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Focal cortical dysplasia type II (FCDII) is a sporadic 
developmental malformation of the cerebral cortex 
characterized by dysmorphic neurons, dyslamination and 
medically refractory epilepsy1,2. It has been hypothesized that 
FCD is caused by somatic mutations in affected regions3,4. 
Here, we used deep whole-exome sequencing (read depth, 
412–668×) validated by site-specific amplicon sequencing 
(100–347,499×) in paired brain-blood DNA from four 
subjects with FCDII and uncovered a de novo brain somatic 
mutation, mechanistic target of rapamycin (MTOR) c.7280T>C 
(p.Leu2427Pro) in two subjects. Deep sequencing of the MTOR 
gene in an additional 73 subjects with FCDII using hybrid 
capture and PCR amplicon sequencing identified eight different 
somatic missense mutations found in multiple brain tissue 
samples of ten subjects. The identified mutations accounted  
for 15.6% of all subjects with FCDII studied (12 of 77).  
The identified mutations induced the hyperactivation of mTOR 
kinase. Focal cortical expression of mutant MTOR by in utero 
electroporation in mice was sufficient to disrupt neuronal 
migration and cause spontaneous seizures and cytomegalic 
neurons. Inhibition of mTOR with rapamycin suppressed 
cytomegalic neurons and epileptic seizures. This study provides, 
to our knowledge, the first evidence that brain somatic activating 
mutations in MTOR cause FCD and identifies mTOR as a 
treatment target for intractable epilepsy in FCD.

FCD is an important cause of epilepsy that is difficult to control with 
available anti-epileptic drugs, and this condition accounts for up to 
50% of children undergoing epilepsy surgery1,5. Although surgical 
resection of FCD renders approximately 60% of patients seizure free6, 
a considerable proportion of patients with FCD continue to have  
seizures. Because of the lack of understanding of the molecular genetic 
etiology, new and more effective FCD therapies remain elusive. FCD 

can be classified into several types on the basis of histopathology7.  
In particular, FCDII shows a homogenous pathology characterized 
by disrupted cortical lamination and dysmorphic neurons (or balloon 
cells)7 (Fig. 1a). FCDII is diagnosed in 29–39% of all patients with 
FCD who undergo epilepsy surgery8. Although an association between 
human papilloma virus and FCDII has been reported9, the molecular 
genetic etiology of FCDII remains poorly understood10. Most FCDII 
occurs sporadically, and this implies de novo somatic mutations in 
key genes that regulate neuronal cell growth and migration in affected 
brains as the underlying disease mechanisms4. Notably, brain mag-
netic resonance imaging (MRI) of patients with FCDII is occasionally 
reported to be normal11 (Table 1); however, microscopic examinations 
of surgical specimens reveal scattered dysmorphic cells surrounded 
by an abundance of normal appearing cells. These radiological and 
histopathological findings suggest that only a small fraction of cells 
containing somatic mutations exist in surgically resected tissue, and 
these mutations might not be efficiently detected through capillary 
Sanger sequencing or typical whole-exome sequencing (WES) with an 
average read depth of 100–150× (ref. 6). Thus, we sought to identify 
low-frequency disease-causing somatic mutations in the brains of 
subjects with FCDII using deep sequencing strategies such as deep 
WES, hybrid capture and amplicon sequencing of the candidate gene 
and to test their biological and pathological functions in vitro and  
in vivo (Supplementary Fig. 1).

To examine the hypothesis that FCDII is associated with brain 
somatic mutations, we first performed deep WES using paired blood-
brain DNA samples obtained from four subjects with FCDII. The 
average throughput read depth per samples ranged from 412× to 668× 
(median 492×), generating 29–47 GB of raw sequencing data per  
samples (Supplementary Table 1). To detect somatic mutations in the 
affected brains, we used two recently developed algorithms, Virmid 
(http://sourceforge.net/projects/virmid/) and MuTect (http://www.
broadinstitute.org/cancer/cga/mutect), which are particularly useful 
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for detecting somatic mutations with low allelic frequencies in geneti-
cally heterogeneous tissues12,13.

Both the Virmid and MuTect algorithms have been used to jointly 
analyze blood-brain paired WES data sets and identify any de novo 
variants in affected brains (not in the germline). Although both 
tools are useful for detecting somatic mutations with low allelic 
frequencies in genetically heterogeneous samples, these algorithms 
are based on different probability models that were derived from 
independent approaches (see Online Methods). Virmid and MuTect 
analyses, followed by simple filter steps (Supplementary Fig. 2a and 
Supplementary Table 2) revealed three overlapping MTOR variants: 
c.4448G>A, c.7255G>A and c.7280T>C. Next, we performed deep 
site-specific amplicon sequencing (read depth, 100–347,499×) of these 
three candidate variants in biological replicates from the same brain 
tissue block, thereby minimizing unexpected sequencing artifacts or 
erroneous calls that could mimic low-frequency somatic mutations14.  
For the site-specific amplicon sequencing, the samples were deter-
mined to have a mutation when the percentage of the mutated reads 
exceeded ten times (1%) the expected base miscall rate (0.1%)15.  
A read depth of >1,000× is known to render more than 90% of the 
probability of detection at 1% allele frequency15. The use of two differ-
ent sequencing platforms in these biological replicates revealed MTOR 
c.7280T>C encoding p.Leu2427Pro in two patients (Supplementary 
Fig. 2a,b). The allelic frequencies in the affected brains were  
9.6–12.6% in subject FCD4 and 6.9–7.3% in subject FCD6, respec-
tively (Supplementary Fig. 2b). The mutation was not detected in 
blood samples (Supplementary Figs. 2b and 3).

Next, we performed both hybrid capture sequencing (read depth, 
100–17,700×) of all of the exons of the MTOR gene and deep site-
specific amplicon sequencing (read depth, 100–347,499×) of the 
initial three candidate sites (MTOR c.4448G>A, c.7255G>A and 
c.7280T>C) using freshly frozen or formalin-fixed, paraffin-embedded 
(FFPE) brain samples from a large FCDII cohort comprising an 
additional 73 subjects. In addition, we performed deep amplicon 
sequencing (read depth, 100–20,210×) of all of the exons of MTOR 
using biologically replicated brain samples from 59 subjects with 
FCDII. To rigorously exclude any potential sequence artifacts and 
erroneous calls14,16, we considered variants as true only when identi-
fied variants (>1% mutated reads) were reproducible in both hybrid  
capture and amplicon sequencing as well as in multiple samples. Our 
analysis (Supplementary Table 3 and Online Methods) revealed 
another ten subjects with FCDII who carried eight different somatic 
mutations in MTOR, including MTOR c.1871G>A (p.Arg624His), 
c.4348T>G (p.Tyr1450Asp), c.4447T>C (p.Cys1483Arg), c.5126G>A 
(p.Arg1709His), c.5930C>A (p.Thr1977Lys), c.6577C>T (p.Arg2193Cys), 
c.6644C>T (p.Ser2215Phe) and c.7280T>A (p.Leu2427Gln) (Fig. 1b). 
In total, 15.6% of the participants (12 of 77) were positive for nine 
different brain somatic mutations in MTOR (Table 1, Supplementary 
Table 3 and Supplementary Fig. 4). All of the identified  
mutations were not found in all available saliva or blood samples 

from mutation-positive subjects (Supplementary Table 4). Mutations 
were not found in 100% of exomes from 1000 Genomes Database 
(>100× of read depth and ≥3 of mutant calls). Among the mutations, 
p.Thr1977Lys, p.Ser2215Phe and p.Leu2427Pro were found twice 
among all mutation-positive subjects. All mutation-positive subjects 
had a single mTOR mutation. The allelic frequencies of the identified 
mutations ranged from 1.26% to 12.6%. The affected amino acids were 
evolutionarily conserved (Fig. 1c).

Among the identified mutations, mTOR p.Arg624His, p.Cys1483Arg,  
p.Arg1709His, p.Thr1977Lys, p.Ser2215Phe and p.Leu2427Gln were 
previously identified in lung and liver cancer samples (COSMIC 
Database). It has recently been reported that p.Thr1977Lys, 
p.Ser2215Phe and p.Cys1483Arg confer hyperactivation of the mTOR 
pathway that can be pharmacologically inhibited by rapamycin (a well-
known and clinically approved mTOR inhibitor)17. The Cys1483 and 
Leu2427 sites of the mTOR protein are essential for maintaining the 
structural integrity of the α-helical network in the FAT domain or 
at the interface between the FAT clamp and the C-lobe of the kinase 
domain18 (Supplementary Fig. 5). The recent crystal structure of 
mTOR revealed that this protein has an intrinsically active kinase con-
formation and a highly restrictive catalytic center, thereby suggesting 
that substrate recruitment is a major mechanism controlling the kinase 
activity of mTOR18. Given that the hyperactivating p.Cys1483Arg 
mutation is found in various cancers17, these results suggested that 
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Figure 1 Deep sequencing reveals brain somatic mutations in MTOR 
from FCDII subjects. (a) Post-operation brain MRIs and H&E staining of 
pathological samples from two representative subjects among 12 FCDII 
cases carrying MTOR mutations. The arrowheads (white) indicate resected 
brain regions. The arrows (black) indicate cytomegalic neurons. Scale 
bars, 50 µm. (b) Domain organizations and identified mutations of  
mTOR kinase. (c) Mutated sites in mTOR are evolutionarily conserved 
residues (Xenopus indicates Xenopus tropicalus). HEAT: huntingtin,  
EF2, A subunit of PP2A, TOR1; FAT: FRAP, ATM and TRRAP domain; 
FRB: FKBP12-rapamycin-binding domain; KD: kinase domain;  
FATC: FRAP, ATM and TRRAP C terminus.
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p.Cys1483Arg, p.Leu2427Gln and p.Leu2427Pro might lead to hyper-
activation of the mTOR kinase18,19 (Supplementary Fig. 5).

To determine whether mTOR p.Cys1483Arg, p.Leu2427Gln and 
p.Leu2427Pro lead to mTOR hyperactivation, we transiently trans-
fected human embryonic kidney 293T cells (HEK293T) with wild-
type or mutant Flag-MTOR and performed an immunoblot analysis. 
S6 phosphorylation (a marker of mTOR activation17,20) was increased 
in MTOR mutant–expressing cells (Fig. 2a), and phosphorylation 
of S6K was inhibited by rapamycin treatment (Supplementary  
Fig. 6). We also pulled down wild-type or altered mTOR from wild-
type or mutant Flag-MTOR–expressing HEK293T cells and performed 
in vitro mTOR kinase assays. The results indicated that p.Cys1483Arg, 
p.Leu2427Gln and p.Leu2427Pro mTOR proteins had constitutively 
increased kinase activity (Fig. 2b).

Next, to determine whether mTOR hyperactivation also occurs 
in humans, we performed co-immunostaining for S6 phosphoryla-
tion and NeuN, a neuronal marker, in freshly frozen brain tissue  
sections obtained from patients with FCDII carrying the 

p.Leu2427Pro mutation (Fig. 2c). We observed an increase in both 
the number and soma size of phospho-S6+ neurons in patients with 
FCDII (FCD4 and FCD6) that we did not detect in non-FCD brains 
(Fig. 2d,e). Moreover, microdissection of phospho-S6+ cytomegalic  
neurons from these patients demonstrated an enrichment of the 
allele encoding the p.Leu2427Pro mutant using Sanger sequencing 
(Supplementary Fig. 7). These results suggest that the identified 
MTOR mutations are strongly associated with both the hyperactivation  
of mTOR and the dysregulation of neuronal growth in patients  
with FCDII.

Next, we selected the recurrent mutation, p.Leu2427Pro, for in vivo 
functional analysis. We electroporated wild-type or p.Leu2427Pro 
mTOR constructs containing an IRES-GFP reporter into the developing  
mouse cortex at embryonic day 14 (E14) and measured cortical radial 
migration and S6 phosphorylation of GFP-positive neurons at E18 
(Supplementary Fig. 8a). We observed that mice expressing the mTOR 
mutant construct showed a robust decrease in GFP-positive cells in the 
cortical plate and an increase in GFP-positive cells in the intermediate  

Table 1 Clinical and molecular data from FCDII patients carrying MTOR mutations

Patient
Age at  
surgery Sex Pathology MRI report

Nucleotide  
changes

Protein  
changes

Hybrid capture % 
mutated allele

PCR amplicon 
sequencing % 
mutated allele

Biological 
replication

FCD4 5 years,  
2 months

F Cortical dyslamination and 
dysmorphic neurons, 
consistent with FCDIIa

No abnormal signal intensity c.7280T>C p.Leu2427Pro 4.11–9.63% 6.57–12.63% Yes

FCD6 5 years F Cortical dyslamination, 
dysmorphic and neurons, 
consistent with FCDIIa

No abnormal signal intensity c.7280T>C p.Leu2427Pro 4.57–6.90% 3.48–7.28% Yes

FCD91 7 years,  
1 month

F Cortical dyslamination and 
dysmorphic neurons, 
consistent with FCDIIa

Volume decrease of the left 
cerebral hemisphere and 
multifocal lesions in the 
white matter

c.6577C>T p.Arg2193Cys 2.99% 1.26% Yes

FCD104 1 year,  
2 months

M Cortical dyslamination and 
dysmorphic neurons, 
consistent with FCDIIa

Cortical dysplasia involving 
right precentral and 
postcentral gyri

c.1871G>A p.Arg624His 1.80% 4.41% Yes

FCD105 3 years,  
7 months

M Cortical dyslamination and 
dysmorphic neurons, 
consistent with FCDIIa

No abnormal signal intensity c.5126G>A p.Arg1709His 1.63% 1.52% Yes

FCD107 7 years,  
3 months

F Cortical dyslamination, 
dysmorphic neurons and 
balloon cells, consistent 
with FCDIIb

Cortical dysplasia involving 
left occipitoparietal lobe 
and precentral gyrus

c.6644C>T p.Ser2215Phe 2.41% 2.11% Yes

FCD113 10 years F Cortical dyslamination, 
dysmorphic neurons and 
balloon cells, consistent 
with FCDIIb

Cortical dysplasia involving 
left occipital and parietal 
lobes

c.7280T>A p.Leu2427Gln 3.05% 2.86~5.11% Yes

FCD116 7 years,  
9 months

M Cortical dyslamination, 
dysmorphic neurons and 
balloon cells, consistent 
with FCDIIb

Cortical dysplasia involving 
left superior frontal gyrus

c.5930C>A p.Thr1977Lys 3.25% 2.93% Yes

FCD121 11 months M Cortical dyslamination, 
dysmorphic neurons and 
balloon cells, consistent 
with FCDIIb

Cortical dysplasia involving 
the entire right lobe

c.4348T>G p.Tyr1450Asp 2.64% 3.76% Yes

FCD128 4 years,  
4 months

F Cortical dyslamination, 
dysmorphic neurons and 
balloon cells, consistent 
with FCDIIb

Cortical dysplasia, right 
frontal lobe

c.4447T>C p.Cys1483Arg 6.38% 6.61~9.77% Yes

FCD143 2 years,  
10 months

F Cortical dyslamination, 
dysmorphic neurons and 
balloon cells, consistent 
with FCDIIb

No abnormal signal intensity c.6644C>T p.Ser2215Phe 2.82% 2.33% Yes

FCD145 4 years,  
1 month

F Cortical dyslamination, 
dysmorphic neurons and 
balloon cells, consistent 
with FCDIIb

Cortical dysplasia involving 
left precentral gyrus

c.5930C>A p.Thr1977Lys 1.46% 1.51% Yes
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zone, subventricular zone and ventricular zone. In addition, we 
observed that mTOR mutant–expressing GFP-positive cells displayed 
enhanced phospho-S6 staining (Supplementary Fig. 8b,c).

Moreover, we determined whether the focal cortical expression of 
mutated mTOR achieved by in utero electroporation was sufficient to 
induce spontaneous seizures in mice. It is known that protein expression  
of in utero–electroporated constructs in mouse brain is maintained 
at least up to postembryonic day 150 (P150)21. Subsequent to  
in utero electroporation at E14, we selected mouse pups expressing 
GFP at birth (P0) (Fig. 3a). After weaning, we monitored these mice by 
video recording (12 h per day), and we then selected mice exhibiting  
tonic-clonic seizures for further combined video and electroencepha-
lography (EEG) recording for 6 h per day for >2 d. More than 90% of 
the mice expressing the mTOR mutant construct displayed spontane-
ous seizures with epileptic discharge, comprising high-voltage fast 
activities, high-voltage spikes and waves and low-voltage fast activities 
(Fig. 3b, Supplementary Fig. 9 and Supplementary Video 1). These 
mutant mice also showed interictal spikes and electrographic seizures 
(Supplementary Fig. 9b). However, neither spontaneous seizures 
with epileptic discharges nor electrographic seizures were observed 
in control mice electroporated with the wild-type mTOR construct 
(Fig. 3b). The average time of seizure onset of p.Leu2427Pro mice was 
~6 weeks after birth (Supplementary Fig. 9e), which is approximately 
equivalent to that of patients with FCDII (~4 years)8. The seizure 
frequency was approximately six events per day (Fig. 3c). We also 
observed increased soma sizes of GFP-positive neurons in affected 

cortical regions of mice carrying MTOR mutations (Fig. 3d). Notably, 
behavioral seizures, electrographic seizures and dysmorphic neurons 
in mice carrying the MTOR mutant were almost completely rescued 
by rapamycin treatment initiated after seizure onset (Fig. 3a–d and 
Supplementary Fig. 9c,d).

Recently, brain somatic mutations in neurological diseases other than 
cancers have received considerable attention. However, these muta-
tions have been identified in only a few diseases, including hemimega-
lencephaly (HME) and Sturge-Weber syndrome without any in vivo 
disease modeling that could directly prove the causality of the identi-
fied mutations4,22–24. Here, we showed that brain somatic mutations 
in MTOR cause FCDII, which is one of the most important causes of 
intractable childhood epilepsy. To mitigate any potential errors in the 
next-generation sequencing experiments and accurately identify brain 
somatic mutations with low frequency14,25, we adopted two different 
sequencing platforms (cross-platform validation), hybrid capture and 
PCR amplicon sequencing, in multiple biological samples. In addi-
tion, we showed that the identified MTOR mutations caused aberrant 
activation of mTOR kinase and led to neuronal migration defects and 
cytomegalic neurons with epilepsy in mouse models, consistent with 
the pathology and symptoms of subjects with FCDII. Furthermore, 
we showed that rapamycin (a clinically approved drug26,27) rescued 
cytomegalic neurons and epilepsy in our FCD mouse model.

Malformations of cortical development (MCD) are a heterogeneous  
group of focal or diffused developmental brain malformations  
that account for up to 40% of childhood medically refractory  
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Figure 2 Identified mutations lead to hyperactivation of mTOR kinase protein. (a) Western blotting analysis of S6 phosphorylation in MTOR mutant–
expressing HEK293T cells. HEK293T cells were transiently transfected with empty Flag vector, Flag-tagged wild-type MTOR (WT), and the indicated 
MTOR mutants, followed by 24-h serum starvation and treatment with PBS containing 1 mM MgCl2 and CaCl2 for 1 h. The cell lysates were subjected 
to western blotting using the indicated antibodies. The group exposed to DMEM containing 20% serum for 1h was used as a positive control. *P < 0.05, 
**P < 0.01 and ***P < 0.001 (relative to wild type, n = 9 for each group, one-way analysis of variance (ANOVA) with Bonferroni’s post test).  
(b) In vitro kinase assay of wild-type and mutated mTOR proteins. HEK293T cells were transiently transfected with Flag-tagged wild-type MTOR and 
MTOR mutants as shown. The cell lysates were immunoprecipitated using the anti-Flag antibody, and the immunoprecipitates were assayed for mTOR 
kinase activity. *P < 0.05 and **P < 0.01 (relative to wild type, wild type: n = 14, p.Cys1483Arg: n = 6, p.Leu2427Pro: n = 14, p.Leu2427Gln:  
n = 6, one-way ANOVA with Bonferroni’s post test). (c) Representative immunohistochemical staining of five cortical regions from control and FCDII 
patient tissue for the mTOR pathway marker P-S6 and the neuronal marker NeuN. Scale bars, 50 µm. (d,e) Summary quantification of P-S6 and neuron 
soma size corresponding to the average of five representative cortical regions (non-FCD: n = 995, FCD4: n = 1,528, FCD6: n = 1,097). *P < 0.05,  
***P < 0.001 (relative to non-FCD samples, one-way ANOVA with Bonferroni’s post test). Error bars represent mean ± s.e.m.
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epilepsies28. Among MCDs, FCDII, tuberous sclerosis complex (TSC) 
and HME share several pathologies, such as dysmorphic neurons and 
cortical dyslamination28. TSC is caused by the disrupted function of 
TSC1 or TSC2 that increases mTOR activity29. Consistently with our  
findings, focal knockout of TSC1 in the mouse cortex has been found 
to increase activity of the mTOR pathway and neuronal size, thereby 
reducing the seizure threshold30. In addition, increased mTOR  
signaling was first identified in FCDIIb with balloon cells, and both 
balloon cells and cytomegalic neurons in FCDII have been linked to 
enhanced mTOR signaling20,31–34. These results are consistent with 
our findings that FCDIIa (without balloon cells) and FCDIIb (with  
balloon cells) share the same genetic etiology (Table 1). FCDIIb is 
known to be associated with tuberous sclerosis and mutations in 
TSC1 (ref. 35). The somatic activating mutations in components of 
the PI3K-AKT-mTOR pathway have also been reported in HME22–24. 
Recently, familial focal epilepsy with brain malformations has been 
associated with mutations in DEPDC5, which negatively regulates 
the mTOR pathway36. Together with our study, these findings suggest 
that hyperactivation of mTOR kinase might be central to the epilep-
togenic and cortical malformation mechanisms that are commonly 
observed in focal MCD3,20. Although the molecular genetic etiology 
of FCD remains to be fully defined, the results of the present study 
revealed somatic mosaic mutations in a specific gene that can explain 
the genetic pathogenesis of FCD, thereby providing the foundation for 
future scientific and clinical research.

MeTHODs
Methods and any associated references are available in the online 
version of the paper.

Accession codes. Whole-exome sequencing data have been  
deposited in the NCBI Sequence Read Archive with BioSample  

accession codes SAMN03349751, SAMN03349752, SAMN03349753, 
SAMN03349754, SAMN03349755, SAMN03349756, SAMN03349757 
and SAMN03349758.

Note: Any Supplementary Information and Source Data files are available in the 
online version of the paper.
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Figure 3 The identified mutation induces spontaneous seizures and cytomegalic neurons rescued by rapamycin treatment. (a) Schematic showing the 
procedure for screening in utero–electroporated mice at P0, followed by seizure monitoring after 3 weeks and rapamycin treatment (10 mg per kg body 
weight per day, intraperitoneal injection, for 2 weeks) after seizure onset. Detail analyses of EEG signals in mutation carrying mice are presented in 
supplementary Figure 9a,b. Scale bar, 1 mm. (b) The presence of spontaneous seizure is shown in wild-type and p.Leu2427Pro mTOR–carrying mice, 
based on video-EEG recording (6 h/d for >2 d). (c) The seizure frequency in wild-type and p.Leu2427Pro mTOR–carrying mice is measured after vehicle 
or rapamycin treatment. ‘Control’ indicates no treatment group. *P < 0.05 and **P < 0.01 (control: n = 17, vehicle: n = 9, rapamycin: n = 7, one-way 
ANOVA with Bonferroni’s post test). (d) Left, representative immunohistochemical staining of GFP- and NeuN-positive neurons in affected cortical 
regions of wild-type and mutated mTOR–carrying mice after vehicle or rapamycin treatment. Soma size of GFP-positive cell was measured. Right, 
summary quantification of neuron soma size corresponding to the average of five representative cortical regions. ***P < 0.001 (relative to GFP-negative 
neurons; wild-type with vehicle: n = 35, wild-type with rapamycin: n = 20, p.Leu2427Pro with vehicle: n = 108, p.Leu2427Pro with rapamycin:  
n = 160, Student’s t-test). Scale bars, 20 µm. Error bars represent mean ± s.e.m.

np
g

©
 2

01
5 

N
at

ur
e 

A
m

er
ic

a,
 In

c.
 A

ll 
rig

ht
s 

re
se

rv
ed

.

http://www.nature.com/doifinder/10.1038/nm.3824
http://www.nature.com/doifinder/10.1038/nm.3824
http://www.ncbi.nlm.nih.gov/sra/?term=SAMN03349751
http://www.ncbi.nlm.nih.gov/sra/?term=SAMN03349752
http://www.ncbi.nlm.nih.gov/sra/?term=SAMN03349753
http://www.ncbi.nlm.nih.gov/sra/?term=SAMN03349754
http://www.ncbi.nlm.nih.gov/sra/?term=SAMN03349755
http://www.ncbi.nlm.nih.gov/sra/?term=SAMN03349756
http://www.ncbi.nlm.nih.gov/sra/?term=SAMN03349757
http://www.ncbi.nlm.nih.gov/sra/?term=SAMN03349757
http://www.nature.com/doifinder/10.1038/nm.3824
http://www.nature.com/reprints/index.html
http://www.nature.com/reprints/index.html


l e t t e r s

400  VOLUME 21 | NUMBER 4 | APRIL 2015 nature medicine

1. Bast, T., Ramantani, G., Seitz, A. & Rating, D. Focal cortical dysplasia: prevalence, 
clinical presentation and epilepsy in children and adults. Acta Neurol. Scand. 113, 
72–81 (2006).

2. Taylor, D.C., Falconer, M.A., Bruton, C.J. & Corsellis, J.A. Focal dysplasia of the 
cerebral cortex in epilepsy. J. Neurol. Neurosurg. Psychiatry 34, 369–387 
(1971).

3. Crino, P.B. Focal brain malformations: seizures, signaling, sequencing. Epilepsia 
50 (suppl. 9), 3–8 (2009).

4. Poduri, A., Evrony, G.D., Cai, X. & Walsh, C.A. Somatic mutation, genomic variation, 
and neurological disease. Science 341, 1237758 (2013).

5. Krsek, P. et al. Different features of histopathological subtypes of pediatric focal 
cortical dysplasia. Ann. Neurol. 63, 758–769 (2008).

6. Fauser, S. et al. Focal cortical dysplasias: surgical outcome in 67 patients in  
relation to histological subtypes and dual pathology. Brain 127, 2406–2418 
(2004).

7. Blümcke, I. et al. The clinicopathologic spectrum of focal cortical dysplasias: a 
consensus classification proposed by an ad hoc Task Force of the ILAE Diagnostic 
Methods Commission. Epilepsia 52, 158–174 (2011).

8. Fauser, S. et al. Clinical characteristics in focal cortical dysplasia: a retrospective 
evaluation in a series of 120 patients. Brain 129, 1907–1916 (2006).

9. Chen, J. et al. Detection of human papillomavirus in human focal cortical dysplasia 
type IIB. Ann. Neurol. 72, 881–892 (2012).

10. Sisodiya, S.M., Fauser, S., Cross, J.H. & Thom, M. Focal cortical dysplasia type 
II: biological features and clinical perspectives. Lancet Neurol. 8, 830–843 
(2009).

11. Colombo, N. et al. Focal cortical dysplasia type IIa and IIb: MRI aspects in 118 
cases proven by histopathology. Neuroradiology 54, 1065–1077 (2012).

12. Cibulskis, K. et al. Sensitive detection of somatic point mutations in impure and 
heterogeneous cancer samples. Nat. Biotechnol. 31, 213–219 (2013).

13. Kim, S. et al. Virmid: accurate detection of somatic mutations with sample impurity 
inference. Genome Biol. 14, R90 (2013).

14. Robasky, K., Lewis, N.E. & Church, G.M. The role of replicates for error mitigation 
in next-generation sequencing. Nat. Rev. Genet. 15, 56–62 (2014).

15. Shirley, M.D. et al. Sturge-Weber syndrome and port-wine stains caused by somatic 
mutation in GNAQ. N. Engl. J. Med. 368, 1971–1979 (2013).

16. Williams, C. et al. A high frequency of sequence alterations is due to  
formalin fixation of archival specimens. Am. J. Pathol. 155, 1467–1471  
(1999).

17. Grabiner, B.C. et al. A diverse array of cancer-associated MTOR mutations are 
hyperactivating and can predict rapamycin sensitivity. Cancer Discov. 4, 554–563 
(2014).

18. Yang, H. et al. mTOR kinase structure, mechanism and regulation. Nature 497, 
217–223 (2013).

19. Urano, J. et al. Point mutations in TOR confer Rheb-independent growth in fission 
yeast and nutrient-independent mammalian TOR signaling in mammalian cells. 
Proc. Natl. Acad. Sci. USA 104, 3514–3519 (2007).

20. Crino, P.B. mTOR: A pathogenic signaling pathway in developmental brain 
malformations. Trends Mol. Med. 17, 734–742 (2011).

21. Navarro-Quiroga, I., Chittajallu, R., Gallo, V. & Haydar, T.F. Long-term, selective 
gene expression in developing and adult hippocampal pyramidal neurons using 
focal in utero electroporation. J. Neurosci. 27, 5007–5011 (2007).

22. Rivière, J.B. et al. De novo germline and postzygotic mutations in AKT3, PIK3R2 
and PIK3CA cause a spectrum of related megalencephaly syndromes. Nat. Genet. 
44, 934–940 (2012).

23. Poduri, A. et al. Somatic activation of AKT3 causes hemispheric developmental 
brain malformations. Neuron 74, 41–48 (2012).

24. Lee, J.H. et al. De novo somatic mutations in components of the PI3K–AKT3-mTOR 
pathway cause hemimegalencephaly. Nat. Genet. 44, 941–945 (2012).

25. Reumers, J. et al. Optimized filtering reduces the error rate in detecting genomic 
variants by short-read sequencing. Nat. Biotechnol. 30, 61–68 (2012).

26. Krueger, D.A. et al. Everolimus for subependymal giant-cell astrocytomas in 
tuberous sclerosis. N. Engl. J. Med. 363, 1801–1811 (2010).

27. Krueger, D.A. et al. Everolimus treatment of refractory epilepsy in tuberous sclerosis 
complex. Ann. Neurol. 74, 679–687 (2013).

28. Aronica, E., Becker, A.J. & Spreafico, R. Malformations of cortical development. 
Brain Pathol. 22, 380–401 (2012).

29. Crino, P.B., Nathanson, K.L. & Henske, E.P. The tuberous sclerosis complex.  
N. Engl. J. Med. 355, 1345–1356 (2006).

30. Feliciano, D.M., Su, T., Lopez, J., Platel, J.C. & Bordey, A. Single-cell Tsc1 knockout 
during corticogenesis generates tuber-like lesions and reduces seizure threshold in 
mice. J. Clin. Invest. 121, 1596–1607 (2011).

31. Baybis, M. et al. mTOR cascade activation distinguishes tubers from focal cortical 
dysplasia. Ann. Neurol. 56, 478–487 (2004).

32. Miyata, H., Chiang, A.C. & Vinters, H.V. Insulin signaling pathways in cortical 
dysplasia and TSC-tubers: tissue microarray analysis. Ann. Neurol. 56, 510–519 
(2004).

33. Liu, J. et al. Evidence for mTOR pathway activation in a spectrum of epilepsy-
associated pathologies. Acta Neuropathol Commun 2, 71 (2014).

34. Yasin, S.A. et al. mTOR-dependent abnormalities in autophagy characterize human 
malformations of cortical development: evidence from focal cortical dysplasia and 
tuberous sclerosis. Acta Neuropathol. 126, 207–218 (2013).

35. Becker, A.J. et al. Focal cortical dysplasia of Taylor’s balloon cell type: mutational 
analysis of the TSC1 gene indicates a pathogenic relationship to tuberous sclerosis. 
Ann. Neurol. 52, 29–37 (2002).

36. Scheffer, I.E. et al. Mutations in mammalian target of rapamycin regulator DEPDC5 
cause focal epilepsy with brain malformations. Ann. Neurol. 75, 782–787 (2014).

np
g

©
 2

01
5 

N
at

ur
e 

A
m

er
ic

a,
 In

c.
 A

ll 
rig

ht
s 

re
se

rv
ed

.



nature medicinedoi:10.1038/nm.3824

ONLINe MeTHODs
Subject ascertainment. Individuals with FCDII who had undergone epilepsy 
surgery since 2004 were identified through Severance Children’s Hospital. 
Enrolled patients met the study entry criteria for FCDII7 and underwent the 
extensive presurgical evaluations, including video electroencephalography 
(EEG) monitoring, high-resolution MRI and fluorodexoyglucose (FDG)-PET, 
and subtraction ictal single photon emission computed tomography (SPECT) 
co-registered to MRI (SISCOM) to localize anatomic lesions. The presurgi-
cal and surgical protocols have been published previously37. The resection  
margin for epilepsy of the neocortical origin was defined by (i) the presence 
of a massive and exclusive ictal-onset zone confirmed by intracranial EEG;  
(ii) various interictal intracranial EEG findings including >3/s repetitive spikes, 
runs of repetitive spike and slow wave discharges, localized or spindle-shaped 
fast activities, and electrodecremental fast activities; and (iii) the absence of 
the eloquent cortex. Complete resection was defined by resection of all areas 
with seizure-onset and irritative zones on intracranial EEG. The pathological 
diagnosis of the patients with FCDII was reconfirmed for this study, accord-
ing to the recent consensus classification by the ILAE Diagnostic Methods 
Commission7. Non-FCD brain specimens were collected from the tumor-free 
margin of an individual with glioblastoma as part of a planned resection, which 
was pathologically confirmed as a normal brain without tumor. The study 
was performed and 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.

Mouse care and information. Only C57BL/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 7:00 p.m. 
All procedures were approved by KAIST Institutional Animal Care and Use 
Committee.

DNA extraction from tissue samples. Genomic DNA was extracted from 
freshly frozen brain, blood, saliva or formalin-fixed, paraffin-embedded 
(FFPE) brain tissues. The Qiamp mini DNA kit (Qiagen, USA) for freshly 
frozen brain tissues, Flexigene DNA kit (Qiagen, USA) for blood and QIAmp 
mini FFPE DNA kit (Qiagen, USA) for FFPE brain tissues were used according 
to the manufacturer’s protocol. Saliva DNA was extracted using prepIT•L2P 
purification kit (DNAgenotek, USA) according to the purification protocol. 
In brief, 750 µL of mixture from the DNA collection kit (DNAgenotek, USA) 
was incubated overnight at 50 °C in a water incubator. 30 µL of prepIT•L2P 
solution was added to the mixture. The mixture was centrifuged and the super-
natant was transferred to a fresh tube. 900 µL of 100% ethanol was added to 
the clear supernatant. The precipitated DNA was centrifuged and collected 
as a pellet. The ethanol supernatant was discarded, and the DNA pellet was 
rehydrated in TE buffer.

Deep whole-exome sequencing. Each sequenced sample was prepared accord-
ing to the Agilent library preparation protocols (Agilent Human All Exon  
50 Mb kit). Libraries underwent paired-end sequencing on an Illumina 
HiSeq 2000 instrument according to the manufacturer’s protocol. To evenly 
increase the average read depth of WES to more than 400×, we performed two  
independent library preparations from samples and merged two fastq files  
generated from Illumina HiSeq 2000 instrument. To generate analysis-ready bam 
files from Fastq files, we used the “Best Practices” workflow suggested by the 
Broad Institute. In brief, we aligned raw sequences from the fastq file to reference  
genome using BWA (http://bio-bwa.sourceforge.net) to generate sam files. 
These sam files were converted to bam files and underwent the marked duplicate 
using Picard (http://broadinstitute.github.io/picard). Then, to clean up indel 
artifacts in these bam files, we used RealignerTargetCreator and IndelRealigner 
of GATK analysis tools (http://www.broadinstitute.org/gatk/download). Finally, 
to improve the accuracy of our variant calling, we performed base quality score 
recalibration process using BaseRecalibrator of GATK analysis tools.

Hybrid capture sequencing. We designed an MTOR hybrid capture probe 
using SureDesign online tools (Agilent Technologies). Target capture was 

carried out according to the manufacturer’s protocol (Agilent Technologies) 
with modification. Briefly, genomic DNA (>200 ng) was sheared and the DNA 
fragments were end-repaired, extended with an ‘A’ on the 3′ end, ligated with 
paired-end adaptors and amplified (6 cycles). Adaptor-ligated libraries con-
taining MTOR gene were hybridized for 24 h with biotinylated oligo RNA 
baits and enriched with streptavidin-conjugated magnetic beads. The final 
libraries were further amplified for 16 cycles with PCR and sequenced on 
an Illumina HiSeq 2500 sequencer (median read depth of 515×). Then we 
generated an analysis-ready bam file using GATK best practice data cleanup 
pipeline. These bam files were converted to pileup files using Samtools (http://
samtools.sourceforge.net) and called for mutation/reference count using  
customized Python script.

Site-specific amplicon sequencing. We designed 2 target regions that have 
size of 212 and 213 bp, respectively. These regions were amplified by PCR using 
targeted primers including 6 base-pair index sequences. The detailed sequence 
of primer and index are listed in Supplementary Table 5. We performed the 
PCR as follows: 95 °C for 5 min; 35 × (95 °C for 30 s, 58 °C for 30 s, 72 °C for 
40 s); 72 °C for 5 min; hold at 4 °C. Then, we performed DNA library prepara-
tion according to TruSeq DNA sample preparation guide. In brief, end repair 
and addition of 3′A overhangs were performed using the TruSeq DNA kit 
(Illumina, USA). Indexed TruSeq adaptors were ligated according to the manu-
facturer’s protocol and purified with AMPure beads (Agencourt Bioscience, 
USA). DNA fragments ranging from 344 to 345 bp (224–225 bp of DNA plus 
120 bp of adaptors) were excised from agarose gel and purified using the Mini 
elute gel extraction kit (Qiagen, USA). Then, we performed enrichment of 
those DNA fragments that have adaptor molecules on both ends to amplify 
the amount of DNA in the library using PCR primer cocktail and master mix 
(Illumina, USA). To verify fragment size and quality of the amplified libraries, 
individual aliquots were run on a 2100 Bioanalyzer (Agilent, USA). Libraries 
were pooled and sequenced on a Miseq sequencer (Illumina, USA) (median 
read depth of 135,424×). Then, we sorted raw sequences from Miseq sequencer 
by index to generate patient-specific fastq files using in-house transcripts. We 
aligned sorted sequences to reference genome using Bowtie2 (http://bowtie-
bio.sourceforge.net/bowtie2/index.shtml) to generate bam files. These bam 
files were converted to pileup files using Samtools (http://samtools.sourceforge.
net and called for mutation/reference count using custom Python script.

MTOR amplicon sequencing. Genomic DNA was extracted from paraffin-
embedded brain sections with the QIAmp DNA FFPE Tissue kit (Qiagen,USA). 
Extracted genomic DNA was then sequenced using customized MTOR  
amplicon (Truseq custom amplicon kit, Illumina) designed with Illumina 
design studio (http://designstudio.illumina.com). We performed DNA library 
preparation according to Truseq custom amplicon library preparation guide. 
Then, libraries were pooled and sequenced on an Illumina Miseq sequencer 
(Illumina, USA) (median read depth of 1,647×). We aligned raw sequence to 
reference genome using the BWA-MEM algorithm (http://bio-bwa.sourceforge.
net) to generate bam files. These bam files were converted to pileup file using 
Samtools (http://samtools.sourceforge.net) and called for mutation/reference 
count of targeted site using custom python script.

Bioinformatic analysis. We used both the Virmid (http://sourceforge.net/
projects/virmid/) and MuTect (http://www.broadinstitute.org/cancer/cga/
mutect) algorithms to jointly analyze blood-brain paired WES data sets  
and call any given variants that arise de novo in affected brains (not in the 
germline)12,13. Although both tools are useful for finding somatic mutations 
with low-allelic fraction in genetically heterogeneous samples, they are based 
on different probability models emerged from independent approaches. Briefly, 
Virmid estimates the sample impurity level, called α value, in mixed samples 
and maximizes the sensitivity regarding α–dependent allele fractions altered 
in the give sample. On the other hand, MuTect detects the somatic muta-
tions using Bayesian classifier to calculate LOD score (log odds) exceeding  
predefined decision threshold in the algorithm, thereby allowing it to detect 
low allelic mutations from an empirically and rigorously driven model. To call 
candidate mutations overlapping in both Virmid- and MuTect-based analyses, 
we performed the following filter steps. First, Virmid output data were further 
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filtered by (i) excluding those with quality score (Qual) of ≤60, (ii) excluding  
those in more than 1% of reads from blood samples (to exclude germline 
mutations), (iii) excluding those in <4 reads from brain (to exclude error calls 
in brain samples), (iv) excluding those with phastCons score and PolyPhen 
score of ≤0.5, (v) excluding those with intronic or synonymous variants and 
(vi) excluding those with annotated SNPs. Second, MuTect output data were 
filtered by (i) selecting ‘keep’ judgment calls, (ii) excluding those with phast-
Cons score and PolyPhen score of ≤0.5, (iii) excluding those with intronic or 
synonymous variants and (iv) excluding those with annotated SNPs. Finally, 
we selected variants overlapping in both Virmid and MuTect workflows as 
candidate variants. For detecting variants reproducible in both hybrid capture–  
and PCR-based amplicon sequencing, we performed the following filtering 
step in both sequencing platforms: (i) excluding those with mapping quality 
score of ≤30, (ii) excluding those in <100 total read depths and (iii) excluding 
those in <3 mutant reads. Then, we called the overlapping mutations with 
>1% mutated reads using custom Python script. For analysis of mutant allele 
frequencies in the exome database, we adopted standard practices and con-
trols used by the other similar study15. In total, 2,508 aligned CRAM files 
(compressed BAM) have been downloaded from the 1000 Genomes Project 
FTP (alignment released 2013-05-02). For all 2,508 alignments, 9 genomic 
positions (chr1:11298590 for c.1871G>A, chr1:11217330 for c.4348T>G, 
chr1:11217231 for c.4447T>C, chr1:11199365 for c.5126G>A, chr1:11188164 
for c.5930C>A, chr1:11184640 for c.6577C>T, chr1:11184573 for c.6644C>T, 
chr1:11174395 for c.7280T>C and c.7280T>A) have been evaluated to find 
supporting mutations in normal individuals. For each variant site, exomes 
that only have greater than or equal to 100 read depth after filtering base 
call quality Q30 have been evaluated. Samples were determined to have a 
mutation if more than 1% of the reads with ≥3 of the mutant calls contain 
the supporting mutations. Although the similar study showed that the muta-
tion of GNAQ gene (c.538G>A) was negative in 99.3% in exomes in the 1000 
Genomes database, our study showed that identified mutations were negative 
in 100% (mutation positive rate in chr1:11298590 = 0/449, chr1:11217330 = 
0/431, chr1:11217231 = 0/1762, chr1:11199365 = 0/1400, chr1:11188164 = 
0/1574, chr1:11184640 = 0/541, chr1:11174395 = 0/248 and chr1:11184573 =  
0/1192). To detect overlapping mutations in both hybrid capture– and  
PCR-based amplicon sequencing without erroneous calls, we performed the 
following filtering step in both sequencing platforms: (i) excluding those with 
mapping quality score of ≤30, (ii) excluding those in <100 total read depth 
and (iii) excluding those in <3 mutant reads. Then, we called the overlapping 
mutations using custom Python script.

Mutagenesis and cloning of mTOR mutant constructs. pcDNA3.1 Flag-
tagged wild-type mTOR construct was kindly provided by K.-L. Guan at 
UCSD. This construct was used to generate mTOR mutant vectors with a 
QuikChange II site-directed mutagenesis kit (200523, Stratagene, USA). The 
primers for mutagenesis are as follows (i) p.Cys1483Arg: sense, 5′-GGCCT 
CGAGGCGGCGCATGCGGC, and antisense, 5′-GCCGCATGCGCCGCCTCG 
AGGCC-3′; (ii) p.Leu2427Pro: sense, 5′-GTCTATGACCCCTTGCCGAACT
GGAGGCTGATG-3′, antisense, 5′-CATCAGCCTCCAGTTCGGCAAGGGG
TCATAGAC-3′; (iii) p.Leu2427Gln: sense, 5′-GTC TATGACCCCTTGCAGA
ACTGGAGGCTGATG-3′, and antisense, 5′-CATCAGCCTCCAGTTCTGC
AAGGGGTCATAGAC-3′. For generating pCIG-mTOR mutant-IRES-EGFP 
vectors, the annealed primer set (forward primer 5′-AATTCCAATTGCCC
GGGCTTAAGATCGATACGCGTA-3′ and reverse primer 5′-CCGGTACGC
GTATCGATCTTAAGCCCGGGCAATTGG-3′) was inserted into the EcoRI 
and XmaI of pCIG2 (CAG promoter-MCS-IRES-EGFP) to generate pCIG2-
C1 with new restriction enzyme sites, MfeI and MluI. The PCR fragments 
corresponding to wild-type or mutated MTOR genes were subcloned into the 
MfeI and MluI sites of the pCIG2-C1 vector using the primer pairs hmTOR-
MfeI-flag-F; GATCACAATTGTGGCCACCATGGACTACAAGGACGACG
ATGACAAGATGC and hmTOR-MluI-R; TGATCAACGCGTTTACCAGAA
AGGGCACCAGCCAATATAGC, resulting in the plasmid pCIG-mTOR wild 
type and p.Leu2427Pro, respectively.

Cell culture, transfection and western blot. HEK 293T cells were cultured 
in Dulbecco’s Modified Eagle’s Medium (DMEM) containing 10% FBS at  

37 °C and 5% CO2. The cells were transfected with empty Flag-tagged vector, 
Flag-tagged wild-type mTOR and Flag-tagged mTOR mutants as indicated 
using jetPRIME transfection reagent (Polyplus, France). The cells were serum-
starved with DMEM for 24 h after transfection and then incubated at 37 °C 
and 5% CO2 in PBS containing 1 mM MgCl2 and CaCl2 for 1 h. For rapamycin 
treatment, the cells were co-transfected with HA-S6K vector and Flag-tagged 
wild-type mTOR or Flag-tagged mTOR mutants, followed by 1 h treatment 
of 200 nM rapamycin (553210, Calbiochem). The cells were lysed with  
PBS containing 1% Triton X-100 and Halt protease and phosphatase inhibi-
tor cocktail (78440, Thermo Scientific, USA). Proteins were resolved by  
SDS-PAGE and transferred to PVDF membranes (Millipore, USA). The  
membranes were blocked with 3% BSA in TBS containing 0.1% Tween 20 
(TBST) for 1 h at room temperature. They were washed 4 times with TBST. The 
membranes were incubated with primary antibodies including a 1/1,000 dilu-
tion of anti-phospho-S6 ribosomal protein (5364, Cell Signaling Technology, 
USA), anti-S6 ribosomal protein (2217, Cell Signaling Technology, USA),  
anti-phopho-p70 S6 kinase (Thr389) (9205, Cell Signaling Technology, USA), 
anti-p70 S6 kinase (9202, Cell Signaling Technology, USA) and anti-flag M2 
(8164, Cell Signaling Technology, USA) in TBST overnight at 4 °C. After  
incubation, the membranes were washed 4 times with TBST. They were incu-
bated with a 1/5,000 dilution of HRP-linked anti-rabbit or anti-mouse secondary 
antibodies (7074, Cell Signaling Technology, USA) for 2 h at room temperature.  
After washing with TBST, immunodetection was performed using ECL  
reaction reagents.

In vitro mTOR kinase assay. The kinase activity of mTOR was assayed using 
a K-LISA mTOR activity kit (CBA055, Calbiochem, USA) according to the 
manufacturer’s protocol. Briefly, transfected cells were lysed with TBS contain-
ing 1% Tween 20 and Halt protease and phosphatase inhibitor cocktail (78440, 
Thermo Scientific, USA). One mg of total lysate was pre-cleared by adding  
15 µl of protein G beads (10004D, Life technologies, USA) and incubated for 
15 min at 4 °C. Anti-Flag antibodies (8146, Cell signaling Technology, USA, 
1/250 dilution) were added to the pre-cleared lysate and incubated overnight 
at 4 °C. Then, 50 µl of protein G beads were added and incubated for 90 min at 
4 °C. The supernatant was carefully discarded. The pelleted beads were washed 
4 times with 500 µl of lysis buffer and 1 time with 1× kinase buffer supplied 
with the K-LISA mTOR activity kit. The pelleted beads were resuspended in 
50 µl of 2× kinase buffer and 50 µl of mTOR substrate (p70S6K-GST fusion 
protein), followed by incubation for 30 min at 30 °C. The reaction mixture was 
incubated in a glutathione-coated 96-well plate and incubated for 30 min at  
30 °C. The phosphorylated substrate was detected using anti-p70S6K-T389  
antibody (JA9357, Merck Millipore, Germany, 1/1,000 dilution), HRP antibody- 
conjugate and TMB substrate. Relative activities were measured by reading 
the absorbance at 450 nm.

Immunohistochemistry in pathological samples. Non-MCD brain specimen  
was collected in the operating room from the tumor-free margin of an  
individual with glioblastoma as part of a planned resection, which was patho-
logically confirmed as normal brain without tumor. Surgical tissue blocks 
were fixed in freshly prepared phosphate-buffered 4% paraformaldehyde for 
overnight, cryoprotected overnight in 20% buffered sucrose, embedded in 
gelatin blocks (7.5% gelatin in 10% sucrose/PB) and stored at −80 °C. Cryostat-
cut sections (10 µm thick) were collected and placed on glass slides, blocked 
in PBS-GT (0.2% gelatin and 0.2% Triton X-100 in PBS) for 1 h at room 
temperature and stained with the following antibodies: rabbit antibody to 
phosphorylated S6 ribosomal protein (Ser240/Ser244) (1:100 dilution; 5364, 
Cell Signaling Technology) and mouse antibody to NeuN (1:100 dilution; 
MAB377, Millipore). Samples were then washed in PBS and stained with the 
following secondary antibodies: Alexa Fluor 555–conjugated goat antibody 
to mouse (1:200 dilution; A21422, Invitrogen), Alexa Fluor 488–conjugated 
goat antibody to rabbit (1:200 dilution; A11008, Invitrogen). DAPI included in  
mounting solution (P36931, Life Technology) was used for nuclear staining. We  
acquired images using a Leica DMI3000 B inverted microscope. The number 
of cells positive for NeuN was determined using the 10× objective lens; 4 or 
5 fields were acquired per subject within the neuron-rich regions, and >100 
cells were scored per region. The number of DAPI-positive cells represents 
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total cell count. Neuronal cell size was measured in NeuN-positive cells using 
automated counting protocol of ImageJ software (http://rsbweb.nih.gov/ij/).

Laser capture microdissection with the subsequent Sanger sequencing. 
Freshly frozen brain was fixed in freshly prepared phosphate-buffered 4% para-
formaldehyde for overnight, cryoprotected overnight in 30% buffered sucrose 
and made gelatin-embedded tissue blocks (7.5% gelatin in 10% sucrose/PB) 
stored at −80 °C. Cryostat-cut sections (10 µm thick) were collected and placed  
on glass slides. After performing immunofluorescence staining with phos-
phorylated S6 and NeuN antibodies, phosphorylated S–immunoreactive neurons  
(n = ~20 per case) were microdissected with the PALM laser capture system 
(Carl Zeiss, Germany) and collected in adhesive cap (Carl Zeiss, Germany). 
Genomic DNA was extracted from collected neurons using QiAamp microkit 
LCM tissue protocol (Qiagen, USA). Genomic DNA extracted from P-S6 labeled 
neurons was used for validating mutation sequence (MTOR c.7280T>C). 
These regions were amplified by PCR using targeted primer and high-fidelity 
PrimeSTAR GXL DNA polymerase (Takara, Japan). The detailed sequence of 
the primers is as follows: sense 5′-CCCAGGCACTTGATGATACTC-3′ and 
antisense, 5′-CTTGCTTTGGGTGGAGAGTT-3′. We performed the PCR as 
follows: 98 °C for 2 min; 35× (98 °C for 10 s, 60 °C for 15 s, 68 °C for 20 s); 68 °C 
for 5 min; hold at 4 °C. Amplified PCR product was purified with MEGAquick 
spin total fragment DNA purification kit (Intron, Korea). Then, we carried 
out fluorescent DNA sequencing using the BioDye Terminator and automatic 
sequencer system (Applied Biosystems).

In utero electroporation and image analysis. Timed pregnant mice (E14) 
were anesthetized with isoflurane (0.4 L/min of oxygen and isoflurane vapor-
izer gauge 3 during surgery operation). The uterine horns were exposed, and a 
lateral ventricle of each embryo was injected using pulled glass capillaries with 
2 µg/ml of Fast Green (F7252, Sigma, USA) combined with 2–3 mg of mTOR 
mutant plasmids as indicated. Plasmids were electroporated on the head of the 
embryo by discharging 50 V with the ECM830 electroporator (BTX-Harvard 
apparatus) in five electric pulses of 100 ms at 900-ms intervals. Embryonic 
mice were electroporated at E14, and then their brains were harvested after  
4 d of development (E18) and fixed in freshly prepared phosphate-buffered 4% 
paraformaldehyde overnight, cryoprotected overnight in 30% buffered sucrose 
and made gelatin-embedded tissue blocks (7.5% gelatin in 10% sucrose/PB) 
stored at −80 °C. Cryostat-cut sections (30 µm thick) were collected and 
placed on glass slides. DAPI included in mounting solution (P36931, Life  
Technology, USA) was used for nuclear staining. We acquired images using 
a Leica DMI3000 B inverted microscope or a Zeiss LSM510 confocal micro-
scope. Fluorescence intensities reflecting the distribution of electroporated 
cells within the cortex were converted into gray values and measured from 
the ventricular zone (VZ) to cortical plate (CP) using ImageJ software  
(http://rsbweb.nih.gov/ij/). Manders co-localization analysis was performed 
using Fiji software (http://fiji.sc/wiki/index.php/Colocalization_Analysis). 
The researcher examining the histological sections was not blinded  
to the treatments.

In vivo rapamycin treatment. Rapamycin was treated systemically using a 
previously reported protocol38. Rapamycin (LC Labs, USA) was dissolved  

initially in 100% ethanol to 20 mg/ml stock solution, stored at 20 °C. 
Immediately before injection, stock solution was diluted in 5% polyethylene-
glycol 400 and 5% Tween 80 to final concentrations of 1 mg/ml rapamycin and  
4% ethanol. Mice were injected daily through intraperitoneal route with  
10 mg/kg rapamycin, or vehicle alone for 2 weeks. The researcher conducting 
the experiments was not blinded to the experimental groups during testing.

Video-electroencephalography monitoring. EEG signals form the epidural 
electrodes located on frontal lobes (AP+ 2.8 mm, ML ± 1.5 mm) and temporal  
lobes (AP– 2.4 mm, ML ± 2.4 mm) were recorded using cerebellum as a  
reference. After more than 4 d of recovery from the surgery, EEG signals were 
recorded for 2–5 d (6 h per day). Signals were amplified with RHD2000 amplifier  
chip (Intan technologies, USA) or GRASS model 9 EEG/Polysomnograph 
(GRASS technologies, USA), recorded with RHD2000 USB interface board 
(Intan technologies, USA) or Digidata 1320A (Molecular Devices, USA), and 
analyzed with open source MATLAB toolbox EEGLAB (http://sccn.ucsd.edu/
eeglab) or pCLAMP program (Molecular Devices, USA). For EEG analysis,  
10–12 h of continuous recording data were analyzed for interictal spike and 
nonconvulsive electrographic seizure counting. Each 1-min sample was 
selected at standardized preset time points separated by exactly 1 h. In the 
rare event when a seizure had occurred at the selected time, we excluded this 
1-min sample. Each 1-min sample was assessed for the number of interictal 
epileptiform spikes and nonconvulsive electrographic seizure by an observer 
who was blinded to the treatment of the mice. Interictal spikes were defined as 
fast (<200 ms) epileptiform wave forms occurring regularly that were at least 
twice the amplitude of the background activity. Nonconvulsive electrographic 
seizure episodes were counted using the following criteria: the EEG recording 
showed at least two connected spike-wave complexes (1–4 Hz) with amplitudes 
at least twofold higher than background and observed simultaneously in the 
majority of the four recording channels per mouse.

Statistical analyses. Data are presented as the mean ±s.e.m. Results were  
analyzed using Student’s t-test or ANOVA where appropriate, using GraphPad 
Prism version 6 (GraphPad Software, Inc. La Jolla, CA). A Bonferroni post 
hoc test was used to analyze for significant differences in the ANOVA test.  
A P value less than 0.05 was considered statistically significant. 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 and similar experiments. The researchers were not 
blinded to allocation during experiments and outcome analysis except for the 
video-EEG monitoring.

37. Kim, Y.H. et al. Neuroimaging in identifying focal cortical dysplasia and prognostic 
factors in pediatric and adolescent epilepsy surgery. Epilepsia 52, 722–727 
(2011).

38. Zeng, L.H., Xu, L., Gutmann, D.H. & Wong, M. Rapamycin prevents epilepsy in a 
mouse model of tuberous sclerosis complex. Ann. Neurol. 63, 444–453 (2008).
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