
resection had Engel grade II-1II outcomes (p <0.001).
Conclusion: BRAF alterations are frequent in DNTs, particularly BRAF copy number gain which is being
reported for the first time in these tumors. Evidence of activation of mTOR and MAPK pathways suggests
a role for altered signalling in DNT pathogenesis, and will pave the way for development of targeted
therapies, particularly relevant for patients having persistent seizures after incomplete resection.

© 2016 Elsevier B.V. All rights reserved.

1. Introduction

seizuresin late childhood (median age: 7-13 years)(Lee etal.,2009;
Sharma et al., 2009). Morphologically, DNTs show considerable

DNT is a benign glioneuronal neoplasm, corresponding to WHO
grade I, that is seen predominantly in children and young adults,
and characteristically occurs as a multinodular tumor in the tem-
poral cortex (Lee et al,, 2015; Sharma et al., 2009). DNTs account
for 10-20% of histologic diagnoses in adult epilepsy series, with
a frequency of 9% from a large series of Indian patients (Sarkar
et al., 2006). Clinically, most patients present with drug-refractory
complex partial seizures with or without secondary generalization
(Daumas-Duport et al., 1988; Lee et al., 2009), and with onset of
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heterogeneity, including simple, complex, and non-specific/diffuse
forms (Daumas-Duport et al., 1988; Sharma et al., 2009). The
adjoining cortex often shows features of focal cortical dysplasia
(FCD), and is postulated to play a role in the epileptogenicity of
these tumors (Daumas-Duport et al., 1988; Lee et al., 2009; Sakuta
et al., 2005; Sharma et al., 2009; Takahashi et al., 2005). DNTs are
considered to be surgically curable, with the rate of seizure —free
outcome after excision ranging from approximately 70-100% (Chan
et al., 2006; Kirkpatrick et al., 1993; Lee et al., 2000; Lee et al.,
2009; Sandberg et al., 2005; Sharma et al., 2009). However, in some
instances, surgical failure might occur due to incomplete tumor
removal, or presence of dysplastic cortex adjacent to the tumor
which is not resected (Lee et al., 2009). In addition, long dura-
tion of epilepsy and older age at the time of surgery have been
reported to decrease the probability of achieving a good seizure-
free outcome (Lee et al., 2009). The utility of electrocorticography
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(ECoG) or intraoperative electroencephalography (EEG) in resec-
tion of DNTs has been debated in literature. While some studies
have not shown improvement in outcome with ECoG-guidance
(Lee et al., 2000), others have demonstrated significant benefit
(Sandberg et al., 2005).

Alterations in BRAF, an oncogene, have been described in various
human cancers, including malignant melanoma, papillary carci-
noma of thyroid, and hairy cell leukemia (Berghoff and Preusser,
2014). The most common alteration seen is the V600E mutation in
exon 15, wherein a valine (V) to a glutamic acid (E) amino acid sub-
stitution occurs at position 600. This mutation occurs within the
activation segment of the kinase domain leading to constitutive
activation of BRAF and the downstream MAP kinase (MAPK) path-
way. Other alterations in the BRAF gene include the BRAF-KIAA1549
fusion seen in pilocytic astrocytomas (Collins et al., 2015), and
copy number variations seen in various cancers, such as lung and
prostate adenocarcinoma (Ren et al., 2012; Sasaki et al., 2015).
Recent studies have demonstrated BRAF V600E mutation in vari-
ous glial and glioneuronal tumors, especially gangliogliomas (GGs)
and pleomorphic xanthoastrocytomas (PXAs) with a wide ranging
frequency (Dougherty et al., 2010; Horbinski et al., 2012; Schindler
et al,, 2011). Copy number aberrations identified in DNTs include
gain of chromosome 7¢, on which BRAF is located; however, gain
of BRAF locus has not been reported (Prabowo et al., 2015). While
activation of the MAPK pathway has been identified in pilocytic
astrocytomas, this pathway has not been analysed in DNTs (Jones
et al.,, 2012). The importance of identifying BRAF alterations and
activation of its downstream pathways lies in the fact that the pro-
tein product of the mutant gene is sensitive to BRAF inhibitors such
as vemurafenib, while MEK inhibitors block MAPK signalling, as evi-
denced by clinical trials in malignant melanoma (Chapman et al.,
2011; Flaherty et al., 2012).

The mTOR signalling pathway has recently been shown to be
activated in FCD as well as in pediatric low grade gliomas, including
pilocytic astrocytomas and PXAs, the latter of which are known to
present with intractable seizures (Hiitt-Cabezas et al., 2013). As
p-S6 immunopositivity was frequently noted in PXAs, which are
typically associated with BRAF mutation, it has been suggested that
BRAF mutations may alter mTOR signalling (Hiitt-Cabezas et al.,
2013). Further, the association of BRAF mutation with enhanced
mTOR pathway signalling has been described in neoplasms outside
of the CNS, such as papillary thyroid carcinoma (Faustino et al.,
2012). Thus, identification of BRAF alterations and of specific mTOR
pathway effectors that are activated in DNTs would pave the way
for discovery of newer selective drugs to treat intractable epilepsy
(Galanopoulou et al., 2012).

Presently, there are very few centres in India that perform
epilepsy surgery, and there is no large study on DNTs with ade-
quate follow-up. We therefore conducted this study with the aims
of analyzing DNTs for i) clinical, histopathological and immunohis-
tochemical characteristics; ii) alterations in the BRAF gene; and iii)
presence of mTOR and MAPK pathway activation, and to correlate
the latter two with clinicopathological features, especially seizure
outcome after surgery.

2. Materials and methods

All cases of DNT diagnosed in the Neuropathology laboratory
at our Institute over a 14-year (2002-2015) period were identi-
fied. Clinical data was obtained, including demographic details,
tumor location, symptoms at presentation along with duration, EEG
findings, surgical procedure undergone, extent of resection, and
follow-up after surgery. Seizure control outcome following surgery
was classified using the Engel system (Engel, 1993). Approval was
obtained from the Institutional Ethics Committee for experiments

conducted on human patient samples. Hematoxylin and eosin (HE)
stained slides were retrieved, and histopathological features were
reviewed, along with immunohistochemistry that had been per-
formed originally for confirmation of diagnosis, including GFAP,
NeuN, CD34, and synaptophysin. All cases were classified according
to the WHO 2007 classification; ILAE classification was followed for
classification of FCD (Bliimcke et al., 2011).

2.1. Immunohistochemistry for mTOR signalling pathway
activation

Immunohistochemistry was performed on cases with adequate
tissue in blocks using the following antibodies from Cell Signaling
Technology, Beverly, MA, USA: p-S6 (dil 1:400) and p-4EBP1 (dil
1:1400) for mTOR pathway, and p-44/42 MAPK (Erk1/2) (dil 1:50)
for MAPK pathway. The procedure followed was as reported previ-
ously (Kakkar et al., 2015). The staining was scored as follows based
on the percentage of tumor cells showing moderate to marked
immunopositivity: 0: negative/rare positive cells, 1+: 1%-10% pos-
itive cells, 2+: 10%-50% positive cells, and 3+: >50% positive cells;
2+ and 3+ staining was considered as positive (Hiitt-Cabezas et al.,
2013).

2.2. Sequencing for BRAF V600E mutation

DNA was extracted from fresh frozen tissue where available
(11 cases), and FFPE tissue (16 cases) using QIAmp DNA mini kit
(M/s Qiagen, S.A., Courtaboeuf, France) and Ambion RecoverAll
Total Nucleic Acid Isolation kit (M/s Life Technologies, Carlsbad,
CA, USA), respectively, according to the manufacturer’s instruc-
tions. The remaining 37 cases either did not have sufficient
tissue for DNA extraction in the paraffin blocks after perform-
ing immunohistochemistry, or the DNA extracted was of inferior
quality. Thus, genetic analysis could not be performed on them.
DNA concentration was quantified by Picodrop Microliter UV/Vis
Spectrophotometer and its integrity was checked on 2% agarose
gel. Similarly, blood DNA from 8 normal controls was extracted
using the QIAmp DNA mini kit (M/s Qiagen, S.A., Courtaboeuf,
France). The samples were stored at —20°C until further use.
Approximately 50 ng of DNA was used to amplify the BRAF (codon
600) gene by polymerase chain reaction (PCR). Primer pairs
used were 5'- TCATAATGCTTGCTCTGATAGGA-3’ (forward) and 5'-
GGCCAAAAATTTAATCAGTGG A-3' (reverse). The cycling conditions
for a 25l PCR were initial denaturing at 95°C for 5 mins, fol-
lowed by 35 cycles of denaturation at 95° C for 30s, annealing at
60° C for 30 s and extension at 70° C for 30s. A final extension was
given at 72° C for 10 min. The PCR purified product was further
subjected to bidirectional sequencing using the BigDye terminator
v3.1 cycle sequencing kit (Applied Biosystems, Foster City, CA, USA)
with the primers used to perform the PCR. Purified sequencing reac-
tion product was sequenced using ABI 3730 DNA analyser (Applied
Biosystems, Foster City, CA, USA). The generated sequencing data
was analysed with DNAstar software (DNAstar Inc, Madison, WI,
USA).

2.3. Quantitative real-time PCR for BRAF copy number gain

Quantitative real-time PCR using Stratagene Mx3000P (Agi-
lent, USA) was performed on DNA extracted from tumor (n=27)
and control (n=6) samples, and 20ng of DNA was used in a
10 pl reaction to detect BRAF gene copy number gain. GAPDH
and CF genes were used as internal controls for all the sam-
ples and SYBR green dye was the detection reagent. Primer pairs
used were 5'-TTCATGAAGACCTCACAGTAAAAA-3' (forward)and 5'-
CCACAAAATGGATCCAGACA-3' (reverse). The relative copy number
gain of the target in the sample was determined by using the
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comparative Ct (threshold cycle) method, as described previously
(Biernat et al., 2004; Kumar et al., 2015; Nigro et al., 2001) Tumor
samples were considered to be positive for BRAF gain when PCR
reactions using both the reference genes (GAPDH and CF) showed
more than 4-fold copy-number gain.

3. Results

Sixty-four cases of DNT were diagnosed over the 14-year period,
which accounted for 15.1% of refractory epilepsy-associated lesions
on histopathology. The mean age of patients included was 15.5
years, with range of 2-37 years. A male preponderance was noted,
with 48 males and 16 females. Majority (46/64; 71.9%) of patients
were in the pediatric age group (<18 years). Clinical details were
available for all 64 patients, all of whom presented with history
of seizures that were refractory to medical treatment. The age of
onset of seizures ranged from 1 to 24 years of age (mean = 8 years),
and was most frequently in the first decade of life (47/64; 73.4%).
Duration of seizures ranged from 1 to 22 years (mean= 7.5 years).
At the time of surgery, majority of patients were in the second
decade of life (33 patients; 51.6%), while 18 patients (28.1%) were
in the first decade of life, and 13 patients (20.3%) were older than 20
years. A little more than half the tumors were located in the tem-
poral cortex (36 cases; 56.2%); the second most common location
was the frontal cortex (14 cases; 21.9%); rare locations included
parietal (9 cases; 14.1%) and occipital (4 cases; 6.2%) cortex, and
posterior fossa (1 case; 1.6%). All patients underwent ECOG-guided
resection. Two patients (Cases 51 and 60) had been operated else-
where initially and underwent resection of the residual tumors.
Sixty tumors (93.8%) were completely resected, while the remain-
der were incompletely resected. Clinical details of patients included
are shown in Table 1.

3.1. Histopathology

All cases were characterized by presence of cortical nodules
composed of the specific glioneuronal element, i.e. perpendicular
arrays of oligodendroglial- like cells in a mucoid background, with
interspersed floating neurons that were immunopositive for NeuN
(Fig. 1A-D). Complex DNTs with an additional component of glial
nodules accounted for 47 cases (73.4%), while the remaining were
simple DNTs. Calcification was seenin 25 cases (39.1%), eosinophilic
granular bodies in 14 cases (21.9%), hyalinised vessels in 8 cases
(12.5%), and garlanding vessels in 12 cases (18.8%). Nuclear atypia
and leptomeningeal spread were rarely encountered, being present
in two (3.1%) and four (6.2%) cases, respectively. The adjoining
cortex showed loss of laminar architecture highlighted on NeuN
staining. Dysplastic neurons showed CD34 immunopositivity in a
bush-like pattern (Fig. 1E-H). These features of FCD type IlIb were
seen in 49 cases (76.6%). Hippocampus included in the surgical
specimens showed features of mesial temporal sclerosis (MTS) in
three cases (4.7%).

3.2. Immunohistochemistry for mTOR and MAPK pathway
activation (Fig. 3)

Cytoplasmic immunopositivity for pS6 was seen in 26/29
(89.7%) cases examined. Of these, 10 showed 2+ staining (Fig. 2A)
while 16 showed 3+ staining (Fig. 2B). Immunopositivity was
restricted to the neuronal cells in most cases (Fig. 2C); four cases
showed immunoreactivity in the astrocytic component as well. On
the other hand, immunoreactivity for p-4EBP1 was seen in 6/24
cases (25%), predominantly in neuronal cells (Fig. 3A,B). All positive
cases had a score of 2+; no 3+ score cases were seen. All cases posi-
tive for p-4EBP1 were also positive for p-S6 (3+ positivity), while all
cases negative for p-S6 were also negative for p-4EBP1. Thus, mTOR

pathway activation, indicated by positivity for either marker, was
seenin 89.7% of cases. All cases with FCD showed p-S6 immunopos-
itivity in the tumor. Interestingly, in 7 cases, neurons in the adjacent
dysplastic cortex also showed immunoreactivity for p-S6 (Fig. 2D);
however, this was not seen with p-4EBP1. p-MAPK immunoposi-
tivity was seen in 10/20 (50%) cases examined (Fig. 3C,D). Of these,
majority showed 3+ positivity (8 cases). No significant association
was noted between immunoreactivity and patient age, sex, tumor
location and seizure outcome.

3.3. BRAF V60OE mutation and copy number gain

On evaluation, BRAF V600E mutation (Fig. 4) was detected in
only 1 out of 27 cases (3.7%), while BRAF copy number gain was
observed in 9 out of 27 cases (33.3%). Thus, 10 out of 27 (37%) cases
analyzed showed BRAF alterations. None of the cases showing BRAF
copy number gain demonstrated BRAF V600OE mutation. On corre-
lation with immunohistochemical expression of mTOR and MAPK
pathway markers, evidence of activation of MAPK and mTOR path-
ways was seen in cases with as well as without BRAF alterations.
No significant association was noted between BRAF alterations and
clinicopathological features. Results of immunohistochemical and
molecular analyses are shown in Table 1.

3.4. Follow-up

On follow-up ranging from 1 to 10 years in duration, 55/64
(85.9%) patients were seizure-free with Engel grade I outcome;
seven patients (10.9%) had Engel grade Il and two (3.2%) had Engel
grade III outcomes at last follow-up (Table 1). On correlation with
extent of resection, all patients with Engel grade I outcome (55
cases) had been completely resected, while all tumors that had
beenincompletely resected (4 cases) had Engel grade II/Ill outcome,
and the association of extent of resection with outcome was sta-
tistically significant (p <0.001). Both patients with residual tumors
had Engel grade IIl outcome after first surgery, which improved to
Engel grade I following excision of the residual tumors. No corre-
lation was noted between outcome and other clinicopathological
parameters, including age at seizure onset, duration of seizures,
sex, tumor location, BRAF alterations and immunoexpression of
p-S6/p-4EBP1/p-MAPK.

4. Discussion

BRAF, or 3-Rapidly accelerated fibrosarcoma gene, is an onco-
gene located on chromosome 7q34. It encodes for a member of
the serine/threonine kinase family, which acts as an immedi-
ate downstream effector of RAS in the MAPK signalling cascade.
Recent studies have identified BRAF mutations in various epilepsy-
associated tumors, including PXA, GG and also in DNTs. While
few studies on DNTs did not identify BRAF mutation in any of the
cases analyzed (Dougherty et al., 2010; Gessi et al., 2016; Horbinski
et al,, 2012; Schindler et al., 2011; Rivera et al., 2016; Zhang et al.,
2013), other studies on larger number of cases have identified
BRAF V600E mutation in 30-50% of DNT cases examined (Chappe
et al., 2013; Gierke et al., 2016; Lee et al., 2015; Prabowo et al.,
2014). While most studies have performed sequencing for detec-
tion of the mutation, Prabowo et al. (2014) performed IHC with
a BRAF V600E mutation-specific antibody as well, and reported
immunoreactivity in 23/77 (29.8%) of DNTs. On sequencing, they
detected V60OE mutation in 21 of 23 immunopositive DNTs and in
none of the immunonegative DNTSs, thus giving a concordance rate
of 98% between the two methods. Similarly, Chappe et al. (2013)
reported excellent concordance between immunohistochemistry
and DNA direct sequencing (k=+0.93). Recently, Riveraetal.(2016)
utilized more sensitive methods like whole exome sequencing and



Table 1
Clinical details and results of molecular and immunohistochemical assays for DNT patients included in the study.
Case no. Age (years)/Sex  Age at seizure Duration of Tumor location  Extent of Outcome: BRAF mutation =~ BRAF copy mTOR pathway markers MAPK pathway
onset (years) seizures resection Engel grade number gain marker
p-S6 p-4EBP1 p-MAPK
1 10/Male 5 5 Parietal lobe Complete 1 V600E No gain Positive (3 +) Positive (2+) Positive (2+)
mutation
2 12/Male 6 6 Temporal lobe Complete 1 Wild-type Gain Positive (3+) Positive (2+) Positive (3+)
3 14/Male 7 7 Temporal lobe Complete 1 - - Positive (3+) Negative (0) -
4 25/Female 10 15 Temporal lobe Complete 1 Wild-type No gain - - -
5 10/Male 6 4 Temporoparietal Complete 1 Wild-type Gain Positive (2 +) Negative (0) Negative (0)
lobe
6 15/Female 9 6 Frontal lobe Complete 1 Wild-type No gain Positive (3+) Positive (2+) Negative (1+)
7 14/Male 6 8 Temporal lobe Complete 1 - - Positive (2 +) - -
8 6/Female 3 3 Temporal lobe Complete 1 Wild-type Gain Positive (2+) Negative (0) -
9 9/Male 5 4 Temporal lobe Complete 1 Wild-type No gain - - -
10 10/Male 6 4 Frontal lobe Complete 1 Wild-type Gain - - -
11 14/Female 7 7 Frontal lobe Complete 1 Wild-type No gain - - -
12 19/Female 4 15 Frontal lobe Complete 1 Wild-type No gain Positive (3+) Positive (2+) Negative (0)
13 19/Female 11 8 Temporal lobe Complete 1 Wild-type No gain Positive (2 +) Negative (0) Positive (3+)
14 12/Male 4 8 Temporal lobe Complete 1 Wild-type No gain Positive (2 +) Negative (0) Negative (0)
15 11/Male 4 7 Temporal lobe Complete 1 Wild-type No gain Positive (3+) Negative (0) -
16 12/Male 6 6 Temporal lobe Complete 1 Wild-type No gain Positive (3 +) Negative (0) Positive (3 +)
17 28/Male 20 8 Occipital lobe Complete 1 Wild-type No gain Positive (3 +) Positive (2 +) Positive (3 +)
18 24/Male 12 12 Parietal lobe Complete 1 Wild-type No gain Positive (2+) Negative (0) Negative (1+)
19 20/Male 15 5 Temporal lobe Complete 1 Wild-type Gain Positive (3+) - -
20 7/Male 3 4 Parietal lobe Complete 1 Wild-type No gain Positive (2 +) Negative (0) Positive (2 +)
21 16/Male 9 7 Frontal lobe Complete 1 - - Positive (2+) Negative (0) Negative (0)
22 36/Female 24 12 Temporal lobe Complete 1 Wild-type No gain Positive (3+) Negative (0) -
23 14/Male 7 7 Temporal lobe Complete 1 - - Positive (3 +) Negative (0) -
24 25/Male 16 9 Parietal lobe Complete 1 Wild-type No gain Positive (2 +) Negative (0) Negative (1+)
25 7/Female 3 4 Occipital lobe Complete 1 Wild-type No gain Positive (2+) Negative (0) Negative (1+)
26 28/Male 17 11 Temporal lobe, Complete 1 - - Negative (1+) Negative (0) -
residual
27 12/Male 9 3 Frontal lobe Complete 1 Wild-type No gain Positive (3+) Positive (2+) Positive (3+)
28 22/Female 11 11 Temporal lobe Complete 1 Wild-type Gain Negative (0) Negative (0) Negative (0)
29 17/Male 13 4 Temporal lobe Incomplete 3 - - Negative (0) Negative (0) Positive (3+)
30 8/Male 4 Temporal lobe, Complete 1 Wild-type Gain Positive (3+) - Positive (3+)
residual
31 8/Female 5 3 Temporal lobe Complete 2 Wild-type No gain Positive (3 +) - -
32 9/Male 4 5 Frontal lobe Complete 1 - - Positive (3+) Negative (0) Positive (3+)

il
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Table 1 (Continued)

Case no. Age (years)/Sex  Age at seizure Duration of Tumor location  Extent of Outcome: BRAF mutation BRAF copy mTOR pathway markers MAPK pathway
onset (years) seizures resection Engel grade number gain marker
p-S6 p-4EBP1 p-MAPK

33 26/Male 11 15 Temporal lobe Complete 1 Wild-type Gain Positive (3 +) - Negative (1+)
34 7/Male 3 4 Frontal lobe Complete 2 Wild-type Gain - - -

35 18/Male 6 12 Temporal lobe Incomplete 3 - - - - -

36 15/Male 9 6 Frontal lobe Complete 1 - - - - -

37 18/Female 12 6 Temporal lobe Complete 1 - - - - -

38 22/Male 4 18 Temporal lobe Complete 1 - - - - -

39 14/Male 7 7 Frontal lobe Complete 1 - - - - -

40 26/Male 4 22 Temporal lobe Complete 1 - - - - -

41 18/Male 13 5 Frontal lobe Complete 1 - - - - -

42 4/Male 3 1 Temporal lobe Complete 1 - - - - -

43 12/Male 5 7 Parietal lobe Complete 2 - - - - -

44 14/Male 4 10 Occipital lobe Incomplete 2 - - - - -

45 12/Female 7 5 Temporal lobe Complete 1 - - - - -

46 28/Female 20 8 Temporal lobe Complete 1 - - - - -

47 12/Male 6 6 Temporal lobe Complete 1 - - - - -

48 37/Female 16 21 Frontal lobe Complete 1 - - - - -

49 16/Male 8 8 Temporal lobe Complete 2 - - - - -

50 10/Male 6 4 Temporal lobe Complete 1 - - - - -

51 16/Male 8 8 Temporal lobe Complete 1 - - - - -

52 16/Male 9 7 Parietal lobe Complete 1 - - - - -

53 6/Male 3 3 Parietal lobe Incomplete 2 - - - - -

54 14/Male 7 7 Occipital lobe Complete 2 - - - - -

55 14/Male 7 7 Frontal lobe Complete 1 - - - - -

56 5/Male 3 2 Temporal lobe Complete 1 - - - - -

57 17/Male 8 9 Parietal lobe Complete 1 - - - - -

58 20/Male 12 8 Posterior fossa Complete 1 - - - - -

59 16/Male 13 3 Temporal lobe Complete 1 - - - - -

60 19/Male 8 11 Temporal lobe Complete 1 - - - - -

61 2/Female 1 1 Frontal lobe Complete 1 - - - - -

62 9/Female 4 5 Parietal lobe Complete 1 - - - - -

63 6/Male 3 3 Temporal lobe Complete 1 - - - - -

64 29/Male 12 17 Temporal lobe Complete 1 - - - - -
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Fig. 1. Histomorphology of DNT: Tumor nodule (A; HE, 100x) composed of perpendicular arrays of oligodendroglial-like cells in a myxoid background (B; HE, 200x) with
interspersed floating neurons (C; HE, 400x) highlighted by NeuN staining (D; IHC, 200x). Cortex adjacent to the tumor shows cortical dysplasia with loss of laminar architecture
(E; HE, 100x) highlighted by NeuN staining (F; IHC, 200x); dysplastic neurons show bush-like positivity for CD34 (G; IHC, 200 x and H; IHC, 400x).

next-generation sequencing to identify BRAF V60OE mutation in a
large series of DNTs; none of the cases analyzed by them harboured
V600E mutation. We also performed sequencing and demonstrated
BRAF V600E mutation at a low frequency (in 3.7% of cases), simi-
lar to its absence in the study by Rivera et al. (2016). Thus, there
is a marked variability in the frequency of BRAF V600OE mutation
in DNTs in different studies, which may be attributed to differ-
ent methodologies used in each of them (Table 2). While Sanger
sequencing has been considered the gold standard for detecting

mutations in DNA, it also has certain limitations. It requires an allele
frequency of about 15-20% as the DNA mutation detection thresh-
old. Factors like tumor heterogeneity and contamination with
normal cells may affect the rate of mutation detection. Although
tissue sections with more than 80% of tumor cells were used for
DNA extraction and BRAF V60OE detection, it is possible that we
may have missed this mutation in a few cases, owing to tumor
heterogeneity. Newer methods with higher threshold for detec-
tion of mutations, such as deep next-generation sequencing may



A. Kakkar et al. / Epilepsy Research 127 (2016) 141-151 147

Fig. 2. Immunostaining for mTOR pathway marker p-S6: Cases of DNT showing 2+ immunopositivity (A; IHC, 200x) and 3+ immunopositivity (B; IHC, 200x) for p-S6; high
magnification shows immunopositivity in floating neurons (C; IHC, 400x); neurons in the adjacent dysplstic cortex showing p-S6 immunopositivity (D; IHC, 200x).

Fig. 3. Immunostaining for mTOR and MAPK pathway markers: Cases of DNT showing 2+ immunopositivity for p-4EBP1 (A, IHC, 200x; B, IHC, 400x) and 3+ immunopositivity
for p-MAPK (C, IHC, 200x; D, IHC, 400x).
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Fig. 4. Electropherogram showing wild-type BRAF (A) and BRAF V60OE mutation (B).
Table 2

Methodology used and frequency of BRAF V60OE mutation in previous studies on Dysembryoplastic neuroepithelial tumors.

Frequency of BRAF V60OE mutation

Reference Number of cases Methodology used

Dougherty et al., 2010 3 Sanger sequencing

Schindler et al., 2011 4 Sequencing

Horbinski et al., 2012 1 RT-PCR and post-PCR fluorescence melting curve analysis
Chappe et al., 2013 11 HRM, sequencing and immunohistochemistry

Zhang et al., 2013 2 Next-generation sequencing

Lee et al., 2015 51 Sanger sequencing

Prabowo et al., 2014 77 Sanger sequencing and immunohistochemistry

Gierke et al., 2016 11 Restriction-based polymerase chain reaction and immunohistochemistry
Rivera et al., 2016 43 Next-generation sequencing, Fluidigm access array system
Present study, 2016 27 Sanger sequencing

0%
0%
0%
30%
0%
51%
30%
9%
0%
3.7%

have given a better estimation of BRAF V600OE mutation and this
remains the limitation of our study. The low frequency of BRAF
mutation in our study may also be attributed to differences in eth-
nicity, as also speculated by Prabowo et al. (2014) and Lee et al.
(2015) as an explanation for the high frequency of BRAF mutation
in their studies when compared to other reports on DNTSs. Identifi-
cation of this mutation in a small number of DNTs indicates a shared
pathogenetic mechanism of a subset of these tumors with GG and
PXA, both of which are also associated with intractable epilepsy
and show this mutation as well.

Copy number alterations have not been extensively analyzed
in DNTs. Roth et al., in 2015, reported a possible case of DNT
which on single nucleotide polymorphism (SNP)-based array anal-
ysis showed deletion of 7q34, resulting in fusion of BRAF with the
FAM131B gene. Gessi et al. evaluated 7 supratentorial midline DNTs
and found gain of 8p12; however, no copy number change was

present at 7q34. In our study, we identified gain of the BRAF locus
in 33.3% cases. Ours is the first study to demonstrate BRAF gain in
DNTs, emphasizing that BRAF V60OE mutation and BRAF fusion are
not the only BRAF alterations that may be seen in these tumors. This
finding is in concordance with previous reports of gain of chro-
mosome 7q in DNTs available in literature; however, its role in
DNT pathogenesis needs further elucidation (Prabowo et al., 2015).
Absence of V60OE mutation should therefore prompt an analysis
of BRAF copy number, as there lies the possibility that patients
harbouring BRAF gain may stand to benefit from BRAF inhibitors.
The mTOR pathway is a key intracellular signalling pathway that
responds to stimulation by various growth factors and nutrients,
and whose role in tumor cell growth and proliferation is well estab-
lished. Activation of mTOR by phosphorylation causes activation of
itsdownstream substrate 4EBP1, which in turn releases the eukary-
otic initiation factor 4E (elF4E). elF4E interacts with p-eukaryotic
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initiation factor 4G (elF4G) to activate cap-dependent mRNA trans-
lation which enhances cell size and cell proliferation (Holmes et al.,
2007). mTOR also increases cell size and proliferation by phospho-
rylating downstream p70S6K, leading to activation of S6 protein.
Previous studies have demonstrated activation of the mTOR sig-
nalling pathway in lesions associated with intractable epilepsy,
such as FCD, and in some brain tumors (Baybis et al., 2004; Hiitt-
Cabezas et al,, 2013; Ljungberg et al., 2006; Mueller et al., 2012;
Schick et al., 2007). However, there are very few studies on the
same in DNTs. Till date, only two studies have assessed the mTOR
pathway in DNTs. Boer et al. (2010) evaluated nine cases of DNT for
activation of mTOR signalling using 8 antibodies, including p-S6
and p-4EBP1. In their study, p-S6 immunopositivity was noted in
few neuronal cells, with a LI of 5 4+ 3%, while p-4EBP1 immunoposi-
tivity was similar to that in control samples (LI=1 4 0.2%). Based on
the low labelling indices for these markers, the authors concluded
that mTOR pathway activation is not detected in DNTs. Interest-
ingly, normal appearing peritumoral cortex from 3 GGs and 2 DNTs
also showed immunopositivity for p-S6 (LI=6 +3%) and p-4EBP1
(LI=140.2%), which was higher than that for control tissues (p-S6
LI=34 1% and p-4EBP1 LI=1 4 0.5%). However, the authors did not
comment on this finding. A subsequent study by Prabowo et al.
(2014) identified p-S6 immunoreactivity as a marker for mTOR
pathway activation in the neuronal cells in 31 of 77 (40%) DNTs ana-
lyzed, which was seen in association with BRAF V600E mutation. In
our study, we identified immunopositivity for p-S6, the activated
form of S6 protein, as well as for 4EBP1, indicating mTOR path-
way activation in 89.7% of DNTs. This immunoreactivity was noted
predominantly in the neuronal cell component, indicating that it is
this cellular component of the tumor that may be responsible for its
epileptogenic potiential. We also noted that p-S6 immunopositivity
was present in dysmorphic neurons in the dysplastic cortex adja-
cent to the tumor. This is in concordance with findings of previous
studies that have reported activation of mTOR pathway in FCD and
other malformations of cortical development (Nguyen et al., 2015).
Thus, it appears that enhanced mTOR signalling is central to the
pathogenesis of intractable epilepsy-associated lesions, whether
tumoral or non-tumoral. Although a few studies on pediatric low
grade gliomas have reported a worse outcome in patients whose
tumors demonstrated mTOR activation (Mueller et al., 2012), no
significant association was noted between seizure-free outcome
and enhanced mTOR signalling in our series.

Prabowo et al. (2014) are also the first group to demonstrate the
association of mTOR pathway activation with BRAF V60OE muta-
tion in DNTs. This association has previously been demonstrated
in other tumors such as papillary carcinoma thyroid and malig-
nant melanoma (Galanopoulou et al,, 2012; Populo et al., 2010).
In our study, all except one case with BRAF alterations showed
association with enhanced mTOR pathway signalling. While cases
with copy number gain showed p-S6 immunoreactivity with or
without p-4EBP1 positivity, the case with V60OE mutation showed
immnopositivity with both p-S6 and p-4EBP1. This suggests that
different BRAF alterations affect the various components of the
mTOR pathway differently. These findings will help to further elu-
cidate the molecular pathogenesis of DNTs.

The MAPK pathway links extracellular signals to cellular pro-
cesses such as cell growth, proliferation, differentiation, and
migration, and dysregulation of this pathway plays an important
role in cancer development and progression (Dhillon et al., 2007).
With respect to brain tumors, this pathway has been shown to be
activated in pilocytic astrocytomas, as well as in high grade gliomas
(Cin et al., 2011; Forshew et al., 2009; Jones et al., 2012). In DNTs,
this pathway has not been evaluated till date. We performed IHC
for p-MAPK and demonstrated positivity in 50% of cases, which
was irrespective of presence of BRAF alterations. This suggests that
while MAPK activation plays a role in DNT pathogenesis, it may be

independent of BRAF, and may involve activation of other upstream
molecules, or some epigenetic modifications.

5. Conclusions

Ours is the first study to demonstrate BRAF copy number gain in
DNTs, highlighting that BRAF alterations other than V60OE mutation
can lead to activation of downstream pathways. We demonstrate
activation of the mTOR pathway in DNTSs, as in other epilepsy asso-
ciated lesions, as evidenced by increased immunoreactivity for
mTOR pathway components p-S6 and p-4EBP1, thus providing a
link in the pathogenesis of these lesions. The identification of p-S6
positivity in dysplastic cortex adjacent to DNTs further consoli-
dates the hypothesis that enhanced mTOR signalling is central to
the pathogenesis of epilepsy associated lesions, whether tumoral or
non-tumoral. These findings suggest that rapamycin analogs that
act as inhibitors of mTOR pathway could serve as a therapeutic
option for DNT patients presenting with intractable epilepsy, and
that markers of mTOR pathway activation could serve as clinically
relevant biomarkers for identification of patients that may benefit
from mTOR inhibitors, thus optimizing their therapeutic potential.
MAPK activation, when identified, can also similarly serve as a ther-
apeutic target. Thus, our results will ultimately pave the way for
development of targeted therapies involving specific downstream
targets in these pathogenetic pathways in the future, which may be
most relevant for patients whose tumors are incompletely resected,
and those with residual seizures after surgery.
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