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Figure e-1. Representative radiological and pathological images of patients identified using targeted amplicon sequencing
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(A) Pre-op and post-op brain MR T2 weight images from patients identified using targeted amplicon sequencing. For EPI44, mMCD13 and EPI340, T2 weighted images demonstrate no remarkable findings in the brain parenchyma, including the temporal lobe. For EPI147, T2 weighted image showed diffuse cortical dysplasia in the Rt. frontal lobe. Yellow arrowhead: putative regions of epileptic focus. (B) Histopathologic images from H & E staining and immunohistochemical (IHC) staining. Scale bars, 40 µm in H & E staining (upper panels) and 200 µm in IHC staining of NeuN, neuronal marker (lower panels). (C) Capture image from Integrative Genomic Viewer (IGV) (upper panels) showing the validation results of site-specific amplicon sequencing in matched brain and peripheral blood samples. Schematic tables (lower panels) showing the number of sequence reads counted as mutated or reference sequences, as well as VAF of mutated alleles. Mut: mutation, Ref: reference.

Figure e-2. The schematic figure of targeted amplicon sequencing
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(A) Schematic figure showing how to design sequencing primers. (B) Sequence of primers used in targeted amplicon sequencing. 

Figure e-3. Schematic diagram of the bioinformatics pipeline to analyze all sequencing data
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Data for the raw read qualified with FastQC were mapped from Fastq files to the GRCh37 assembly of the human genome reference sequence using BWA-MEM. We utilized MuTect and Strelka for analyzing matched brain and peripheral sample sequencing data sets (left). We applied in-house filtering criteria to exclude 1) read depth < 100, 2) registered mutations in a public database (common dbSNP147); 3) mutations with a putative low snpEFF impact score; 4) mutations with a PolyPhen & SIFT ≠ Damaging, phastCons score <0.9; 5) mutations with an allele frequency in the ExAC database for minor allele frequency (MAF) and East Asian populations > 0.01%; and 6) EB score < 5.099. After filtering process, we manually investigated mutations using Integrative Genomics Viewer (IGV) according to the following exclusion criteria; 1) adjacent alterations, not germline mutation, were found only in reads with target mutation; 2) target mutation detected in the read in one direction; 3) one or more biological similar sequence regions calculated by BLAST (https://blast.ncbi.nlm.nih.gov/Blast.cgi). For germline variants analysis, we used GATK haplotype caller (right). We extracted variants in genes potentially associated with epilepsy. All extracted variants were applied same in-house filtering criteria.
Figure e-4. Immunohistochemical studies to examine mTOR pathway activity
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(A) Representative immunohistochemical staining of phosphorylated S6 and NeuN in patients brain samples. FCD254: subject carrying mTOR p.A1459D mutation. mMCD013 and LGS150: subjects carrying mutations in SLC35A2. Compared with FCD254, mMCD016 and LGS150 samples show decreased percentages of cells with positive staining for phosphorylated S6 (P-S6) and NeuN, a neuronal marker. Scale bars, 50 µm. (B) Quantification of P-S6 positive cells from three randomly selected representative cortical areas per case. * P < 0.05 (relative to FCD254 samples, one-way ANOVA with Bonferroni posttest). Error bars represent mean ± s.e.m.
Table e-1. Clinical information of individuals enrolled in this study
	Type of sequencing
	ID
	ILAE epilepsy classification
	Syndrome
	Sex
	Age
at surgery
	Age
at diagnosis
	MRI report (3 tesla)
	Pathologic
diagnosis

	WES
	EPI28
	Focal
	
	M
	8.3
	4.8
	No abnormal lesion in brain parenchyma
Ventricular system normal
	Gliosis only

	WES
	EPI41
	Focal
	
	F
	9.9
	
	No abnormal lesion in brain parenchyma
Ventricular system normal
	Gliosis only

	WES
	EPI58
	Focal
	
	M
	7.6
	6
	No abnormal lesion in brain parenchyma
Ventricular system normal
	Gliosis only

	WES
	EPI148
	Combined generalized and focal
	LGS
	M
	14.3
	10
	No abnormal lesion in brain parenchyma
Ventricular system normal
	Gliosis only

	WES
	EPI150
	Combined generalized and focal
	LGS
from IS
	M
	5.2
	0.4
	No abnormal lesion in brain parenchyma
Ventricular system normal
	Neurons in white matter, consistent with mMCD

	WES
	EPI165
	Focal
	
	M
	15.0
	10
	No abnormal lesion in brain parenchyma
Ventricular system normal
	Gliosis only

	WES
	EPI166
	Focal
	
	M
	9.0
	4
	No abnormal lesion in brain parenchyma
Ventricular system normal
	Gliosis only

	WES
	EPI182
	Combined generalized and focal
	LGS
	M
	14.2
	4
	No abnormal lesion in brain parenchyma
Ventricular system normal
	Gliosis only

	WES
	EPI219
	Combined generalized and focal
	LGS
from IS
	M
	3.5
	0.3
	No abnormal lesion in brain parenchyma
Ventricular system normal
	Neurons in white matter, consistent with mMCD

	WES
	EPI225
	Combined generalized and focal
	IS
	M
	0.6
	0.5
	No abnormal lesion in brain parenchyma
Ventricular system normal
	Gliosis only

	WES
	EPI227
	Combined generalized and focal
	LGS
	M
	2.9
	1.9
	No abnormal lesion in brain parenchyma
Ventricular system normal
	Gliosis only

	WES
	EPI362
	Focal
	
	F
	4.7
	1.5
	No abnormal lesion in brain parenchyma
Ventricular system normal
	Gliosis only

	WES
	EPI383
	Combined generalized and focal
	LGS
	M
	14.7
	7
	No abnormal lesion in brain parenchyma
Ventricular system normal
	Gliosis only

	Targeted
	EPI147
	Combined generalized and focal
	LGS
	F
	4.0
	0.4
	Diffuse cortical dysplasia, Rt frontal lobe
	Minimal gliosis

	Targeted
	EPI212
	Combined generalized and focal
	LGS
	M
	1.9
	1.3
	No abnormal lesion in brain parenchyma
Ventricular system normal
	Gliosis only

	Targeted
	EPI218
	Focal
	
	M
	7.1
	2.7
	S/P Lt. anterior temporal lobectomy.
No other remarkable findings in the brain parenchyma and ventricular system
	Gliosis only

	Targeted
	EPI223
	Combined generalized and focal
	LGS
	M
	7.2
	4
	No abnormal lesion in brain parenchyma
Ventricular system normal
	Gliosis only

	Targeted
	EPI334
	Combined generalized and focal
	IS, later LGS
	F
	1.2
	0.3
	Suspicion of slightly decreased volume of bilateral periventricular WM.
	Minimal gliosis

	Targeted
	EPI340
	Combined generalized and focal
	LGS
	M
	4.2
	3
	No abnormal lesion in brain parenchyma
Ventricular system normal
	Neurons in white matter, consistent with mMCD

	Targeted
	EPI352
	Combined generalized and focal
	LGS
	M
	10.3
	5
	No abnormal lesion in brain parenchyma
Ventricular system normal
	Gliosis only

	Targeted
	EPI379
	Combined generalized and focal
	IS
	M
	0.7
	0.1
	Suspicious for polymicrogyria
	Gliosis only

	Targeted
	EPI44
	Combined generalized and focal
	LGS
from IS
	M
	2.7
	0.5
	No abnormal lesion in brain parenchyma
Ventricular system normal
	Gliosis only

	Targeted
	EPI48
	Focal
	
	M
	15.6
	9
	Cortical dysplasia, Lt temporal pole. Lesion affected Lt amygdala and hippocampal head.
DDx. low grade glioma
	Gliosis only

	Targeted
	mMCD10
	Combined generalized and focal
	LGS
from IS
	M
	11.2
	0.5
	No abnormal lesion in brain parenchyma
Ventricular system normal
	Neurons in white matter, consistent with mMCD

	Targeted
	mMCD11
	Combined generalized and focal
	IS
	F
	0.7
	0.1
	MCD involving left frontoparietal lobe.
	Neurons in white matter, consistent with mMCD

	Targeted
	mMCD13
	Combined generalized and focal
	LGS
from IS
	F
	5.1
	1.1
	No abnormal lesion in brain parenchyma
Ventricular system normal
	Neurons in white matter, consistent with mMCD

	Targeted
	mMCD14
	Combined generalized and focal
	LGS
from IS
	M
	5.9
	0.2
	White matter signal increase at Rt temporo-parieto-occipital lobe with blurring margin from gray matter.
Diffuse cortical dysplasia should be suspected.
	Neurons in white matter, consistent with mild MCD

	Targeted
	mMCD16
	Focal
	
	M
	12.1
	5
	communicating hydrocephalus,
no newly developed lesion
	Neurons in white matter, consistent with mMCD

	Targeted
	mMCD210
	Focal
	
	F
	2.7
	0.3
	No abnormal lesion in brain parenchyma
Ventricular system normal
	Neurons in white matter, consistent with mMCD

	Targeted
	mMCD216
	Combined generalized and focal
	LGS
from IS
	F
	1.9
	0.3
	No abnormal lesion in brain parenchyma
Ventricular system normal
	Neurons in white matter, consistent with mMCD

	Targeted
	mMCD294
	Focal
	
	M
	17.9
	15
	No abnormal lesion in brain parenchyma
Ventricular system normal
	Neurons in white matter, consistent with mMCD

	Abbreviation: WES: Whole Exome Sequencing; LGS: Lenox-gastaut syndrome; IS: Infantile syndrome; MCD: malformation of cortical development; FCD: focal cortical dysplasia; mMCD: mild malformation of cortical development; ILAE: International league against epilepsy; S/P: status post; WM: white matter; DDx: differential diagnosis 



Table e-2. Summary of deep whole exome sequencing fastq data
	ID
	Total Reads
	Total Bases
	Mean depth (X)
	GC_Rate
	Q30
	Q20

	CPS41-BL-1
	355681562
	35923837762
	482 
	48.25%
	91.48%
	95.58%

	CPS41-BL-2
	378427174
	38221144574
	513 
	48.23%
	91.47%
	95.57%

	CPS41-Br-1
	340086024
	34348688424
	461 
	52.53%
	90.33%
	95.01%

	CPS41-Br-2
	360189076
	36379096676
	488 
	52.62%
	90.24%
	94.96%

	CPS58-BL-1
	348148588
	35163007388
	472 
	48.09%
	90.92%
	95.16%

	CPS58-BL-2
	356589574
	36015546974
	483 
	48.19%
	90.34%
	94.83%

	CPS58-Br-1
	336731186
	34009849786
	456 
	48.28%
	90.97%
	95.31%

	CPS58-Br-2
	373063836
	37679447436
	506 
	48.17%
	90.84%
	95.25%

	EPI148-BL-1
	318222922
	32140515122
	431 
	47.41%
	91.57%
	95.62%

	EPI148-BL-2
	359667090
	36326376090
	488 
	47.21%
	90.74%
	95.06%

	EPI148-Br-1
	395730862
	39968817062
	536 
	49.01%
	92.18%
	96.01%

	EPI148-Br-2
	353709656
	35724675256
	479 
	48.85%
	91.71%
	95.72%

	EPI165-BL-1
	361462266
	36507688866
	490 
	48.28%
	90.76%
	95.08%

	EPI165-BL-2
	337748620
	34112610620
	458 
	48.15%
	88.79%
	94.03%

	EPI165-Br-1
	375610998
	37936710798
	509 
	50.43%
	91.89%
	95.86%

	EPI165-Br-2
	319607562
	32280363762
	433 
	50.20%
	91.49%
	95.62%

	EPI219-BL-1
	349657786
	35315436386
	474 
	47.91%
	89.14%
	94.25%

	EPI219-BL-2
	368265780
	37194843780
	499 
	48.00%
	89.08%
	94.20%

	EPI219-Br-1
	295906544
	29886560944
	401 
	48.34%
	92.18%
	96.04%

	EPI219-Br-2
	394773982
	39872172182
	535 
	48.06%
	90.69%
	95.13%

	EPI225-BL-1
	370470836
	37417554436
	502 
	48.11%
	89.15%
	94.23%

	EPI225-BL-2
	359951780
	36355129780
	488 
	48.39%
	88.51%
	93.85%

	EPI225-Br-1
	324714538
	32796168338
	440 
	47.98%
	90.29%
	94.87%

	EPI225-Br-2
	330780240
	33408804240
	448 
	48.12%
	90.20%
	94.84%

	EPI362-BL-1
	331441670
	33475608670
	449 
	47.93%
	89.62%
	94.50%

	EPI362-BL-2
	351145198
	35465664998
	476 
	47.93%
	89.33%
	94.32%

	EPI362-Br-1
	337059284
	34042987684
	457 
	48.83%
	89.87%
	94.65%

	EPI362-Br-2
	354198102
	35774008302
	480 
	48.77%
	90.45%
	94.99%

	FLE166-BL-1
	351151182
	35466269382
	476 
	47.90%
	89.09%
	94.15%

	FLE166-BL-2
	358239580
	36182197580
	486 
	47.92%
	90.98%
	95.24%

	FLE166-Br-1
	327423748
	33069798548
	444 
	48.13%
	90.30%
	94.89%

	FLE166-Br-2
	366101912
	36976293112
	496 
	48.14%
	90.58%
	95.04%

	FLE28-BL-1
	361918784
	36553797184
	491 
	47.48%
	89.38%
	94.34%

	FLE28-BL-2
	361322876
	36493610476
	490 
	47.38%
	89.64%
	94.49%

	FLE28-Br-1
	355244026
	35879646626
	482 
	48.15%
	90.63%
	95.07%

	FLE28-Br-2
	346087382
	34954825582
	469 
	47.95%
	90.42%
	94.97%

	LGS150-BL-1
	358945124
	36253457524
	487 
	47.94%
	91.61%
	95.63%

	LGS150-BL-2
	316736008
	31990336808
	429 
	47.94%
	91.78%
	95.74%

	LGS150-Br-1
	347284898
	35075774698
	471 
	48.24%
	90.51%
	95.01%

	LGS150-Br-2
	310515048
	31362019848
	421 
	48.03%
	91.58%
	95.58%

	LGS182-BL-1
	315659934
	31881653334
	428 
	48.20%
	91.49%
	95.56%

	LGS182-BL-2
	339696916
	34309388516
	460 
	48.31%
	91.53%
	95.58%

	LGS182-Br-1
	346576246
	35004200846
	470 
	48.30%
	91.57%
	95.60%

	LGS182-Br-2
	325966882
	32922655082
	442 
	48.23%
	91.69%
	95.65%

	LGS227-BL-1
	338340906
	34172431506
	459 
	48.06%
	89.74%
	94.63%

	LGS227-BL-2
	366878328
	37054711128
	497 
	47.98%
	89.85%
	94.70%

	LGS227-Br-1
	336458124
	33982270524
	456 
	48.48%
	91.74%
	95.69%

	LGS227-Br-2
	304242780
	30728520780
	412 
	48.47%
	91.42%
	95.55%

	LGS228-BL-1
	373062268
	37679289068
	506 
	48.41%
	89.80%
	94.69%

	LGS228-BL-2
	388757174
	39264474574
	527 
	48.26%
	89.55%
	94.54%

	LGS228-Br-1
	302480960
	30550576960
	410 
	48.55%
	91.79%
	95.80%

	LGS228-Br-2
	307495580
	31057053580
	417 
	48.71%
	91.90%
	95.82%



Table e-3. Annotations for all stop-gained mutations after filtering process.
	ID
	Chr
	POS
	REF
	ALT
	EB
	Total read Depth
	Altered read
Depth
	Variant allele
frequency
	Gene
	SnpEff effect
	Nucleotide
changes
	Protein
changes
	SIFT
	Polyphen
HDIV
	Polyphen
HVAR
	Phastcon
	CADD

	EPI219
	X
	48762597
	G
	A
	60
	175
	40
	23%
	SLC35A2
	stop_gained
	c.589C>T
	p.Gln197*
	NA
	NA
	NA
	NA
	NA

	LGS150
	X
	48762426
	C
	A
	60
	273
	43
	16%
	SLC35A2
	stop_gained
	c.760G>T
	p.Glu254*
	NA
	NA
	NA
	NA
	NA

	mMCD13
	X
	48762483
	T
	G
	NA
	169099
	19056
	10.12%
	SLC35A2
	missense
	c.703T>G
	p.Asn235Gln
	NA
	1
	1
	1
	20.3

	EPI340
	X
	48762684
	G
	A
	NA
	19757
	92981
	17.50%
	SLC35A2
	stop-gained
	c.502G>A
	p.Gln168*
	NA
	NA
	NA
	1
	22.2

	EPI147
	X
	48762633
	G
	A
	NA
	12351
	197223
	5.89%
	SLC35A2
	stop-gained
	c.553G>A
	p.Gln185*
	NA
	NA
	NA
	0.994
	18.69

	EPI044
	X
	48763821
	C
	A
	NA
	99094
	5299
	5.07%
	SLC35A2
	splice-acceptor
	NA
	NA
	NA
	NA
	NA
	1
	21.4

	Abbreviation: NA: Non-available
All identified variants annotated based on NM_005660.1



Table e-4. 10 known mTOR pathway genes screened in this study.
	Gene
	No. of targeted regions
	Coverage
	Reference

	AKT3
	22
	93.03%
	Lee et al., Nat Genet 20121; Poduri et al., Neuron 20122

	DEPDC5
	49
	96.25%
	Lal et al., Ann Neurol 20143; Scheffer et al., Ann Neurol 20144

	MTOR
	59
	100%
	Lee et al., Nat Genet 20121; Lim et al., Nat Med 20155

	PIK3CA
	26
	100%
	Jansen et al., Brain 20156; Lee et al., Nat Genet 20121; Rivière et al., Nat Genet 20127

	PIK3R2
	17
	98.37%
	Rivière et al., Nat Genet 20127

	PTEN
	18
	99.49%
	Luchman et al., Clin Cancer Res 20148; Zhou et al., J Neurosci 20099

	STRADA
	10
	100%
	Crino, Trends Mol Med 201110; Marin- Valencia et al., Epilepsia 201411; Parker et al., Sci Transl Med 201312

	TBC1D7
	14
	90.56%
	Alfaiz et al., Hum Mutat 201413

	TSC1
	27
	98.19%
	Lim et al., Am J Hum Genet 201714; Tyburczy et al., PLoS Genet 201515

	TSC2
	43
	100%
	Lim et al., Am J Hum Genet 201714; Tyburczy et al., PLoS Genet 201515


By SureSelect DNA Standard Design Wizard. Covered regions: Coding Exons + UTRs + 5’ UTR + 3’ UTR

Table e-5. Epilepsy associated gene list for germline mutation analysis
	Gene
	Function
	Reference

	MTOR
	Serine/threonie kinase, core protein of mTOR pathway
	Lee et al., Nat Genet 20121; Lim et al., Nat Med 20155

	AKT3
	Signaling protein, upstream regulator of mTOR
	Lee et al., Nat Genet 20121; Poduri et al., Neuron 20122

	PIK3CA
	Signaling protein, upstream regulator of mTOR
	Jansen et al., Brain 20156; Lee et al., Nat Genet 20121; Rivière et al., Nat Genet 20127

	PIK3R2
	Signaling protein, upstream regulator of mTOR
	Rivière et al., Nat Genet 20127

	PTEN
	Signaling protein, upstream regulator of mTOR
	Luchman et al., Clin Cancer Res 20148; Zhou et al., J Neurosci 20099

	STRADA
	Signaling protein, upstream regulator of mTOR
	Crino, Trends Mol Med 201110; Marin- Valencia et al., Epilepsia 201411; Parker et al., Sci Transl Med 201312

	TSC1
	Signaling protein, upstream regulator of mTOR
	Lim et al., Am J Hum Genet 201714; Tyburczy et al., PLoS Genet 201515

	TSC2
	Signaling protein, upstream regulator of mTOR
	Lim et al., Am J Hum Genet 201714; Tyburczy et al., PLoS Genet 201515

	DEPDC5
	Signaling protein, upstream regulator of mTOR
	Lal et al., Ann Neurol 20143; Scheffer et al., Ann Neurol 20144

	TBC1D7
	Signaling protein, upstream regulator of mTOR
	Alfaiz et al., Hum Mutat 201413

	SCN1A
	Encoding subunit of sodium channel
	Epi 4KC et al., Nature 201316

	CACNA1A
	Encoding subunit of calcium channel
	Epi 4KC et al., Nature 201316

	GRIN2B
	Encoding subunit of glutamate receptor(Ionotrophic)
	Epi 4KC et al., Nature 201316

	GRIN1
	Encoding subunit of glutamate receptor(Ionotrophic)
	Epi 4KC et al., Nature 201316

	GABRA1
	Encoding subunit of GABA-A receptor(ionotrophic)
	Epi 4KC et al., Nature 201316

	GABRB3
	Encoding subunit of GABA-A receptor(ionotrophic)
	Epi 4KC et al., Nature 201316

	GABBR2
	Encoding subunit of GABA-B receptor(metabonotrophic)
	Epi 4KC et al., Nature 201316

	DCX
	stabilization of microtubule related to neuronal migration
	Epi 4KC et al., Nature 201316; Guerrini, Epilepsia 200517

	CHD2
	Chromatic modification controlling gene expression related to neuronal migration
	Epi 4KC et al., Nature 201316; Shen et al., Stem Cells 201518

	DYNC1H
	Encoding subunit of dynein related to neuronal migration
	Poirier et al., Nat Genet 201319

	KIF5C
	Encoding subunit of kinesin related to neuronal migration
	Poirier et al., Nat Genet 201319

	LIS1
	Encoding platelet activating factor acetyl hydrolase related to neuroanl migration
	Bi et al., Nat Genet 200920; Guerrini, Epilepsia 200517

	TUBB2B
	Encoding subunit of tubulin related to cortical lamination
	Barkovich et al., Brain 201221; Cushion et al., Brain 201322

	FASN
	Encoding fatty acid synthase related to neurogenesis
	Epi 4KC et al., Nature 201316

	FLNA
	Endocing fliamin related to neuronal migration
	Epi 4KC et al., Nature 201316

	BRAF
	Signaling protein, MAP kinase/ERKs pathway
	Marucci et al., Ann Clin Transl Neurol 201423

	EZH2
	Encoding histone methyltrasferase
	Kobow et al., Acta Neuropahtol 201324

	HNRNPU
	Encoding nuclear ribonucleoprotein
	Epi 4KC et al., Nature 201316

	IQSEC2
	Encoding guanine nucleotide exchange factor for the ARF family
	Epi 4KC et al., Nature 201316

	RYR3
	Encoding ryanodine receptor
	Euro E-RESC et al., 201425; Lehnart et al., J Clin Invest 200826

	NEDD4L
	Encoding ubiqutin ligase
	Epi 4KC et al., Nature 201316

	ALG13
	Encoding subunit of acetylglucosamine trasferase
	Epi 4KC et al., Nature 201316

	DNM1
	Receptor medicated endocytosis related to synaptic vesicle recycling
	Epi 4KC et al., Nature 201316



Table e-6. Summary of targeted hybrid capture sequencing
	ID
	Total Bases
	Mean depth (X)
	% Coverage of target regions more than

	
	
	
	10x
	50x
	100x
	200x
	300x
	400x
	500x

	LGS013-BL
	161334206
	1621.32
	100
	93
	84
	74
	69
	66
	62

	LGS013-Br
	175165129
	1760.31
	100
	100
	99
	98
	95
	93
	91

	LGS044-BL
	155894029
	1566.65
	100
	100
	99
	98
	96
	94
	92

	LGS044-Br
	153369867
	1541.28
	100
	100
	100
	99
	99
	98
	96

	LGS147-Br
	163622145
	1644.31
	100
	100
	99
	99
	97
	95
	93

	LGS147-BL
	180137475
	1810.28
	100
	100
	100
	99
	98
	97
	96

	LGS340-BL
	133289515
	1339.49
	100
	99
	99
	97
	94
	91
	88

	LGS340-Br
	140732390
	1414.28
	100
	100
	99
	98
	96
	93
	89



Table e-7. Probability values for amplicon sequencing of matched peripheral samples
	ID
	Total Depth
	Ref
	Alt
	VAF
	p-value

	EPI219
	103589
	G
	A
	0.03%
	0.78547

	LGS150
	958719
	C
	A
	0.16%
	0.077007

	mMCD13
	2096201
	T
	G
	0.02%
	0.488391

	EPI340
	3544147
	G
	A
	0.08%
	0.543417

	EPI147
	1636503
	G
	A
	0.07%
	0.619817

	EPI044
	1889823
	C
	A
	0.08%
	0.268407
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