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Pediatric brain tumors are highly associated with epileptic 
seizures1. However, their epileptogenic mechanisms remain 
unclear. Here, we show that the oncogenic BRAF somatic 
mutation p.Val600Glu (V600E) in developing neurons 
underlies intrinsic epileptogenicity in ganglioglioma, one 
of the leading causes of intractable epilepsy2. To do so, we 
developed a mouse model harboring the BRAFV600E somatic 
mutation during early brain development to reflect the most 
frequent mutation, as well as the origin and timing thereof. 
Therein, the BRAFV600E mutation arising in progenitor cells 
during brain development led to the acquisition of intrinsic 
epileptogenic properties in neuronal lineage cells, whereas 
tumorigenic properties were attributed to high proliferation 
of glial lineage cells. RNA sequencing analysis of patient brain 
tissues with the mutation revealed that BRAFV600E-induced 
epileptogenesis is mediated by RE1-silencing transcription 
factor (REST), which is a regulator of ion channels and neu-
rotransmitter receptors associated with epilepsy. Moreover, 
we found that seizures in mice were significantly alleviated 
by an FDA-approved BRAFV600E inhibitor, vemurafenib, as well 
as various genetic inhibitions of Rest. Accordingly, this study 
provides direct evidence of a BRAF somatic mutation contrib-
uting to the intrinsic epileptogenicity in pediatric brain tumors 
and suggests that BRAF and REST could be treatment targets 
for intractable epilepsy.

Pediatric brain tumors are associated with epileptic seizures that 
are refractory to antiepileptic treatment1. Owing to a lack of under-
standing of the molecular genetic mechanisms, effective medical 
treatment remains elusive. Ganglioglioma, which accounts for 2–5% 
of all brain tumors, elicits early-onset uncontrolled epileptic seizures 
in children as the second-most common lesion in patients under-
going epilepsy surgery3. Approximately 80–100% of patients with 
ganglioglioma experience epileptic seizures compared to 30% in 
malignant gliomas4. Most gangliogliomas are low-grade tumors of 
mixed neuronal and glial histology. Owing to the strong association 
with epilepsy, several studies have suggested that intrinsic factors in 

ganglioglioma may contribute to their epileptogenicity. By impair-
ing GABAergic inhibition, the downregulation of GABA receptor 
subunits and the potassium chloride co-transporter solute carrier 
family 12 member 5 (SLC12A5; also known as KCC2) in gangliogli-
omas has been implicated in tumor epileptogenicity5,6, but its molec-
ular basis remains unclear. Recently, somatic mutations in PIK3CA, 
MTOR (which encodes mechanistic target of rapamycin (mTOR)), 
TSC1 or TSC2 directly cause intractable epilepsy in patients with 
cortical malformation7,8. Although these mutations are well docu-
mented as tumor driver mutations9,10, the presence in developing 
neurons was found to lead to epilepsy without the formation of any 
neuronal tumors. These indicated that oncogenic mutations specific 
to gangliogliomas in developing neurons might affect neuronal and 
glial differentiation, thereby eliciting epileptogenesis.

To assure that the BRAF mutation is a predominant mutation 
in epilepsy-associated pediatric brain tumors, we re-analyzed a 
large-scale whole-genome sequencing study of pediatric low-grade 
gliomas11. In 56 low-grade gliomas, BRAF mutations presented in 
50% at the genome-wide level similar to previous BRAF-targeted 
sequencing and immunostaining studies2. However, low-level 
somatic mutations in other oncogenes, such as MTOR, AKT3 and 
PIK3CA, with allelic frequencies ranging from 1% to 12%, were 
sufficient to cause epilepsy with focal cortical dysplasia7,8. As focal 
cortical dysplasia has been associated with gangliogliomas and 
they often coexist12, we performed deep whole-exome sequencing 
(620× , average read depth) in five patients with ganglioglioma to 
further document such low-level oncogenic mutations that may not  
have been detected in our previous method with a low read depth 
(Fig. 1a and Supplementary Tables 1 and 2). We found that 60% 
of the patients with ganglioglioma carried the BRAFV600E mutation, 
with an allelic frequency ranging from 15% to 19% (Supplementary 
Fig. 1a and Supplementary Table 3). No somatic mutations, other 
than BRAFV600E, in any known tumor driver genes or epilepsy-
related genes were observed. To evaluate the origin and timing of 
the BRAFV600E mutation in gangliogliomas of mixed neuronal and 
glial histology, we isolated neurons and glial cells using laser capture  
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microdissection without cross-contamination and performed 
Sanger sequencing of BRAFV600E in enriched cells (Fig. 1b and 
Supplementary Fig. 1b). The BRAFV600E mutation existed in both cell 
types, implying that the mutation arises from neural progenitor cells 
during early brain development, which differentiate into neuronal 
and glial lineage cells, sequentially13.

We sought to determine whether the BRAFV600E mutation arising 
in neural progenitor cells could recapitulate the pathologies found 

in gangliogliomas, including dysplastic and enlarged neurons, as 
well as the loss of cytoarchitectural organization12. We performed 
in utero electroporation of the Cre-plasmid with the green fluo-
rescent protein (GFP)-reporter into Braflsl-V637E/+ mice at embryonic 
day 14 (E14) to trace neurons (Fig. 1c) or the Cre-plasmid into 
Braflsl-V637E/+; Rosa26lsl-tdTomato mice to trace both neurons and glia 
cells (Supplementary Fig. 2a,b). The soma sizes and aspect ratios 
of neurons carrying BrafV637E (orthologous to human BRAFV600E) 
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Fig. 1 | Mouse model of ganglioglioma with BrafV637e somatic mutations arising in neural progenitor cells during early brain development. a, Preoperative 
and postoperative brain MRI (left panel), tumor H&E (right upper panel) and GFAP immunohistochemical (right lower panel) staining images from a patient 
with ganglioglioma (GG231) carrying the BRAFV600E mutation. The white arrow and the black arrowhead indicate the brain tumor and a dysplastic neuron, 
respectively. Scale bars, 100 μ m. b, Pre-dissection and post-dissection of NeuN+Olig2– neurons (white dashed circles) and NeuN–Olig2+ glia cells (white dashed 
circles) from ganglioglioma patient tissues using laser capture microdissection (LCM), followed by Sanger sequencing. Scale bars, 20 μ m. All experiments 
were repeated two times. c, Generation of a ganglioglioma mouse model with the BrafV637E brain somatic mutation by in utero electroporation at E14.5. 
Scale bar, 2.5 mm. P0, postnatal day 0. d,e, Immunofluorescence staining of electroporated cortical regions and quantification of dysplastic neurons: soma 
size (d), aspect ratio and circularity of neurons (e). n =  48 control and n =  97 Cre-inserted cells. Scale bars, 20 μ m. f, CD34 immunohistochemical staining 
in electroporated cortical regions and quantification of CD34 relative intensity. P =  0.0002. Scale bars, 1 mm. CPu, caudate–putamen; SSc, somatosensory 
cortex. g–i, Representative immunofluorescence staining in electroporated cortical regions and quantification of relative numbers of tdTomato+NeuN+ neurons 
(g), tdTomato+S100-β + astrocyte lineage cells (h) and tdTomato+Olig2+ oligodendrocyte lineage cells (i). Scale bars, 100 μ m. n =  4 wild-type mice and n =  5 
BrafV637E-carrying mice. Student’s t-test, two sided (d–i). Overlaid points indicate the individual cell (d,e) and tissue section scores (f–i). NS, not significant. 
***P <  0.001 and ****P <  0.0001. Error bars are presented as the mean ±  s.e.m. All mice electroporated at E14 were fixed at postnatal day 60.
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were significantly increased, whereas the soma circularity of mutant 
neurons was abnormally reduced compared to wild-type neurons 
(Fig. 1d,e). Moreover, the angle of apical dendrites towards the pial 
surface was distorted in mutant neurons (Supplementary Fig. 2c). 
Immunostaining of cortical layers for NeuN and cut like homeo-
box 1 (CUX1) revealed severe cortical dyslamination in the mutant 
mice (Supplementary Fig. 2d,e). We discovered increased CD34 
intensity in association with ganglioglioma12 in cortical regions 
affected by the BrafV637E mutation (Fig. 1f and Supplementary  
Fig. 2f–h). Interestingly, despite the cytoarchitectural abnormalities 
of the mutant neurons, the number of neuronal lineage cells was 
not changed (Fig. 1g), but the number of astrocytes or oligoden-
drocytes was significantly increased in the mutant mice (Fig. 1h,i 
and Supplementary Fig. 2i). Taken together, the BRAFV600E mutation 
arising in neural progenitor cells during embryonic corticogenesis 
results in dysmorphic, but non-neoplastic, neurons with cortical 
dyslamination, as well as neoplastic glial cells, similar to the patho-
logical features of ganglioglioma.

Mutant mice were then examined to determine whether they 
would experience epileptic seizures. Surprisingly, video electroen-
cephalography (EEG) monitoring of mutant mice depicted spon-
taneous epileptic seizures in more than 90% of mice after postnatal 
4 weeks (Fig. 2a,b and Supplementary Video 1). They showed an 
average of five generalized, tonic-clonic seizures per day (Fig. 2c), 
dying before postnatal day 400 (Supplementary Fig. 2j). To deter-
mine whether the spontaneous and synchronized bursting firings 
were generated from the cortical regions in the mutant mice, we 
recorded field potentials in mouse brain slices using a 64-channel 
multielectrode device (Fig. 2d and Supplementary Fig. 3a). Brain 
slices carrying the somatic BrafV637E mutation showed significant 
increases in focally spontaneous firing rate and more synchronized 
burst firings (SBFs) than wild-type brain slices (Fig. 2e,f). To con-
firm focal epilepsy, we performed single-unit recordings using a 
multichannel deep microelectrode array in vivo (Supplementary 
Fig. 3b). We found that the deep cortical layer of affected lesions 
in BRAFV637E-mutant mice had more active local field potentials 
(Supplementary Fig. 3c–e).

We sought to determine whether focal epileptic seizures are 
dependent on cell type and mutation timing. Neural progenitor 
cells, called radial glial cells, are known to generate neuronal cells 
during embryonic brain development, whereas they produce glial 
lineage cells during the perinatal period14. To test whether glial lin-
eage cells with the BrafV637E mutation contribute to epileptogenesis, 
we electroporated a Cre-plasmid into Braflsl-V637E/+; Rosa26lsl-tdTomato 
mice at postnatal day 1 (Fig. 2g). We found that the number of glial 
cells was markedly increased in mutant mice, but seizures were not 
apparent (Fig. 2h–l). Changes in spontaneous firing rate and SBF 
rate were insignificant (Fig. 2m,n), suggesting that glial lineage cells 
are not responsible for epileptogenicity. We also tested whether 
post-mitotic and mature neurons expressing BRAFV637E contribute 
to epileptogenesis. To do this, we electroporated a tamoxifen-induc-
ible Cre-expressing vector into Braflsl-V637E/+; Rosa26lsl-tdTomato mice at 
E14 with an intraperitoneal tamoxifen injection at postnatal day 30 
(Fig. 2o). In addition, we injected a CamK2-Cre-expressing adeno-
associated virus (AAV) into the somatosensory cortex region of 
Braflsl-V637E/+; Rosa26lsl-tdTomato mice at postnatal day 30 (Supplementary 
Fig. 4a). Interestingly, no epileptic seizures were observed in both 
mice models (Fig. 2p and Supplementary Fig. 4b). Furthermore, 
the neuronal soma size, cytoarchitecture and apical dendritic direc-
tion were not significantly altered (Supplementary Fig. 4c–f). These 
results indicated that the epileptic seizures noted in the Braflsl-V637E/+ 
mice were attributable to the neuronal BRAFV600E mutation arising 
during early brain development.

To probe the molecular mechanism by which BRAFV600E 
induces epileptogenesis in patients, we applied RNA sequencing to  
examine genes that were differentially expressed in the BRAFV600E 

mutation-carrying tumors and functionally annotated them (Fig. 3a, 
Supplementary Fig. 5a–c and Supplementary Data). Interestingly, 
downregulated genes in ganglioglioma were significantly associated 
with synaptic transmission, nervous system development and regu-
lation of synaptic plasticity, whereas upregulated genes were related 
to immune system process and antigen processing and presentation 
(Fig. 3b and Supplementary Fig. 5d,e). In particular, we noticed that 
several downregulated genes encode ion channels or neurotrans-
mitter transporters associated with epilepsy15–20 (Supplementary 
Fig. 5f). Accordingly, we examined which upstream regulator 
could govern the expression of these epilepsy-associated genes 
that are downregulated in gangliogliomas using Ingenuity Pathway 
Analysis. Therein, RE1-silencing transcription factor (REST), the 
expression of which was significantly increased in ganglioglio-
mas, was highlighted as a key upstream regulator (Fig. 3c). REST 
is known as a transcription factor that contributes to epileptogen-
esis by repressing a subset of genes, such as HCN1, GRIA2, KCNC2, 
GABRD, GRIN2A, KCC2, GABRB3 and GRIN2B, the expression 
of which were decreased in gangliogliomas21 (Fig. 3d). We found 
that the expression of REST was significantly increased in neuronal 
cells of patient brain tissue (Fig. 3e and Supplementary Fig. 6a), sug-
gesting that the neuronal BRAFV600E mutation may stimulate REST 
expression, thereby contributing to epileptogenesis.

In addition, we found significant increases in neuronal REST 
amount in BRAFV673E-mutant mice (Fig. 3f and Supplementary 
Fig. 6b). The expression of the REST target genes highlighted in 
the transcriptome of patients with ganglioglioma was significantly 
decreased in the mutant mice (Fig. 3g). Previously, chemoconvul-
sant-induced seizures were shown to increase REST expression22. 
However, the levels of REST were increased and highly colocal-
ized with BRAFV637E-mutated neurons before the onset of epilep-
tic seizures (Supplementary Fig. 6c–e). Brain slices from postnatal 
30-day-old BRAFV637E-mutant mice showed significant increases in 
spontaneous firing rate and SBF (Supplementary Fig. 6f–h). After 
postnatal day 20, mutant mice continuously exhibited increases in 
REST expression compared to wild-type mice wherein the expres-
sion of REST decreased, suggesting that the noted increases in REST 
expression induced by the BrafV637E mutation contribute to inducing 
epileptic seizures (Fig. 3h). Furthermore, REST expression was not 
increased in non-epileptic mouse brains in which the BrafV637E muta-
tion was induced at postnatal day 30 by tamoxifen (Supplementary 
Fig. 6i). To further examine whether the increase in REST expres-
sion is specific to the BRAFV600E mutation that contributes to sei-
zures, we compared the REST expression in BRAFV600E-positive 
ganglioglioma tissue to that in control tissues, including one of the 
pediatric low-grade gliomas, pilocytic astrocytoma, without sei-
zure episodes and BRAFV600E-negative gangliogliomas with epilepsy 
(Supplementary Fig. 6j). We found that the expression of REST  
was not significantly increased either in neurons adjacent to the 
pilocytic astrocytoma (Supplementary Fig. 6k and Supplementary  
Table 4) or in BRAFV600E-negative tumors with epilepsy 
(Supplementary Fig. 6l,m and Supplementary Table 5). Instead, the 
level of phosphorylated S6 was significantly increased in BRAFV600E-
negative gangliogliomas, implying that mTOR pathway hyperac-
tivation is a potential epileptogenic mechanism (Supplementary 
Fig. 6n). Consistent with this result, a mouse model of focal cor-
tical dysplasia with intractable seizure as a result of Mtor somatic 
mutation showed no change in the expression of REST, thereby sug-
gesting that the increases in REST expression with BRAF somatic 
mutations are less likely to be a result of the seizures themselves 
or tumor effects (Supplementary Fig. 6k,o,p). BRAF mutation in 
ganglioglioma has been hypothesized to induce MTOR hyperacti-
vation through crosstalk with the mitogen-activated protein kinase 
(MAPK) pathway3,23. However, there was no significant change in 
phosphorylated S6 levels in the BRAFV637E-mutant neurons (Fig. 3i 
and Supplementary Fig. 7a–c). Furthermore, rapamycin treatment 
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had no effect on the occurrence of seizures in the BRAFV637E-mutant 
mice (Fig. 3j). To elucidate a molecular mechanism by increasing the 
transcription of REST by BRAFV600E (Fig. 3h), we examined potential 
transcription factors that could regulate REST and be induced by 
Ras–Raf–MAPK signaling. We found that the expression of MYC 
rose similar to that of REST (Supplementary Fig. 7d), and its bind-
ing to the promotor region of REST was increased upon chromatin 
immunoprecipitation of mouse brain tissue as well as BRAFV600E-
transfected heterologous cells (Supplementary Fig. 7e–g). Thus, 
these data showed that the BRAFV600E mutation in developing neu-
rons results in an increase of REST expression mediated by MYC, 
leading to intractable epilepsy.

Finally, we examined whether BRAFV600E or REST could be a 
therapeutic target for intractable epilepsy. We infused PLX4032 
into the ventricle of mutant mice using an osmotic pump for 
6 weeks, rather than oral administration, which was ineffective 
in reducing seizures perhaps due to its limited penetrance of the 
blood–brain barrier24,25 (Fig. 4a and Supplementary Fig. 8a–c). 
As a result, the frequency of ictal seizures, electrographic seizure 
and interictal spikes were decreased in the mutant mice (Fig. 4b,c 
and Supplementary Fig. 8d,e). The expression of REST and MYC 
were significantly decreased in PLX4032-treated mutant mice  
(Fig. 4d and Supplementary Fig. 8f,g). To test whether the inhibition of 
REST directly reduces the seizures, we utilized the dominant-negative  
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Fig. 2 | BRAFV600e mutations arising in neural progenitor cells during embryonic brain development lead to epileptic seizures. a, Four-channel (LF, left 
frontal; RF, right frontal; LT, left temporal; RT, right temporal) EEG recording of mouse brains carrying the BrafV637E somatic mutation. Scale bar, 1 mV and 
2 s. b,c, Proportion of seizure onset (b) and the average number of ictal seizures per day (c) in control (n =  20) and Cre-inserted (n =  23) mice. Log-rank 
test (b). Hazard ratio =  21.68. d–f, Representative images of brain slices loaded on a 64-channel multielectrode device (d) and quantification of the 
spontaneous firing rate (e) and the SBF rate (f) in control (n =  8) and Cre-inserted (n =  7) mice brain slices. Ch1, channel 1; SSc, somatosensory cortex. 
All experiments were repeated ≥ 3 times (d). Mann–Whitney U-test, two sided. P =  0.0003 (e,f). g, Schematic figure of the electroporation experiment 
introducing the cre gene into Brafllsl-V637E/+; Rosa26lsl-tdTomato mice at postnatal day 1. h–k, Immunofluorescence staining in electroporated cortical regions 
(h) and quantification of tdTomato+S100-β + (i), tdTomato+Olig2+ (j) and tdTomato+GFAP+ (k) cells in wild-type mice (n =  6) and BrafV637E-carrying 
mice (n =  7). Scale bars, 50 μ m. l, Proportion of tdTomato+ mice (n =  22 mice for V637E) experiencing spontaneous seizures. m,n, Quantification of the 
spontaneous firing rate (m) and the SBF rate (n) in brain slices from negative-control mice (wild type, n =  8), postnatal electroporated mice (V637E 
postnatal, n =  9) and positive-control mice (V637E in utero, n =  7). Mann–Whitney U-test, two sided (m,n). Electroporation of the tamoxifen-inducible 
Cre plasmid for the induction of the BrafV637E mutation in mature neurons (o) and the proportion of spontaneous seizures (n =  14 for the tamoxifen-treated 
group; p). i.p., intraperitoneal; f/u, follow up. Student’s t-test, two sided (c,i–k). Overlaid points indicate individual animals (c,e,f,m,n) and tissue section 
scores (i–k). NS, not significant. *P <  0.05, **P <  0.01, ***P <  0.001 and ****P <  0.0001. Error bars are presented as the mean ±  s.e.m.
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form of REST (dnREST) to genetically inhibit the function of REST 
in vivo26,27. We co-electroporated dnREST with Cre into Braflsl-V637E/+ 
mice (Fig. 4e and Supplementary Fig. 8h) and found that the onset 
of seizures was delayed, the occurrence of seizures was reduced 
(Fig. 4f,g) and the levels of REST target genes were increased  
(Fig. 4h). For the acute blocking of REST activity, REST decoy  

oligodeoxynucleotides (ODNs) were injected into the mutant mouse 
brain28 (Supplementary Fig. 8i). Likewise, the frequency of epilep-
tic seizures and the power of EEG were decreased after 2 weeks 
of injection (Supplementary Fig. 8j–m). Altogether, these results 
demonstrated that the inhibition of BRAFV600E and REST alleviate  
intractable epilepsy.
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In the present study, we showed that the oncogenic BRAFV600E 
somatic mutation that is most frequently found in epilepsy-associ-
ated pediatric brain tumors arises during early brain development 
and causes REST-mediated intrinsic epileptogenicity in developing 
neurons (Fig. 4i). We showed that intracerebroventricular injec-
tion of vemurafenib alleviates epileptic seizures, thereby raising 
the possibility of the use of BRAF inhibitors as anti-epileptic drugs 
in epilepsy-associated pediatric brain tumors that are positive for 
BRAFV600E. However, this is relatively invasive and inappropriate for 
practical use in the clinical setting. Thus, if BRAF inhibitors with 
enhanced permeability to the blood–brain barrier are applied to 
patients via less invasive routes, those would be more suitable for 
clinical use. In epilepsy-associated tumor, studies have focused on 

MTOR activation23, excitatory–inhibitory imbalance29 and inflam-
matory signaling between the glia and neurons30. However, our 
results showed that the oncogenic BRAFV600E mutation increases 
the expression of REST mediated by MYC, leading to epileptic sei-
zures. Notably, several studies showed that increased REST activity 
directly provokes epilepsy by reducing the expression of HCN1 and 
other ion channels28,31. Furthermore, genes involved in epileptogen-
esis have moderate binding affinity to REST, whereas those with 
high or low binding affinity were unrelated to epileptogenesis22. 
A set of genes found to be downregulated in our study, including 
HCN1, GRIA2, GABRD, GRIN2A, KCC2, GABRB3 and GRIN2B, 
exhibit mid-range binding frequencies to REST28 and are associ-
ated with epilepsy in itself18,20,32–35. Our results suggest that targeted 
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therapy of an epileptogenic mutation or the key regulator of down-
stream genes would more efficiently alleviate intractable epilepsy 
and provide new insights into the molecular genetic mechanism for 
intractable epilepsy associated with brain tumors.

Online content
Any methods, additional references, Nature Research reporting 
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Methods
Patient sample collection and enrollment. We reviewed patients with 
ganglioglioma recruited from 2013 to 2016 in Severance Hospital of Yonsei 
University College of Medicine, Seoul, Republic of Korea, who satisfied the 
diagnostic criteria according to the 2016 WHO (World Health Organization) 
central nervous system tumor classification36. After surgery, freshly frozen 
brain tissue of excised tumor and blood samples were obtained from patients. 
All patients underwent preoperative evaluation of tumor mass and epileptic 
seizure using high-resolution magnetic resonance imaging (MRI) and video 
EEG monitoring, respectively. Surgical process of the tumor was personalized 
to tumor location, tumor size, semiology, invasiveness, such as the WADA test, 
subdural girds and intraoperative electrocorticography findings37. The resection 
margin for seizure foci was defined by: (1) the existence of a massive and exclusive 
ictal zone confirmed by intraoperative electrocorticography and subdural grid; 
(2) interictal intracranial EEG abnormal findings, including > 3 per second 
repetitive spikes, runs of repetitive spike, slow-wave discharges, localized or 
spindle-shaped fast activities, and electrodecremental fast activities; and (3) the 
absence of the eloquent cortex. After resection, ganglioglioma was diagnosed by 
pathology with confirmation by two expert neuro-oncology pathologists. All of the 
diagnoses were according to the recent 2016 WHO central nervous system tumor 
classification consensus classification and by the International League Against 
Epilepsy (ILAE) Diagnostic Methods Commission. Normal tissues (referred to as 
non-ganglioglioma tissues) used in this study were collected from the tumor-free 
margin of an individual. The neuro-oncology pathologist validated that these 
tissues were pathologically normal. In addition, we could rule out the epileptogenic 
zone on these areas by electrocorticography evaluation. All human tissues were 
obtained with informed consent in accordance with protocols approved by the 
Severance Hospital and KAIST Institutional Review Board and Committee on 
Human Research.

DNA extraction and preparation. We extracted genomic DNA from freshly 
frozen brain tissue and blood samples. After surgery, the brain tissue was cut to 
the appropriate size and completely dissolved in 200 μ l lysis buffer (Buffer ATL 
in QIAamp Mini DNA kit (Qiagen)) containing 20 μ l proteinase K overnight. We 
used the QIAamp Mini DNA kit (Qiagen) for freshly frozen brain tissues and blood 
based on the manufacturer’s protocols. Patient genomic DNA was finally eluted 
in 50 μ l TE buffer (10 mM Tris-HCl, pH 8.0, and 1 mM EDTA). Overall DNA 
concentration and quality were confirmed via NanoDrop Lite Spectrophotometer 
(Thermo Scientific) and Bioanalyzer (Agilent Technologies).

Deep whole-exome sequencing and bioinformatic analysis. Sequencing libraries 
were prepared using Sureselect All Exon V5+ UTRs kits (Agilent Technologies). All 
of the sequencing-ready libraries were satisfied with the sequencing-ready quality 
control criteria (concentration of > 13 ng μ l–1 and a size of 220–350 bp) on Agilent 
Technologies 2100 Bioanalyzer using a DNA 1000 chip. They were sequenced 
using a HiSeq 2000 instrument (median read depth of > 450× ) according to 
the manufacturer’s protocol (Agilent Technologies). Based on the GATK Best 
Practice Pipeline (https://software.broadinstitute.org/gatk/), analysis-ready binary 
alignment map (BAM) files were generated from raw FASTQ files as follows: using 
Burrows–Wheeler Aligner (BWA), raw sequences from FASTQ files were aligned 
to hg19/GRCh37 assembly of the human genome reference sequence, making 
BAM files. To find de novo single-nucleotide variants (somatic mutation) only 
in the tumor sample, the MuTect and Strelka algorithms were used to analyze 
blood–brain-paired sequencing data sets. Variant call format (VCF) files made by 
a mutation calling process were annotated by the SnpEFF program to identify and 
evaluate variants. Mutations with a putative low impact score were excluded38.

Site-specific amplicon sequencing for the BRAF gene. We designed the region-
specific primers for the validation and detection of low-level BRAFV600E somatic 
mutations. The primer sequence was: 5′ -TGC TTG CTC TGA TAG GAA AAT 
G-3′  (forward) and 5′ -AGC CTC AAT TCT TAC CAT CCA C-3′  (reverse). Target 
sequences were PCR amplified with PrimeSTAR DNA Polymerase (Takara). For 
secondary PCR, 10 ng purified PCR product from the first amplification was 
annealed with both Illumina adaptor and barcode sequences. After verifying the 
fragment size and quality of the amplified libraries by an Agilent 2100 Bioanalyzer, 
libraries were pooled and sequenced on an Illumina HiSeq.

Laser capture microdissection with Sanger sequencing. Laser capture 
microdissection was performed as previously described7. Freshly frozen brain 
was fixed by 4% paraformaldehyde in PBS and stained by mouse monoclonal 
anti-NeuN antibody (1:200, MAB377, Millipore) and rabbit polyclonal 
anti-oligodendrocyte lineage transcription factor 2 (Olig2) antibody (1:500, 
AB9610, Millipore). After staining with primary antibodies, we marked Alexa 
555-conjugated anti-mouse and Alexa 488-conjugated anti-rabbit secondary 
antibodies to distinguish neuron and glial cells, respectively. NeuN+Olig2− or 
Olig2+NeuN− cells (n =  ~50 per each case) were microdissected with the PALM 
laser capture system (Carl Zeiss), being careful not to contaminate one another, 
and collected in an adhesive cap (Carl Zeiss). Genomic DNA was extracted from 
collected cells using the QIAamp microkit laser capture microdissection tissue 

protocol (Qiagen). We validated mutation sequences (BRAF c.1799T> A)  
in extracted DNA by amplified PCR using targeted primer and high-fidelity 
PrimeSTAR GXL DNA polymerase (Takara) according to the manufacturer’s 
protocol. The detailed sequences of the primers are as follows: sense, 5′ -TGC 
TTG CTC TGA TAG GAA AAT G-3′  and antisense, 5′ -AGC CTC AAT TCT 
TAC CAT CCA C-3′ . The PCR product was purified with the MEGAquick spin 
total fragment DNA purification kit (Intron). We carried out fluorescent DNA 
sequencing using the BioDye Terminator and automatic sequencer system  
(Applied Biosystems).

Experimental animals. Braflsl-V637E/+ mice were kindly provided by J. A. Fagin 
(Memorial Sloan Kettering Cancer Center, New York)39,40. To track cells divided 
from Cre-expressing neural stem cells, Braflsl-V637E/+ mice were mated with 
Rosa26lsl-tdTomato mice (JAX#007905). The primer sequences that maintained the 
genotypes of both mice are stated in Supplementary Table 6. Mice were used in 
experiments without sex discrimination and they were housed in isolator cages 
with free access to food and water that were located in a room maintained at a 
constant temperature of 23 °C on a 12-h light–dark cycle with lights off at 19:00. 
All procedures were approved by the KAIST Institutional Animal Care and Use 
Committee. We complied with all relevant ethical regulations.

Plasmid information and in utero electroporation. Timed pregnant mice (E14) 
were anesthetized with isoflurane (0.4 l min–1 oxygen and isoflurane vaporizer 
gauge 3 during surgery). The uterine horns were exposed and a lateral ventricle of 
each embryo was injected using pulled glass capillaries with 1 g ml–1 of Fast Green 
(F7252, Sigma) mixed with 1–2 μ g pCAG-Cre-IRES2-GFP (Addgene 26646) or 
pCAG-Cre-GFP (Addgene 13776) plasmids. Plasmids were electroporated on 
the ventricle of the Braflsl-V637E/+ embryo by discharging 30 V with the ECM830 
electroporator (BTX-Harvard apparatus) in five electric pulses of 80 V with the 
duration of 100 ms at 900-ms intervals. Likewise, pCAG-Cre (Addgene 13775) or 
pCAG-ERT2CreERT2 (Addgene 13777) was electroporated into the ventricle of 
Braflsl-V637E/+; Rosa26lsl-tdTomato embryos. At postnatal day 1, five electric pulses of 80 V 
with the duration of 100 ms at 900-ms intervals were used for electroporation into 
pup ventricles. After birth, we checked the fluorescence under epifluorescence.

Immunofluorescence staining and image analysis. Mouse brains were harvested 
at postnatal day 60 and fixed in freshly prepared 4% paraformaldehyde in PBS, 
cryoprotected overnight in 30% buffered sucrose and made into gelatin-embedded 
tissue blocks (7.5% gelatin in 10% sucrose/PBS) stored at − 80 °C. Cryostat-
cut sections (10–20-μ m thick) on glass slides were blocked in PBS-GT (0.2% 
gelatin and 0.2% (v/v) Triton X-100 in PBS) or BSA-T (3% BSA and 0.2% (v/v) 
Triton X-100 in PBS) for 1 h at room temperature and stained with the following 
antibodies: primary antibodies used included mouse monoclonal anti-NeuN 
(1:200, MAB377, Millipore), rabbit polyclonal anti-glial fibrillary acidic protein 
(GFAP) (1:500, z0334, Dako), rabbit polyclonal anti-Olig2 (1:500, AB9610, 
Millipore), rabbit monoclonal anti-S100-β  (1:500, ab52642, Abcam), rabbit 
monoclonal anti-CD34 (1:500, ab81289, Abcam), mouse monoclonal anti-GFP 
(1:500, Ab1218, Abcam), rabbit polyclonal anti-GFP (1:500, Ab290, Abcam), rabbit 
polyclonal anti-REST (1:200, IHC-00141, Bethyl Laboratories), rabbit polyclonal 
anti-CUX1 (1:400, SC13024, Santa Cruz) and rabbit monoclonal anti-MYC (1:200, 
13987, Cell Signaling). After three washes with PBS, they were incubated with the 
secondary antibodies for 2 h, which were Alexa 488-conjugated goat anti-rabbit 
IgG (1:500, A11008, Invitrogen) or Alexa 555-conjugated goat anti-rabbit IgG 
(1:500, 21428, Invitrogen). After drying the slide, DAPI included in mounting 
solution (P36931, Life Technology) was used for nuclear staining. We acquired 
images using a Leica DMI3000B inverted microscope or a Zeiss LSM780 confocal 
microscope. Fluorescence intensities reflecting the distribution of electroporated 
cells within regions of interest were converted into gray values and measured using 
ImageJ software (http://rsbweb.nih.gov/ij/). Colocalization analysis was performed 
using Fiji software (http://fiji.sc/wiki/index.php/Colocalization_Analysis). A 
researcher examining the histological sections was not blinded to the treatments.

Immunohistochemistry and 3,3′-diaminobenzidine staining. The formalin 
(HT501128, Sigma)-fixed, paraffin-embedded mouse brains were embedded on 
paraffin and sectioned at 4 μ m using a microtome (Leica RM 2135). Slices were 
stained for routine H&E and for CD34 by immunohistochemistry. Sections were 
hydrated with increasing grades of alcohol, brought to distilled water and treated 
with hydrogen peroxide to eliminate endogenous peroxidase activity. Antigen 
retrieval with trisodium citrate for CD34 (1:500, ab81289, Abcam) was  
carried out. The tissue was immersed in the blocking solution of PBS-GT  
(0.2% gelatin and 0.2% (v/v) Triton X-100 in PBS) and incubated in anti-CD34 
primary antibody in blocking solution. 3,3′ -Diaminobenzidine substrate solution 
(Vector Laboratories) was used to induce the formation of a colored precipitate at 
the tissue antigen-binding sites. Wild-type and mutant brain slices were exposed 
at same time to prevent intensity bias. Visualization was aided by counterstaining 
with hematoxylin.

Primary cortical neuron culture. Primary dissociated cortical neurons were 
prepared from C57BL/6J mice at E16 using a previously described protocol41. 
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Single-cell dissociated neurons were plated onto poly-d-lysine (150 μ l per cm2, P6407, 
Sigma) pre-coated 6-well plates and 4-well chamber slides (Nunc Lab-Tek Chamber 
Slide System, Thermo Fisher Scientific) at a density of 1,000 cells per mm2 prior to 
the day of neuron isolation. At 4 days in vitro, AAV9-CamKII-Cre-GFP was put 
into each well at the range of 103–104 viral genomes per ml, after confirming that 
all neurons were properly attached to the base of the culture  
plate. All primary cultures were tested for mycoplasma contamination using a 
standard protocol.

Western blot. Mouse tissue positive for GFP or tdTomato (under epifluorescence) 
and patient tissue were homogenized using a pellet pestle cordless motor in cold 
homogenization buffer (0.32 M sucrose and 10 mM HEPES, pH 7.4) added with 
Halt protease and phosphatase inhibitor cocktail and 0.5 mM EDTA (78440, 
Thermo Fisher Scientific) immediately before use. After centrifuged at 1,000g for 
10 min, the supernatant was isolated and mixed with ice-cold 10×  lysis buffer  
(10% Triton X-100, 1% SDS, 5% sodium deoxycholate and 1 M NaCl in 10 mM 
HEPES) for 30 min. Plated primary cultured mouse cortical neurons were 
harvested and washed with ice-cold PBS and directly lysed in 100 μ l ice-cold lysis 
buffer (1% Triton X-100 in PBS) with protease and phosphatase inhibitor cocktail 
and 0.5 mM EDTA for 30 min. All lysates were centrifuged at 4 °C for 30 min at 
13,000g. The supernatant was collected and stored in a − 20 °C freezer. The protein 
lysate was quantified with BCA (Pierce BCA Protein Assay Kit, Thermo Fisher 
Scientific). Samples were subjected to SDS–PAGE and 1 h incubation with 5% TBS 
with 0.1% Tween 20 (TBST) blocking solution. PVDF (polyvinylidene difluoride) 
membranes (IPVH00010, EMD Millipore) immunoblotted with the following 
antibodies in 3% BSA (BSAS0.1, Bovogen) in 0.1% TBST at 4 °C overnight: primary 
antibodies used included antibody for mouse monoclonal anti-tubulin (1:2,000, 
T6074, Sigma), rabbit monoclonal anti-phospho-p44/42 MAPK (pERK) (1:1,000, 
4370, Cell Signaling), rabbit polyclonal anti-p44/42 MAPK (ERK) (1:1,000, 9102, 
Cell Signaling), rabbit monoclonal anti-phospho-MEK1/2 (pMEK) (1:1,000, 
9154, Cell Signaling), rabbit polyclonal anti-MEK1/2 (MEK) (1:1,000, 9126, Cell 
Signaling) and rabbit polyclonal anti-REST (1:1,000, ab21635, Abcam). After 
washing three times with 0.1% TBST, membranes were incubated with horseradish 
peroxidase-conjugated anti-mouse IgG or rabbit IgG secondary antibodies (7076 or 
7074S, Cell Signaling) in 3% BSA in 0.1% TBST. Bands were visualized using clarity 
western ECL substrate (BR170-5061, Bio-Rad). Images were captured using the 
Chemidoc XRS+ system (Bio-Rad). Entire non-cropped immunoblot images are in 
Supplementary Fig. 9.

Multielectrode array analysis. Cortical slices (200 μ m) from electroporated 
mice (4–6 weeks old) were prepared using vibratome (VT1200S, Leica) in ice-
cold dissection buffer (212 mM sucrose, 25 mM NaHCO3, 5 mM KCl, 1.25 mM 
NaH2PO4, 0.5 mM CaCl2, 3.33 mM MgSO4, 10 mM d-glucose, 1.40 mM l-ascorbic 
acid and 2 mM Na-pyruvate), continuously bubbled with 95% O2/5% CO2. The 
slices were recovered at 32 °C for 1 h in normal artificial cerebrospinal fluid 
(124 mM NaCl, 26 mM NaHCO3, 3 mM KCl, 1.25 mM KH2PO4, 2 mM CaCl2, 
1 mM MgSO4 and 10 mM d-glucose) and maintained at room temperature. After 
incubation, sectioned brain slices were cautiously transfer to a multielectrode 
probe (MED64 probe, P515A, Panasonic Alpha-Med Sciences), positioning the 
region of GFP-positive cells in the slice on the center of the MED64 probe. After 
loading a brain slice on the electrode, it was incubated with a mesh and slice 
holding anchor (Slice anchor kit, SHD-22CKIT, Warner Instruments) for 15 min to 
adhere the tissue surface to the electrode and to prevent them from floating. The 
spontaneous firing was recorded over 15 min with perfusion of cerebrospinal fluid 
at a flow rate of 2 ml min–1 at 37 °C and 5% CO2. Spikes were serially detected using 
Mobius software (Alpha Med Scientific).

The electrophysiological activity of neurons was analyzed using MATLAB 
scripts. For pre-processing of the recorded signals, an IIR notch filter was applied 
around 60 ±  2.5 Hz to suppress noise from the power supply, and a low-pass filter 
with a cutoff at 1,000 Hz was applied to reduce high-frequency noise. Spikes were 
detected with a voltage-threshold-based algorithm; at each electrode, a spike was 
counted when extracellularly recorded signal exceeded a threshold of ± 5σ , where 
σ  is standard deviation of the baseline noise for 30 s during quiescent periods. The 
refractory period of neurons was assumed to be 3 ms42,43.

To detect SBF, the array-wide spike detection rate (spikes per second) was 
measured from the 64-electrode arrays with a 1-ms bin size44. If the intervals of 
successive spikes were less than 10 ms, these spikes were considered to make an 
SBF. If the average of the array-wide spike detection rate during a SBF was under 
5,000 spikes per second, this was not counted. If the inter-SBF interval was under 
200 ms, these two SBFs were counted as one.

Video EEG monitoring and behavioral observation. Before the insertion of 
EEG probes, we examined whether mice had behavioral seizures via 24-h video 
monitoring. The epileptic mice were anesthetized and then we made small burr 
holes on their skulls without piercing the dura and brain parenchyma on the 
frontal lobes (anteroposterior (AP): + 1.8 mm, mediolateral (ML): ± 1.5 mm) 
and the temporal lobes (AP: –2.4 mm, ML: ± 2.4 mm) with the cerebellum as a 
reference. The EEG probe was properly connected with screws and wires loaded on 
these holes and fixed to the cranium with dental cements. After 48 h of recovery, 

the EEG signals were recorded for 6 h per day with video monitoring. Electrical 
signals from the mouse brain were amplified with a RHD2000 amplifier chip 
(Intan Technologies), recorded with a RHD2000 USB interface board (Intan 
Technologies) and analyzed with the open source MATLAB toolbox EEGLAB 
(http://sccn.ucsd.edu/eeglab). The EEG recorded for 12 h and was analyzed by 
quantification of the interictal spike, non-convulsive electrographic seizure and 
the ictal seizure. We defined interictal spikes as fast (< 200 ms) epileptiform waves 
that were regularly at least twice the amplitude of the background activity. The 
number of non-convulsive electrographic seizure episodes was counted according 
to the following criteria: the EEG recording signals showed at least two consecutive 
spike–wave complexes (1–4 Hz) with amplitudes at least twofold higher than 
background and observed simultaneously in all four recording channels.

Drug administration. Vehicle (5% methylcellulose in sterile PBS) or PLX4032 
(V-2800, LC Laboratories) dissolved into vehicle was administered to BRAFV637E-
mutant mice with 50 mg per kg twice a day for 2 weeks or 100 mg per kg twice a 
day for 3 weeks by oral gavage daily. After administration, we performed EEG to 
examine the effects of medication. The researcher conducting the experiments was 
not blinded to the experimental groups during testing.

Osmotic pump implantation and intracerebroventricular infusion. Under 
anesthesia, an infusion cannula (ALZET brain infusion kit 3) connected to an osmotic 
pump (ALZET pumps 2004 or 2006, ALZET Osmotic Pumps) filled with vehicle (50% 
DMSO in distilled water (DW), v/v) or 500 μ M PLX4032 (V-2800, LC Laboratories) 
in vehicle was inserted into the right lateral ventricle (AP: − 0.6 mm, ML: − 1.0 mm, 
dorsoventral (DV): − 2.0 mm). To follow-up EEG signals during drug infusion, four 
EEG probes (left or right frontal lobes and left temporal lobes, with the cerebellum 
as a reference) were inserted, maintaining their distance from the infusion kit. The 
EEG data acquisition method was the same as that stated above. After 5–6 weeks, 
mice were killed for further analysis. Shrunken semipermeable membranes in the 
osmotic pump were checked to ensure injection route status.

RNA extraction for sequencing. Three pairs of patient tumors and tumor-free 
regions of brain tissue freshly frozen in − 80 °C were used for RNA sequencing 
to identify transcriptome and differentially expressed genes. Those tissues were 
histologically reviewed by a neuro-oncology pathologist. We homogenized the 
tissue samples and extracted the total RNA using the RNeasy kit (Qiagen) as 
advised by the manufacturer. All experiments were conducted under absolutely 
clean conditions and the equipment had been pre-sterilized. The quality of the 
extracted RNA was evaluated using the Agilent 2100 Bioanalyzer RNA Nano 
Chip. A total of 1 μ g extracted RNA was used to construct RNA libraries using the 
TruSeq stranded mRNA Sample Preparation Kit v2 (Illumina) according to the 
manufacturer’s protocols. The quality of libraries was analyzed with an Agilent 
2100 Bioanalyzer using the Agilent DNA 1000 Kit. All samples were sequenced 
using an Illumina HiSeq 2000 platform at an average of 38 million paired-end  
100-bp reads.

Bioinformatics of transcriptome analysis. First, we reviewed the proportion of 
rRNA and tRNA biological contaminants within our FASTQ format sequencing 
file. Reads were aligned to the UCSC Homo sapiens reference genome (build 
hg19) using TopHat2 v2.1.1 (https://ccb.jhu.edu/software/tophat/index.shtml). 
Default parameters for TopHat were used. To compare differentially expressed 
gene profiles, we used the Tuxedo protocol45. The aligned reads were processed 
by Cufflinks v2.2.1 (https://github.com/cole-trapnell-lab/cufflinks). Cufflinks 
newly creates a minimum union set of assembled transcribed fragments for 
each replicate rather than whole-transcript sets with gene annotations during 
the assembly of transcripts. It is based on fragments per kilobase of exon model 
per million mapped reads (FPKM), the normalized RNA-sequencing fragment 
counts to measure the relative abundances of transcripts46. Output gene transfer 
format (GTF) files were compared with each sample’s transcripts along with a 
reference GTF annotation file. Last, we used Cuffdiff to calculate the differences 
in FPKM between tumor and tumor-free tissue within three subjects. False 
discovery rate (FDR)-adjusted P values (< 0.05) were used to correct for multiple 
testing47. To depict functional properties and landscape, differentially expressed 
genes were annotated by several catalogs according to PANTHER classification 
(http://www.pantherdb.org) and Gene Ontology (GO) annotation (http://www.
geneontology.org), with visualization of the networks among GO terms by 
ClueGO (http://apps.cytoscape.org/apps/cluego) in the Cytoscape application. 
Because our transcriptome showed nonspecifically declined expression of synaptic 
transmission, gene sets were analyzed by the upstream regulator analysis in the 
Ingenuity Pathway Analysis software (Ingenuity Systems; www.ingenuity.com) 
to figure out transcription factor candidates. Activation Z-score, which indicates 
whether the observed gene responses to upstream regulators agree with expected 
changes derived from the literature and accrued in the Ingenuity Knowledge 
Base, was used to predict the activation state. Z-scores of ≥ 2 or ≤ − 2 indicate that 
the upstream regulator was predicted to be activated or inhibited, respectively. 
We selected transcription factors that had an activation Z-score of > 2 with 
significance (P <  0.05). In addition, we reviewed this transcription factor in our 
transcriptome list.
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Quantitative RT–PCR. After killing the mice under isoflurane anesthesia, their 
brains were rapidly transferred to − 70 °C liquid nitrogen, immediately. Using an 
epifluorescence microscope, GFP-positive or tdTomato-positive tissue was taken 
and RNA was isolated using a total RNA Extraction kit (RNA-spin, iNtRON 
Biotechnology). All processes were conducted under absolutely clean conditions 
and equipment had been pre-sterilized. cDNA was synthesized with an oligo 
(dT) primer and ReverTra Ace reverse transcriptase (Toyobo). Quantitative 
PCRs (qPCRs) were carried out in a IQ5 Real-Time cycler (Bio-Rad) using the 
SYBR Green method. For the quantitation of the differentially expressed genes, 
20 μ l PCR mixtures included 1 μ l RT products and 1×  SYBR Green I Master 
mix (QPK-201, Toyobo). The primer sequences used in the qPCR are listed in 
Supplementary Table 6.

Tamoxifen administration. The administration of tamoxifen was performed 
as described previously, with some modifications48. Tamoxifen (T5648, Sigma) 
completely dissolved in corn oil (C8267, Sigma) at 10 mg ml–1 was incubated 
overnight in 37 °C. Eight-week-old Braflsl-V637E/+; Rosa26lsl-tdTomato (mutant) or 
Braf+/+; Rosa26lsl-tdTomato (control) mice were injected with 100 μ g g–1 tamoxifen 
intraperitoneally for 5 consecutive days followed by 1 week of rest. The mice 
were then administered for 5 more consecutive days. At the end of the injection, 
the behaviors of the mice were monitored. Corn oil without tamoxifen was also 
injected in mice as a control group.

AAV injection for mutation acquisition. Under anesthesia, adult Braflsl-V637E/+; 
Rosa26lsl-tdTomato (mutant) or Braf+/+; Rosa26lsl-tdTomato mice (over postnatal day 30) 
were fixed to a stereotaxic frame (Stoelting). A 1-mm diameter burr hole was 
created in the skull. AAV9.CamKII.HI.eGFP-Cre.WPRE.SV40 (0.5 μ l; Penn  
Vector Core; titer: 6.5417 ×  1013 GC ml−1) loaded on a glass micropipette was 
injected into the somatosensory cortex (AP: − 0.5 mm, ML: − 2.0 to − 2.5 mm,  
DV: − 0.5 mm) at a slow rate (1 nl s–1). After 2 weeks, we started to monitor  
viral-injected mouse behavior for up to 8 weeks in open-field cages and to  
record the EEG signal. At the end of the observation, the brain was sliced into 
cryostat-cut sections (10–20-μ m thick), followed by the process described  
above, and fluorescence signals in the cells were reconfirmed by a Zeiss LSM780 
confocal microscope.

In vivo rapamycin treatment and exclusion of mTOR activity in the model 
mouse. Rapamycin (LC Laboratories) was dissolved in 100% ethanol to 10 mg ml–1 
stock solution and stored as 100 μ l aliquots at − 20 °C49. Polyethylene glycol 400 
(5%; 202398, Sigma) and 5% Tween 80 (P1754, Sigma) were added to the stock 
solution to a final concentration of 1 mg ml–1 rapamycin, before use. Each day, 
10 mg per kg rapamycin or vehicle alone was intraperitoneally injected for 2 weeks. 
The researcher executing the drug testing and group assignment was double 
blinded. After 2 weeks of treatment, the EEG was monitored to evaluate the 
epileptic activity in mice.

Plasmid co-transfection. To reduce REST effects on target genes, the dnREST 
gene was overexpressed by plasmid co-transfection. G. Mandel (Howard Hughes 
Medical Institute in Oregon Health and Science University, Portland, OR, USA) 
kindly offered the pCAG-dnREST-IRES-GFP plasmid and its control vector 
(pCAG-IRES-GFP). Both plasmids were prepared at the same concentration  
(2 μ g μ l–1) and co-transfected with the pCAG-Cre plasmid at an equal molar mixing 
ratio by in utero electroporation in Braflsl-V637E/+; Rosa26lsl-tdTomato (mutant) or Braf+/+; 
Rosa26lsl-tdTomato mice embryos at E14. The electrical pulse and experimental steps 
were conducted as described above.

In vivo single-unit recording. Under anesthesia, the wild-type and mutant mice 
were fixed on a stereotaxic frame (RWD Life Science). After removing the skin 
from the surface of the skull, a shallow hole was drilled through the skull for 
implantation of a stainless-steel screw electrode (diameter: 1 mm) to provide the 
animal ground and reference. Next, another hole was drilled through the  
skull for insertion of the neural probe into the target brain region. The 16-channel 
silicon neural probe (A1× 16-3mm-100-177, NeuroNexus) was inserted at the 
target region (AP: − 1.5 mm, ML: − 3.0 mm) and lowered slowly down to 1.6 mm 
from the surface of the brain. After wetting the surface with a drop of PBS  
at the insertion site and 10 min of stabilization, 5-min recordings over 40 min  
were performed.

The spontaneous neural spike signals from the 16 electrodes were acquired at a 
sampling rate of 30 kHz using the digital recording system (SmartBoxTM Kit of 32 
channels, NeuroNexus). All signals from the electrodes were obtained by applying 
a band-pass filter with lower and upper cutoff frequencies of 30 and 3,000 Hz, 
respectively. Spike sorting, spike counting and the estimation of the total power 
of the local field potential were conducted using our custom code implemented 
in MATLAB (MathWorks). Spike sorting was first performed based on the signal 
amplitude and shape, and verified through inter-spike interval analysis and 
autocorrelogram. For computation of the total power of the local field potential, 
fast Fourier transform analysis was applied on the recorded signals, and the local 
field potential power spectrum was integrated over a frequency band of 0–3 kHz at 
every 0.1-s time interval.

Chromatin immunoprecipitation. Chromatin immunoprecipitation assays were 
performed as previously described with minor modification50. Briefly, Brafwildtype; 
Rosa26tdTomato or BrafV637E; Rosa26tdTomato mouse tissue positive for tdTomato under 
epifluorescence was homogenized using a pellet pestle motor. The cell suspension 
was also filtered through a sterile stainless-steel mesh (100 µ m) to completely 
disperse any remaining tissue. Dissociated cell suspension was immediately washed 
with PBS and resuspended in 10 ml of 1% FBS PBS solution. The mixture was then 
incubated with 1% formaldehyde for 15 min at 25 °C. Crosslinking was quenched 
with 125 mM glycine at 25 °C for 20 min. The cells were harvested with cold PBS 
and suspended in SDS lysis buffer (50 mM Tris-HCl, pH 8.0, 1% SDS and 10 mM 
EDTA). Then, the chromatin was sheared to mononucleosome or dinucleosome 
sizes using a focused ultrasonicator (Covaris S220). The sonication conditions 
comprised a peak power of 105.0, 200 cycles per burst, 3 duty factors and a 900-s 
duration. The sonicates were incubated overnight with antibody against c-Myc 
(551101, BD Pharmingen) and protein A and protein G Sepharose (17-1279-03 
and 17-0618-05, GE Healthcare) at 4 °C with agitation. The immune complexes 
were washed for 10 min each with the following buffers: low-salt wash buffer 
(20 mM Tris-HCl, pH 8.0, 150 mM NaCl, 0.1% SDS, 1% Triton X-100 and 2 mM 
EDTA), high-salt wash buffer (20 mM Tris-HCl, pH 8.0, 500 mM NaCl, 0.1% SDS, 
1% Triton X-100 and 2 mM EDTA), LiCl wash buffer (10 mM Tris, pH 8.0, 250 mM 
LiCl, 1% NP-40, 1% sodium deoxycholate and 1 mM EDTA) and TE buffer (10 mM 
Tris-HCl, pH 8.0, and 1 mM EDTA, washed twice with this buffer). Then, the 
immune complexes were eluted with elution buffer (1% SDS and 0.1 M NaHCO3) 
and reverse-crosslinked overnight at 68 °C. The immunoprecipitated DNA was 
treated with proteinase K and RNase A and recovered by phenol-chloroform-
isoamyl alcohol precipitation. The generated cDNAs were amplified using a 
BioFact Real-Time PCR kit (Biofact) according to the manufacturer’s manual. The 
primer sequences targeting the c-Myc-binding region used for RT–qPCR were 
5′ -AGG CCA GGA GTC CAC TT-3′  (forward) and 5′ -CCG CAC ATT CCA 
GCA CA-3′  (reverse). Briefly, 20 μ l reactions containing 1×  Evagreen, 10 mM 
tetraethylammonium chloride and 10 pmol primers were analyzed with a CFX96 
system (Bio-Rad) under the following conditions: 95 °C for 12 min (initial melting), 
followed by 40 cycles of 95 °C for 20 s (denaturation), 57 °C for 30 s (annealing) and 
72 °C for 30 s (extension).

Neuro2A cells were cultured in DMEM containing 10% FBS at 37 °C and 
5% CO2. The cells were transfected with the pCAG-BRAF(wild type)-IRES-
tdTomato or pCAG-BRAF V600E-IRES-tdTomato plasmid vector using jetPRIME 
transfection reagent (Polyplus). Cells were washed twice with PBS and incubated 
with 1% formaldehyde for 15 min at 25 °C, following crosslinking quenched with 
125 mM glycine at 25 °C for 5 min.

ODN infusion in vivo. Under anesthesia, the heads of wild-type and mutant  
mice were fixed to a stereotaxic frame. The skull was exposed and cleaned.  
We inserted a guide cannula (C315G/Spc, 5 mm below the pedestal, Plastics One) 
into the right ventricle (AP: − 0.6 mm, ML: − 1.0 mm, DV: − 2.0 mm). After the 
cannula was fixed with an adhesive on the skull surface, EEG epidural electrodes 
were positioned on the frontal (AP: + 1.8 mm, ML: + 1.5 mm) and temporal  
(AP: –2.4 mm, ML: + 2.4 mm) lobes, with the cerebellum as a reference. All mice 
received 1 ml of 0.9% saline and morphine intraperitoneally, and the tip of the 
guide cannula was blocked by a dummy cannula (C315DC, Plastics One) to 
prevent the cerebrospinal fluid from leaking. ODN injections were administered 
after about 1 week of recovery. Prepared HPLC-purified ODN sequences, including 
phosphorothioate modification on the first and last three nucleotides, were REST 
decoy ODN (5′ -G*G*A* GCT GTC CAC AGT TCT *G*A*A-3′ ; the * indicates 
the phosphorothioate linkage) and scrambled ODN (5′ -A*G*G* TCG TAC GTT 
AAT CGT *C*G*C-3′ ) (Integrated DNA Technologies). For annealing, ordered 
oligos were incubated in a 95 °C bath for 10 min and allowed to slowly cool to 
4 °C over 3–4 h using a thermocycler. Mice received an infusion of 5.0 nmol μ l–1 of 
REST decoy ODNs or scrambled ODNs at a volume of 3 μ l and a rate of 0.5 μ l min–1 
over 15 min, waiting for the diffusion of the solutions via the internal cannula 
(Internal Cannula C315i/Spc, 0.5-mm projection, Plastics One) connected to a 
Hamilton syringe. After follow-up for 2 weeks once every 2 days after infusion, 
mice were killed. The researcher conducting the experiments was not blinded to 
the experimental groups during testing.

Statistics and reproducibility. Error bars are presented as the mean ±  s.e.m. All 
data were normally distributed according to statistical tests, such as the Shapiro–
Wilk or Kolmogorov–Smirnov normality tests. Unless stated otherwise,  
P values were determined by the Student’s t-test or with the Mann–Whitney U-test 
(comparison between two groups) using GraphPad Prism version 6 (GraphPad 
Software). An analysis of variance (ANOVA) test was applied with Bonferroni 
post-hoc correction for multiple comparison (more than two groups). Adjusted 
P values were used in the comparison of FPKM values and GO enrichment 
in RNA sequencing and gene expression. P <  0.05 was considered significant. 
Statistical information, including the exact sample size, F values, t values and the 
degree of freedom for all analysis, are presented in Supplementary Table 7 and are 
organized by the figure corresponding to the data. All experiments requiring the 
use of animals, directly or as a source of cells, were subjected to randomization. 
Sample size was predetermined based on the variability observed in preliminary 
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and similar experiments. The researchers were not blinded to allocation 
during experiments and outcome analysis. The number of replicates to present 
representative results and each statistical result is summarized in the relevant figure 
legends and Supplementary Table 7.

Reporting Summary. Further information on research design is available in the 
Nature Research Reporting Summary linked to this article.

Code availability. The code files that deduced the findings of this study are 
available upon reasonable request to the corresponding author.

Data availability
We deposited the whole-exome sequencing data reporting variants in each 
individual and RNA sequencing data reporting the tumor-specific transcriptome 
in the BioProject repository under accession numbers PRJNA481075 and 
PRJNA480934, respectively.
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Reporting Summary
Nature Research wishes to improve the reproducibility of the work that we publish. This form provides structure for consistency and transparency 
in reporting. For further information on Nature Research policies, see Authors & Referees and the Editorial Policy Checklist.

Statistical parameters
When statistical analyses are reported, confirm that the following items are present in the relevant location (e.g. figure legend, table legend, main 
text, or Methods section).

n/a Confirmed

The exact sample size (n) for each experimental group/condition, given as a discrete number and unit of measurement

An indication of whether measurements were taken from distinct samples or whether the same sample was measured repeatedly

The statistical test(s) used AND whether they are one- or two-sided 
Only common tests should be described solely by name; describe more complex techniques in the Methods section.

A description of all covariates tested

A description of any assumptions or corrections, such as tests of normality and adjustment for multiple comparisons

A full description of the statistics including central tendency (e.g. means) or other basic estimates (e.g. regression coefficient) AND 
variation (e.g. standard deviation) or associated estimates of uncertainty (e.g. confidence intervals)

For null hypothesis testing, the test statistic (e.g. F, t, r) with confidence intervals, effect sizes, degrees of freedom and P value noted 
Give P values as exact values whenever suitable.

For Bayesian analysis, information on the choice of priors and Markov chain Monte Carlo settings

For hierarchical and complex designs, identification of the appropriate level for tests and full reporting of outcomes

Estimates of effect sizes (e.g. Cohen's d, Pearson's r), indicating how they were calculated

Clearly defined error bars 
State explicitly what error bars represent (e.g. SD, SE, CI)

Our web collection on statistics for biologists may be useful.

Software and code
Policy information about availability of computer code

Data collection Ingenuity Pathway Analysis (QIAGEN) was used to identifying upstream regulator. 
Mobius (alphaMED scientific) software for acquisition of neuronal activity by multielectrode recording in electrophysiology. 
Matlab (freely available eeglab m-file for academic purpose) was used for acquisition of in vivo electroencephalogram data.

Data analysis Strelka, MuTect : Freely available for academic purpose. Online methods on p.29 
IGV: Freely available for academic purpose (Broad Institute website) 
BWA: BWA (bwa-0.7.12) http://bio-bwa.sourceforge.net, freely available academic purpose - Li H. and Durbin R. (2010) Fast and accurate 
long-read alignment with Burrows-Wheeler Transform. Bioinformatics, Epub. [PMID: 20080505] 
snpEFF: SnpEff ver 4.0 http://snpeff.sourceforge.net, freely available academic purpose 
TopHat2 v2.1.1.: https://ccb.jhu.edu/software/tophat/index.shtml, freely available academic purpose 
Cufflinks v2.2.1.: Nat Protoc. 2012 Mar 1;7(3):562-78, freely available academic purpose 
other simple python/perl scripts: made in our laboratory 
GraphPad Prism 7 
R studio 
Matlab (freely available eeglab m-file for academic purpose and some is made in our lab)

For manuscripts utilizing custom algorithms or software that are central to the research but not yet described in published literature, software must be made available to editors/reviewers 
upon request. We strongly encourage code deposition in a community repository (e.g. GitHub). See the Nature Research guidelines for submitting code & software for further information.
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Data
Policy information about availability of data

All manuscripts must include a data availability statement. This statement should provide the following information, where applicable: 
- Accession codes, unique identifiers, or web links for publicly available datasets 
- A list of figures that have associated raw data 
- A description of any restrictions on data availability

The authors declare that data supporting the findings of this study are available within the paper and its supplementary information files.

Field-specific reporting
Please select the best fit for your research. If you are not sure, read the appropriate sections before making your selection.

Life sciences Behavioural & social sciences

For a reference copy of the document with all sections, see nature.com/authors/policies/ReportingSummary-flat.pdf

Life sciences
Study design
All studies must disclose on these points even when the disclosure is negative.

Sample size Sample size for whole exome (n = 5) and genome (n = 56) sequencing of epilepsy associated pediatric brain tumor patients was indicated in 
the revised manuscripts. By considering the low prevalence of ganglioglioma tumors and epilepsy associated pediatric brain tumors (Nat Rev 
Neurol. 2016 Dec;12(12):732-740), this sample size is sufficient to support our conclusion. 

Data exclusions Criteria was established prior to data collection. 
Human sample: All patients underwent extensive pre-surgical evaluations, including video electroencephalography (EEG) monitoring and high-
resolution MRI to localize mass lesions. The pre-surgical and surgical protocols have been published, previously. The resection margin for 
epilepsy of the neocortical origin was defined by (i) the presence of a massive and exclusive ictal-zone confirmed by intraoperative 
electrocorticography (ECoG) and subdural grid; (ii) various interictal intracranial EEG findings, including > 3 /s repetitive spikes, runs of 
repetitive spike, slow wave discharges, localized or spindle-shaped fast activities, and electrodecremental fast activities; and (iii) the absence 
of the eloquent cortex. These procedures excluded patients not diagnosed with ganglioglioma. In addition, for RNA seq progression we 
excluded patients without a BRAF mutation after genetic analysis. 
Animal sample: For animal experiments, we used the Cre-IRES-GFP gene for electroporation to identify EEG and cell types in mice with GFP 
among the pups born on postnatal day 0.

Replication In all experimental findings, we performed biological replications, as indicated in figure legends, to reproduce the result reliably. All attempts 
at replication were successful.

Randomization Animals were divided randomly to test drug therapeutic potency.

Blinding No double blinding due to practical limitation. In order to monitor and examine the effect of drugs on epilepsy, we should know which mice 
drugs are given to or not. 

Materials & experimental systems
Policy information about availability of materials

n/a Involved in the study
Unique materials

Antibodies

Eukaryotic cell lines

Research animals

Human research participants

Antibodies

Antibodies used We have specified  all of detailed information relating to antibodies in online method para 9 (p.31-32) and para 12 (p.33-34). For 
immunofluorescence, mouse monoclonal anti-NeuN (1:200, #MAB377, Millipore), rabbit polyclonal anti–glial fibrillary acidic 
protein (GFAP) (1:500, #z0334, DAKO), rabbit polyclonal anti-oligodendrocyte lineage transcription factor 2 (Olig2) (1:500, 
AB9610, Millipore), rabbit monoclonal anti-S100β (1:500, ab52642, Abcam), rabbit monoclonal anti-CD34 (1:500, ab81289, 
Abcam), mouse monoclonal anti-GFP (1:500, #Ab1218, Abcam), rabbit polyclonal anti-GFP (1:500, #Ab290, Abcam), rabbit 
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polyclonal anti-REST (1:200, IHC-00141, Bethyl Laboratories), rabbit polyclonal anti-CUX1 (1:400, SC13024, Santa Cruz), rabbit 
monoclonal anti-MYC (1:200, #13987, Cell Signaling), CD34 (1:500, ab81289, Abcam), Alexa 488-conjugated goat anti-rabbit IgG 
(1:500, #A11008, Invitrogen) and Alexa 555-conjugated goat anti-rabbit IgG (1:500, #21428, Invitrogen). For immunoblotting, 
mouse monoclonal anti-tubulin (1:2000, #T6074, Sigma), rabbit monoclonal anti-phospho-p44/42 MAPK (pERK) (1:1000, #4370, 
Cell Signaling), rabbit polyclonal anti-p44/42 MAPK (ERK) (1:1000, #9102, Cell Signaling), rabbit monoclonal anti-phospho-
MEK1/2 (pMEK) (1:1000, #9154, Cell Signaling), rabbit polyclonal anti-MEK1/2 (MEK) (1:1000, #9126, Cell Signaling), and rabbit 
polyclonal anti-REST (1:1000, ab21635, Abcam), horseradish peroxidase conjugated anti-mouse IgG and rabbit IgG secondary 
antibodies (#7076 or #7074S, Cell Signaling).

Validation We used validated primary antibodies for mouse and human species and proper application method (immunofluorescence and 
Western blot or optimal dilution ratio), according to relevant previous citation (NeuN, Cux1, Nat. Med. 21, pages 395–400 
(2015); GFAP, Nature. 2008 Oct 23;455(7216); S100β, Nature. 534, 538–543 (2016); REST, Nature. 2014 Mar 
27;507(7493):448-54; ERK, pERK, MEK, pMEK, Oncogene. 2016 Mar 10;35(10):1328-33.), manufacturer's recommendation, and 
conditioning experiment.

Eukaryotic cell lines

Policy information about cell lines

Cell line source(s) For in vitro (cellular) experiments, we  used primary culture neurons and Neuro2A cell lines which is originated from ATCC 
(American Type Culture Collection).

Authentication The cell line used in this study were from ATCC and thoroughly tested and authenticated. The authentication process 
includes short tandem repeat (STR) profiling (to simultaneously amplify the amelogenin gene and eight of the most 
informative polymorphic markers), cellular morphology, karyotyping, and cytochrome C oxidase I (COI) assay testing.

Mycoplasma contamination We tested for mycoplasma contamination in primary cultured neuron using e-
Myco plus Mycoplasma PCR Detection kit (Intron, Korea). All cell lines tested negative for mycoplasma contamination. 

Commonly misidentified lines
(See ICLAC register)

No commonly misidentified cell lines were used.

Research animals

Policy information about studies involving animals; ARRIVE guidelines recommended for reporting animal research

Animals/animal-derived materials Species and strain: Braflsl-V637E/+ mice were kindly provided by James A. Fagin. To track cells divided from Cre-
expressing neural stem cells, Braflsl-V637E/+ mice were mated with Rosa26lsl-tdTomato mice (JAX#007905) (C57/BL6) 
Sex: Mice were used in experiments without sex discrimination, except we used pregnant female mouse for in utero 
electroporation experiment. 
Age : All mice electroporated at embryonic day 14 were fixed at postnatal day 60. 
All procedures were approved by KAIST Institutional Animal Care and Use Committee.

Human research participants

Policy information about studies involving human research participants

Population characteristics From 2013 to 2016, we reviewed ganglioglioma (GG) patients case recruited in Yonsei Severance Hospital who were satisfied the 
diagnostic criteria according to the 2016 WHO central nervous system tumor classification. After epilepsy surgery, fresh frozen 
brain tissue of excised tumor and blood samples were obtained from GG patients. All patients underwent preoperative 
evaluation of tumor mass and epileptic seizure using high-resolution MRI and video electroencephalography (EEG) monitoring, 
respectively. All human tissues were obtained with informed consent in accordance with protocols approved by Severance 
Hospital and KAIST Institutional Review Board and Committee on Human Research.

Method-specific reporting
n/a Involved in the study

ChIP-seq

Flow cytometry

Magnetic resonance imaging
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