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eFigure 1. Experimental Design 

 

A, For each family, four sources of DNA were collected (brain-derived DNA for child, 

blood or saliva derived DNA for both parents and child). B, To identify de novo variants, 

we filtered variants observed in the child’s germline for variants present in either of the 

parents. C, To identify somatic variants, we filtered variants observed in the brain 

derived DNA for variants present in the child’s germline. 
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eFigure 2. Integrative Genomics Viewer (IGV) Images of DEPDC5 Mutation in WES 

Data of the HMEG Patient 

Integrative Genomics Viewer (IGV) images of DEPDC5 mutation (c.4187delC, 

p.Ala1396Valfs*78) in WES data for subject LR12-250 with right-sided 

hemimegalencephaly (posterior quadrantic dysplasia) and her parents. 
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eFigure 3. Allelic Fraction of Germline SNVs in Germline (Peripheral Sample) and 

Brain for LR12-250 

 

To examine LOH on chromosome 22 in LR12-250, high quality SNVs that were 

heterozygous in the germline sample were selected. The distribution of allelic fraction in 

the germline sample is close to 0.5 while the brain sample has allelic fractions at ~0.3 

and ~0.7, suggesting loss of heterozygosity. The distribution observed in the brain 

sample significantly deviated from the distribution of the germline sample (Wilcoxon 

Rank Sum p-value <0.00001). All other chromosomes, in both brain and germline 

samples, had allelic fractions at ~0.5 and did not significantly deviate from each other 

(Wilcoxon Rank Sum p-values > 0.99).  
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eFigure 4. MRIs of MTOR Mutation–Positive FCD Patients 

 

Axial T2 images (Flair in F) in subjects LR12-243 (A-C), LR12-245 (D-F) and LR13-354 

(G-I) with focal cortical dysplasia, and corresponding axial images from an unaffected 

individual, LR07-264, for comparison (J-L). Images from the 3 subjects with FCD show 

similar abnormalities (white arrows point to the center of the lesions) including mildly 

thick gyri and increased white matter volume, mildly blurred cortical-white matter border 
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with abnormal signal in the underlying white matter compared to the contralateral side, 

which could be related to difference in myelination or heterotopic neurons. 
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eFigure 5. MRIs of MTOR Mutation–Positive Patients With Asymmetric 

Megalencephaly 

 

The mid-sagittal images (A, D, G) show large head size (megalencephaly) and 

prominent forehead. The axial images (B, C, E, F, H) and coronal image (I) show 

bilateral and symmetric cortical malformations that consist of increased small gyri with 

limited intracortical microgyri, mildly thick cortex, generally sharp cortical-white matter 

border, and mildly enlarged 3rd and lateral ventricles, most prominently in B and E 

(white arrows mark most severe area on the left).
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eFigure 6. MRIs of MTOR Mutation–Positive Patients With Symmetric Megalencephaly 

 

The mid-sagittal images  (A, D, G) show large head size and prominent forehead. The 

axial images (B, C, E, F, H, I) show normal gyral pattern and cortex in most areas with 

patchy bilateral areas of possible cortical dysgenesis (white arrows mark some of these). 



 

© 2016 American Medical Association. All rights reserved.   9 

eFigure 7. Stealth Images of the Mesial and Parietal Grid Locations of LR12-245 
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eFigure 8. Phospho-S6 Immunofluorescence and Neuronal Size in MTOR Mutant 

Electroporated Neurons 
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(A) Distributions of immunofluorescence intensity values for experiments show in Figure 

3F. Data represent all cells pooled across different culture wells from 4 96-well plates 

that were fixed simultaneously (out of 6 total).  Each plate contains neurons from 5 

independent electroporations of different control or mutant MTOR constructs.  Every 

plate contains both empty vector and wild type MTOR electroporated controls.  Top 

panel shows data from neurons in normal media or normal media supplemented with 

RAD001 (200 nM) for 2 hours.  Bottom panel shows data from neurons treated for 2 

hours with starve solution (PBS/glucose).   Data are filtered by NeuN 

immunofluorescence intensity, nuclei size, and ZsGreen/HA-tag intensity as described in 

methods. For top panel, n (individual cells) ranges from 3206 – 10164, with average of 

5509 data points per genotype  shown.  For bottom panel, n ranges from 2452 – 9428, 

with average of 4767 data points per genotype. (B) Phospho-S6(S240/244) 

immunofluorescence intensities of DIV12 electroporated rat neurons.  Columns and error 

bars are means and standard errors of mean for averaged intensity values across 

independent wells, from a total of 6 plates of neurons.  Data points plotted represent 

individual wells.  For each plate, values for each well were adjusted from raw 

immunofluorescence intensities by subtracting average intensities of RAD001-treated 

empty vector control neurons (baseline subtraction) and normalizing by baseline-

subtracted values of wild-type MTOR electroporated neurons.   Asterisks represent 

results of Dunnet’s multiple comparisons test of differences between each genotype and 

neurons electroporated with wild-type MTOR, with significance levels of p < 10-3, 10-4 for 

*** or ****, respectively.  RAD001-treated neurons were not included in test.  (C) 

Neuronal size (estimated by NeuN staining), same neurons as shown in B.  As in B 

asterisks represent differences vs. wild-type MTOR, p < 10-2, 10-4 for ** or ****, 

respectively. (D) Distributions of neuronal size corresponding to Figure 3G, from neurons 

treated either with DMSO or 200 nM RAD001 for 7 days from DIV7-14.  Data are pooled 

from wells from 2 plates (out of 4 total shown in Fig. 3G). n = 3240 wild type DMSO, n = 

2957 wild type RAD001, n = 2875 L1460P DMSO, n = 2664 L1460P RAD001.  Red 

dashed lines represent average of neuronal sizes.  (E) Immunofluorescence image of 

NeuN indirect immunofluorescence (red), Hoechst stain to demarcate nuclei (blue), and 

a combination of ZsGreen fluorescence and HA tag antibody indirect 

immunofluorescence (green) to identify neurons expressing MTOR constructs. 
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eFigure 9. Western Analysis of MTOR Signaling in MTOR Mutant Transfected 

HEK293T Cells 

 

Cells were serum and amino acid starved and treated with either DMSO or RAD001 (50 

nM) for 2 hours.  Western blot with antibodies against mTORC1 pathway markers, as 

indicated on right. 
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eMethods. Whole Exome Sequencing, Targeted Sequencing, and Neuronal Culture and 

Immunofluorescence Methods 

 

Whole exome sequencing (WES) at Novartis Institutes for Biomedical Research 

We fragmented normalized genomic DNA from brain, blood, and saliva samples and 

used for Illumina TruSeq library construction according to the manufacturer’s instructions 

(Illumina, San Diego, CA). We captured exonic regions using the SureSelect 51 Mb kit 

(version 4) according to the manufacturer’s instructions (Agilent, Santa Clara, CA). We 

performed paired-end sequencing of 100 base pairs from each end of the fragments 

using a HiSeq 2500 (Illumina). To improve the chances of finding a somatic or mosaic 

alteration, we sequenced the brain derived DNA (target coverage 150X) deeper than the 

blood/saliva derived DNA for the affected child (target coverage 50X) and the blood 

derived DNA on the both parents (target coverage 50X).   

 

Sequence data processing. We aligned the sequence reads to the reference human 

genome (build hg19) using the Burrows-Wheeler Aligner (BWA v0.5.9)1 to create a BAM 

file. Separately, we aligned the sequencing reads with the BWA-MEM algorithm 

(http://bio-bwa.sourceforge.net/). We used Picard v1.52 (http://picard.sourceforge.net) to 

mark reads that appeared to be PCR duplicates.  Then, we performed local realignment 

and base quality score recalibration with the Genome Analysis ToolKit v1.6 (GATK)2,3.  

After processing, we assessed a number of QC metrics to ensure high quality data 

(Supplementary Table 1). We identified SNVs in the exome targeted regions from the 

processed BAM files aligned with BWA using the GATK v1.6 Unified Genotyper. 

 

Verification of relationships between sequenced samples. We verified familial 

relationships by comparing the identity by descent (IBD) estimate to expected 

relationships.  For this analysis, we retained SNVs that were callable in all samples and 

had a frequency greater than 5% in the 1000 Genomes and the Exome Sequencing 

Project across populations (10,154 SNVs). We used PLINK4 to estimate IBD and found 

that all the brain samples matched the corresponding germline sample and that all 

parent-child relationships matched except for a mother-child relationship in one of the 

families. The mother was excluded from all further analyses.  
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Identification of de novo SNVs. To identify putative de novo variants, we filtered for 

SNVs where the lesional and non-lesional samples from the same patient were not 

homozygous for the reference allele. In addition, we required a read depth at the site of 

at least 10 in either the lesional or non-lesional samples, and we required that both 

parents were homozygous for the reference allele and both had read depths of at least 

10. We further filtered to remove variants where any of the parents of the eight patients 

carried the alternative allele and to remove variants in simple repeats as annotated by 

Tandem Repeat Finder.5 We manually evaluated these variants in the Integrated 

Genomics Viewer (IGV).6,7 We noticed that many of these variants appeared to be false 

positives due to alignment artifacts near indels. Therefore, we repeated the variant 

identification and filtering on BAM files generated by BWA-MEM, and filtered our original 

list of putative de novo variants for those that were supported by BWA-MEM alignments. 

We then evaluated this list of variants in IGV to create a final list of putative de novo 

SNVs. 

 

Identification of somatic SNVs in FCD lesions. We attempted two approaches to identify 

somatic SNVs. First, we filtered the SNVs that we identified with GATK as follows. We 

filtered for SNVs where the lesional sample was not homozygous for the reference allele 

and had a read depth of at least 10. In addition, we required that the non-lesional sample 

and parents from the same patient were homozygous for the reference allele and that 

the read depth in the non-lesional sample was at least 20. We also removed variants 

that we observed in any parents of the eight patients and variants that were located in 

simple repeats as annotated by Tandem Repeat Finder.5 Finally, we required that all 

variants were supported by BWA-MEM alignments as described above. Using these 

filters, we identified no putative somatic variants. We therefore turned to a second 

approach designed to be more sensitive to somatic mutations present at low allelic 

fractions. We used MuTect,8 available with Cancer Analysis Package v2014.1-13, to 

identify somatic variants seen in the lesional sample but not non-lesional sample from 

the same patient. We first filtered to remove variants flagged as likely false positives 

except for variants flagged as “nearby_gap_events” or “triallelic_site”, which we retained. 

We then genotyped these variants in all samples using GATK in the 

“GENOTYPE_GIVEN_ALLELES” mode, to determine whether these variants were 

present in any of the parents. We removed any variant where any of the parents was not 

homozygous for the reference allele. In addition, we removed variants in simple repeats 
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as annotated by Tandem Repeat Finder5 or not supported by the BWA-MEM alignments. 

We manually inspected the resulting list of putative somatic SNVs in IGV to remove 

likely false positives not accounted for by our other filtering steps. After identifying 

somatic mutations in MTOR, we manually reviewed the sequencing reads from the 

lesional samples without MTOR mutations identified by MuTect. We noted sites with five 

or more reads supporting an alternate allele from the reference. Then, we genotyped 

these variants in all samples using GATK in the “GENOTYPE_GIVEN_ALLELES” mode 

to determine whether there was evidence for these variants in any of the parents. We 

removed sites where any of the parents had two or more reads supporting the alternate 

allele. We manually reviewed the sequencing reads for patients without MTOR 

mutations across the MTOR coding sequence. Through this approach, we identified an 

additional mosaic mutation in MTOR in another patient with FCD2a. This mutation was 

present at an allelic fraction of 0.035, which was even lower than the prior MTOR 

mutations. 

 

Identification of de novo and somatic indels. For indel identification, we used Pindel 

version 0.2.5a3.9 We ran Pindel on the BAM files of the patient samples and parents 

concurrently. We classified indels as putative de novo variants if the total read depth at 

the site was at least 30 in either the lesional or matched non-lesional sample and there 

were at least four reads supporting the indel in either the lesional or non-lesional sample. 

We also required that both parents had a total read depth of 10 and homozygous 

reference genotypes. We filtered out sites where any of the parents of other patients 

carried the alternative allele and variants in simple repeats as annotated by Tandem 

Repeat Finder. As described for SNVs, we removed variants that were not supported by 

the BWA-MEM alignments, and we reviewed the resulting list of putative de novo indels 

in IGV. We classified indels as putative somatic variants if the total read depth in brain 

was at least 30, the proportion of reads supporting the variant was less than 0.05 in the 

non-lesional sample, and the depth in the non-lesional sample was at least 20. We also 

required that both parents have homozygous reference genotypes and less than two 

reads supporting the alternative allele. We further filtered to remove variants that were 

observed in the parents of any of the other patients, variants that were in simple repeats, 

variants observed in the NHLBI Exome Sequencing Project10, and variants that were not 

supported by BWA-MEM alignments. Finally, we manually reviewed the resulting list of 

putative somatic indels in IGV. 
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Whole exome sequencing analysis at Baylor College of Medicine 

Whole exome sequencing was performed in one family at Baylor College of Medicine 

Human Genome Sequencing Center (BCM-HGSC) through the Baylor-Hopkins Center 

for Mendelian Genomics (BHCMG) research initiative. An Illumina paired-end pre-

capture library was made following the manufacturer’s protocol (Illumina Multiplexing_ 

SamplePrep_Guide_1005361_D) with modifications as described in the BCM-HGSC 

Illumina Barcoded Paired-End Capture Library Preparation protocol. The pooling and 

then hybridization of four pre-captured libraries were implemented according to the 

BCM-HGSC in-house CORE design (52 Mb, NimbleGen)16 and the manufacturer’s 

protocol (NimbleGen SeqCap EZ Exome Library SR User’s Guide version 2.2) with 

minor revisions. The sequencing run was performed in paired-end mode with the 

Illumina HiSeq 2000 platform along with approximately 89% of the targeted exome 

bases covered to a depth of 20X or greater. The post-processing of raw sequence data 

was performed using the Mercury pipeline.17 First, raw sequencing data (bcl) files were 

converted to the fastq format using Casava. Next, short reads were mapped to a human 

genome reference sequence (GRCh37) by the Burrows-Wheeler Alignment (BWA). 

Then the recalibration was done using GATK 2, and variant calling was performed using 

the Atlas2 suite.18 The Mercury pipeline is available in the cloud via DNANexus 

(http://blog.dnanexus.com/2013-10-22-run-mercury-variant-calling-pipeline/). 

 

Single molecule molecular inversion probe (smMIP) sequencing 

We designed a pool of 105 smMIP oligonucleotides targeting the coding sequences of 

MTOR.11 A total of 11281 smMIPs were tiled across the genomic sequence, covering all 

coding bps. 100 ng capture reactions were performed in parallel, as previously 

described,11,12 and massively parallel sequencing was performed using an Illumina 

HiSeq. On average 6278.45 (80.59%) of 7791 bps were covered by 30 or more 

captures. smMIP sequencing data was processed with MIPgen13 and PEAR 0.8.1 

(http://www.exelixis-lab.org/web/software/pear) using default options, with the exception 

of introducing a penalty of 80 for soft clipping during the BWA mem mapping. This 

produced high quality single molecule consensus (smc) reads. Variants were called 

using Freebayes using the -F 0.01 option to capture low frequency variants (with 

variants having two or more non-reference reads being retained). Variants were filtered 

against the NHLBI exome variant server, the ExAC server, and 1000 genomes. Variants 
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were merged across all samples and allele balances calculated. Variants with a high 

prior index of suspicion based on previous work were genotyped by k-means clustering 

using all variants’ reference and alternate quality score sums and choosing k to be 2, 

corresponding to either wild type (for the lower allele balance samples) or non-reference 

(for the higher alternate allele balance). Two clusters of variants were cleanly separated, 

corresponding to presumed false positives of low quality and true positives of higher 

quality.  

 

Amplicon sequencing 

We performed locus-specific amplification of genomic DNA followed by Roche GS Junior 

sequencing on selected patients. We designed fusion primers containing genome-

specific sequences along with distinct MIDs (multiplex identifier sequences used to 

differentiate samples being run together on the same plate) and sequencing adapters to 

generate amplicons ranging in size between 290 and 310 bp using primer3plus software. 

Primer sequences are available upon request. Small DNA fragments were removed 

using Agencourt AMPure XP (Beckman Coulter, Beverly, MA) according to the 

manufacturer's protocol. All amplicons were quantified using Quant-iT PicoGreen dsDNA 

reagent (Invitrogen Corporation, Life Technologies, Carlsbad, CA), pooled at an 

equimolar ratio, amplified by emulsion PCR using the GS Junior Titanium emPCR kit 

(Lib-A, Roche Applied Science, Mannheim, Germany) and then pyrosequenced in the 

sense and antisense strands on a GS Junior sequencer (Roche) following 

manufacturer's instructions. We performed data analysis using the GS Amplicon Variant 

Analyzer version 3.0 (AVAv3.0) software (Roche). 

 

Neuronal culture and immunofluorescence analysis 

For constructs, human MTOR was synthesized with mutations (Genewiz, Inc., 

Cambridge, MA) with an N-terminal hemagglutinin (HA) tag, and cloned into the 

pEF1alpha-IRES-ZsGreen vector.  Empty vector control is pEF1alpha-IRES-ZsGreen 

vector without HA-MTOR. Primary cortical neuronal cultures were prepared from 

embryonic day 18 rat cultures, obtained either internally or commercially (BrainBits, LLC, 

Springfield, IL).  Tissue was dissociated using the Miltenyi Biotec neural tissue 

dissociation kit, nucleofected using Amaxa P3 Primary Cell 4D-Nucleofector X Kit (Lonza 

Group Ltd., Basel, Switzerland), and plated at 35-40,000 neurons/well of a 96-well poly 

D-lysine coated plate (Corning Biocoat 354640).  This high plating density compensates 
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for decreased viability after nucleofection.  2 micrograms of construct DNA per 

nucleofection was used.  Half of media was exchanged every 7 days.  Media was 

neurobasal based and contained B27 supplement, 2 mM glutamax, 10 units/mL 

penicillin, and 10 g/mL streptomycin (Life Technologies, Grand Island, NY).  In some 

experiments media with 5% fetal bovine serum was included for the first 4 hours after 

plating.  Neurons were treated with compounds as specified, diluted from 10 mM stocks 

in DMSO with final concentrations of DMSO no higher than 0.005%.  For 7-day 

experiments, compounds were added, and then media (including compound) partially 

exchanged (20%) 4 days later. Compound stability in neuronal media was not assessed.  

The starve solution contained Dulbecco’s phosphate buffered saline (DPBS), including 

magnesium and calcium, and supplemented with glucose (5.5 mM), HEPES (20 mM), 

and sodium bicarbonate (.075%).  To add starve solution, media was aspirated and 

neurons washed once in pre-warmed starve solution before final addition of starve 

solution for 2 hours. 

 

Immunostaining.  Neurons were fixed in 4% paraformaldehyde/4% sucrose in PBS for 

15 minutes at room temperature.  After washing in DPBS + 1 mM EDTA (in some cases 

after fixation plates were stored at 4 C for up to 1 week), neurons were blocked 1 hour at 

room temperature in a solution containing 5% goat serum, 0.1% BSA, and 0.1% triton X-

100 (blocking/dilution buffer).  Primary antibodies were incubated overnight in this 

solution at 4 C and included rabbit anti-phospho-S6 (Serine 240/244) (1:800; Cell 

Signaling technology #5364L), guinea Pig anti-NeuN (1:100 or 1:500; Synaptic Systems 

#266 004), mouse (6E2) anti-HA antibody (1:100; Cell Signaling Technology #2367); 

chicken anti-Map2 (1:5000; Novus Biologicals NB300-213).  Plates were washed at least 

3 times with DPBS after primary antibody staining.  Secondary antibodies were 

incubated 1 hour at room temperature in dilution buffer and were conjugated to Alexa 

dyes 488, 568, or 647, all from goat raised against the appropriate species, diluted 1:500 

(Life Technologies).  Hoechst 33342 (final concentration of 1:5000) was added for 15 

minutes, followed by washing in DPBS + EDTA at least 5 times.  

 

25-36 fields per well using a 20X objective were imaged on a GE InCell 6000 automated 

confocal microscope.  Images were segmented and quantified using InCell Analyzer 

software first by identifying nuclei (>60 m2) by top-hat segmentation.  Then, the region 

growing algorithm was used to expand cells to include region bounded by the NeuN 
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stain.  A clear bimodal distribution of intensities can be seen for nuclear NeuN intensity 

and a cutoff intensity for neurons was used based on this distribution and visual 

inspection of cells, with associated intensity values. Doublets (adjacent nuclei not 

distinguished by segmentation) were excluded by values of form factor (roundness) for 

segmented nuclei: 1/form factor < 1.3.  The area underneath the NeuN stain was used to 

calculate neuronal cell body area, phospho-S6 intensity, ZsGreen fluorescence and/or 

HA-tag intensity.  For cell area calculations, roundness of NeuN segmentation was 

constrained to exclude rare cells with segmentation of extended processes: 1/form factor 

< 4.  Transfected neurons were identified by imaging a combination of ZsGreen evoked 

fluorescence and anti-HA tag indirect immunofluorescence.  Comparison of HA tag 

staining intensities between empty vector control and HA-mTOR expressing neurons 

demonstrated transfection efficiencies to be at least 50% (data not shown).  A 

conservative cutoff of the uppermost 30th percentile of immunofluorescence intensity of 

NeuN-positive cells for anti-HA tag and ZsGreen, with intensity at 30th percentile 

calculated for each genotype per plate of neurons, was used to define transfected 

neurons for experiments at DIV12.  The upper 25th percentile was used for DIV14 

because we noted reduced expression of the HA-tag at later time points.  Each plate of 

neurons contained empty vector and wild-type MTOR transfected neurons.  For 

phospho-S6 intensity experiments in Fig. 3F and Supplementary Figure 8B, values were 

baseline subtracted and normalized for each plate, such that average phospho-S6 

intensities for empty vector control neurons treated with RAD001 or normal media were 

adjusted to 0% and 100%, respectively.  

 

Statistical testing was performed using GraphPad Prism considering each well as an 

individual replicate, where each well represented values averaged across an average of 

333 neurons (standard deviation 119) per well of starved neurons at DIV12; average of 

384 neurons for normal media treated neurons (S.D. of 114) at DIV12, and an average 

of 344 (S.D. of 100) neurons for 7 day DMSO or RAD001 treatment experiments 

concluding at DIV14. One or 2-way ANOVA was performed followed by testing between 

genotypes or between drug treatment conditions within genotypes, as appropriate, with 

corrections for multiple comparisons as noted in figure legends. 

 

Mutant analysis in HEK-293T cells 
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10 micrograms of DNA constructs were transfected using lipofectamine 2000 according 

to the manufacturer’s instructions. 72 hours after transfection cells were plated into 6-

well plates at 106 cells/well, cells were serum and amino acid starved (custom amino 

acid free media, DMEM, Invitrogen) and treated with DMSO or RAD001 (50 nM) 2 hours.  

Cells were lysed in lysis buffer (Cell signaling technologies lysis buffer #9803) containing 

protease inhibitors and phosphatase inhibitors (Roche).  All antibodies in western 

analysis were from CST.   
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eTable 1. Whole Exome Sequencing Statistics and Quality Metrics   

Family ID Source # Reads Mean 

coverage 

% Target bases 

> 30X 

% On target 

bases 

Mean insert 

size 

1 LR12-243 Child – brain 167,633,064 203.6 0.93 0.86 201.3 

1 LR12-243 Child – unaffected 

tissues 

80,514,778 98.4 0.87 0.86 209.1 

1 LR12-243f Father 62,233,648 84.8 0.78 0.87 194.3 

1 LR12-243m Mother 71,539,672 99.9 0.78 0.87 200.1 

2 LR12-245 Child – brain 153,650,208 188.1 0.93 0.86 202.7 

2 LR12-245 Child – unaffected 

tissues 

83,814,678 83.7 0.81 0.86 201.9 

2 LR12-245f Father 75,607,518 98.8 0.86 0.87 217.9 

2 LR12-245m Mother 84,191,582 100.8 0.87 0.85 193.4 

3 LR12-250 Child – brain 161,862,702 182.5 0.92 0.86 185.8 

3 LR12-250 Child – unaffected 

tissues 

78,732,456 97.7 0.83 0.86 198.1 

3 LR12-250f Father 62,299,114 79.5 0.80 0.86 196.0 

3 LR12-250m Mother 51,566,762 65.9 0.76 0.87 209.7 

4 lLR12-255 Child – brain 136,299,530 143.4 0.91 0.86 217.6 

4 LR12-255 Child – unaffected 

tissues 

59,528,176 75.8 0.78 0.87 210.7 

4 LR12-255f Father 65,946,080 78.9 0.70 0.85 198.3 

4 LR12-255m Mother 72,182,736 91.0 0.85 0.86 189.7 
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5 LR12-259 Child – brain 173,175,260 190.7 0.93 0.85 205.4 

5 LR12-259 Child – unaffected 

tissues 

84,782,102 102.9 0.87 0.86 207.1 

5 LR12-259f Father 50,072,552 68.4 0.67 0.86 203.0 

5 LR12-259m Mother 59,085,866 77.6 0.74 0.86 205.6 

6 LR12-260 Child – brain 209306800 252.1 0.93 0.86 198.1 

6 LR12-260 Child – germline 50,782,814 69.2 0.72 0.86 206.0 

6 LR12-260f Father 57,049,870 69.9 0.75 0.86 208.8 

6 LR12-260m Mother 84,674,042 96.3 0.86 0.86 200.1 

7 LR12-269 Child – brain 129,577,436 130.2 0.90 0.85 207.2 

7 LR12-269 Child – unaffected 

tissues 

166,210,956 18.1 0.21 0.86 180.1 

7 LR12-269f Father 56,485,052 59.2 0.62 0.86 222.5 

7 LR12-269m Mother 46,770,022 64.3 0.53 0.87 214.2 

8 LR13-354 Child – brain 162,070,602 171.4 0.90 0.85 206.6 

8 LR13-354 Child  

– unaffected tissues 

73,854,164 90.0 0.74 0.85 205.6 

8 LR13-354f Father 77,840,928 94.5 0.84 0.86 194.7 

8 LR13-354ma Mother 74,628,446 99.5 0.87 0.86 202.8 

Notes: “f” and “m” designate the father and mother of the child, respectively. aThe maternal sample for patient LR13-354 was found to have 

numerous inheritance errors using PLINK, and was therefore excluded from all subsequent analyses; ssaliva. 
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eTable 2. Tissues and Levels of Mosaicism of DEPDC5 Mutation 

DB# Genomic coordinates cDNA 

change 

Amino acid change Tissue AAF 

WES 

AAF 

smMIPs 

AAF 

Amplicon 

sequencing 

AAF 

Sanger 

sequencing 

LR12-

250 

chr22:32302020delC c.4187delC p.Ala1396Valfs*78 R TL 106/299 

(0.35) 

– Amplification 

failed 

Positive 

LR12-

250 

chr22:32302020delC c.4187delC p.Ala1396Valfs*78 Saliva 38/135 

(0.28) 

– 594/1051 

(0.566) 

Positive 

LR12-

250f 

chr22:32302020delC c.4187delC p.Ala1396Valfs*78 Saliva 0/109 

(0.00) 

– 0/727 (0.00) Negative 

LR12-

250m 

chr22:32302020delC c.4187delC p.Ala1396Valfs*78 Saliva 0/86 

(0.00) 

– 0/1123 (0.00) Negative 

Abbreviations: AAF, alternate allele fraction; DB#, database number; R, right; smMIPs, single molecule molecular inversion probes; TL, temporal 

lobe; WES, whole exome sequencing. 
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eTable 3. Constitutional and Mosaic SNVs and Indels Detected in Whole Exome Sequencing Data of the Focal Cortical Dysplasia 

Cohort 

Patien

t 

Diagnosi

s 

Gene 

Symbol 

Genomic 

Position 

Referenc

e Allele 

Alternativ

e Allele 

Amino acid 

change 

Effect Alleli

c 

ratio 

brain 

Allelic 

ratio 

non-lesion 

(unaffecte

d) 

ID (dbSNP/

COSMIC) 

 
de novo SNVs and indels 

LR12-

250 

FCD2a ZNF646 chr16:3108882

3 

G A p.Arg393Gln Missense 0.51 0.57 COSM970083 

LR12-

250 

FCD2a DEPDC5 chr22:3230201

9 

GC G p.A1396Valfs Frameshi

ft 

0.66 0.42 – 

LR12-

250 

FCD2a GPR112 chrX:13539094

0 

A G p.Lys2Glu Missense 0.43 0.49 – 

LR12-

255 

FCD2b SLC27A3 chr1:15375072

4 

G A p.Gly464Arg Missense 0.47 0.41 COSM1334324 

LR12-

255 

FCD2b GRN chr17:4242912

9 

C A p.Thr382Lys Missense 0.18 0.26 – 

LR12-

259 

FCD2a LILRB1 chr19:5514829

5 

T A p.Val642Glu Missense 0.17 0.17 rs200208553 

LR12-

269 

FCD2b STXBP3 chr1:10935010

2 

A C p.Ile539Leu Missense 0.53 NA – 

LR12-

269 

FCD2b RGS12 chr4:3432641 C T p.Pro1358Leu Missense 0.44 NA rs140022951 
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LR12-

269 

FCD2b EXOSC2 chr9:13356919

4 

A G p.Arg6Gly Missense 0.48 NA – 

LR12-

269 

FCD2b ZFPM1 chr16:8860003

3 

A AGGGCG

C 

p.Gly557_A558d

up 

In-frame 0.44 NA – 

Somatic SNVs and indels 

LR12-

243 

FCD2a MTOR chr1:11217299 A G p.Leu1460Pro Missense 0.06 0.00 COSM462618 

LR12-

243 

FCD2a NEFM chr8:24775061 G T p.Glu189* Nonsens

e 

0.08 0.00 – 

LR12-

245 

FCD2a MTOR chr1:11184573 G T p.Ser2215Tyr Missense 0.04 0.00 COSM20417 

LR12-

245 

FCD2a CEACAM

6 

chr 

19:42260742 

C T p.Thr100Ile Missense 0.05 0.00 rs141329594 

LR12-

250 

FCD2a LMX1A chr1:16517733

1 

TTGC T p.Gln262del In-frame 

deletion 

0.09 0.02 – 

LR12-

250 

FCD2a TMEM63

A 

chr1:22603483

9 

TCTG T p.Gln775del In-frame 

deletion 

0.07 0.00 COSM166211 

LR12-

250 

FCD2a SMARCC

2 

chr12:5655837

8 

CAGG C p.Pro1092del In-frame 

deletion 

0.05 0.01 COSM1363038 

LR12-

250 

FCD2a TRPV2 chr17:1633548

9 

GTGC G p.Leu623del In-frame 

deletion 

0.04 0.02 COSM1479280 

LR12-

250 

FCD2a CLOCK chr4:56304529 TCTG T p.Gln760del In-frame  

deletion 

0.05 0.02 – 

LR12-

250 

FCD2a UTP3 chr4:71554619 CGAG C p.Glu76del In-frame 

deletion 

0.05 0.01 COSM1486074 

LR12- FCD2b TSC1 chr9:13577198 CGCT C p.Ser992del In-frame 0.05 0.03 rs397514812;COSM1106
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255 7 deletion 320 

LR12-

259 

FCD2a PARP8 chr5:50058995 G T p.Gly146Val Missense 0.09 0.00 – 

LR12-

260 

FCD2a OR2L8 chr1:24811275

4 

T C p.Phe199Leu Missense 0.08 0.03 rs201126494 

LR12-

260 

FCD2a INA chr10:1050482

70 

AGAG A p.Glu449del In-frame 

deletion 

0.04 0.00 COSM392287 

LR13-

354 

FCD2a MTOR chr1:11184573 G A p.Ser2215Phe Missense 0.06 0.00 COSM1686998 

LR13-

354 

FCD2a TCF7L2 chr10:1149177

82 

AAAG A p.Lys368del In-frame 

deletion 

0.06 0.00 COSM1345846 

LR13-

354 

FCD2a R3HDM2 chr12:5767420

4 

TTGC T p.Gln413del In-frame 

deletion 

0.05 0.03 COSM1724822 

LR13-

354 

FCD2a CHGA chr14:9339775

8 

AGAG A p.Glu174del In-frame 

deletion 

0.05 0.03 rs145227561;COSM4335

00 

LR13-

354 

FCD2a USP8 chr15:5078505

4 

C T p.Asn797 Silent 0.09 0.03 rs199814360 

LR13-

354 

FCD2a RNF43 chr17:5643602

5 

C T p.Arg371Gln Missense 0.07 0.00 – 

LR13-

354 

FCD2a GPRC5C chr17:7243656

4 

ATGC A p.Leu230del In-frame 

deletion 

0.05 0.00 – 

dbSNP version 141, COSMIC version 70, hg19 
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eTable 4. Tissues and Levels of Mosaicism of MTOR Mutations 

DB# Genomic coordinates cDNA 

change 

Amino acid 

change 

Tissue AAF  

WES 

AAF  

smMIP 

AAF 

Amplicon 

sequencing 

AAF 

Sanger 

sequencing 

         

 

MTOR Group 1: FCD 

LR12-

243 

chr1:g.11217299A>G c.4379T>C p.Leu1460Pro R TL 7/121 

(0.06) 

7/238 

(0.029) 

23/1645 

(0.0142) 

– 

LR12-

243 

chr1:g.11217299A>G c.4379T>C p.Leu1460Pro saliva 0/69 

(0.00) 

0/400 

(0.00) 

0/2602 (0.00) – 

LR12-

243f 

chr1:g.11217299A>G c.4379T>C p.Leu1460Pro saliva 0/57 

(0.00) 

0/34 (0.00) 0/1696 (0.00) – 

LR12-

243m 

chr1:g.11217299A>G c.4379T>C p.Leu1460Pro saliva 0/80 

(0.00) 

0/15 (0.00) 0/1248 (0.00) – 

LR13-

354 

chr1:g.11184573G>A c.6644C>T p.Ser2215Phe L FL 8/145 

(0.06) 

7/120 

(0.055) 

22/892 

(0.0246) 

– 

LR13-

354 

chr1:g.11184573G>A c.6644C>T p.Ser2215Phe blood 0/108 

(0.00) 

0.74 (0.00) 0/1714 (0.00) – 

LR13-

354f 

chr1:g.11184573G>A c.6644C>T p.Ser2215Phe blood 0/104 

(0.00) 

– 0/660 (0.00) – 

LR13-

389 

chr1:g.11184573G>A c.6644C>T p.Ser2215Phe Fig. 2D, 

a 

– 0/351 

(0.00) 

0/435 (0.00) – 

LR13- chr1:g.11184573G>A c.6644C>T p.Ser2215Phe Fig. 2D, – 0/178 0/2798 (0.00) – 
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389 b (0.00) 

LR13-

389 

chr1:g.11184573G>A c.6644C>T p.Ser2215Phe Fig. 2D, 

c 

– 0/266 

(0.00) 

0/2416 (0.000) – 

LR13-

389 

chr1:g.11184573G>A c.6644C>T p.Ser2215Phe Fig. 2E, 

d 

– 0/238 

(0.00) 

– – 

LR13-

389 

chr1:g.11184573G>A c.6644C>T p.Ser2215Phe Fig. 2E, 

e 

– 0/302 

(0.00) 

0/2941 (0.000) – 

LR13-

389 

chr1:g.11184573G>A c.6644C>T p.Ser2215Phe Fig. 2E, 

f 

– 3/246 

(0.012) 

9/7583 (0.012) – 

LR13-

389 

chr1:g.11184573G>A c.6644C>T p.Ser2215Phe Fig. 2E, 

g 

– 0/283 

(0.00) 

0/560 (0.00) – 

LR13-

389 

chr1:g.11184573G>A c.6644C>T p.Ser2215Phe Fig. 2E, 

h 

– 15/158 

(0.086) 

76/1828 

(0.041) 

– 

LR13-

389 

chr1:g.11184573G>A c.6644C>T p.Ser2215Phe Fig. 2E, i – 7/220 

(0.030) 

47/4016 

(0.017) 

– 

LR13-

389 

chr1:g.11184573G>A c.6644C>T p.Ser2215Phe Fig. 2E, j – 6/204 

(0.029) 

53/2361 

(0.024) 

– 

LR13-

389 

chr1:g.11184573G>A c.6644C>T p.Ser2215Phe saliva – – 0/1519 (0.000) – 

LR13-

389f 

chr1:g.11184573G>A c.6644C>T p.Ser2215Phe saliva – – 0/7 (0.000) – 

LR13-

389m 

chr1:g.11184573G>A c.6644C>T p.Ser2215Phe saliva – – 0/3484 (0.000) – 

LR12- chr1:g.11184573G>T c.6644C>A p.Ser2215Tyr Fig. 3E, 7/199 18/230 123/1558 – 
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245 a (0.035) (0.072) (0.079) 

LR12-

245 

chr1:g.11184573G>T c.6644C>A p.Ser2215Tyr Fig. 3E, 

b* 

– – 49/2612 

(0.018) 

– 

LR12-

245 

chr1:g.11184573G>T c.6644C>A p.Ser2215Tyr Fig. 3E, 

c** 

– – 0/5330 (0.00) – 

LR12-

245 

chr1:g.11184573G>T c.6644C>A p.Ser2215Tyr Fig. 3E, 

d** 

– – 0/2750 (0.00) – 

LR12-

245 

chr1:g.11184573G>T c.6644C>A p.Ser2215Tyr saliva 0.95 

(0.00) 

0/11 (0.00) 0/1612 (0.00) – 

LR12-

245f 

chr1:g.11184573G>T c.6644C>A p.Ser2215Tyr saliva 0/122 

(0.00) 

0/6 (0.00) 0/1516 (0.00) – 

LR12-

245m 

chr1:g.11184573G>T c.6644C>A p.Ser2215Tyr saliva 0/77 

(0.00) 

0/24 (0.00) 0/571 (0.00) – 

         

 

MTOR Group 2: Asymmetric MEG with polymicrogyria and cutaneous pigmentary mosaicism 

LR13-

310 

chr1:g. 11188164G>A c.5930C>T p.Thr1977Ile blood – 74/1061 

(0.07) 

114/1957 

(0.058) 

<0.20 

LR13-

310 

chr1:g. 11188164G>A c.5930C>T p.Thr1977Ile fb – 6/26 (0.23) 324/860 

(0.376) 

<0.20 

LR13-

310 

chr1:g. 11188164G>A c.5930C>T p.Thr1977Ile buccal 

swab 

– Negative 0/580 (0.00) Negative 

LR13-

310f 

chr1:g. 11188164G>A c.5930C>T p.Thr1977Ile blood – – 0/2517 (0.00) Negative 
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LR13-

310m 

chr1:g. 11188164G>A c.5930C>T p.Thr1977Ile blood – – 0/2024 (0.00) Negative 

LR14-

326 

chr1:g. 11188164G>A c.5930C>T p.Thr1977Ile blood – – 2560/ 9975 

(0.204) 

– 

LR14-

326 

chr1:g. 11188164G>A c.5930C>T p.Thr1977Ile saliva – – 783/6698 

(0.104) 

 

LR14-

326f 

chr1:g. 11188164G>A c.5930C>T p.Thr1977Ile blood – – 2/2002 (0.00) – 

LR14-

326m 

chr1:g. 11188164G>A c.5930C>T p.Thr1977Ile blood – – 783/6698 

(0.00) 

– 

LR15-

044 

chr1:g. 11188164G>A c.5930C>T p.Thr1977Ile blood <0.50 – – – 

LR15-

044f 

chr1:g. 11188164G>A c.5930C>T p.Thr1977Ile blood NA – de 

novo 

– – – 

LR15-

044m 

chr1:g. 11188164G>A c.5930C>T p.Thr1977Ile blood NA – de 

novo 

– – – 

         

MTOR Group 3: Diffuse MEG 

LR12-

379a1 

chr1:g.11190804C>T c.5395G>A p.Glu1799Lys blood 82/170 

(0.48) 

126/238 

(0.52) 

922/1991 

(0.463) 

– 

LR12-

379a2 

chr1:g.11190804C>T c.5395G>A p.Glu1799Lys blood 84/171 

(0.49) 

130/249 

(0.52) 

717/1548 

(0.463) 

– 

LR12-

379f 

chr1:g.11190804C>T c.5395G>A p.Glu1799Lys blood 0/122 

(0.00) 

– 0/1128 (0.000) Negative 
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LR12-

379m 

chr1:g.11190804C>T c.5395G>A p.Glu1799Lys blood 1/197 

(0.00) 

– 0/2218 (0.000) Negative 

LR14-

012 

chr1:g.11190804C>T c.5395G>A p.Glu1799Lys saliva – 101/191 

(0.47) 

1382/2400 

(0.576) 

0.5 

LR14-

012 

chr1:g.11190804C>T c.5395G>A p.Glu1799Lys blood – – 1364/2701 

(0.505) 

0.5 

LR14-

012f 

chr1:g.11190804C>T c.5395G>A p.Glu1799Lys saliva – – 0/1491 (0.00) Negative 

LR14-

012f 

chr1:g.11190804C>T c.5395G>A p.Glu1799Lys blood – – 0/2243 (0.00) Negative 

LR14-

012m 

chr1:g.11190804C>T c.5395G>A p.Glu1799Lys saliva – – 0/1670 (0.00) Negative 

LR14-

012m 

chr1:g.11190804C>T c.5395G>A p.Glu1799Lys blood – – 0/316 (0.00) Negative 

LR15-

065 

chr1:g.11190804C>T c.5395G>A p.Glu1799Lys saliva 38/73 

(0.48) 

– – 0.5 

LR15-

065 

chr1:g.11190804C>T c.5395G>A p.Glu1799Lys blood 46/91 

(0.49) 

– – 0.5 

LR15-

065f 

chr1:g.11190804C>T c.5395G>A p.Glu1799Lys blood – – – Negative 

LR15-

065m 

chr1:g.11190804C>T c.5395G>A p.Glu1799Lys blood – – – Negative 

Abbreviations: DB#, database number; AAF, alternate allele fraction; fb, fibroblasts; FL, frontal lobe; L, left; R, right; NA, data not available; 

smMIPs, single molecule molecular inversion probes; TL, temporal lobe; WES, whole exome sequencing. *Tissue disconnected at first surgery, 
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removed at second surgery; **tissue removed at second surgery. 

 



 

© 2016 American Medical Association. All rights reserved.   33 

eTable 5. The Neuroimaging Findings of MTOR and DEPDC5 Mutation–Positive Patients 

DB# Diagnosis Distribution Hemisphere Gradient Cortex WM dysplasia Ventricular 

enlargement 

Extra-

axial 

space 

Other 

findings 

DEPDC5 

LR12-

250 

HMEG Multilobar 

(PQD)  

postTL-PS-

PL-OL 

R>L P>>A Severe 

undersulcation 

(lissencephaly 

like) 

Severe 

dysmyelination 

Moderate 

ventriculo-

megaly 

Wide 

(limited) 

Thin CC 

MTOR Group 1: FCD 

LR12-

243 

FCD2a Multilobar 

TL, inf OL 

R P>A Subtle 

undersulcation 

Mild 

dysmyelination 

Normal Normal – 

LR13-

354 

FCD2a FL, antPL L A>P Subtle 

undersulcation 

Severe 

undersulcation 

Normal Normal BG 

abnormalities 

LR13-

389 

FCD2a PL L P>A Subtle 

undersulcation 

Mild 

dysmyelination 

Normal Normal – 

LR12-

245 

FCD2a TL L P>A Subtle 

undersulcation 

Mild 

dysmyelination 

Normal Normal Thin CC 

MTOR Group 2: Asymmetric MEG with polymicrogyria and cutaneous pigmentary mosaicism 

LR13-

310 

MEG-skin Diffuse Diffuse P=A Polymicrogyria 

(mild) 

Normal Hydrocephalus 

(s/p shunt) 

Normal – 

LR14-

326 

MEG-skin Diffuse R P>>A Polymicrogyria 

(severe) 

Mild 

dysmyelination 

Moderate 

ventriculo-

megaly 

Wide 

(limited) 

Thin CC, 

small CSP 
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LR15-

044 

MEG-skin Diffuse Diffuse P=A Polymicrogyria Dysmyelination Mild 

ventriculo-

megaly 

Normal – 

MTOR Group 3: Diffuse MEG 

LR12-

379a1/a2 

MEG-ID Diffuse Diffuse P=A Normal Normal Normal Normal – 

LR14-

012 

MEG-ID Diffuse Diffuse P=A Normal Mild 

dysmyelination 

Mild 

ventriculo-

megaly 

Normal – 

LR15-

065 

MEG* Diffuse Diffuse P=A Subtle 

undersulcation 

Mild 

dysmyelination 

Moderate 

ventriculo-

megaly 

Normal – 

Abbreviations: A, anterior; BG, basal ganglia; CC, corpus callosum; CSP, cavum septum pellucidum; DB#, database number; FL, frontal lobe; L, 

left; ID, intellectual disability; OL, occipital lobe; P, posterior; PL, parietal lobe; PMG, polymicrogyria; PQD, posterior quadrantic dysplasia; PS, 

perisylvian fissure; R, right; TL, temporal lobe; WM, white matter. 
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eTable 6. The Neuropathologic Findings of MTOR and DEPDC5 Mutation–Positive Focal Cortical Dysplasia Patients 

DB# Neuropathologic 

Diagnosis 

Dyslamination Dysmorphic 

Neurons 

Balloon 

Cells 

Ca++ Neuronal 

heterotopia 

Immature 

Neurons 

Layer 1 

fusion 

LR12-250 FCD2a + + – – – + + 

LR12-243 FCD2a + + – – – – – 

LR13-354 FCD2a + + – – – – – 

LR13-389 FCD2a + + – – – – – 

LR12-245 FCD2a + + – – – – – 
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eResults. Identification of Somatic Indels in FCD and MTOR Mutations and Cutaneous 

Pigmentary Mosaicism 

 

Identification of somatic indels in FCD. We identified 13 somatic indels, all of which were in-frame 

deletions of 3 bp in trinucleotide repeats (eTable 2). All thirteen deletions had allelic fractions less 

than 0.1, and for eight, there were some reads supporting the mutant allele in the non-lesional 

sample. We observed a putative somatic deletion in TSC1 in a patient with FCD type 2b. This 

deletion leads to deletion of a serine in a string of five serines and was supported by 6 of 129 

reads in the lesional sample (allelic fraction = 0.05). We also observed this deletion in 2 of 70 

reads in the non-lesional sample (allelic fraction = 0.03). This deletion has not been reported in 

the COSMIC database.14 Previous in vitro analysis of TSC1 mutations suggested that this 

mutation (S992del or S1043del depending on the transcript used for annotation) is likely a neutral 

variant given that it does not affect stability of the TSC1 protein or lead to an increase in mTOR 

signaling.15 In addition, this same variant was observed with targeted sequencing in three 

unaffected parents, which suggests a sequencing artifact. 

 

MTOR mutations and cutaneous pigmentary mosaicism. The three children in Group 2 had the 

recurrent MTOR mutation, p.Thr1977Ile, detectable in multiple peripheral tissues including blood, 

saliva and skin fibroblasts with levels of mosaicism from 7-55%. Brain tissue was not available on 

any of these children. The co-occurrence of HMEG or FCD2 with so-called hypomelanosis of Ito 

(an umbrella term that denotes pigmentary mosaicism) has been described in at least 11 

individuals in the literature, although most photographs are not sufficient to define the pattern.19-29 

Based on our discovery of MTOR mutations in three children with MEG and pigmentary 

mosaicism, we hypothesize that mosaic MTOR mutations underlie most, but not all, of these 

reports. 
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