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Figure 4 | Brain metabolism: "F-FDG PET scanning. In vive YE-FDG-PET images énd surface renderings of wild type (WT) mice and LisI*" niice are
depicted. (a) Co- ~registration of microPET and MRI invages obtained frem WT mice {a-a, b) or Lis]™" mice (a-¢, d, &, f). The basal forebrain and
hypothalamus are indicated by white arrows in sagittal images (BF, basal forebrain; hyp, hypothalamus) and amygdala is indicated by white arrows in
coronal images (amy, amygdala). The location of coronal shm fmeges s indicated as'a white dash line in the sagittal MR image {a-g), Graded 20 slice
images demonstrate the redumm} of WE-FDG uptake in the basal f{}rcbram, hypothalamus and amygdala of Lis]*"" mice (a-c, d}. The color bar indicates
normalized "E-EDG uptake fatio. (h) Quantification of “F-FDG uptake in several brain fegions of sach experimental group (Lis™"; Lis] ™ mice
sithout treatment {1y = B), Lisks List™ mice without treatment {n = 8], LM“””I}@ 5y LisI™"" mice with SNJ1945 treatment from 1'9 S {n = )
LisT™ Pos List™* mice with SNT1945 tréatment from peri-natal period (n = 79 LisI® 7 P10 Lis 1™ mice with SNJ1945 treatment from ten daysafter birth
{n= A7), Statistical examinstion was performed by unpaired Student’s ttest. Values in graphs were expressed as mean = SEM. Statistical significance was
defined as *P < 0.05, ##P <X 0.01 and **¥1 < 0.001.

from very small round puncta to large and bright clusters (Fig. 5b).
While Lis1 ™ mice displayed similar pattern of gephyrin clusters with
List™ mice, they were significantly decreased (Fig, 5b, e). Decreased

high density of postsynaptic receptors opposite the input axonal term-
inals. This allows for an efficient propagation of GABA mediated
signals, which mostly result in neuronal inhibition. A key organizer

for GABA,4 receptors is gephyrin that forms oligomeric superstruc-
tures beneath the synaptic area™®. ln addition, gephyrin plays a
crucial role in- synaptic dynamics and is a platform for multiple pro-
tein-protein interactions and bringing receptors. Thus, we examined
the distribution of gephyrin as an indicator for functional GABA,

receptors in amygdala™, In Lis*** mice, somata and proximal den-
drites of amygdala neurons exhibited a variety of gephyrin clusters

gephyrin clusters in LisI”™ mice were rescued by SNJ1945 treatment
commencing at P18 (Fig. 5b, ). Thus, we concluded that post-natal
treatment of SNJ1945 was effective for recovery of defective network
formation and decreased receptor distribution in.amygdala,

$NJ1945 augmented retrograde transport of nerve growth factor
{NGF} in dorsal root ganglia (DRG) neurons. Neural growth

o
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Figure 5 | Examination of neuronal networks and clustering of GABA receptors. {a) Neural fibers were visualized by the expression of TdTomato
through i wfero gene transfer, Ventral view image of whole brain by fuerescence dissecting microscope (a-2), confocal images atlow {a-b) and high
magnifications of representative fields (a-c} from coronal amygdals {white circle) are shown. (b} Individual image of amygdala neurans. Neural fiber was

visualized by the TdTonmto expression (red), which was decorated by gephyrin chusters (green). Representative images from Lisl™
Lis{™ midce {beb, e} and List = mrice with PLO treatment (h-¢, £) are shown, Noter Lis

* mice {bea, d),
7 mice exhibited poor arbors of neural fiber and decreased

clusters of gephyrin, which were resciied by the treatment of SNJ1945. We examined five independent transfected bralis for each, which were subjected to
serfal cryostat section with 5 um thickness. Statistical examination of branching frequency (¢}, total length of branches {d} and number of gephyrin

clusters fe) was performed.

factorsare crucially important for activity-dependent plastic changes
in synaptic strength and network refinement. We assumed that the
SNJ1945 dependent rescue of neural network formation and receptor
distribution might be attributable to the recovery of retrograde
transport of neural growth factors. Retrograde axonal transport of
nerve growth factor (NGF) signals is critical for the survival,
differentiation, and maintenance of peripheral sympathetic and

sensory neurons and basal forebrain cholinergic’ neurons. To
examine retrograde transport of NGF, we used quantum dots {Qd-
NGF} to track retrograde transport of NGF in cultures of mouse
DRG neurons. Using pseudoTIRE microscopy, we tracked the
movement of Qd-NGF in live DRG neurons in real time®. We
applied non-compartmentalized culturés of DRG neurons, which
displayed both  directional movements of Qd-NGFs. Live-cell
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Figure 6 | Retrograde transport of NGF in DRG nearons. To show that the Qd<NGF complex can be internalized at axon terminals and transported ina
retrograde fashion to newron cell bodies, quanturs dots were conjugated to NGF (Qd-NGE) and incubated with DRG neurons followed by pseudoTIRF
microscope examination. {a} Qd-NGF were internalized and transported to the cell body, White dotted line indicates the contour of DRG neurons. DPRG
neurons fram FGis1 mice (a-a), List™™ pice {a«b} and Lisi®™ mice with PI fréatment (a-¢) are shown, Noge: in LisI™™ mice, Od-NGF dots were
internalized, but aberrantly accunukited at the tips of DRG neurons {red arrowhead). (b Bach percentage of abnormal accumulation was presented as
mean = SEM, n indicates the number of examined DRG neurons. Aberrant accumulation was exclusively observed in in LisT ™~ mice, which was rescued
by SNJ1945 treatment. (¢} Transport dynamics of Qd-NGF containing endosomes. Thme-lapse video images of endosomes are shown. Lapsed time is
shown at the bottom of panel. Retrograde transport (}f Qd-NGF containing endosomesin Lis ™ micewas decreased {e-b). (d) Trajectories of endosomes
from LisT™* mice {d-a}, LisI ™ mice (d-b and LisI* mice with P10 treatment (d-¢) areshown. (&) Number of transported endosomes per DRG neuron
was presented as mean £ SEM. nindicates the number of examined DRG neurons, Note: We found that significant reduction of the frequency in LisI ™
niice, which was rescued by SNJ1945 treatment. {f) Histograms of velocities of fetrograde-directed endosomes. (&) Mean velocities are 0.62 pm/s in
List™™ yoice, 0.6 pnds in LisI™ mice and 0,65 pmds in List™ mice with P10 wreatment, There was no significant differénce in cach group.
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imaging revealed that Qd-NGFs were internalized at axon terminals
and transported in a retrograde fashion to cell badies in DRG neu-
rons from LisI ™ mice (Supplementary movie 1). Importantly, Qd-
NGFs were internalized, but accumulate aberrantly at tips of DRG
neurons from LisI ™" mice (Fig. 6a, b). This aberrant accumulation
was rescued by treatment of SNJ1945 (Fig. 64, b). Our observations
were similar with transport defects perosisomes and endosones in
the genetic absence of Lisl/nudF of filamentous fungus Aspergiflus
nidulans®, Next, we characterized the transport of Qd-NGF contain-
ing endosomes. Kymographs from time-lapse videos of Qd-NGFs
indicated that the retrograde transport of Qd-NGF containing endo-
somes moved in a stop-and-go mannper (Fig. 6¢, d, Supplementary
movie 1), Strikingly, we found that the frequency of retrograde tran-
sport of Qd-NGF containing endosomes was significantly decreased
in DRG neurons from LisI™™ mice (Fig. 6¢,'d, e, Supplementary
movie 2}, whereas the frequency of anterograde transport of Qd-
NGF containing endosomes was not affected (Supplementary Fig,
9). In clear contrast, the velocity of retrograde transport of Qd-NGF
containing endosomes was intact in DRG neurons from LisI ™" mice
{Fig. 6f, g}, which was also consistent with Aspergillus nidulans®™, We
next examined the effect of SNJ1945 in the decreased frequency of
the retrograde transport. Importantly, the treatment of SNJ1945
clearly recovered the defective retrograde transport of Qd-NGF
containing endosomes (Fig. é¢, d, ¢, Supplementary movie 3}, Pre-
sumably, the protection of LIS1 degradation by SNjI945 restored
proper dynein distribution, resulting in the recovery of retrograde
transport of Qd-NGF containing endosomes, which may stimulate
network formation and receptor distribution,

Discussion

SNJ1945 is permeable to the BBB, and was effective in rescuing de-
fects in Lis? ™ mice after treatment commenced perinatally. These
findings suggest that SNJ1945 may be considered for the treatment of
lissencephaly patients postnatally. In support of this, we demon-
strated that SNJ1945 improved behavioral performances and brain
glucose metabolism after treatment ten days after birth without his-
m]cwlmi rescue of brain disorganization. We also demonstrated that
8\11194‘3 stimulated network formation and receptor distribution,
explaining functional rescue by SNJ1945. These functional rescues
are partially attributable to restoration of growth signal, character-
ized by the recovery of retrograde transport of Qd-NGF containing
endosomes. These findings support a potential therapeutic approach
with & novel calpain inhibitor, SNJ1945, in the bunsan ILS patient
that has a LIS} mutation.

Methods

BrdU birthdating and profiferation studies, Al mouse experiments were
performed under the approval frons the experimentad animal committes of Osaka
City University Gradwate School of Medicing or the approval of the experimental
animal committee of Osaka City University Graduate Schaol of Medicine, National
Ingtitute for Physiological Sciences and Fujita Health Usiversity,

For bromodessyuridine (BrdU) experiments, pregaant dams {E15.5) were injected
with BedU {30 pgfg, Lpk and thedistribution of BrdU-positive cells was detesmined
at P35, For pulse tabeling to examine proliferation of neuroepithelial stem cell, preg-
sant dams {E13:5) were injected with Brdlf (150 ugfg, ip.). Subsequently, the
distribution of Brdt-positive cells was determined one hour after injection, The
incorparation of BrdU n cells was detected with a monse anti-BrdU monocional
prisary antibody (Rache) followed by an alkaline phosphatase-confuzated secondary
antibedy {ﬁmhnuger Mannheim], We analyzed three independent mice for each
genotype.

Histological examination and immunohistochemistry. After perfusion with
49%BPA fixative, tissues from wild type and mutant mice were exabedded in paraffin
and sectioned at 3 pum thickness. After é«pamfﬁmtmn endogenous puc;n:ida«f

s blocked by incubating the sections in 1.5% peroxide in methanol for
20 min. The sections were then beiled in .01 MAiter ditrate buffer, pH 6.0, for

20 min and cooled slowly. Before staining, the sections were blocked with rodent
black {LabViston] for 68 min. The sections were washed in PBS and incubated with
an anti-Bro-1 antibody {Sante Cruz).

Celt culture and immunocytochemistry, Human fibroblasts were grown in D-MEM
supplemented with 109 FBS. To inhibit calpain, cells were ncubated with 200 uM
SNFIS43 or control DMSO for 2 hrs. Cells were fixed in 4% PFA in PBS followed by
permealization with 8.2% Triton X-100 in PBS. Coverstips were blocked for one hour
with Block Ace {Yukijirushi) in PBS supplomented with 5% BSA, and were incubated
for { hr in primary antibody, washed, and incubated for 1 heusing Adexa 546-
conjugated secondary antibodies {Molecular Probes}), Pritoary antibodies were an
anti-BCOP antibody (Sgma} and ar antb-DICT antibody {Chemicon},

Behaviora} analysis. LisI™7* mice and 1517 miice that were treated with und
without SNJ1945 were used for behavioral experiments, as described in the higure
fegend for Figure 2a, Lis]"™ wmice had a single £is] mutant allele. In this study mice
wereon an FVE background, All behavioral tests were carried out with male mice that
wergat least 9 weeks old at the start of testing. Raw data from the bebsavioral tests, the
date on which each experiment was performed, and the age of the mice at the tme of
the experiment are shown in the mouse phienotype database (imp W mouse-
phenotype.orgf). Mice were group-housed {four mice per cage) int avoom witha 12 h
Hght/dark cycle (Hights on at 7:00 a.m.) with access to food and water ad fibitum, The
room femperature was kept a1 23 % 2°C, Behavioral testing was performed between
8:00 a1, and 6:00 pan. After the tests, all apparatus were cleaned with diluted sodium
hypochlorite solution 1o prevent 2 bias due to olfactery cues. Three independent
groups of mice were prepared for behavioral tests. One group consisted of equal
numbers of mice. Lis) - mice without treatment, Lis] ™1 Lis]™ mice
without treatment, LisI* B 37 mice with oral adm;ms:rmonimm from E95
{200 pgfe) followed by ol adnnmstmlmn after birth (200 pgrg), LisT¥°pU; Lisl >+~
mice with oral aﬁmamsimmn from peri-natal period (200 pgie) Lis*P10; Lisl*®
mice with oral adsmisisteation from ten days after birth (200 p's). Experiments were
done in the folowing sequences; the first group (12 cach): the general health and
newrological screen including wire hang test (GHNS), light/dark transition (LD},
rotarod {RR} and gait analysis (GA} the second group (16 each): GHNS, LD, RRand
GA; the third group {24 each) GHNS, LD, open field {OF), clevated plus maze (EP),
hat plate (HP), one-chamber social interaction test (813, RR, Crawley’s sociability and
preference for sacial novelty test {C51), stantle response/prepulse inhibition test (PP1),
Parsult forced swim test (PS), fear condilioning test (FZ), tail suspension test {15),
andd social interaction test in home cage {HC-ST). Behavioral data were abtained
automatically by applications based on the public domain inage § program and
maxdifted for cach test'by Tsuyoshi Miyakawa {available through O'HARA & CO.,
‘Fokyo, lapan¥™, Bach bebavioral test was separated from each nther atJeast by 1 day.

Briefly, the rotarod test, u%ing an a(ce!emtim; rotarod (UG Basile Accelerating
Rotarod), was performed by placing mice on rotating drams (3 om diameler} and
measuring the ime each animal w as ableto maittain its balance on the rod, The speed
of the retarod accelersted from 4 1o 40 xpm over 3 S-min petind. Gait amlws was
performed using ventral plane videography as described. Mice were placed on the
treadmiill belt that moves at a speed 0f 247 cais. Digital video images of the
underside of mice were collected at 150 frames per second. The paw area indicates the
temporal placement of the paw relative to the treadmill balt ’ﬁ\g color mages were
converied to their binary matvix equivalents, and the arcas {in pixels) of the
approaching or retreating paws relative 1o the beltand camera were calculated
throughout each stride. Plotting the wrea ol each dighal paw print {paw contact area)
imaged sequentially s time provides a dynamic gait signal, représenting the temparal
record of paw placerent relative to the teadmill belt. For Porsolt forced swimming
test, the apparatus consisted of four plastic clinders {20° ¢ height X 10 cm dia-
meter). The cylinders were filled with water f 2370 up to o height of 7.5 om. Mice
were placed into the cylinders, dand their behavior recorded over a 10-min test periad,
Prata acquisition and analysis were performed antomatically, using Image PS software
{see above), All behavinral testing procedures were approved by the Animal Careand
Use Commitice of National Tostitute for Physielogical Sciences and Fufita Health
University,

MicroPET scan and data analysis. PEY bmaging data were obiained in male mice
£20-36 g} wsing 2 sl animal PET camers {ImicroPET Foens-230, Simens Medical
%v»tema} whxcix iﬂsa ;mm’mai r@&&inﬁou x}f } 4 mm in ﬁﬁi width at half-maximum,
475 mm and a dlice
thickess of &, "’% im. iSefmx:* PET xmmwagg mice wers mtmwzwm}y injected with
SEEDG (approximately 0.3 MBqrg B.W.) through a canmula insersed into the tail
véirtand were kept in their home cage for 30 min for the “F-$DG uptake under fredy
moving condition, Sebsequently, the mice were placed in the small-animal PET
scanner under isoflurane anesthesia (4% Tor induction and 1.5% for maintenance)
with O3 and Ny gas. Static acquisitions were performed during 30 min, PET images
werp reconsiructed vsing a Bltered backprojection {FBP} algorithm, The image data
acquired from microPET ware analyzed by ASIPro VM (ver. 6.0, Concorde
Mums}s:«em 8} and I“yiOD tver. 3.4, PMOD Technologies Lad .} software, The
PET and magnetic resonance {MR) tmages were co-registered using a PMOD
software, MR images were obtained from 14517 mice mé List™ mice used for the
PET study under isoflurane anesthesia witha 7 7 1esta MR scanngr (BioSpec 70/24,
Brukery. Volumetric regions of interest were placed on the several brain regions
{striatum, cerebral coviex, hippocampus, thalames, cerebellum, hypothalamus,
amygdaly, basal fordbrain and septum, brain stem, midbratn, superior colliculi) based
on the MR images, Relative regional “F.FDG uptake was determined by normalized
count daty to those in the swhole beain, Bach value was presented as mean = SEM,
Statistical analysis was performed using the SPSS Statistics Student seftware. Data
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wd using oneway ANOVA fullowed by post hoe Tukey's test for
o among groups. Significance threshold was assumed at P <0905,

WETT QB
GO

In ntero transfection. Expression vectors were inteoduced into fetal brains by an in
utere electroporation-mediated gene twanster method™. Briefly, pregrant mice were
devply nuesthetized on B16.3, and the nterine horns werd exposed: Approximiately
2 p ol TdTomats phsmid solution was injected inte the kateral ventricle from outside
the pteri with a glass micrapipette (GD-1.5, Norishige, Tokyo, Japan). Each embryo in
the nterns was then ploced between the tweezers-type dectrodes described above and
electronic pulses (43 V; 50 msec duration} were applied five times at intervals of
950 msec (GUY21, Bexco Jtd, The werine horns were then placed back into the
abdorinal cavity to allow the embryos to continue normal development. Histological
examination was performed 5 duys afler i ufero infection (P2-P3). Histelogical
wxanvination was performed 33 dGivsafter s were Infection EP305 SNTI043 as applisd
from P10 By oral administration.

Examination of retrograde transport of NGF by prendo TIRY microscope and Hyve
imaging, NGF was corjugated with Q633 via carboxyl grotip substitution by swsing
the coupling reagent L-ethyb-3+{3. dxmuh})xmnaswmpvi} warbodhimide (EDAC
{Pierce Bintech, Rockford, LY. An inverted microscope. {Oinnpus %71 was
modified for ;:wuda} TIRE iffumination, "The kaser beam (488 nm} was focused at the
back focal plane of the obfective lens {ApoN 260, 4% O, Olympus). The incident
angle was adjusted to be siightly sialler thas the eritical angle so that the laser beam
could penetrate =1 g into the squeons sohation, Te image transport of Qd-NGFin
live neuross, DRG nevrons were incabated with Qd- Z\‘"GE’ Fluorescence images were
fittered with o QAE55/15 emission filter. Time-lapse images were acquired ‘%w using an
EMCCD cammera (geM, Hamamatsu photonics) at iiu spead of 51} frovtoies por
second,

FC-MS/MS analysis, The SN1I943 concentiation in the brain was deteriined by
turbe jon spray on wn APT 4000 triple-quadiupole mass spectrometer {Applied
Biosystemst equipped with a furbo fon spray source using muldtiple reaction
monitoring (MRM}. Chromatography was performed on « NANOSPACE 51-2
HPLC system €»mse;t}g} with Shiscido Capeell pak C18 MG-1 colunm, Fhe
extraction of SNJ1945 from the braits and the measuring condition were describied in
the Bterature’,
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SUMMARY

Purpose: Early onset epileptic encephalopathies (EOEEs)
are heterogeneous epileptic disorders caused by various
abnormalities in causative genes including point muta-
tions and copy number variations (CNVs). In this study,
we performed targeted capture and sequencing of a
subset of genes to detect point mutations and CNVs
simultaneously.

Methods: We designed complementary RNA oligonu-
cleotide probes against the coding exons of 35 known
and potential candidate genes. We tested 68
unrelated patients, including 15 patients with previ-
ously detected mutations as positive controls. In
addition to mutation detection by the Genome Analy-
sis Toolkit, CNVs were detected by the relative depth
of coverage ratio. All detected events were

confirmed by Sanger sequencing or genomic micro-
array analysis.

Key Findings: We detected all positive control mutations.
In addition, in 53 patients with EOEEs, we detected |12 path-
ogenic mutations, including 9 point mutations (2 nonsense,
3 splice-site, and 4 missense mutations), 2 frameshift muta-
tions, and one 3.7-Mb microdeletion. Ten of the 12 muta-
tions occurred de novo; the other two had been previously
reported as pathogenic. The entire process of targeted
capture, sequencing, and analysis required | week for the
testing of up to 24 patients.

Significance: Targeted capture and sequencing enables
the identification of mutations of all classes causing
EOEEs, highlighting its usefulness for rapid and compre-
hensive genetic testing.

KEY WORDS: Target capture, Sequencing, Mutation,
Copy number variation, Genetic testing.

Early onset epileptic encephalopathies (EOEEs), occur-
ring before 1 year of age, are characterized by impairment
of cognitive, sensory, and motor development by recurrent
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clinical seizures or prominent interictal epileptiform dis-
charges (Berg et al., 2010). Ohtahara syndrome (OS), West
syndrome (WS), early myoclonic encephalopathy (EME),
migrating partial seizures in infancy (MPSI), and Dravet
syndrome (DS) are the best known epileptic encephalopa-
thies recognized by the International League Against Epi-
lepsy (JLAE; Berg et al., 2010). However, many infants
with similar features do not strictly fit the parameters of
these syndromes.

To date, 11 genes have been shown to be associated with
EOEEs (Mastrangelo & Leuzzi, 2012). The identification of
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causative mutations associated with EOEEs and their
related phenotypes is useful for genetic counseling, and
possibly for management of the patients; however, it is
time-consuming and arduous to screen all known disease-
causing genes one by one using Sanger sequencing or
high-resolution melting curve analysis (Wittwer, 2009). In
addition, copy number variations (CNVs) involving causa-
tive genes can also cause EOEEs (Saitsu et al., 2008; Mei
et al., 2010; Saitsu et al., 2011, 2012b). Array comparative
genomic hybridization (CGH) and multiplex ligation-
dependent probe amplification (MLPA) are well established
for the detection of CNVs; however, it is often difficult for
array CGH to detect small CNVs such as a single-exon
deletion and for MLPA to screen multiple genes at a time
(Schouten et al., 2002; Dibbens et al., 2011; Mefford et al.,
2011; Stuppia et al., 2012). Therefore, an integrated method
that detects both point mutations and CNVs for multiple
genes would be useful for comprehensive genetic testing in
EOEE:.

Recent progress in massively parallel DNA sequencing in
combination with target capturing has facilitated rapid
mutation detection (Ng et al., 2009). It has been reported
that CNVs involving disease-causing genes in patients with
breast or ovarian cancer can be detected by target capture
sequencing using the relative depth of coverage ratio
(Walsh et al., 2010, 2011; Nord et al., 2011). Targeted cap-
ture and sequencing of patients with epileptic disorders has
successfully identified potential disease-causing mutations
in 16 of 33 patients (Lemke et al., 2012), revealing its effi-
cacy for detecting mutations. However, the detection of
both point mutations and CNVs has not been reported in
patients with epilepsy.

In this study, we performed targeted capture and sequenc-
ing of a subset of 35 genes to detect mutations and CNVs
simultaneously in 68 patients with EOEEs. By analyzing
the relative depth of coverage ratio, we were able to detect

microdeletions, in which the numbers of deleted exons
varied from a single exon to all exons of two genes. In
combination with rapid sequencing using a benchtop
next-generation sequencer, our method provides a fast,
comprehensive, and cost-effective method for genetic
testing of patients with EOEE.

METHODS

Patients

We examined 68 patients (36 male and 32 female) with
EOEEs (20 patients with OS, 20 with WS, 3 with EME, 4
with MPSI, 2 with DS, and 19 with unclassified epileptic
encephalopathy). Diagnoses were based on clinical features
and characteristic patterns on electroencephalography. In
15 of 68 patients (10 male and five female), disease-causing
mutations or CNVs had been previously identified in our
laboratory, so these mutations were used as positive controls
(Table 1) (Saitsu et al.,, 2008, 2010a,b, 2011, 2012b,c;
Nonoda et al., 2013). Genomic DNA was isolated from
blood leukocytes according to standard methods. Experi-
mental protocols were approved by the Yokohama City Uni-
versity School of Medicine Institutional Review Board for
Ethical Issues. Written informed consent for genetic testing
was obtained from the guardians of all tested individuals
prior to analysis.

Target capture sequencing and variant detection

A custom-made SureSelect oligonucleotide probe library
(Agilent Technologies, Santa Clara, CA, US.A)) was
designed to capture the coding exons of 35 genes; 5 of them
were potential candidates for EOEEs based on unpublished
data (for a list of the 30 of 35 genes, see Table 2). We
designed 120-bp capture probes with 3x centered probe-
tiling, and avoiding 20-bp overlap to repeat region using the
Agilent e-Array Web-based design tool. To cover regions

Reported mutations or copy number Deletion
Case Sex Chr Genes variants (positive controls) Type size (kb) Refs
SNVs 27 F 9 STXBP| c.1328T>G (p.Met443Arg) Missense Saitsu etal. (2008)
69 M X CASK clA>G Missense Saitsu et al. (2012b)
241 M X CDKLS c.145G>A (p.Glu49Lys) Missense -
Indels 95 M 9 STXBPI ¢.388_389del (p.Leul30AspfsX1 I) Deletion Saitsu et al. (2010a)
313 M X CASK ¢.227_228del (p.Glu76ValfsX6) Deletion -
26 F 9 SPTANI c.6619_6621del (p.Glu2207del) Deletion Saitsu et al. (2010b)
220 M 9 STXBPI c.1381_1390del (p.Lys461GlyfsX82) Deletion -
16 M 9 SPTAN| ¢.6923_6928dup (p.Arg2308_Met2309dup)  Duplication Saitsu et al. (2010b)
309 M 9 SPTANI c.6908_6916dup (p.Asp2303_Leu2305dup)  Duplication Nonodaetal. (2013)
CNVs 12 F 9 STXBPI,SPTANI  Del(9)(q33.33—q34.11) Microdeletion 2150 Saitsu etal. (2008)
22 M 9 STXBP! STXBP | Ex4 deletion Microdeletion 4.6 Saitsuetal (2011)
83 M X CASK CASK Ex2 deletion Microdeletion 1 Saitsu et al. (2012b)
102 F X MECP2 Del(X)(q28) Microdeletion -
204 M 9 STXBPI, SPTANI  Del(9)(q33.33—q34.11) Microdeletion 2850 Saitsu etal. (2011)
214 F X CDKL5 Del(X)(q22.13) Microdeletion 137 Saitsu etal. (2011)
SNVs, single nucleotide variants; Indels, insertion/deletions; CNVs, copy number variations.

Epilepsia, 54(7):1262-1269, 2013
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No. of coding Mean read %bases above 5x %bases above [0x
Gene Cytoband exons depth depth (%) depth (%)
ARHGEF9 Xqll.lqll.2 10 206 100 100
ARX Xp2l1.3 5 44 59.4-94.4 38.7-90.6
CASK Xpll4 27 201 95.9-100 95.9-100
CDKL5 Xp22.13 20 238 100 100
COL4Al 13q34 52 287 98.3-100 98.3-100
COL4A2 13q34 47 190 100 99.1-100
FOXGI 14q12 1 231 86.5-100 81.1-96.4
GABRG2 5q34 1 300 923 923
GRINZA 16pl3.2 13 310 100 100
KCNQ2 20q13.33 17 135 100 97.7-100
MAGI2 7q21.11 22 255 96-98.3 94.5-97.5
MAPKI0 4q21.3 12 304 100 100
MECP2 Xq28 3 217 96.2 96.2
MEF2C 5ql4.3 10 270 100 100
NTNGI 1pi33 9 298 100 100
PCDHI9 Xq22.1 6 212 100 100
PLCBI 20p12.3 32 293 100 100
PNKP 19q13.33 17 208 100 98.5-100
PNPO 17q21.32 7 210 100 100
SCNIA 2q24.3 26 345 100 100
SCN2A 2q24.3 26 323 100 100
SLC25A22 11pl5.5 9 121 100 100
SLC2A1 1p34.2 10 209 100 98.8-100
SNPH 20pl13 4 179 100 100
SPTAN| 9q34.11 56 277 100 100
SRGAP2 1q32.1 20 320 96.6 96.6
ST3GALS 2pll2 8 302 93.6-100 93.6-99.9
STXBPI 9q34.11 20 306 100 100
SYNI Xpl1.23 13 131 93.4-100 81-100
SYp Xpll1.23 6 146 100 99.1-100

where we could not design probes with the above settings,
some probes from the SureSelect Human All Exon 50-Mb
kit (Agilent Technologies) were added to the probe libraries.
A total of 2,738 probes, covering 156 kb, were prepared.
Exon capture, enrichment, and indexing were performed
according to the manufacturer’s instructions. Twenty-four
captured libraries were mixed and sequenced on an Illumina
MiSeq (Illumina, San Diego, CA, U.S.A.) with 150-bp
paired-end reads. Image analysis and base calling were
performed using the Illumina Real Time Analysis Pipeline
version 1.13 and CASAVA software v.1.8 (Illumina) with
default parameters. Sequence reads were aligned to the
reference human genome (GRCh37: Genome Reference
Consortium human build 37) with Novoalign (Novocraft
Technologies, Selangor, Malaysia). After conversion of the
SAM file to a BAM file with SAMtools (Li et al., 2009),
duplicate reads were marked using Picard (http://picard.
sourceforge.net/) and excluded from downstream analysis.
Local realignment around insertion/deletions (indels) and
base quality score recalibration were performed using the
Genome Analysis Toolkit (DePristo et al., 2011). Single-
nucleotide variants (SN'Vs) and indels were identified using
the Genome Analysis Toolkit UnifiedGenotyper and fil-
tered according to the Broad Institute’s best-practice guide-

Epilepsia, 54(7):1262-1269, 2013
doi: 10.1111/epi. 12203

lines v.3 except for HaplotypeScore filtering. We excluded
variants found in 147 exomes from healthy individuals pre-
viously sequenced in our laboratory. Variants were anno-
tated using ANNOVAR (Wang et al.,, 2010). Candidate
disease-causing mutations were confirmed by Sanger
sequencing on a 3500xL Genetic Analyzer (Applied Biosys-
tems, Foster City, CA, U.S.A.). The Human Gene Mutation
Database professional 2012.3 (BIOBASE GmbH, Wolfenb-
uettel, Germany) was used to check whether the variants
had been previously reported.

Copy number analysis using target capture sequence
data

Copy number changes were analyzed based on the rel-
ative depth of coverage ratios (Nord et al., 2011). Raw
coverage on the target regions was calculated by SAM-
tools using BAM files, in which duplicate reads were
excluded. Raw coverage was normalized and corrected
for GC content and bait capture bias. Next, the ratios
were calculated by comparing the sample-corrected cov-
erage to the median-corrected coverage for the other 23
samples. A sliding window (20 bp) was used to identify
CNVs for which the majority of bases had a ratio <0.6
(loss) or >1.4 (gain). We visually inspected the ratio
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data and judged whether the call was true or likely to be
a false positive. A flow chart of our variant detection
and copy number analysis scheme is illustrated in Fig.
S1.

Genomic microarray analysis and cloning of deletion
breakpoints

The microdeletion involving SCNIA and SCN2A was
confirmed using a CytoScan HD Array (Affymetrix, Santa
Clara, CA, U.S.A.) according to the manufacturer’s proto-
col. Copy number alterations were analyzed using the Chro-
mosome Analysis Suite (ChAS; Affymetrix) with NA32
(hg19) annotations. The junction fragment spanning the
deletion was amplified by long polymerase chain reaction
(PCR) using several primer sets based on putative break-
points according to the microarray data. Long PCR was per-
formed in a 20-pl volume, containing 30 ng genomic DNA,
1x buffer for KOD FX, 0.4 mm each dNTP, 0.3 um each
primer, and 0.3 U KOD FX polymerase (Toyobo, Osaka,
Japan). The deletion junction fragments were obtained
using the following primers: #409-F (5'-TCCACAGTTTA-
CAAACATCTTTTCATGG-3") and #409-R (5'-AGAAAT-
TGGCTTGGTCAGTACCAGCA-3") (1.6-kb amplicon).
PCR products were electrophoresed on agarose gels stained
with ethidiom bromide, purified with ExoSAP (USB
Technologies, Cleveland, OH, U.S.A.), and sequenced with

BIGDYE TERMINATOR CHEMISTRY v.3 according to
the manufacturer’s protocol (Applied Biosystems).

RESuULTS

Target capture sequencing yielded an average of 26 Mb
per sample (range 17-41 Mb per sample) on the target
regions, resulting in an average read depth of 255 (range
across all samples: 173-437). The coverage of the protein-
coding sequences of the 30 target genes is shown in Table 2.
Overall, 98.6% of targeted coding sequence bases were
covered by 10 reads or more; however, some genes such
as ARX and FOXGI were less well covered because of
embedded repeat sequences (Fig. S2). To validate the
performance of target capture sequencing for detecting
mutations and CNVs, we analyzed 15 samples in which
disease-causing mutations or microdeletions had been iden-
tified previously in our laboratory (Saitsu et al., 2008,
2010a,b,2011,2012b; Nonoda et al., 2013). All nine control
point mutations and six control microdeletions were detected
(Table 1; Fig. 1). These data indicate that our target capture
sequencing method was able to detect both point mutations
and microdeletions, including deletion of a single exon.

Examination of 53 previously unresolved EOEE patients
by targeted capture and sequencing revealed mutations in
12 patients (Table 3). Every patient harbored a different

A Relative Depth of Coverage Ratio
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Figure I.

Detection of three known microdeletions by target capture sequencing. (A) Relative depth of coverage ratio for patient | 2. Coverage
ratios for each target gene are indicated by different colors. A microdeletion including STXBP/ and SPTAN is clearly observed. (B, C)
Relative depth of coverage ratio for patient 214 in the CDKL5 region and patient 22 in the STXBP/ region, respectively. Black vertical
lines indicate exons and horizontal lines indicate introns (top). Red vertical lines show bait regions that were judged to be “deleted.” A
number of exons of CDKL5 were deleted in patient 214 (bidirectional arrow in B), and a single exon of STXBP[ was deleted in patient
22 (arrow in C).
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Deletion
Case Sex Diagnosis Chr  Gene Mutation Type size (kb) Inheritance References
SNvs 329 M OS/EME 9 STXBPI  c.247-2A>G Splice site De novo -
402 M (O 9 STXBPI  c902+1G>A Splice site De novo Milh etal.
(2011)
423 F oS 9 STXBPI  c246+1G>A Splice site De novo -
403 F MAEorDS 2 SCNIA  c.580G>A (p.Asp!94Asn) Missense Not found in Mancardietal.
the mother (2006)
415 F EOEE 2 SCNIA  c.3714A>C (p.Glui238Asp) Missense Not determined  Harkin etal.
(2007)
416 M EOEE X CDKL5  ¢.533G>A (p.Argl78GIn) Missense De novo Liang etal.
(2011)
418 F WS, severe 2 SCN2A  ¢.632G>A (p.Gly211Asp)in Missense De novo -
hypotonia NM_001040143 (variant 3)
244 F Epilepsy X CASK c.55G>T (p.Gly19X) Nonsense De novo -
+ PCH
404 F EOEEs X MECP2  c.844C>T (p.Arg282X) Nonsense De novo -
Indels 336 F os 9 STXBPI  c.1056del (p.Asp353ThrfsX3) Deletion De novo -
397 F DS 2 SCNIA  ¢.342_344delinsAGGAGTT  Deletion— De novo -
(p.Phel I4LeufsX6) insertion
CNV 409 F MPSI 2 SCN2A,  Microdeletion Microdeletion 3,726 De novo -
SCNIA
OS, Ohtahara syndrome; EME, early myoclonic encephalopathy; MAE, myoclonic astatic epilepsy; DS, Dravet syndrome; WS, West syndrome; PCH, pontocere-
bellar hypoplasia; MPSI, malignant migrating partial seizures in infancy; SNVs, single nucleotide variants; CNVs, copy number variations; EOEEs, early onset epileptic
encephalopathies.

mutation. Of these 12 mutations, 9 were single-nucleotide
variants (2 nonsense, 3 splice-site, and 4 missense muta-
tions) and two were small indels leading to frameshifts. The
other mutation was a microdeletion. All these 11 point
mutations were confirmed by Sanger sequencing. Four of
the mutations (STXBPI c.902+1G>A, SCNIA ¢.580G>A,
SCNIA ¢.3714A>C, and CDKL5 ¢.533G>A) have been
reported in individuals with EOEESs, so are recurrent (Man-
cardi et al., 2006; Harkin et al., 2007; Azmanov et al.,
2010; Liang et al., 2011; Milh et al., 2011). Nine of the 11
mutations occurred de novo. The other two could not be
tested because the paternal sample for one patient (SCNIA
¢.580G>A) and parental samples for another patient
(SCN1A ¢c.3714A>C) were unavailable.

CNV analysis of the 53 patients revealed a microdeletion
involving SCNIA and SCN2A at 2q24.3 in patient 409
(Fig. 2A). To investigate this mutation further, we per-
formed genomic microarray analysis and identified an
approximately 3.7-Mb microdeletion (Fig. 2B). The dele-
tion contained 13 RefSeq genes including SCN2A and
SCNIA. Breakpoint-specific PCR analysis of the patient
and her parents confirmed that the rearrangement occurred
de novo (Fig. 2C). The sequence of the junction fragment
confirmed a 3,726,029-bp deletion (chr2: 164,420,771—
168,146,801) (Fig. 2D).

Di1SCUSSION

Several bench-top high-throughput sequencing platforms
are now available (Glenn, 2011; Loman et al., 2012; Quail

Epilepsia, 54(7):1262-1269, 2013
doi: 10.1111/epi.12203

et al., 2012). We selected Illumina MiSeq because it
provides reasonable sequence throughput (1.6 Gb per run),
a low error rate, a short run time (27 h), and sufficiently
long reads (150 bp). We captured genomic DNA fragments
of target genes by 3 tiling complementary RNA oligonu-
cleotide probes (Nord et al., 2011) and sequenced 24 sam-
ples per MiSeq run, achieving sufficient coverage (a mean
read depth of 255) over the target regions. This high cover-
age enabled us to detect point mutations and CNVs simulta-
neously, and long reads enabled us to detect small indels
(Krawitz et al., 2010). Mapping by Novoalign, we were
able to detect indels ranging in size from a 10-bp deletion to
a 9-bp duplication.

By evaluating depth of coverage ratios (Nord et al.,
2011), we detected six control microdeletions and one novel
microdeletion, ranging in size from 4.6 kb to 3.7 Mb. To
date, CNVs causing EOEEs have been analyzed by array
CGH and MLPA (Mulley & Mefford, 2011). Array CGH
can detect genome-wide CNVs, but its standard resolution
is relatively low (>10 kb). On the other hand, MLPA can
detect CNVs in specific genes, including single exon dele-
tions; however, it is difficult to screen many genes at a time
because MLPA is limited to 50 target exons per reaction
(Stuppia et al., 2012). In addition, copy number analysis
using MLPA can be affected by single nucleotide variants
and indels in regions corresponding to the MLPA probes
(Stuppia et al., 2012). In contrast, targeted capture and
sequencing can analyze all targeted genes to detect muta-
tions and CNVs simultaneously. CNVs as small as a single
exon can be identified. Because all the procedures—from
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Figure 2.

A 3.7-Mb microdeletion including SCN2A and SCN/A in patient 409. (A) Relative depth of coverage ratio for patient 409 indicates a
microdeletion encompassing SCN2A and SCN/A. Different colors distinguish the target genes. (B) The array profile clearly shows a
3.7-Mb microdeletion at 2q24.3 in this patient. Thirteen RefSeq genes, including SCN2A and SCN A, lie within the microdeletion (bot-
tom). (C) Breakpoint-specific PCR analysis of the patient’s family. Primers flanking the deletion were able to amplify a [,607-bp prod-
uct from the patient only, indicating that the translocation occurred de novo. (D) Deletion junction sequence. The top, middle, and
bottom strands show the proximal, deleted, and distal sequences, respectively. A single inserted nucleotide (colored in red) was iden-

tified at the breakpoint.
Epilepsia © ILAE

the capture of target genes to the detection of mutations and
CNVs—can be done within a week, our workflow provides
a fast, sensitive, and comprehensive genetic testing method
for patients with epilepsy.

Whole-exome sequencing will reveal novel mutations in
unexpected genes in patients with EOEEs. For example,
KCNQ?2 mutations, which cause benign familial neonatal
seizures (Biervert et al., 1998; Charlier et al., 1998), were
identified in patients with OS by whole exome sequencing
(Saitsu et al., 2012a). Similarly, screening known and
potential candidate genes in patients with EOEEs will reveal
novel mutations in unexpected genes, in addition to muta-
tions in well-known genes.

In our target capture analysis, some exons of genes such
as ARX and FOXGI were insufficiently sequenced because
repeat sequences hampered the design of capture probes.
Repeat sequences also interfere with appropriate mapping of

sequence reads, resulting in low coverage. For these exons,
Sanger sequencing should be added for complete analysis.
In conclusion, a rapid and efficient system of target
capture sequencing can be applied to the comprehensive
genetic analysis of EOEEs. Point mutations, small indels,
and CNVs are all detected by this method, confirming
the potential of this approach for efficient genetic testing.
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Abstract

This paper documents the case of z female Jupuanese patient with infantile focal epilepsy, which wus different from benign infan-
tile sefzures, and a family history of infantile convulsion and paroxysmal choreoathetosis. The patient developed partial seizures
{e:g., psychomotor arrest) at age 14 months. At the time of onset, interictal clectroencephalography (EEG) showed bilateral pari-
etotemporal spikes, but the resuits of neurologic examination and brain magnetic resonance imaging were normal. Her scizures were
well controlied with carbamazepine, and she had a normal developmental outcome. EEG abnormalities, henwever, persisted for more
than 6 years, and the spikes moved transiently to the occipital arca and began to resemble the rolandic spikes recognized in benign
childhood epilepsy. Her father had paroxysmal kinesigenic dyskinesia, with an onset age of 6 years, and her youngest sister had typ-
wal benign infantile seizures. Genetic analysis demonstrated that all affected members had 2 heterozygous mutation: of
¢.649_650mnsC in the proline-rich transmembrane protein-2 {(PRRT2) gene. This case indicates that the phenotypic spectrum of
infantile seizures-or epilepsy with PRRT2-related pathology may be larger than previously expected, and that genetic investigation
of the effect of PRRT2? mutations on idiopathic seizures or epilepsy in childhood may help elucidate the p&tha!(}"tﬁd backgrounds of
benign childhood epilepsy. '
© 2013 The Japunese Society of Child Neurology. Published by Elsevier B.V. All rights reserved.

Keywords: Infantile focal epilepsy: Paroxysmal kinesigenic dyskinesiay Infantile convulsion and paroxysmal choreoathetosis (JCCAY PRRT2:
Mutation; ¢.649_630insC

1. Introduction tigations discovered several subtypes of benign infantile

seizures (BIS), including 4 genetically different types of

Close observation and examination of patients with
infantile seizures has established the existence of a clini-
cally benign type of infantile selzure [1-3], Further inves-
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benign familial infantile seizures (BFISI-4), benign
non-familial infantile scizures, benign infantile seizures
associated with mild gastroenteritis, and benign infantile
focal epilepsy with midline spikes and waves during sleep
(BIMSE) [4]. In 2011-2012, mutations in the proline-vich
transmembrane protein-2 (PRRTZ) gene were found to
be responsible for paroxysmal kinesigenic dyskinesia
(PK.D; OMIM: 1282003, BFIS2, and infantile convulsion

2013 The Japanese Soclety of Child Newrology. Published by Elsevier BV, All rights reserved,
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and paroxysmal choreoathetosis (ICCA; OMIM:
602066} [5-10]. Despite these advances in the identifica-
tion of related genetic mutations, the entire clinical spec-
trum of PRRTZ-related diseases has not been fully
elucidated.

This report presents the case of a female Japanecse
patient with infantile focal epilepsy with parietotemporal
spikes and a significant family history of 1CCA. Her
father and voungest sister had PKD and typical BIS,
respectively { Fig. 1}, All aflected members had the
PRRT2 mutation ¢.649_630insC, frequently found in
patients with BFIS2 and TCCA [61. This case suggests
underlying contribution of PRRT2 1o the development
of paroxysmal discases with stronger effects than previ-
ously expected.

2. Case report

The female patient (identified as 13-1 in Fig. 1) was the
first child of non-consanguineous Japanese parents. She
was born vin spontanecous vaginal delivery at 41 weeks
‘gestation, without asphyxia. At birth. she weighed
2876 g and her head cireumference was 33.0 em. She
developed normally, could control her head at 3 months,
sit alone at 7 months, walk at 13 months, and speak «
word at 12 months. At 14 months, she developed sud-
den-onset eye rolling and cyanosis that lasted for
I min. This episode was thought to represent 4 seizure,
and she had a similar episode 11 days later. Newrologic
examination and brain magnétic resonance imaging
results were normal. Imterictal electroencephalography
(EEG) during sleep revealed multifocal spikes in the
bilateral centrotemporal arcas {(Fig. ZA). At 13 months,
she developed sudden-onset staring associated with turn-
ing her head to the left, which progressed to a generalized
tonic seizure that lasted for 3 min. Treatment with car-
bamazepine was initiated at that tinse, Seizures were well

15 Ep

{not BIS}

PRC B

Not PKC, BIS, Ep

Fig. 1. Family pedigree. The proband (I1-1) with epilepsy was the first
child of Bt with PKD. His third ¢hild {11-3) had BIS. PKD:
paroxysmal Kinesigenic dyskinesia, BIS: benign infantile seizure, Ep:
epilepsy.

controlled by the medication, but the EEG abnormalities
continued over 6 years and gradually changed to bilat-
eral spikes similar to the rolandic spikes recognized in
benign childhood epilepsy (Fig. 2B-D). At age 7 years
and 10 months, the patient went off the medication and
subsequently had a generalized seizure,

The father of the present patient (identified as I-1 in
Fig. 1) had PKD. His dyskinetic movements began at

age 6 years, but EEG at that time revealed no paroxys-

mal discharges. His development was normal with no
developmental or neurologic problems and no febrile
seizures since birth., His paroxysmal movements were
well controlied with carbamazepine.

The youngest sister of the patient (identified as 1¥-3 in
Fig, 1) had 2 focal seizures at age 6 months. Again, her
sister developed normally, without developmental or
neurologic problems, and EEG did not show apparent
epileptic discharges. After the focal seizures, carbamaze-
pine therapy was initiated. She continued carbamazepine
thereafter and continued to develop normally, with no
further seizures,

After obtaining informed consent, the PRRT2 genc
was sequenced using DNA extracted {rom the peripheral
blood of affected family members. A heterozygous frame-
shift mutation, ¢.649_650insC, was detected, resulting in
p.Arg217Profs"8 (Fig. 3).

3. Discussion

The findings in this case indicate that epilepsy or sei-
zures other than BIS could be associated with a PRRTZ
mutation, This association is supported by a few previ-
ous reports describing patients having & PRRT2 muta-
tion with epilepsy, including absence epilepsy [6.7]
The moleculur function of the encoded protein PRRT2
has not been fully defined, PRRT2 is likely expressed
in the brain and spinal cord in the embryonic and post-
natal stages of development [5,6,8] PRRT2 is thought
o interact with a 25-kDa synaptosomal-associated pro-
tein (SNAP25) [8] SNAP25 is a part of the soluble N-
ethylmaleimide-sensitive  factor  attachment protein
receptor (SNARE) proteins, which fuse synaplic vesicles
to the presynaptic plasma membrane and release neuro-
transmitters. Defects in synaptic functions are predicted
to be associated with brain disorders, including epilepsy,
and PRRT2 dysfunction may disturb nerve conduction
in the central nervous systent and cause various types
of paroxysmal diseases. The current case indicates that
there may be a larger phenotypic spectrum of infantile
seizures or epilepsy, with PRRTZ2-elated molecular
pathology. than previously expected. Future investiga-
tions should explore the involvement of PRRT2 in the
pathology of paroxysmal disorders.

However, the current case may be a rarve case with a
PRRT2 mutation incidentally occurring with other epi-
feptic backgrounds. Despite considerable phenotypic
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Fig. 2. Interictal BEG recordings of the patient. Interictal FEG data revealed multifocal spikes at the P3 and T4 areas at age ¥ year {A), at C3-T3
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similar to rolandic spikes.
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Fig. 3. Direct sequencing analysis of the proband {T1-1) reveals a
heterozygous muttation of PRRT2: ¢.648_630insC. The ingertion of €
al position 649 changed the reading frame, resulting in the production
of an altered protein,

similarity between the current patient’s epilepsy and BIS
{i.e., family history of seizures, normal development
prior to onset, no underlying disorders or neurologic
abnormalities, partial seizures [e.g., psychomotor arrest],
and a normal developmental outcome), she presented
with some features that differ from most patients with
BIS. Most notably, the patient had persistent spikes on
interictal EEG, which differs with respect to the focation
and chronologic course of spike discharges, from both
patients with BIS and those with BIMSE. In particular,
in the aurrent patient, the spikes moved transiently to
the occipital area and began to resemble the rolandic

spikes recognized in benign childhood epilepsy with
centrotemporal spikes and Panayiotopoulos syndrome.
Hence, it is possible that the current patient incidentally
has the pathological background of benign childhood
epilepsy. However, this background remains to be fully
understood. Genetic investigations of the effects of
PRRT2 mutation on idiopathic childhood-onset seizares
or epilepsy may help clucidate the association between
PRRT2-related pathology and the epileptic background
of benign childhood epilepsy.
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Abstract

Rationale: Atypical benign partial epilepsy (ABPE) is characterized by centro-temporal electroencephalography (EEG) spikes,
continuous spike and waves during sleep (CSWS), and multiple seizure types including epileptic negative myoclonus (ENM), but
not tonic seizures. This study evaluated the localization of magnetoencephalography (MEG) spike sources (MEGSSs) to investigate
the clinical features and mechanism underlying ABPE. Methods: We retrospectively analyzed seizure profiles, scalp video EEG
(VEEG) and MEG in ABPE patients. Results: Eighteen ABPE patients were identified (nine girls and nine boys). Seizure onset ran-
ged from 1.3 to 8.8 years (median, 2.9 years). Initial seizures consisted of focal motor seizures (15 patients) and absences/atypical
absences (3). Seventeen patients had multiple seizure types including drop attacks (16), focal motor seizures (16), ENM (14),
absences/atypical absences (11) and focal myoclonic seizures (10). VEEG showed centro-temporal spikes and CSWS in all patients.
Magnetic resonance imaging (MRI) was reported as normal in all patients. MEGSSs were localized over the following regions: both
Rolandic and sylvian (8), peri-sylvian (5), peri-Rolandic (4), parieto-occipital (1), bilateral (10) and unilateral (8). All patients were
on more than two antiepileptic medications. ENM and absences/atypical absences were controlled in 14 patients treated with
adjunctive ethosuximide. Conclusion. MEG localized the source of centro-temporal spikes and CSWS in the Rolandic-sylvian
regions. Centro-temporal spikes, Rolandic-sylvian spike sources and focal motor seizures are evidence that ABPE presents with
Rolandic-sylvian onset seizures. ABPE is therefore a unique, age-related and localization-related epilepsy with a Rolandic-sylvian
epileptic focus plus possible thalamo-cortical epileptic networks in the developing brain of children.
© 2013 The Japanese Society of Child Neurology. Published by Elsevier B.V. All rights reserved.
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1. Introduction

Atypical benign partial epilepsy in childhood (ABPE)
initially presents with the following signs and symptoms:
(i) onset age of 2.5-6 years; (il) multiple seizure types
including focal motor, atypical absences and myoclonic-
atonic seizures; (iii) electroencephalography (EEG)
showing central and mid-temporal spikes and diffuse slow
spike-wave activities during drowsiness or sleep; and (iv)
normal development or mild mental retardation [1].
Despite multiple seizure types and slow spike and waves
on EEG, ABPE is distinguished from Lennox—Gastaut
syndrome by its characteristic spontaneous remission,
lack of tonic seizures or developmental delay, and normal
awake EEG background activity. Since hemi-convulsive
seizures during sleep and contralateral/bilateral centro-
temporal epileptiform discharges are present at the begin-
ning, the electro-clinical findings of ABPE are indistin-
guishable from those of benign epilepsy with centro-
temporal spikes (BECTS) [2-5]. BECTS is the most
well-recognized, age-related idiopathic focal epilepsy
with occasional epileptic seizures despite frequent cen-
tro-temporal spikes on EEG. In contrast, ABPE patients
tend to develop atypical absences or myoclonic-atonic
seizures during the course of their condition. Tovia
et al. [6] showed that 0.5% of patients with BECTS were
categorized as atypical variants, while Doose et al. [7]
found that 29% of the relatives of ABPE patients had
some abnormal activities on EEG. Finally, Gobbi et al.
[8]reviewed several subtypes of idiopathic focal epilepsies
to categorize ABPE as a “Rolandic epilepsy-related disor-
der”; these age-related epilepsies including ABPE and
BECTS were attributed to a maturational continuum
with different manifestations.

Epileptic negative myoclonus (ENM) is one of the
characteristic seizure patterns in ABPE. Oguni et al.
[6] analyzed the ictal EEG findings of ENM and demon-
strated generalized, bilateral synchronous discharges,
while ictal magnetoencephalography (MEG) of an
ABPE patient showed that the spike sources of ENM
were localized at the peri-sylvian region [7].

MEG is a relatively new clinical technique that uses
superconducting  quantum  interference  devices
(SQUIDs) to measure and localize sources of extracranial
magnetic fields generated by intraneuronal electric cur-
rents. Current MEG machines have a whole-head array
of more than 100 sensors contained within a helmet-
shaped Dewar, which effectively covers most of the brain
surface. MEG has been increasingly used for localization
of the epileptic zone and functional mapping in epilepsy
patients. MEG in BECTS patients showed spike sources
with an anterior—posterior oriented perpendicular to the
Rolandic fissure [8,9]. No case series of ABPE have thus
far used MEG to localize epileptic spike sources.

We conducted a multi-center study to collect clinical,
EEG and MEG findings in ABPE patients, with MEG

used to characterize the spike sources (MEGSSs) in
ABPE. We hypothesize that the epileptic network in
ABPE is localized in both the Rolandic-sylvian cortex
and thalamo-cortical networks, based on their unique
clinical and electrophysiological features.

2. Patients and methods

We collaborated with four institutions on this study:
the Department of Pediatrics, Hokkaido University
School of Medicine (HU); Department of Pediatrics,
Tohoku University School of Medicine (TU); Depart-
ment of Pediatrics, National Center of Neurology and
Psychiatry (NCNP), Japan; and the Division of Neurol-
ogy, The Hospital for Sick Children (HSC), Toronto,
Ontario, Canada.

2.1. Patients

We studied 18 patients with ABPE (nine females and
nine males). We diagnosed ABPE according to the triad
of diagnostic criteria as follows: (1) focal motor seizures,
absences/atypical absences, atonic seizures including
ENM, myoclonic seizures and drop attacks described
by parents; (2) EEG findings of central and middle tem-
poral spikes and generalized slow spike-wave activity
during drowsiness or sleep similar to continuous spike
and slow waves during sleep (CSWS); (3) normal devel-
opment or mild mental retardation during the clinical
course.

2.2. FEG

Scalp video EEGs were recorded using the interna-
tional 10-20 electrode placement system and electromy-
ography (EMG) electrodes for bilateral deltoid muscles
to capture ENM. Awake and sleep EEGs were recorded
in all patients.

2.3. MEG and magnetic resonance imaging

Initial MEG studies were conducted at the onset of
ENM. Seven patients had multiple MEG studies up to
six times. Parents or guardians of all patients provided
written informed consent for the MEG studies. MEG
and EEG were done in a magnetically shielded room.
MEG was recorded using a system with 306 SQUIDs
(Vectorview; Elekta-Neuromag Ltd., Helsinki, Finland)
at HU, NCNP and TU, and with an Omega system
(151 channels, VSM MedTech Ltd., Port Coquitlam,
BC, Canada) at HSC. MEG data were recorded with a
band pass filter of 0.03-133 Hz at HU, NCNP and TU,
and of 1-208 Hz at HSC. Sampling frequency was
400 Hz at HU, 600 Hz at NCNP and TU, and 625 Hz
at HSC. EEGs were recorded using the international
10-20 system, with additional electrocardiogram (ECG)



