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Figure 5. Evaluation of Go,-Mediated
Signaling in NG108-15 Cell Calcium-
Current Generation

(A) Representative traces of voltage-
gated calcium currents generated in
NG108-15 cells expressing WT (left) or
p-Thr191_Phel97del altered (right) Goos.
Black and red traces represent the currents
before and 3 min after application of
10 uM norepinephrine, respectively.

(B) Current densities of the calcium cur-
rents before norepinephrine treatment in
cells expressing WT or altered Go,;. Scatter
plots represent the densities in individual
cells. Red squares and bars represent the
means and SEMs, respectively, of the
densities in individual cell groups (WT,
n = 8; p.Gly203Thr, n = 7; p.Asp174Gly,
n 8; p.Thr191_Phel97del, n 7;
* plle279Asn, n 7). Compared with
that in cells expressing WT Goy;, the
current density in cells expressing
p-Thr191_Phel97del increased signifi-
cantly (*p < 0.05 by Dunnett’s post
hoc test). The densities in the cells express-
ing other altered proteins did not vary

Control
Norepinephrine

200 pA

L]

o O n .
’\@ .é@@ o significantly.
< A . . .
R R (C) Comparison of norepinephrine-
& induced inhibition of calcium currents in
L&

e cells expressing altered Ga,;. Each error
bar represents the mean and SEM of
the percent decrease in current density

induced by application of 10 pM norepinephrine. Paired t tests indicated that the inhibition induced by norepinephrine was significant
in cells expressing WT (n = 8) and p.Gly203Thr (n = 7), p.Asp174Gly (n = 8), and p.lle279Asn (n = 7) altered proteins (**p < 0.01 and
*p < 0.05), but not in cells expressing p.Thr191_Phel197del (n = 7). Although there was some tendency for decreased inhibition in cells
expressing altered proteins, the tendency did not reach statistical significance compared with that in WT-expressing cells (p = 0.41 by

ANOVA).

and p.Asp174Gly) also showed weak signal in the cytosol,
suggesting that localization to the plasma membrane was
variably impaired in three altered proteins. Measurement
of voltage-dependent calcium currents in NG108-15 cells
also suggested impaired functions of altered Go,;. The
p.Thr191_Phel97del alteration significantly increased the
basal calcium-current density, and compared with WT-
expressing cells, cells expressing one of the three substitu-
tions (p.Thr191_Phel97del, p.Asp174Gly, or p.Gly203Thr)
showed a tendency towards weaker inhibition of
calcium currents by norepinephrine. All these data suggest
that the four GNAOI mutations might cause loss of Gaoy
function.

Our experimental data suggest that Ga,, function might
be most severely affected in the p.Thr191_Phel97del
altered protein. This appears to be correlated with the
severity of clinical features because individual 3 showed
both OS and involuntary movements and indeed died
during the infantile period. Therefore, she might have
had the most severe phenotype caused by a GNAOI muta-
tion. Another interesting finding is somatic mosaicism of
the ¢.521A>G (p.Asp174Gly) mutation in individual 2,
in whom approximately 35%-50% of cells harbored the
mutation. Somatic mosaicism of responsive genes in infan-
tile epilepsy, such as SCNIA (MIM 182389) and STXBP1,
have been reported, explaining the presence of unaffected

or mildly affected transmitting parents.**3! However,
individual 2 showed OS, delayed myelination, and thin
corpus callosum. Although we did not determine the
mosaic rate in brain tissues, the presence of 35%-50% of
cells harboring the GNAOI mutation in the brain might
be sufficient to cause abnormal brain development.

It has been reported that activation of G-protein-coupled
ap adrenergic receptors by norepinephrine attenuates
epileptiform activity in the hippocampal CA3 region.>*
Ga,, is known to be involved in this response,* suggesting
that alteration of pathways mediated by «, adrenergic
receptor and Ga, might contribute to the pathogenesis
of epilepsy. Because calcium-current inhibition is a well-
known consequence of Go,-mediated signaling induced
by norepinephrine, it is possible that epileptic seizures
associated with GNAOI mutations might be improved
by calcium-channel modulators. For example, pregabalin
and gabapentin act as selective calcium-channel
blockers,**** and topiramate modulates high-voltage-
activated calcium channels in dentate granule cells.*
Because our four individuals were not treated with these
drugs, it is worth administrating these three drugs for
examining putative protective effects.

In conclusion, de novo heterozygous GNAOI mutations
were identified in four individuals with epileptic encepha-
lopathy. Furthering our understanding of abnormal
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Go,-mediated heterotrimeric G protein signaling might
provide new insights into the pathogenesis and treatment
of epileptic encephalopathy.

Supplemental Data

Supplemental Data include two figures, three tables, and one
movie and can be found with this article online at http://www.
cell.com/AJHG.
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Clinical spectrum of SCN2A mutations

expanding to Ohtahara syndrome

ABSTRACT

Objective: We aimed to investigate the possible association between SCN2A mutations and early-
onset epileptic encephalopathies (EOEES).

Methods: We recruited a total of 328 patients with EOEE, including 67 patients with Ohtahara
syndrome (OS) and 150 with West syndrome. SCN2A mutations were examined using high res-
olution melt analysis or whole exome sequencing.

Results: We found 14 novel SCN2A missense mutations in 15 patients: 9 of 67 OS cases (13.4%), 1. of
150 West syndrome cases (0.67%), and 5 of 111 with unclassified EOEEs (4.5%). Twelve of the
1.4 mutations were confirmed as de novo, and all mutations were absent in 212 control exomes. A de
novo mosaic mutation (¢.3976G>C) with a mutant allele frequency of 18% was detected in one
patient. One mutation (c.634A>G) was found in transcript variant 3, which is a neonatal isoform. All
9 mutations in patients with OS were located in linker regions between 2 transmembrane segments. In
7 of the 9 patients with OS, EEG findings transitioned from suppression-burst pattern to hypsarrhyth-
mia. All 15 of the patients with novel SCN2A missense mutations had intractable seizures; 3 of them
were seizure-free at the last medical examination. All patients showed severe developmental delay.

Conclusions: Our study confirmed that SCN2A mutations are an important genetic cause of OS.
Given the wide clinical spectrum associated with SCN2A mutations, genetic testing for SCN2A
should be considered for children with different epileptic conditions. Neurology® 201.3;81:992-998

GLOSSARY

BFNIS = benign familial neonatal-infantile seizures; DS = Dravet syndrome; EOEE = early-onset epileptic encephalopathy;
HRM = high resolution melt; OS = Ohtahara syndrome; WES = whole exome sequencing; WS = West syndrome.

Early-onset epileptic encephalopathies (EOEEs) include Ohtahara syndrome (OS), early myoclonic
epileptic encephalopathy, West syndrome (WS), Dravet syndrome (DS), and other diseases.>* OS is
characterized by an early onset of spasms, mainly in the neonatal period, intractable seizures, and a
suppression-burst pattern on EEG.> WS is characterized by spasms, an EEG finding termed hyp-
sarthythmia, and arrest of psychomotor development.* De novo mutations in STXBPI, KCNQ?2,
CDKL5, ARX, and SPTANI are known causes of OS and WS.5-!

Voltage-gated sodium channels consist of 1 o subunit and 1 or 2 8 subunits. The o subunit
forms a pore structure, and is composed of 4 domains (domains I-IV), each containing 5
hydrophobic segments (S1, S2, S3, S5, S6) and 1 positively charged segment (S4).'* The
voltage-gated sodium channel repertoire in humans includes 9 o subunits (Na,1.1-Na,1.9).
Na,1.1, Na,1.2, Na,1.3, and Na,1.6, encoded by SCNIA, SCN24, SCN34, and SCN8A4,
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respectively, are highly expressed in the human

brain,'? and mutations can cause epilepsies and

psychiatric disorders.'

Most SCN2A mutations cause benign pheno-
types such as benign familial neonatal-infantile
seizures (BFNIS),'® and are usually inherited
from an affected parent. In contrast, several de
novo SCN2A mutations have been reported to
cause more severe phenotypes,****** suggesting
a possible involvement in severe epileptic
encephalopathies.

To elucidate the genetic basis of OS, we per-
formed exome sequencing and found a de novo
SCN2A mutation. Subsequently, we screened
patients with EOEE for SCN2A mutations,
and found that de novo SCN24 mutations con-
tributed to the development of severe epileptic
encephalopathies.

METHODS Patients. A total of 328 patents with EOEE (67
patients with OS, 150 with WS, and 111 with undlassified EOEE)
were analyzed for SCN24 mutations. The 67 padents with OS con-
sisted of 44 Japanese and 23 non-Japanese (from other countries). The
diagnosis was made based on dlinical features and characteristic par-
terns on EEG. In 257 patients, mutations in STXBPI and KCNQ2
had been excluded by high resoludon melt (HRM) analysis in
advance. Mutation analysis was performed by HRM analysis or direct
sequencing, and 41 of the 328 patients (32 with OS, 4 with WS, and
5 with unclassified EOEEs) were also analyzed by whole exome
sequencing (WES). We obrained detailed clinical dara from all patients
with SCN24 mutations, including brain MRI/CT and EEG findings.

Mutation screening. Genomic DNA was obwmined from periph-
eral blood leukocytes by standard methods. DNA for muration
screening was amplified using the Ilustra GenomiPhi V2 DNA
Amplification Kit (GE Healthcare Japan, Tokyo, Japan). Muration
screening of exons 2 to 27 (including exon GA) covering the SCN24
coding regions (transcript variant 1, NM_021007.2) and exon 6N
of transcript vatiant 3 (NM_001040143.1) was performed by
HRM analysis or by direct sequencing of part of exon 27. The
DNA of patient 10 from nails and hairs was isolared using ISO-
HAIR (Nippon Gene, Tokyo, Japan), and DNA in saliva was iso-
lated using Oragene (DNA Genotek, Kanata, Canada). Real-ime
PCR and subsequent HRM analysis were performed using a Light
Cycler 480 {Roche Diagnostics, Otsu, Japan). Samples showing an
aberrant melting curve in the HRM analysis were sequenced. PCR
primers and conditions are shown in table e-1 on the Neurology®
Web site ar www.neurology.org. All novel murations were verified
using original genomic DNA, and searched for in the varant

darabase of our 212 in-house control exomes.

‘Whole exome sequencing. DNAs were captured using the Sure-
Select” Human All Exon v4 Kit (Agilent Technologies, Santa Clara,
CA) and sequenced with 4 samples per lane on an Ilumina HiSeq
2000 (Hlumina, San Diego, CA) with 101-base pair paired-end reads.
Image analysis and base calling were performed by sequence control
software with real-time analysis and CASAVA software v1.8
(llumina). Reads were aligned to GRCh37 with Novoalign (Novo-
craft Technologies, Selangor, Malaysia), and duplicate reads were
marked using Picard (htp://picard.sourceforge.net/index.sheml) and
excluded from downstream analysis. Local realignments around indels
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and base quality score recalibrations were performed using the
Genome Analysis Toolkit (GATK).*® Single-nucleotide variants
and small indels were identified using the GATK, and were
annotated using ANNOVAR.* All mutations detected by WES

were confirmed by Sanger sequencing,

Parentage testing. For the family showing de novo mutations,
parentage was confirmed by microsatellite analysis using ABI Prism
Linkage Mapping Set version 2.5, MD10 (Life Technologies, Carls-
bad, CA). We chose 12 probes for screening (D6S422, D75493,
D8S285, D9S161, D10S208, D118987, D128345, D16S503,
D178921, D18553, D195220, and D20S196). Appropriate bio-
logical parentage was confirmed if 3 or more informative markers
were compatible and other markers showed no discrepancy.

Standard protocol approvals, registrations, and patient

consents. The experimental protocols were approved by the Institu-
tional Review Boards for Ethical Issues of Yokohama City University
School of Medicine and Yamagata University Faculty of Medicine.
Informed consent was obtained from the families of all patients.

RESULTS Identification of SCN24 mutations. We previ-
ously performed WES of 12 patients with OS, includ-
ing patent 142 of the current study.”” To
systematically find de novo mutations, we additionally
analyzed the parents of patient 142 by WES. We found
2 de novo nonsynonymous mutations in patient 142:
c4868C>A (p.T1623N) in SCN24 and ¢.538A>T
(p.I180F) in FHODI. Because de novo SCN2A4 muta-
tions have been reported to cause intractable epi-
lepsy,'*#' the SCN24 mutation was highly likely to
have caused the OS. In fact, we found a total of 14
mutations in 15 patients: 9 of 67 OS cases (13.4%),
1 of 150 WS cases (0.67%), and 5 of 111 with unclas-
siied EOEEs (4.5%) (table 1). One mutation
(c.638T>A) occurred recurrentdy in 2 patients, and
the mutation was confirmed as a de novo event in
1 of the 2 patients. All other mutations except for 2
(c.2995G>A and c.4886G>T; parents were unavail-
able) occurred de novo. Interestingly, a de novo mosaic
mutation (¢.3976G>C) was detected by WES in
patent 10. The mutant allele frequency was 18%
(37/205 alleles) based on read counts of WES. We
confirmed mosaicism in hair, nail, and saliva DNA
samples (figure e-1). One mutation (c.634A>G
[p.N212D]) was found in the transcript variant 3,
which is a neonatal isoform. All of the 15 mutations
are missense changes that have not been previously
reported. They cannot be found in the 6,500 exomes
sequenced by the National Heart, Lung, and Blood
Institute exome project or among our 212 in-house
control exomes. Sorting Intolerant From Tolerant
(SIFT), Polyphen?, and Mutation Taster predicted that
all mutations would be highly damaging to the structure
of Na,1.2 (table e-2). All 9 mutations in patients with
OS were located in linker regions between transmem-
brane segments (figure 1). Six of these mutations were
located in a linker between $4 and S5, 2 were located
between S3 and $4, and one near the end of S6. One
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[ Table 1 Clinical features of SCN2A mutations
§ ~Initial . ; . [ G
s Mutation, oy [ Initial EEG at g : HC-SD- 7 v i R :
Patient  Sex . Dx inheritance . onset attacks onset ;y;Trans on of selmre and EEG (age) reatment (age)‘f DD MRI findings foge) -
10 F. 0S(—WS) c3976G>C, 8d Spasms SB TS myadonus (2 ¥} hypsarrhythmia Intractable -0.4(0d) Severe Cerebral atrophy, delayed myelination
pV1326L (moaalc), | 4 mo], multifocal spikes {3 y, 2 mo} . {2y, 2 mo)
de novo - . : 3
18 F ' EOEE ";ssabA, pV213D 3mo  Focal seizure TS Intractable NA ¢ Savers’ | Mid cerebelar and cérebral atrophy
T NA:-: e R e R e Sk S fimim 2 (6:mo); delayed myelination (9ma) -
98 F_ Ws uZSSBG>A, 10 mo Spasms Hypsarrhythmia Multifocal spikes, MISF {1y, 6 mo); ) Seizure-free after NJA - Severe Cerebral atrophy {frontal, temporal),
p.R853Q, de novo . no apilépti: dischsrgas By2 mol LTGat6y,2mo =~ cerebellar ah'ephy. thin CC (4 y, 4 mo)
142 M OS(-WS) c4BSSC>A, . 1d . TS &8 Multufocal spikes (2 ol spasms (3 mo); - Intractable “11{1y, Severs ' THnCC(3 mo) cerebral atrophy’ -
: p.T1623N,rde novo. : ypsarrhythmia (3 mo malnly s!ew wave Gt Amo) e SRy ).
146 ~ F 0§ ;7o7t:>e p_TZSGS 0d.  Focal seizure sB MISF (5 rno) . Seizure-free after  NJA' - Severe Thin CC, white matter atrophy, T2
; de novo . % ZNS, LEV, PHT, : hyperintensxty within glabl palhdl
) : VGB 'y, 3 mo)
485 M . DS(-WS| c4007C>A ¢ ‘Myoclonic, TS 8B : Méd.ﬁédhypa'a&hif’mm.a i;y ama) " ntractable | Severe, " Normal (1 me) -
wf 3 ‘o pS1386Y, de novo SR L ; e : Sl s diedatSy. o
207 M. 0S{—~WS) c3867A>G, ! GTCS 5B rThYthmla (25 mo}; multifocal Intractable N/A "Severe Mild cortical atrophy (7 y)
: B p-M1323V, de novo . polysplkes (3mok; TS (5 mo), multn‘ocal .
. ) splkas (B y} )
250 F 05 3 "Q4013T>C d- Spé’érhs o 8B Focal senzure 43 mo) multlfocal spkss Intractable '—2.,0 5 y, ‘Savyere; Normal (1 mo), cerabral atrophy
e pmlSBST denovo TR (11 mo} S S3mo) o (4y,9rno) .
251 .. F . EOEE c638T>A,pV213D, 1.5 75 Multifocal Multifocal sp‘kas and diffuse 5 -W (14 ). Intractable =08 Severe Delayad myelination, cerebral
denovo .l mo spikes “4 rno) carebeﬂar atrophy {1 ) thin CC {14y}
252 M 0S(=Ws) c634 ? " Pedaling’ - - 8B TS, eyelid m Intractable O NA Cérebral atrophy (16 d) sévere
. i L FEEL hy] e L " ‘cerebral atrophy, delayed g
P R R L : : : sk myehnation(‘*‘l)
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Abbreviations: CC = corpus callosum; CS = clonic seizure; DD = developmental delay; Dx = diagnosis; EOEE = early-onset epileptic encephalopathy; GTCS = generalized tonic-clonic seizure; HC-SD = head

circumference SD; LEV = lamotrigine; MISF = multiple independent spike foci; NfA = not available; OS = Ohtahara syndrome; PHT = phenytoin; SB = suppression-burst pattern; S-W = spike
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{ Figure 1 Structure of the human Na,1.2 channel with localization of SCN2A mutations ]
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mutation in a patient with WS was located in a posi-
tively charged segment (S4) of domain II. Other muta-
tions found in patients with unclassified EOEE were
located in S4 of domain IV (1 mutation), a linker
between S3 and S4 of domain I (1 mutation), and in
S2 and S5 of domain I (2 mutations).

Clinical features of SCN24 mutations. The clinical
information and EEG and MRI findings of patients
with SCN2A mutations are summarized in table
1 and figure 2. Case reports (in appendix e-1) and fur-
ther EEG (in figure e-2) and MRI (in figure e-3) find-
ings are shown in supplemental data. There were 9
patients with OS (6 Japanese, 1 Canadian, 1 Mexican,
and 1 Israeli), 1 with WS (Japanese), and 5 with unclas-
sified EOEE (4 Japanese and 1 Slovenian). The ratio of
females to males was 9:6. The mean age at onset was
45.3 days after birth (5.7 days in patents with OS; 65
days in unclassified EOEE; 10 months in a patient with
WS). The initial epileptic attacks were tonic seizures in 8
patients, spasms in 3 patients, clonic seizures in 3 pa-
tients, and generalized tonic-clonic seizures in 1 patient.
Three patients (patients 99, 254, and 305) had dystonia,
and patient 99 also had chorea and ballismus. EEG at
epilepsy onset showed suppression-burst pattern in 9
patients and focal or multifocal spikes in 6 patients.
Seven of 15 patients with SCN24 mutations received
adrenocorticotropic hormone therapy, leading to a tran-
sient reduction of seizures followed by recurrence. Epi-
leptic seizures disappeared and EEG findings improved
in 2 patients with WS and undassified EOEE after
administration of lamotrigine (patients 99 and 305),
and in 1 patient with OS after combination therapy with

zonisamide, levetiracetam, phenytoin, and vigabatrin
(patient 14G). Twelve of the 15 patients could not be
controlled with antiepileptic drugs. All 15 patients had
severe developmental delay, and 1 patient with unclassi-
fied EOEE (patient 185) died at the age of 5 years. Brain
MRI showed cerebral atrophy in 10 patients, thin corpus
callosum in 7 patients, delayed myelination in 5 patients,
and cerebellar atrophy in 3 patients. MRI was normal in
2 patients in the early infantile petiod (1 and 2 months of
age). Of the 9 patients with OS, 6 showed spasms, and
all patents showed suppression-burst pattern on EEG at
epilepsy onset. Seven patients with OS developed WS,
and 1 case (patient 230) was suspected to do so because
of spasms and developmental delay; however, no EEG
was done to verify this.

DISCUSSION We identified 14 novel SCN2A muta-
tions in 15 patients with EOEE. Two of the mutations
could not be confirmed as de novo, but all mutations
showed high scores for predicted negative effects on pro-
tein function, and were not found in our in-house con-
trol exome data. Of note, 9 of the 15 patients were
diagnosed with OS, and all patients showed severe devel-
opmental delay. Previously, SCN24 mutations have
been reported in a wide spectrum of disorders, induding
autism, severe nonsyndromic sporadic intellectual disa-
bility, benign seizure syndromes such as BENIS, benign
familial infantile seizure, and generalized epilepsy with
febrile seizures plus, and severe epileptic disorders such as
DS, infantile spasms, and AERRPS (acute encephalitis
with refractory, repetitive partial seizures).!s2>26-%
Most of the disorders caused by SCNI4 mutations
involve DS or generalized epilepsy with febrile seizures
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(Figure 2 EEG and brain MRI of patients with SCN2A mutations ]
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(A, B) Suppression-burst pattern on interictal EEG (A, patient 207 at an age of 18 days; B, patient 322 at an age of 7 days).
(C) Suppression-burst pattern on interictal EEG of patient 252 at an age of 14 days (left). Transition from Ohtahara syn-
drome to West syndrome with modified hypsarrhythmia at an age of 3 months (right). (D-H) Brain MRI axial images at the
level of the basal ganglia (D, T2-weighted image of patient 10 at 2 years and 2 months; E, T1-weighted image of patient 207
at 7 years; F, T2-weighted image of patient 251 at 1 year; G, T2-weighted image of patient 252 at 10 months; H, T1-
weighted image of patient 271 at 10 months) showing cortical atrophy and delayed myelination (D, F-H) and cortical

atrophy of the left temporal region (E).

plus, and onset of DS is usually in the infantile period.””
By contrast, the onset of OS is neonatal and that of
BFNIS is neonatal or eary infantle. The phenotypic
differences between SCN24 and SCNIA mutations
might be explained by the different expression patterns
of the channels. Na,1.2 (SCN2A) and Na,1.6 (SCN8A)
are the major sodium channel & subunits in excitatory
neurons. Na, 1.2 channels are expressed early in develop-
ment and Na,1.6 channels gradually replace Na,1.2
channels in a population of neurons during maturation.!
Na,1.2 is expressed predominantly at terminals, unmye-
linated axons, and in proximal axon initial segments,
where action potentials are initiated, whereas Na,1.1
(SCN1A4) is expressed predominantly in neurons releas-
ing y-aminobutyric acid, and is localized to the soma and
proximal processes of the neuron.'*'3%3> Therefore,
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SCNIA mutations may mainly lead to a reduction of
sodium-channel activity in inhibitory neurons, increasing
net excitability. However, SCN2A4 mutations likely also
affect excitatory neurons and proximal axon initial seg-
ments especially during the early developmental period.
Therefore, the effect of SCN2A mutations on the net
excitability of neurons may result in eatlier onset of epi-
leptic disorders.

Investigation of the genotype-phenotype correla-
tion of SCN2A mutations may contribute to our
understanding of the pathophysiologic mechanisms
of seizures caused by SCN24 mutations. SCN24 mu-
tations causing BENIS tend to be located in transmem-
brane regions (7/11 mutations), whereas mutations
causing intractable epilepsies were located outside
transmembrane domains, such as upstream of domain




I or between 2 domains.!®!%262¢ I, this study, all 9
mutations causing OS were found in linkers between
transmembrane regions of Na,1.2, especially between
S4 and S5 of domain III. The S4-S5 linker of domain
I interacts with the linker of domains III and IV,
which is critical for fast inactivation of the sodium
channel,'> suggesting that alteration of this linker
region may specifically affect the function of Na,1.2.
Similarly, the mutation causing WS was located in a
positively charged segment (S4) of domain II, where
no mutations have been previously reported. Interest-
ingly, patient 10 showing OS had a low-level mosai-
cism of the p.V1326L mutation, which was confirmed
in DNA samples from blood leukocytes, hair follicle,
nail, and saliva. There are no previous reports of mosa-
icism for SCN24 mutations, but one case of mosaic
2q24 duplicadon including SCN2A and SCN34 has
been reported.*” The mosaic duplication was detected
in 40% to 51% of blood cells, and the phenotype
partially overlapped with both DS and BENIS.*” In
cases of SCNIA mutations in familial DS, mosaic car-
riers with approximately 25% mutated alleles had
experienced simple febrile scizure, whereas a carrier
with approximately 12.5% mutated alleles was asymp-
tomatic.”® Patient 10 showed a very severe OS pheno-
type despite the low rate of mosaicism (18%).
However, we did not determine whether the same
mosaic rate was maintained in brain tissue. The loca-
tion of the p.V1326L mutation in a linker of $4 and S5
of domain III might support the hypothesis that alter-
ation of linker regions, especially between S4 and S5 of
domain IIT, uniquely affects the function of Na,1.2 in
association with OS.

Patient 252 with OS had a de novo mutation in exon
6N, which is a neonatal isoform (transcript of varant 3).
SCNI1A, SCN24, SCN3A, and SCN8A are subject to
alternative splicing of exon 6N and GA. In the develop-
ing mouse brain, Scz2a shows higher or equal amounts
of the 6N isoform compared with the 6A isoform at
birth, but 6N is gradually replaced by 6A during post-
natal development.® The channels of the neonatal iso-
form are less excitable than the adult isoform.* In
patient 252, the age of seizure onset was 14 days, which
was relatively late compared with the other cases of OS.
The expression of abnormal neonatal isoforms would be
expected to gradually decrease, leading to an alleviation
of neuronal hyperexcitability. In contrast, his symptoms,
such as the transition to WS, development delay, and
cerebral atrophy, worsened with increasing age. Further
studies are required to clarify how mutations of the 6N
isoform are involved in pathogenesis of EOEE.

To date, many disease-causing genes contributing
to EOEE phenotypes have been identified, including
ARX, CDKL5, STXBPI, SPTANI, KCNQ2, SCN1A4,
and SCN2A4.>1++72021 T addition, mutations in one

gene can cause a wide phenotypic spectrum as revealed

by previous reports and the results of this study.5”*

Therefore, rapid genetic diagnosis of EOEEs by screen-
ing for all known disease-causing genes with Sanger
sequencing is very difficult. Recently, targeted exome
sequencing has been developed and applied as a diag-
nostic tool for epileptic disorders.® Targeted exome
sequencing as well as WES would be quite useful for
genetc testing for EOEEs.
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INTRODUCTION

22q11 deletion syndrome is caused by a 1.5-3.0 Mb deletion of
chromosome 22q11.2. It is clinically characterized by developmen-
tal delay, facial dysmorphism, congenital heart defects, hypoplasia
of the thymus, immunodeficiency, aplasia or hypoplasia of the
parathyroid glands, and tapered fingers [Perez and Sullivan, 2002;
Digilio etal., 2005; Goldmuntz, 2005; Kobrynskiand Sullivan, 2007;
McDonald-McGinn and Sullivan, 2011]. 22q11 deletion syndrome
is the most common chromosomal deletion syndrome with an

© 2013 Wiley Periodicals, Inc.
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estimated incidence of 1/4,000 live births [Kitsiou-Tzeli et al., 2004;
Kobrynski and Sullivan, 2007; McDonald-McGinn and
Sullivan, 2011; Gennery, 2012].

The region 10p13-pl4 is known as the second DiGeorge syn-
drome (DGS) critical region (DGCR?2) [Lichtner et al., 2000], and
deletions of DGCR2 cause hypoparathyroidism with sensorineural
deafness and renal dysplasia (HDR) syndrome [OMIM #146255].
Haploinsufficiency of GATA3 (NM_001002295) at 10p14 is causa-
tive for HDR. HDR is a rare syndrome, with around 50 reported
patients [Greenberg et al., 1986; Shapira et al., 1994; Gottlieb
et al., 1998; Schuffenhauer et al., 1998; Lichtner et al., 2000; Van
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Eschetal., 2000; Muroyaetal., 2001; Skrypnyk et al., 2002; Yatsenko
et al., 2004; Mino et al., 2005; Zahirieh et al., 2005; Thakker, 2008;
Benetti et al., 2009; Lindstrand et al., 2010; Fukami et al., 2011].

Here, we present the case of a Japanese boy with 22q11 deletion
syndrome and HDR syndrome, which were confirmed by whole
genome microarray.

The patient is a 22-year-old male who was the first child born to
healthy, nonconsanguineous Japanese parents. After a normal
pregnancy, he was born at 37 weeks of gestation. His birth weight
was 2,412 g (—1.4 SD), length 45 cm (—1.9 SD), and his occipital-
frontal circumference (OFC) was 31.5 cm (—1.3 SD). The patient’s
facial features (hooded eyelid, bulbous nasal tip, low-set posteriorly
rotated ears, and small mouth), cleft palate, umbilical hernia,
inguinal hernia, and tapered fingers implied the presence of a
congenital syndrome (Fig. 1). At 6 months of age, his length was
61.6 cm (—2.5 SD), weight 6,000 g (—2.2 SD), and OFC 43 cm
(—0.23 SD). At 1 year his length was 73 cm (—0.77 SD), weight
7,850 g (—1.57 SD), and OFC 46.5 cm (+0.28 SD). At 5 years and
1 month his height was 93.1 cm (—3.2 SD) and weight 12.5 kg
(—2.0 SD), and at 13 years and 9 months his height was 130 cm
(—3.8 SD) and weight 27 kg (—2.2 SD).

He showed developmental delay, achieving head control at
6 months of age, sitting at 15 months, and walking at 2 years
and 9 months. He developed convulsions at the age of 5 months, and
was treated with phenobarbital and clonazepam based on a diag-
nosis of West syndrome. The convulsions disappeared following
treatment at the age of three and a half years, but relapsed at the age
of nine and became uncontrollable at age 21. At 6 months, severe
sensorineural hearing loss was noted with an auditory brainstem
response score of >90 dB. At the age of one, signs of autism were
observed including a lack of eye contact, no interest in people
including his parents, no interest in toys, and unusual repetitive
movements such as lifting and shaking his hands. He has uttered
words, but these have never been meaningful. Atthe age of three, his
hyperkinesis and autistic behaviors were more obvious and he was
diagnosed as autistic according to The Diagnostic and Statistical
Manual of Mental Disorders IV criteria. His psychomotor delay was

profound (I.Q. <20). At the age of nine, additional autistic repeti-
tive behaviors, such as wandering around alone and covering his
ears, and impulsive movements, such as ascending to high altitudes,
were observed. However, this behavior was controlled by the age of
18 following the oral administration of risperidone.

A peripheral blood examination performed at the age of three
indicated kidney dysfunction (creatinine, 1.0 mg/dl (normal range:
0.3-0.5 mg/dl), blood urea nitrogen (BUN), 65 mg/dl (normal
range: 5-18 mg/dl)). He exhibited tubular damage and his renal
function deteriorated until his right kidney and urinary tract were
undetectable by intravenous pyelogram at the age of 10. Hypocal-
cemia (Ca, 5.2 mg/dl; normal range: 9.6-11.6 mg/dl) was first
detected at 5 months of age, when an oral supplement of calcium
and vitamin D analog (alfacalcidol) were prescribed. However,
despite the supplements, hypocalcemia (Ca, 6.4 mg/dl; normal
range: 8.5-10.2 mg/dl) and low serum high sensitive parathyroid
hormone (HSPTH) levels (<100 mg/ml; normal range: 160-
520 mg/ml) remained at the age of 10.

I TaY s
HH

Peripheral blood samples from the patient’s family (the patient and
his parents) were collected with informed consent. Genomic DNA
was extracted using the QuickGene DNA whole blood kit L
(Fujifilm, Tokyo, Japan). This study was approved by the Institu-
tional Review Board for Ethical Issues at Yokohama City University
School of Medicine, Yokohama, Japan.

Copy number variations (CNVs) were analyzed using Affymetrix
Cytogenetics Whole-Genome 2.7M Array (Affymetrix, Santa Clara,
CA, USA) according to the manufacturer’s instructions. CNVs were
analyzed by Chromosome Analysis Suite (ChAS) v1.2 software
(Affymetrix) with NA32 (hgl9) annotations. The detection con-
ditions for ChAS were set as follows: a confidence value of 90%, 20
contiguous probes, and larger than 100 kb for duplications; and a
confidence value of 89%, 20 contiguous markers, and larger than
10 kb for deletions.

e R P PN
Fluorescence 1n Sy

Fluorescence in situ hybridization (FISH) was performed on fixed
peripheral lymphocytes as previously reported [Nishimura-Tadaki
etal., 2011]. Four RPCI-11 human bacterial artificial chromosome
clones were used: RP11-91K20 (chr10:8,303,515-8,458,288 bp)
and RP11-1057H19 (chr22:19,310,701-19,484,643 bp) for the de-
leted region, and RP11-1069N9 (chr10:90,801-288,527 bp) and
RP11-81N15 (chr22:42,605,111-42,773,705 bp) for references.

22q11 deletion syndrome was suspected based on the patient’s
clinical features, and FISH confirmed the presence of the 22q11.2
deletion. However, the severe renal failure, persistent hypocalce-
mia, and intractable epilepsy seemed atypical for 22q11 deletion
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syndrome. Thus, we performed high-resolution copy number
analysis to investigate additional genetic change(s) to explain the
atypical clinical presentation.

Whole genome single nucleotide polymorphism (SNP) array
identified two pathological deletions at 22q11.2 (19.0-22.0 Mb;
Fig. 2a) and 10p14 (7.4-8.9 Mb; Fig. 2b). The deletion at 10p14
spanned 1.5 Mb, and included eight known genes. One of these was
GATA3, which is mutated in HDR syndrome. Both of these
deletions occurred de novo, as confirmed by FISH (Fig. 3). Se-
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quencing analysis of the 10p14 deletion breakpoint showed it to be
from 7,398,380 to 8,934,448 bp, together with a GTTGTT deletion
from 7,398,366 to 7,398,371 bp (Fig. 2c and d).
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In this report, we describe a unique patient with two de novo
deletions at 22q11.2 and 10p14. He was initially diagnosed with
22q11 deletion syndrome, but his severe and atypical features
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(severe hypocalcemia and progressive renal failure) implied the
possible involvement of other genetic changes. Driven by this
hypothesis, we identified a 10p1l4 causative deletion for HDR
syndrome in addition to the 22q11.2 deletion.

Highly variable clinical features of 22q11 deletion syndrome are
well recognized [Swillen et al, 2000; McDonald-McGinn and
Sullivan, 2011], although the mechanism behind this phenotype
variation remains unclear. It could be partially explained by differ-
ences in deleted regions, additional genomic factors such as copy
number variation and/or the unmasking of autosomal recessive
conditions [Girirajan et al., 2012; Li et al., 2012].

Haploinsufficiencies of GATA3 and TBXI are known to be
responsible for the major clinical manifestations of HDR syndrome
and 22q11 deletion syndrome, respectively [Van Esch et al., 2000;
Lindsay et al., 2001; Merscher et al., 2001]. GATA3 is a zinc-finger
transcription factor that is expressed in the central and peripheral
nervous system, inner ear, thymus, parathyroid, liver, kidney, and
hematopoietic cell lineage [Oosterwegel et al, 1992; Ting
et al., 1996]. Similar to HDR syndrome in humans, Gata3 null
mice suffer from craniofacial malformations, neural tube defects,
renal hypoplasia, and abnormal hematopoiesis. They usually die by
embryonic Day 11-12 [Pandolfi et al., 1995; Lim et al., 2000].

TBX1 encodes a DNA binding transcription factor of the T-box
family, which is expressed mainly in the cardiovascular system,
thymus, and parathyroid gland [Chapman et al,, 1996; Garg
et al., 2001; Jerome and Papaioannou, 2001; Lindsay et al., 2001;

Merscher et al., 2001; Yagi et al., 2003; Zahirieh et al., 2005].
Resembling 22q11 deletion syndrome in humans, heterozygous
ThxI*'~ mice often show cardiac outflow tract anomalies, while
Tbx1 null mice present with a shortened neck, hypoplastic mandi-
ble, low-set ears, abnormal aortic arch, hypoplasia/aplasia of the
thymus and parathyroid gland, and die at birth from respiratory
failure [Jerome and Papaioannou, 2001]. While the organs of
expression of these two genes and the clinical phenotypes are
similar in humans and mice, no evidence of a direct or indirect
functional relationship between TBXI and GATA3 has been
reported.

By contrast, Gata3is expressed both in the inner ear and auditory
neurons [Karis et al., 2001], and Gata3 heterozygous and null mice
have innervation defects in their ears [Karis et al., 2001]. This is
similar to the common HDR syndrome phenotype of sensorineural
hearing loss. In addition, ThxI is expressed in the first pharyngeal
pouch and the otic vesicle, which form outer and inner ears
[Lawoko-Kerali et al., 2004]. ThxI null mice, but not heterozygous
Thx1t'~ mice, show morphological defects of the ear [Arnold etal.,
2006]. This is similar to the majority of patients with 22q11 deletion
syndrome, who have conductive hearing loss caused by chronic
otitis media as a result of structural abnormalities of the ear and/or
immunological deficiencies. The differences of the expression
pattern of TBX1 and GATA3 within the ear could explain the
predominant type of hearing impairment: sensorineural in HDR
syndrome and conductive hearingloss in 22q11 deletion syndrome.
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While the overlapping features of the two syndromes in the
present patient made it difficult to conclude which symptoms
originated from each deletion (Table I), it can be supposed that
the combined effects of two clinically similar syndromes would
worsen the total symptoms. The additional disruptions may gen-
erate a more severe phenotype than the outcome from either the
first or second hit by lowering the threshold for phenotypes as seen
in previous studies [Girirajan and Eichler, 2010; Kumar, 2010].

In conclusion, the rare phenotypes of our patient enabled us to
detect the co-occurrence of de novo 22q11.2 and 10p14 deletions.
This study reaffirmed the importance of carrying out detailed
clinical examinations and unbiased genetic analysis, particularly
for patients presenting with atypical clinical phenotypes. In such
instances, it would be beneficial to uncover all pathological alter-
ations to understand the unresolved etiology of the phenotypes.
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[Dubuc et al., 2013]. The loss of MLL2 or KDMS6A function may
lead to repressed transcription [Dubuc et al., 2013].

To our knowledge, there has been no comprehensive screen for
mutations in these two genes in the same patient series. In this
report, we performed a mutation screen of both genes in 81 patients
with KS. We then evaluated the clinical features based on the genetic
information.

Kabuki syndrome (KS; OMIM 147920) is a multiple congenital
anomaly syndrome that was originally reported by Niikawa et al.
[1981] and Kuroki et al. [1981] (also known as Kabuki make-up
syndrome or Niikawa—Kuroki syndrome). KS is diagnosed clini-
cally by characteristic facial features, including long palpebral
fissures and ectropion of the lateral third of the lower eyelids,
postnatal growth impairment (short stature), developmental delay,
intellectual disability, dermatoglyphic abnormalities, visceral and
skeletal abnormalities, and immunological dysfunction. The prev-
alence of the disorder is estimated to be 1 in 32,000 live births
[Niikawa et al., 1988]. Two genes have shown to be mutated in
patients with KS: MLL2 (myeloid/lymphoid or mixed-lineage
leukemia 2; NM_003482.3) at 12q13.12 and KDM6A (lysine
(K)-specific demethylase 6A; NM_021140.2) at Xpll.3 [Ng
etal., 2010; Lederer et al., 2012; Miyake et al., 2013]. MLL2 encodes
a histone H3 lysine 4 (H3K4)-specific methyl transferase and
KDM6A is a specific demethylase of histone H3 lysine 27
(H3K27) [Prasad et al., 1997; Lee et al., 2007]. They are both
trithorax group proteins and bind each other [Schuettengruber
et al.,, 2007]. These proteins are important for the chromatin
state and transcription activation: MLL2 methylates H3K4 and
KMD6A removes the H3K27 trimethylation repressive mark

Eighty-one individuals clinically suspected to have KS were incor-
porated in this study: 77 Japanese, two Caucasians, one Belgian, and
one Thai. They were all sporadic except for KMS-79, who had an
affected sibling. Peripheral blood samples or saliva samples from the
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patients and their parents (when available) were collected with in-
formed consent and DNA was extracted using a QuickGene-610L
(Fujifilm, Tokyo, Japan) or Oragene-DNA kit (DNA Genotek, Inc.,
Ottawa, Canada) according to the manufacturer’s instructions. This
study included four previously reported patients (KMS-50, KMS-51,
KMS-61, and KMS-71) [Tekin et al., 2006; Torii et al., 2009; Ito
et al., 2012]. In addition, three patients with a KDM6A mutation
were previously described as Patients 1, 2, and 3 by Miyake etal. [2013],
and are named KMS-31, KMS-37, and KMS-65, respectively, in this
report. This study was approved by the Institutional Review Board of
Yokohama City University School of Medicine.

Mutation Screening

Fifty-eight patients (KMS-01 to KMS-69) were screened for MLL2
mutations by the high-resolution melting (HRM) method using a
LightCycler 480 System II (Roche Diagnostics, Indianapolis, IN) and
subsequent Sanger sequencing. If an HRM curve pattern was different
from those of controls, the DNA sample was Sanger sequenced on an

ABI 3500xl or 3130x] Genetic Analyzer (Applied Biosystems, Foster .

City, CA) and the sequences were analyzed using Sequencher software
version 4.10.1 (Gene Codes Corporation, Ann Arbor, MI). KDM6A
was analyzed in samples with no MLL2 mutation using HRM analysis
and Sanger sequencing as above (n = 37). For male samples,
genotyping using spike-in control male genomic DNA (10%) was
performed to detect a hemizygous mutation. The latter 23 patients
(KMS-70 to KMS-92), aswell as 22 patients with no mutation in either
gene detected by conventional methods, were analyzed by targeted
resequencing as described in the following section. We judged a
variant as pathogenic when it was previously reported to cause KS,
or novel variant when it was not observed in unaffected parents or in
in-house exome data (n = 977), dbSNP135, or EVS6500 (Exome
Variant Server, NHLBI GO Exome Sequencing Project, Seattle, WA;
http://evs.gs.washington.edu/EVS/; accessed March 1, 2013). In ad-
dition, the missense mutation predicted to be polymorphism by both
of two predictions (Polyphen-2: http://genetics.bwh.harvard.edu/
pph2/ [Adzhubei et al, 2010] and MutationTaster: http://www.
mutationtaster.org/ [Schwarz et al., 2010]) was considered to be
non-pathogenic. Parentage analysis was conducted for the patients
only when the parental samples were available. TaKaRa Ex Taq and
TaKaRa LA Taq (both Takara, Tokyo, Japan) were used for amplifi-
cation. The primer sequences and PCR conditions are available on
request. All pathological variants were confirmed by Sanger sequenc-
ing. Nucleotide numbering reflects cDNA numbering with +1
corresponding to the A of the ATG translation initiation codon in
the reference sequence (RefSeq NM_003482.3 for MLL2, RefSeq
NM_021140.2 for KDM6A).

Targeted Resequencing of MLLZ and K
Hext-Generation Sequencing

Ion AmpliSeq Custom Panels (Life Technologles, Inc., Grand
Island, NY) covering the entire coding region of MLL2 and
KDMG6A were created via the Ion AmpliSeq Designer v1.2
(https://ampliseq.com/browse.action). Libraries were prepared
using the Ion AmpliSeq Library Kit 2.0 (Life Technologies, Inc.),
with 10 ngof genomic DNA for each primer pool (two pools for this

(DMBA by

analysis). An Agilent 2200 TapeStation (Agilent Technologies,
Santa Clara, CA) and the associated High Sensitivity D1K Screen
Tape (Agilent Technologies) were used to check the size distribu-
tion and the concentration of the DNA libraries. Emulsion PCR and
enrichment steps were carried out using the Ion OneTouch 200
Template Kit v2 (Life Technologies, Inc.). The amplicon libraries
were sequenced on an Ion Torrent Personal Genome Machine
system using 314 or 316 chips, and bar-coding was applied with an
Ion Xpress Barcode Adapters 1-16 Kit (all Life Technologies, Inc.).
Torrent Suite 2.2 (Life Technologies, Inc.) was used for mapping,
base calling, and variant calling. Sequences were annotated using
SeattleSeq Annotation 134 (http://snp.gs.washington.edu/Seattle-
SeqAnnotation134/). All variants were confirmed by Sanger
sequencing.

Whole Exome Sequencing by High-Throu
Next-Generation Sequencing

Whole exome sequencing was performed in five individuals
(KMS-09, -18, -21, -23, and -61) who had no MLL2 or KDM6A
abnormality by HRM analysis. DNA was processed with a Sure-
Select Human All Exon V4 kit (Agilent Technologies), sequenced
on a HiSeq2000 (Illumina, Inc., San Diego, CA), and analyzed
as previously described [Tsurusaki et al., 2013]. Variants in MLL2
and KDMG6A were confirmed by Sanger sequencing.

X-inactivation analysis was performed as described [Allen
et al, 1992] with slight modification. Briefly, genomic DNA
(500 ng) was digested with two methylation-sensitive restriction
enzymes, Hpall and Hhal (New England Biolabs, Beverly, MA), and
purified by phenol/chloroform extraction and ethanol precipita-
tion. Digested and undigested DNA samples (10 ng) were sepa-
rately amplified for the (CAG)n polymorphism at the androgen
receptor locus. The forward primer was labeled with 5' FAM dye.
PCR products were analyzed on an ABI 3500x! Genetic Analyzer
using GeneMapper Software Version 4.1 (Applied Biosystems). The
assay was independently performed twice.

c¢DNA Sequencing

Total RNA was extracted from a lymphoblastoid cell line estab-
lished from KMS-81 (¢.1909_1912del in KDM6A) using an RNeasy
Plus mini kit (Qiagen, Hilden, Germany) with and without cyclo-
heximide treatment (30 pg/ml) for 4 hr before cell collection.
Reverse transcription (RT) was performed using a Superscript
III First-Strand synthesis system for RT-PCR (Life Technologies,
Inc.). As the mutation was located in exon 17, the region from the
exon 15/16 boundary to the exon 17/18 boundary of KDM6A was
amplified using cDNA-specific primer pairs (sequences available on
request) and sequenced by the Sanger method.

Statistical Analysis

The frequencies of clinical features in the two groups were com-
pared by Fisher’s exact test. A difference was considered statistically
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(61.7%) and five (6.2%) of the 81 patients with KS, respectively
(Figs. 1 and 2, Tables I and II). Of the 50 MLL2 mutations, 35
(70.0%) were predicted to be protein truncating-type and 15
(30.0%) were predicted to be non-truncating-type. Interestingly,
non-truncating mutations were mostly localized in or adjacent to
the functional domains, while truncating mutations were scattered
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throughout the entire coding region (Fig. 1). Fifteen of the MLL2
mutations have been previously reported (Table I). Three novel
variants (not included in the 50 mutations) were considered non-
pathogenic (Supplemental Table I). Variant ¢.10942C > G in
patient KMS-22 was predicted to be benign by Polyphen-2 and
MutationTaster, ¢.8813C > T in patient KMS-62 was inherited
from an unaffected father, and c.4065A > T in KMS-75 was
found heterozygously in our 977 in-house controls. An in-frame
duplication in patients KMS-40 and KMS-62, which predicted
p-Asp5055_Leu5056dup, was predicted to be polymorphic by
MutationTaster, but was previously reported as a pathogenic
mutation [Micale et al., 2011]. In addition, the other in-frame
mutation in KMS-02 was also predicted to be polymorphic.
Unfortunately, parental samples were unavailable for these indi-
viduals, except for the mother of patient KMS-62, who did not have
this mutation; thus, the de novo status remains unclear. Of the
five KDM6A mutations including three mutations reported previ-
ously [Miyake et al., 2013], four were truncating-type and one was
an in-frame deletion located within the Jumonji C domain (Fig. 2).

tion-positive and -negative groups (Supplemental Table IT). Long
palpebral fissures were observed in almost all patients. Cleft lip/
palate was more frequently observed in the mutation-positive
group (P = 0.0197). Interestingly, developmental delay and intel-
lectual disability were observed in all individuals with mutations
but were unobserved in some mutation-negative cases (P = 0.0314



