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Abstract

Low-level somatic mutations have been shown to be the major genetic etiology of intractable epilepsy. The extents thereof,
however, have yet to be systematically and accurately explored in a large cohort of resected epilepsy brain tissues. Moreo-
ver, clinically useful and precise analysis tools for detecting low-level somatic mutations from unmatched formalin-fixed
paraffin-embedded (FFPE) brain samples, the most clinically relevant samples, are still lacking. In total, 446 tissues samples
from 232 intractable epilepsy patients with various brain pathologies were analyzed using deep sequencing (average read
depth, 1112x) of known epilepsy-related genes (up to 28 genes) followed by confirmatory site-specific amplicon sequenc-
ing. Pathogenic mutations were discovered in 31.9% (74 of 232) of the resected epilepsy brain tissues and were recurrently
found in only eight major focal epilepsy genes, including AKT3, DEPDC5, MTOR, PIK3CA, TSC1, TSC2, SCL35A2, and
BRAF. Somatic mutations, two-hit mutations, and germline mutations accounted for 22.0% (51), 0.9% (2), and 9.1% (21) of
the patients with intractable epilepsy, respectively. The majority of pathogenic somatic mutations (62.3%, 33 of 53) had a
low variant allelic frequency of less than 5%. The use of deep sequencing replicates in the eight major focal epilepsy genes
robustly increased PPVs to 50-100% and sensitivities to 71-100%. In an independent FCDII cohort of only unmatched
FFPE brain tissues, deep sequencing replicates in the eight major focal epilepsy genes identified pathogenic somatic muta-
tions in 33.3% (5 of 15) of FCDII individuals (similar to the genetic detecting rate in the entire FCDII cohort) without any
false-positive calls. Deep sequencing replicates of major focal epilepsy genes in unmatched FFPE brain tissues can be used
to accurately and efficiently detect low-level somatic mutations, thereby improving overall patient care by enriching genetic
counseling and informing treatment decisions.
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development
Introduction

Epilepsy is a neurological disorder common in children
and is characterized by recurrent seizure. Approximately,
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30% of children with epilepsy fail to achieve seizure control
despite adequate treatment with anti-epileptic drugs and are
diagnosed with intractable epilepsy [1]. With the advent of
next-generation sequencing (NGS), genetic causes underly-
ing intractable epilepsy have been identified [2]. In particu-
lar, increasing evidence has indicated that low-level somatic
mutations in the affected brain are a major genetic etiology
of intractable epilepsy [3-6]. We and other study groups
have reported that somatic mutations in mTOR pathway
genes (AKT3, DEPDC5, MTOR, PIK3CA, TSCI, and TSC2)
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or SLC35A2 are the major genetic causes of hemimegalen-
cephaly (HME), focal cortical dysplasia (FCD), and epilepsy
with no lesion [3—11]. Meanwhile, BRAF V600E somatic
mutation, which is frequently found in ganglioglioma, has
been found to contribute to intrinsic epileptogenesis in pedi-
atric brain tumors [12]. Nevertheless, while previous studies
have implicated brain somatic mutations with low variant
allelic frequency as causative of intractable epilepsy, until
now, genetic studies with large cohorts of intractable epi-
lepsy patients with matched brain—peripheral samples are
lacking.

Interestingly, low-level somatic mutations with a muta-
tional burden (i.e., variant allelic frequency, VAF) of merely
1% in the affected brain have been shown to be sufficient
to cause intractable epilepsy, suggesting that high read
depth sequencing (e.g.,~ 1000 x read depth) is required to
determine how mutations affect epileptic disorders [4, 5].
Unfortunately, however, the relatively low read depth of
conventional NGS, false-positive variants produced by high
read depth sequencing, and a lack of research with clinically
relevant brain tissues (e.g., formalin fixed paraffin embed-
ded [FFPE] tissues) have precluded clinicians from outlining
the impact of somatic mutations on intractable epilepsy and
from performing genetic detection thereof.

In the current study, we aimed to document the contribu-
tion of somatic mutations in known focal epilepsy-related
genes, as well as germline mutations, in a large cohort of
intractable epilepsy patients with matched brain—periph-
eral tissues and with unmatched brain tissues (446 tissues
samples from 232 patients with intractable epilepsy). Also,
we sought to examine the accuracy of genetic detection of
low-level somatic mutations under various tissue conditions:
matched brain—peripheral samples or unmatched brain-only
samples and freshly frozen (FFZ) or FFPE brain samples.
This was undertaken to devise an efficient genetic analy-
sis method of use in the most clinically relevant condition:
unmatched FFPE brain samples.

Methods
Subject ascertainment

Children with epileptic disorder who had undergone epilepsy
surgery since 2004 at Severance Children’s Hospital were
identified. Prior to surgery, patients underwent extensive
evaluations with video electroencephalography (EEG) mon-
itoring, high-resolution MRI, fluorodeoxyglucose (FDG)-
PET, and subtraction ictal single-photon emission computed
tomography (SPECT) co-registered to MRI (SISCOM) to
localize anatomic lesions. We excluded patients with a his-
tory of trauma, ischemic injury, or intracranial hemorrhage.
Pre-surgical evaluation and surgical intervention procedures
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have been described in a previous article [13]. The resection
margin for primary seizure foci was defined according to
the following: (1) focal lesion exhibiting massive and exclu-
sive ictal-onset confirmed by intracranial EEG; (2) interictal
intracranial EEG findings, including repetitive spikes > 3/s,
runs of repetitive spikes, slow wave discharges, localized
or spindle shaped fast activities, and electrodecremental
fast activities; and (3) absence of the eloquent cortex. Com-
plete resection was achieved when all areas deemed to be
seizure-focus and irritative zones on intracranial EEG were
removed. Fifteen FCDII cases with unmatched FFPE brain
tissues were obtained from the archives of the Department
of Neuropathology of the Amsterdam UMC (Amsterdam,
The Netherlands) and the University Medical Center Utre-
cht (UMCU, The Netherlands). According to recent recom-
mendations from the International League against Epilepsy
(ILAE) Diagnostic Methods Commission and European
Epilepsy Brain Bank (EBBB) Consortium, pathological
diagnoses were reconfirmed and sub-grouped into four cat-
egories as described in previous articles [14, 15]. This study
was performed and all human tissues were obtained with
informed consent in accordance with protocols approved
by Severance Hospital and the KAIST Institutional Review
Board and Committee on Human Research.

DNA extraction from tissue samples

From FFZ brain samples, genomic DNA was extracted
using QIAamp DNA Mini kits (Qiagen, USA). From FFPE
brain samples, genomic DNA was extracted using QIAamp
DNA FFPE kits (Qiagen, USA). For peripheral blood sam-
ples, QIAamp DNA Blood Mini kits (Qiagen, USA) were
used. For saliva samples, prepIT-L2P purification kits
(DNA Genotek, USA) were used.

Selection of genes associated with epilepsy
and targeted gene hybrid capture sequencing

For genetic analysis, we selected several genes shown to
be associated with epileptic disorders in recent studies. For
102 patients, we designed a targeted gene hybrid capture
sequencing panel for 28 genes using SureDesign online
tools (SureSelect DNA standard wizard). For 56 patients,
we applied a targeted gene hybrid capture sequencing
panel for 13 genes designed and manufactured by Celem-
ics Inc. (Celemics, Korea). We performed library prepara-
tion according to the manufacturers’ protocol. The final
libraries of hybrid capture were sequenced on a HiSeq
2500 sequencer (Illumina, USA) by Macrogen (Korea) and
on a Miseq Dx sequencer (Illumina, USA) by Sovargen
(Korea).
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Bioinformatic analysis

For all sequencing files, we used the “Best Practices” work-
flow suggested by the Broad Institute. We aligned raw
sequences from Fastq files to the hg19/GRCh37 assembly
of the human genome reference sequence using BWA-
MEM. For matched sample analysis, we utilized MuTect,
Strelka, and GATK4 MuTect2, which are designed to
analyze sequencing data sets for matched brain—blood (or
saliva) samples [16, 17]. For unmatched brain-only sam-
ple analysis, we used three variant callers: MuTect STD
mode, Lofreq [18], and Agilent’s software SureCall (opti-
mized for variants with a variant allele frequency as low as
1%) [19]. Brain tissue sample sequencing data were used
alone for unmatched sample analysis. All identified muta-
tions were annotated using the snpEFF program [20]. For
replicated sample analysis, we utilized Mutect STD mode
and RePlow, a variant caller designed to detect low-level
somatic mutations from replicated brain sample data [21].
We then excluded (1) registered mutations in a public data-
base (common dbSNP147); (2) mutations with a putative
low snpEFF impact score; (3) mutations with a PolyPhen &
SIFT # Damaging, phastCons score <0.9; and (4) mutations
with an allele frequency >0.1% in the ExAC database for
minor allele frequencies and East Asian populations [22].
To detect germline mutations, we used GATK Haplotype-
Caller. All identified mutations were annotated and filtered
as mentioned above. In the analysis of germline mutations,
we included single nucleotide variants resulting in protein
truncation (e.g., stop-gain mutation) and variants reported
as pathogenic according to the American College of Medi-
cal Genetics and Genomics (ACMG) guidelines. Accord-
ing to the ACMG guidelines, which are particularly useful
for interpretation of germline sequence variants, missense
variants cannot be assumed to be pathogenic if there is no
evidence from functional studies or no confirmation of de
novo mutations [23]. Based on these criteria, we excluded
germline variants with uncertain pathogenicity. For PTEN
and DEPDCS5, single-nucleotide variants resulting in protein
truncation or loss of function were considered as pathogenic
because their pathogenic mechanism is loss of function. We
excluded germline mutations in 7SC/ or TSC2 reported as
benign or with conflicting interpretation according to the
ACMG guidelines: several studies have reported that vari-
ous missense variants in 7SCI or TSC2 can be classified
as neutral because they do not increase the activity of the
mTOR pathway [24]. For analysis of post-zygotic mosai-
cism, we utilized Mutect STD mode for each matched brain
and peripheral tissue specimen. After extracting the inter-
section of the results, we applied the filtering process as
described above. Additionally, we excluded the variants with
VAFs of more than 30%. Lastly, we manually investigated
variants in the Integrative Genomics Viewer (IGV), applying

the following exclusion criteria: (1) adjacent alterations, not
germline mutations, found only in reads with target muta-
tions; (2) target mutations detected in the read in one direc-
tion; and (3) one or more biological similar sequence regions
calculated by BLAST (https://blast.ncbi.nlm.nih.gov/Blast
.cgi) (Supplementary Fig. 1 Online Resource) [25].

Validation sequencing for candidate variants

For all candidate variants from each analysis, validation
sequencing was performed as previously described [5].
Briefly, for somatic mutations and post-zygotic mosai-
cism mutations, we designed region-specific primers with
the Illumina Nextera single index (Illumina, USA). Target
sequences were PCR amplified using PrimeSTAR GXL
DNA polymerase (Takara). For a second PCR amplifica-
tion, 20 ng of purified PCR products from the first amplifi-
cation was annealed with both Illumina adaptor and index
sequences. To verify fragment sizes and the quality of the
amplified libraries, individual aliquots were run on a 2100
Bioanalyzer (Agilent, USA). Libraries were pooled and
sequenced on a MiSeq or HiSeq sequencer (Illumina, USA).
For germline mutations, we manually investigated whether
mutations were present in both brain and peripheral sequenc-
ing data using IGV (Supplementary Fig. 2 Online Resource).

Results

For more comprehensive analysis of a large cohort, we
included deep sequencing data from individuals with
matched brain—peripheral tissues on whom we previously
reported (Fig. 1, Supplementary Table 1 Online Resource):
deep sequencing (average read depth, 633X) of six mTOR
pathway genes (AKT3, MTOR, PIK3CA, PIK3R2, TSCI, and
TSC2) in 43 FCDII patients [4, 5] and deep sequencing of 28
genes (AKT3, DEPDCS5, MTOR, PIK3CA, PIK3R2, TSCI,
TSC2, PTEN, BRAF, etc., Supplementary Table 2 Online
Resource) plus SLC35A2-specific targeted gene hybrid cap-
ture sequencing in 31 patients with mild malformation of
cortical development (MCD) or epilepsy with no lesion [10].
Among 158 novel intractable epilepsy cases additionally
included in the current study, 102 individuals were subjected
to deep sequencing (average read depth, 1256X) of 28 genes,
the same panel applied in the previous study, while the
remaining 56 were subjected to deep sequencing (average
read depth, 1224X) of 13 genes (AKTI, AKT3, DEPDCS,
MTOR, NPRL2, NPRL3, PIK3CA, PIK3R2, PTEN, TSCI,
TSC2, SLC35A2, and BRAF) (Supplementary Table 3 Online
Resource). In total, we analyzed deep targeted gene hybrid
capture sequencing data on focal epilepsy-related genes in
446 tissues samples from 232 individuals with intractable
epilepsy: 214 with matched brain—peripheral samples and 18
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Fig.1 A schematic diagram of the study design. For more compre-
hensive analysis of a large cohort, we included deep sequencing data
for individuals on whom we previously reported. In total, we ana-

with unmatched brain samples. According to histopathologi-
cal diagnosis, 160 patients were diagnosed with MCD, nine
with hippocampal sclerosis, 20 with epilepsy-related tumor,
and 43 with no lesion characterized by means of microscopic
inspection (Table 1) [15].

After confirmatory targeted amplicon sequencing, we
identified 53 pathogenic somatic mutations and 23 patho-
genic germline mutations from the 232 patients. Our deep
targeted gene hybrid capture sequencing of focal epilepsy-
related genes revealed somatic mutations, two-hit muta-
tions, and germline mutations in 22.0% (51 of 232), 0.9%
(2 of 232), and 9.1% (21 of 232) of the patients, respec-
tively. Eight of the focal epilepsy-related genes in particular,
including AKT3, DEPDC5, MTOR, PIK3CA, TSC1, TSC2,
SLC35A3, and BRAF, were able to cover all of the patho-
genic somatic and germline mutations found in our large
cohort of 232 individuals (Fig. 2a, Supplementary Table 4
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lyzed 214 matched cases and 18 unmatched cases (140 freshly frozen
tissues and 92 FFPE tissues)

Online Resource). Among 53 individuals with pathogenic
somatic mutations, one hemimegalencephaly (HME) patient
(HME20) carried a somatic mutation in both brain and blood
tissues (MTOR p.L.1460P, VAFs of 15.2% in brain and 2% in
blood) suggestive of post-zygotic mosaicism. One FCDIIB
patient (FCD112) and one tuberous sclerosis complex (TSC)
patient (TSC19) carried both a germline and somatic muta-
tion (germline DEPDCS5 p.F1508fs plus somatic DEPDC5
p-T1390fs for FCDII; germline 7SC2 ¢.2355+2 T > A plus
somatic DEPDC5 p.R949C for TSC) consistent with a two-
hit model [26-28]. Also, the majority of pathogenic somatic
mutations (62.3%, 33 of 53) showed low mutational burdens
with VAFs of less than 5%, which are unlikely to be detected
with conventional NGS and Sanger sequencing (Fig. 2b).
In relation to histopathological diagnosis, we identified
somatic mutations, two-hit mutations, and germline muta-
tions in 24.4% (39 of 160), 1.3% (2 of 160), and 12.5% (20
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Table 1 Summary of clinical and pathological features

Category Individuals
(N=232)
Malformation of cortical development (MCD)
Focal cortical dysplasia (FCD) type I 4
Focal cortical dysplasia (FCD) type IIA 59
Focal cortical dysplasia (FCD) type IIB 48
Hemimegalencephaly (HME) 7
Mild malformation of cortical development (mMCD) 16
Tuberous sclerosis complex (TSC) 22
Polymicrogyria (PMG) 4
HS
Hippocampal Sclerosis (HS) 9
Tumor
Ganglioglioma (GG) 18
Dysembryoplastic neuroepithelial tumor (DNET) 1
Unclassified epilepsy-associated tumor 1
No lesion
No lesion 43

of 160) of all MCD patients, respectively. In more detail,
somatic mutations accounted for 25.4% of FCDIIA, 31.3%
of FCDIIB, 57.1% of HME, and 31.3% of mild MCD cases.
Two-hit mutations accounted for 2.1% of FCDIIB cases and
4.5% of TSC cases. Germline mutations accounted for 6.8%
of FCDIIA, 6.3% of mild MCD, and 68.2% of TSC cases.
In patients diagnosed with epilepsy-related tumor, we found
that a somatic mutation in BRAF p.V600E accounted for
44.4% (8 of 18) patients with ganglioglioma. In patients
diagnosed with no lesion, we identified somatic mutations
and germline mutations in 9.3% (4 of 43) and 2.3% (1 of
43), respectively (Fig. 2¢). No somatic or germline muta-
tions were found in cases of FCDI, polymicrogyria, or hip-
pocampal sclerosis. Taken together, these results suggest
that low-level brain somatic mutations in eight major focal
epilepsy genes contribute substantially to intractable epi-
lepsy associated with FCDII, HME, mild MCD, no lesion,
and ganglioglioma.

Although deep sequencing at a high read depth (e.g.,
1000X) increases the sensitivity of detecting low-level
somatic mutations, it leads to a substantial amount of artifac-
tual somatic mutations with low VAFs, which may signifi-
cantly lower positive predictive values (PPVs) [29]. Addi-
tionally, the method used to preserve patient tissues, such
as FFZ or FFPE, can also be associated with the generation
of artifactual somatic mutations with low VAFs [16]. In the
research laboratory, a low PPV due to artifactual somatic
mutations can be overcome by rigorous validation sequenc-
ing of all candidate somatic mutations. However, low
PPV or limited access to matched brain—peripheral tissues
can hamper the clinical use of deep targeted gene hybrid

capture sequencing in practice, wherein unmatched FFPE
brain samples are the most common and available tissue
condition. To evaluate the accuracy of deep targeted gene
hybrid capture sequencing under various tissue conditions,
we first measured the PPV of deep targeted gene hybrid
capture sequencing for 28 focal epilepsy-related genes in
matched brain—peripheral tissues from 133 intractable epi-
lepsy patients (31 previously reported cases and 102 new
cases) for whom low-level brain somatic mutations could
be detected with the highest possible precision by compar-
ing brain and peripheral tissues. Our bioinformatic analysis
combining Mutect, Strelka, and MuTect2, followed by strict
in-house filtering, initially resulted in 77 candidate somatic
mutations (Supplementary Table 5 Online Resource). We
then rigorously performed site-specific amplicon sequencing
of all of these candidate somatic mutations, validating 17, for
a PPV of 22.1% (17 of 77) (Fig. 3a). Regarding tissue pres-
ervation, we found that FFZ and FFPE brain tissues showed
PPVs of 34.3% (12 of 35) and 11.9% (5 of 42), respectively,
in analysis of matched brain—peripheral tissues, suggesting
that FFPE tissues are likely to produce more false-positive
calls and decrease PPV (Fig. 3b, ¢). Next, we measured the
PPV and sensitivity of analysis of unmatched brain tissues.
To do this, we considered the 17 mutations validated by
site-specific amplicon sequencing as a true-positive call set
and any other variants as false-positive variants. We then
analyzed a singleton of deep sequencing data for brain-only
samples using various mosaic mutation callers, including
Mutect STD mode, Lofreq, and SureCall single analysis
mode (Agilent). Among these callers, Mutect STD showed
the best performance with the highest PPV and sensitiv-
ity, regardless of tissue preservation type (Supplementary
Fig. 3 Online Resource): Using Mutect STD, analysis of
all unmatched brain tissues yielded a PPV of 17.5% (14 of
80) and a sensitivity of 82.4% (14 of 17) (Fig. 3a). In FFZ
tissue, analysis of unmatched brain tissue with Mutect STD
showed a PPV of 22.7% (10 of 44) and a sensitivity of 83.3%
(10 of 12) (Fig. 3b). In FFPE tissue, the analysis showed
a PPV of 11.1% (4 of 36) and a sensitivity of 80.0% (4 of
5) (Fig. 3c). Taken together, our results suggest that both
deep sequencing of matched brain—peripheral tissues and
unmatched brain-only tissue for 28 epilepsy-related genes
shows relatively low PPV and that unmatched FFPE brain
tissues, in particular, show much lower detecting accuracy.

In light of the above, we sought ways to improve detec-
tion accuracy such that precise detection of low-level
somatic mutations could be possible in clinical settings.
Since all somatic mutations in the current study were
identified in eight major epilepsy-related genes (AKT3,
DEPDCS5, MTOR, PIK3CA, TSCI, TSC2, BRAF, and
SLC35A2), we narrowed the list of target genes to these
eight and measured the resultant PPV and sensitivity.
Matched sample analysis provided a PPV of 36.2% (17
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«Fig.2 Landscape of somatic and germline mutations identified in
intractable epilepsy patients. a Signaling pathways for all of the
mutated genes identified in this study. Bold: somatic mutation, Regu-
lar: germline mutation. b The distribution of variant allelic frequen-
cies (VAFs) of identified somatic mutations. ¢ The detecting rate and
types of identified mutations according to histopathology. Yellow:
somatic mutations, green: two-hit mutations, grey: germline muta-
tions

of 47; 12 of 20 from FFZ and 5 of 27 from FFPE). Using
the Mutect STD mode, the performance of which was
best among the singleton analysis tools, provided a PPV
of 32.6% (14 of 43; 10 of 19 from FFZ and 4 of 24 from
FFPE) without any loss of sensitivity (Fig. 3d). In addi-
tion, since our recent study demonstrated that technical
replication of deep sequencing could robustly eliminate
artifactual somatic mutations with low VAFs and increase
the accuracy of detecting low-level somatic mutations, we
performed additional deep targeted gene hybrid capture
sequencing in brain samples from 22 FCDII individu-
als who had enough genomic DNA for additional library
preparation. Among them, four individuals had pathogenic
somatic mutations with VAFs of less than 5%. In analysis
of replicates, we utilized the RePlow variant caller, which
is designed for detecting somatic single-nucleotide vari-
ants from a replicated set of high-depth sequencing data,
as well as the Mutect STD mode from which we extracted
the intersection of results from each replicate. In these 22
FCDII individuals, analysis of matched brain—peripheral
tissues revealed a PPV of 44.4% (4 of 9). The intersection
of the Mutect STD mode when using replicates provided
a PPV of 100% (3 of 3) and a sensitivity of 75% (3 of 4).
RePlow resulted in a PPV of 50% (4 of 8) and a sensitiv-
ity of 100% (4 of 4) (Fig. 3e). Furthermore, we exam-
ined whether the use of deep sequencing replicates for
the eight major focal epilepsy genes would yield a high
PPV in an independent intractable epilepsy cohort with
different ethnicities, comprising 15 FCDII individuals
with only unmatched FFPE brain tissues (Fig. 4a). The
replicated data were analyzed using RePlow and Mutect
STD mode intersection as described above. After con-
firmatory site-specific amplicon sequencing, we found that
RePlow revealed somatic mutations in 33.3% (5 of 15) of
the individuals without any false-positive calls; Mutect
STD intersection detected somatic mutations in 20.0% (3
of 15) (Fig. 4b). These performances were similar to the
somatic mutation detecting rates in total FCDII individu-
als (28.0%, 30 of 107) and previously reported cases [4, 5,
30]. Surprisingly, although Mutect STD mode intersection
missed two pathogenic somatic mutation, both analysis
tools provided a PPV of 100% (Fig. 4c). Taken together,
these results supported the use of technical replication
of deep sequencing of eight major focal epilepsy genes
in FFPE brain samples to robustly increase PPV without

a significant loss in sensitivity, thereby allowing for the
precise genetic detection of low-level somatic mutations
underlying intractable epilepsy in clinical settings.

Discussion

Herein, we performed deep targeted gene hybrid capture
sequencing of 446 tissue samples consisting of matched
brain—peripheral tissues or unmatched brain-only tissues
from 232 patients with intractable epilepsy and revealed
the contribution of somatic mutations, post-zygotic mosai-
cism, and germline mutations to intractable epilepsy. To our
knowledge, the current study includes the largest cohort of
intractable epilepsy patients with matched brain—peripheral
tissues from which to examine somatic mutations. Through
strict and comprehensive analysis, we discovered that all
identified mutations causative for intractable epilepsy were
in eight major focal epilepsy genes and that somatic muta-
tions, two-hit mutations, and germline mutations in these
genes accounted for 22.0% (51 of 232), 0.9% (2 of 232),
and 9.1% (21 of 232) of the studied patients, respectively.
Somatic mutations of low allelic frequency, especially those
at less than 5%, accounted for more than 60% of all iden-
tified somatic mutations. We showed that the use of deep
sequencing replicates in the eight major focal epilepsy genes
dramatically increased detection accuracy without a signifi-
cant loss of sensitivity, thereby allowing for precise genetic
detection of low-level somatic mutations in unmatched FFPE
brain tissues (the most common tissue condition in clinical
settings) from patients with intractable epilepsy.

Typical genome wide sequencing, such as whole-exome
sequencing with a 100-150X read depth and whole genome
sequencing with a 30-60X read depth, shows limited capa-
bility in detecting mutations of low allelic frequency, espe-
cially those at less than 5% [31]. Meanwhile, targeted gene
hybrid capture sequencing of disease-specific genes pro-
vides a significant increase in sequencing depth for target
sites and reduces sequencing cost, allowing for the detec-
tion of low-frequency mutations. However, NGS at a high
depth dramatically drops the detection accuracy of low-level
somatic mutations due to background errors with low VAFs
[29]. Also, the condition of brain specimens, such as FFPE
specimens, can negatively affect the detection accuracy of
low-level somatic mutations [32]. Our results of singleton
deep targeted gene hybrid capture sequencing in unmatched
FFPE brain tissues showed a maximum PPV of 11.1%.
Although false positives can be removed by an orthogonal
validation method, such as site-specific amplicon sequenc-
ing or digital droplet (dd) PCR in the research laboratory
[4, 6], such low PPV in singleton deep targeted gene hybrid
capture sequencing hampers the precision of genetic analy-
sis of low-level somatic mutations in the clinical setting.
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Fig.3 Positive predictive values (PPVs) and sensitivities of deep
sequencing for detecting low-level somatic mutations according
to tissue conditions, number of genes, and analysis methods. a The
PPV and sensitivity of matched and unmatched analysis (Mutect STD
mode) from all tissue types, including both FFZ and FFPE speci-
mens. Matched analysis provided a PPV of 22.1% (17 of 77). We
considered variants validated in matched analysis as a true-positive
call set and other variants as false-positive variants. Unmatched anal-
ysis showed a PPV of 17.5% (14 of 80) and a sensitivity of 82.4%
(14 of 17). b The PPV and sensitivity from the analysis of FFZ brain
samples. Matched analysis showed a PPV of 34.3% (12 of 35) and
a sensitivity of 100%. Unmatched analysis (Mutect STD mode) pro-
vided a PPV of 22.7% (10 of 44) and a sensitivity of 83.3% (14 of
17). ¢ The PPV and sensitivity from the analysis of FFPE brain sam-
ples. Matched analysis showed a PPV of 11.9% (5 of 42) and a sen-

To increase detection accuracy, we narrowed down target
genes to eight major focal epilepsy genes and applied the
concept of technical replication. By doing so, we were able
to increase the PPV of deep targeted gene hybrid capture
sequencing up to 100% at maximum without a significant
loss of sensitivity in unmatched FFPE brain tissues from
FCDII individuals. Through these results, we demonstrated
that analysis of deep sequencing replicates of eight major
focal epilepsy-related genes offers acceptable performance
in the analysis of unmatched FFPE brain tissues, the most
clinically relevant tissue condition.

In the present study, our deep targeted gene hybrid cap-
ture sequencing of eight major focal epilepsy genes was
able to identify pathogenic mutations in approximately
32% of our resected intractable epilepsy brain tissues. The
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sitivity of 100%. Unmatched analysis (Mutect STD mode) provided
a PPV of 11.1% (4 of 36) and a sensitivity of 80.0% (4 of 5). d The
PPV and sensitivity from deep sequencing of eight major focal epi-
lepsy genes. Matched analysis showed a PPV of 36.2% (17 of 45) and
a sensitivity of 100%. Unmatched analysis (Mutect STD mode) pro-
vided a PPV of 32.6% (14 of 43) and a sensitivity of 83.3% (14 of
17). e The PPV and sensitivity from the analysis of technical replica-
tion of deep sequencing, compared to that of singleton deep sequenc-
ing in unmatched brain tissues. The replication of library preparation
followed by deep sequencing of eight major focal epilepsy genes was
performed for 22 FCDII individuals. In these FCDII cases, matched
analysis showed a PPV of 44.4% (4 of 9) and a sensitivity of 100%;
Mutect STD intersection provided a PPV of 100% (3 of 3) and a sen-
sitivity of 75% (3 of 4); and RePlow showed a PPV of 50% (4 of 8)
and a sensitivity of 100% (4 of 4)

identified somatic mutations were frequently detected in a
specific gene set (AKT3, DEPDC5, MTOR, PIK3CA, TSCI,
TSC2, BRAF, and SLC35A2). In previous studies, several
somatic mutations in these genes have been shown to cause
intractable epilepsy using animal models, in vitro mTOR
assay, or glycosylation pattern assay [3-5, 10, 30, 33, 34].
Accordingly, these genes are considered to be susceptible
to pathogenic somatic mutations in patients with intractable
epilepsy. Notwithstanding, we were still unable to detect
causative or putative mutations in approximately 70% of
the patients. We think that three possible scenarios may
explain the 70% of cases that were negative for mutations
in these genes: (1) extremely low-level somatic mutations
with a VAF less than 1% that were still responsible for epi-
leptic seizures [21], (2) somatic mutations in non-coding
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Fig.4 Analysis of deep sequencing replicates of eight focal epilepsy
gene in unmatched FFPE brain tissues from an independent FCDII
cohort. a A schematic figure of the study design for an independent
FCDII cohort with unmatched FFPE brain tissues. b The detecting

regions or other unknown genes [35, 36], and (3) epige-
netic changes or other environmental etiologies for these
patients [37, 38]. Regarding extremely low-level somatic
mutations, we may be able to apply more sensitive meth-
ods, such as ddPCR or single cell sequencing, or to enrich
dysmorphic neurons by laser microdissection, followed by
deep sequencing or ddPCR. Regarding somatic mutations in
non-coding regions or other unknown genes, we might be
able to use deep whole-genome sequencing or deep whole-
exome sequencing in a larger cohort. Regarding epigenetic
causes, we can investigate DNA methylation and non-coding
RNA, such as microRNA or tRNA. In doing so, we may be
able to identify other genetic or epigenetic causes underlying
mutation-negative epileptic brains.

Interestingly, post-zygotic mosaicism was encountered in
a sporadic epilepsy individual (Patient HME20). Regarding
the somatic mutation, MTOR p.Leul460Pro was found in
both brain (VAF 15%) and blood (VAF 2%) samples from

rates of each analysis tool. RePlow and Mutect STD intersect showed
detecting rates of 33.3% (5 of 15) and 20.0% (3 of 15), respectively. ¢
The total raw calls of each analysis tool along with PPVs

Patient HME20. We speculate that this mutation might arise
at the early stage of development before the ectoderm and
mesoderm arise. The HME20 individual did not present any
systemic symptoms other than epileptic seizures and, after
surgery, this patient has maintained seizure-free status for
the past 2 years, achieving Engel classification 1.

Our study showed that deep sequencing replicates of
major focal epilepsy genes in unmatched FFPE brain tis-
sues are of use in accurately and efficiently identifying
low-level somatic mutations. Although our detection tool
is not adequate for detecting new pathogenic genes, it could
allow for more comprehensive genetic analysis of low-level
somatic mutations in resected epilepsy brain tissue by facili-
tating the detection of somatic mutations in clinical settings.
Moreover, the high PPV and low cost of our precise genetic
analysis could help physicians determine which individu-
als would likely benefit from alternative medical treatments
with mTOR inhibitors among patients who do not become
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seizure-free after epilepsy surgery and are found to have
disease-causing mutations in mMTOR pathway genes. Taken
together, results from our genetic analysis could improve
overall patient care by providing more comprehensive
genetic counselling and informing decisions on alternative
treatment. As a clinical trial of an mTOR inhibitor target-
ing FCDII with somatic mutations in mTOR pathway genes
is underway (NCT03198949), precise genetic detection of
low-level somatic mutations will be important not only for
molecular genetic analysis of FCDII, but also for providing
alternative medical treatment to FCDII patients.
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