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1 and 2) and visualize dynamic changes in ictal activ-
ities (cases 2 and 3). Our method thus has practical
applications for analyzing ictal rhythmic magnetolog-
ical activity. Another advantage of the method was
the lack of issue with the inverse problem, as dif-
ferent from SDM, meaning that rhythmic epileptiform
activities could be evaluated directly without presupposi-
tion.

Limitations of SDM

Qur study revealed two problems with SDM for analyzing ictal
MEG. First, the ECDs had only low GOF value, with spike
sources not generated from a localized area or the subjec-
tive spike having low signal to noise ratio. Second, most of
the ECDs were estimated in the deep white matter, result-
ing in abnormal current being generated from a wide area
simultaneously,

The localization of an ECD can be calculated only when
a 3cm? or wider area of cerebral cortex is synchronously
activated (Oishi et al., 2002b). The site of ECD could also
be misleading if too wide an area is simultaneously acti-
vated, as in this study. Therefore, the activated areas
of the cortex should be limited to obtain an accept-
able ECD. SDM uses an inverse problem formula based
on the hypothesis that the spike is generated from a
localized area; it is therefore not applicable for multi-
ple spikes generated simultaneously or spikes originating
from deep or very broad areas. Time-frequency analysis has
the advantage of not needing to solve the inverse prob-
lem.

Rhythmic activities in MEG

Rhythmic activities indicate ictal onset zones on scalp EEG
and electrocorticography (ECoG). However, scalp EEG has
limited value in showing the precise location of ictal onset
because the voltage declines via the cerebrospinal fluid
and cranium. ECoG remains the gold standard for defin-
ing the location of seizure origin (Worrell et al., 2004), but
it cannot be used for routine evaluation. In patients with
focal cortical dysplasia, rhythmic epileptic discharges on
EEG accorded well with the continuous epileptic discharges
on ECoG (Gambardella et al., 1996). Dalal et al. (2008) also
reported good coherence of both beta band (12—30Hz) and
high gamma band (65—90Hz) between MEG and ECoG by
self-paced finger-movement tasks. Their work indicated that
MEG is equivalent to ECoG for evaluating epileptic rhyth-
mic activities. The present study indicated that MEG analysis
using STFT could provide valuable information on ictal onset
zones. Using this method, the rhythmic activities success-
fully localized the origin of ictus and were colocalized with
interictal discharges estimated by SDM. This finding empha-
sized the clinical value of routine interictal MEG analysis.
In two patients (cases 1 and 2), the localization of rhythmic
activities was concordant with the ECoG findings and surgi-
cal resection including the high-magnitude areas of the ictal
MEG rendered the patient seizure free. This result may sug-
gest the usefulness of STFT for deciding the area of surgical
resection,

Visualization of ictal activity

Ictal STFT in two instances reported here (case 2 and
the first seizure of case 3) showed that ictal rhythmic
activities propagated promptly to contralateral homotopic
areas, then went to and fro between the hemispheres,
before finally spreading out broadly throughout the brain.
In other words, the propagation of ictal activities was
well visualized by STFT analyses. Although ECoG analysis
is regarded as the gold standard for precise evaluation
of epileptic current, MEG analysis has an advantage over
ECoG in analyzing changes in epileptic discharges over
the entire cerebral cortices, noninvasively and repeatedly.
Gotz-Trabert et al. (2008) successfully evaluated the prop-
agation of ictal activity in patients with mesial temporal
lobe epilepsy and neocortical epilepsy using ECoG with suc-
cess in depicting the propagation of ictal activity. However,
these authors also reported that intracranial EEG monitor-
ing was limited in cerebral capacity and in investigating
the invasion of contralateral hemispheres. The current
results thus indicated another clinical value of MEG for ictal
study.

High-frequency oscillation (HFO)

In cases 1 and 2, although ictal ECoG showed over 200-Hz
HFQ, it was not feasible to detect over 30Hz by SFT analyses
of MEG in this study.

HFO were recently detected on ictal ECoG by Jirsch
et al. (2006), with very good coincidence of a localized
area of high-frequency band (250—500Hz) in the ECoG and
ictal onset zone. This was an obvious limitation of MEG
compared with ECoG, because spontaneous MEG record-
ings require synchronous activity among large assemblies of
neurons and is therefore not able to detect very fine neu-
rological activity (Pfurtscheller and Silva, 1999). However,
improvements in distance between sensor and ictal activity
onset zone or sensor density might reduce this limitation of -
MEG.

Conclusion

In conclusion, STFT is a new method for analyzing onset and
propagation of ictal activities in whole brain. MEG is poten-
tially as valuable as ECoG, and ictal MEG analyses using STFT
could become a powerful tool for noninvasive evaluation
of ictal onset zones, especially in candidates for surgical
treatment of epilepsy.
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ARTICLE

Dominant-Negative Mutations in a-ll Spectrin Cause
West Syndrome with Severe Cerebral Hypomyelination,
Spastic Quadriplegia, and Developmental Delay

Hirotomo Saitsu,1* Jun Tohyama,? Tatsuro Kumada,3? Kiyoshi Egawa,3 Keisuke Hamada,* Ippei Okada,!
Takeshi Mizuguchi, .17 Hitoshi Osaka,® Rie Miyata,® Tomonori Furukawa,3 Kazuhiro Haginoya,”
Hideki Hoshino,8 Tomohide Goto,® Yasuo Hachiya,1® Takanori Yamagata,1® Shinji Saitoh,12

Toshiro Nagai,13 Kiyomi Nishiyama,! Akira Nishimura,! Noriko Miyake,! Masayuki Komada,4

Kenji Hayashi,!5 Syu-ichi Hirai,15 Kazuhiro Ogata,* Mitsuhiro Kato,16 Atsuo Fukuda,3

and Naomichi Matsumoto!.*

A de novo 9q33.3-q34.11 microdeletion involving STXBP1 has been found in one of four individuals (group A) with early-onset West
syndrome, severe hypomyelination, poor visual attention, and developmental delay. Although haploinsufficiency of STXBP1 was
involved in early infantile epileptic encephalopathy in a previous different cohort study (group B), no mutations of STXBP1 were found
in two of the remaining three subjects of group A (one was unavailable). We assumed that another gene within the deletion might
contribute to the phenotype of group A. SPTANI encoding «-1I spectrin, which is essential for proper myelination in zebrafish, turned
out to be deleted. In two subjects, an in-frame 3 bp deletion and a 6 bp duplication in SPTANI were found at the initial nucleation site of
the a/B spectrin heterodimer. SPTAN1 was further screened in six unrelated individuals with WS and hypomyelination, but no mutations
were found. Recombinant mutant (mut) and wild-type (WT) «-II spectrin could assemble heterodimers with B-II spectrin, but ¢-II (mut)/
B-II spectrin heterodimers were thermolabile compared with the «-II (WT)/B-II heterodimers. Transient expression in mouse cortical
neurons revealed aggregation of a-II (mut)/B-II and e-II (mut)/B-III spectrin heterodimers, which was also observed in lymphoblastoid
cells from two subjects with in-frame mutations. Clustering of ankyrinG and voltage-gated sodium channels at axon initial segment
(AIS) was disturbed in relation to the aggregates, together with an elevated action potential threshold. These findings suggest that path-
ological aggregation of /B spectrin heterodimers and abnormal AIS integrity resulting from SPTANI mutations were involved in path-
ogenesis of infantile epilepsy.

Introduction

West syndrome (WS) is a common infantile epileptic
syndrome characterized by brief tonic spasms, an electro-
encephalogram pattern called hypsarrhythmia, and
mental retardation.! Brain malformations and metabolic
disorders can be underlying causes of WS, but many cases
remain etiologically unexplained.! Only two causative
genes, ARX (MIM *300382) and CDKL5 (MIM *300203),
are mutated in a subset of familial and sporadic X-linked
WS cases (ISSX1 and ISSX2 [MIM #308350 and
#300672]).2* Early infantile epileptic encephalopathy
with suppression-burst (EIEE) is the earliest form of infan-
tile epileptic syndrome.>® The transition from EIEE to WS

occurs in 75% of individuals with EIEE, suggesting
a common pathological mechanism between these two
syndromes.>® We have recently reported that de novo
mutations of STXBP1 (MIM *602926) cause EIEE.”
Spectrins are submembranous scaffolding proteins
involved in the stabilization of membrane proteins.®® Spec-
trins are flexible and long molecules consisting of « and
B subunits, which are assembled in an antiparallel side-by-
side manner into heterodimers. Heterodimers form by
end-to-end tetramers integrating into the membrane cytos-
kelton.®® The spectrin repertoire in humans includes two
@ subunits and five B subunits. Defects of erythroid a-I
and B-1 spectrins and neuronal B-III spectrin are associated
with hereditary spherocytosis (SPH3 and SPH2 [MIM
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#270970 and +182870]) and spinocerebellar ataxia type S
(SCAS [MIM #600224)), respectively.®1*!! The a-I spectrin
is considered as the major « spectrin expressed in noneryth-
roid cells, and «-lII/B-II spectrin heterodimers are the
predominant species in these cells.”!? Abnormal develop-
ment of nodes of Ranvier and destabilizing initial clusters
of voltage-gated sodium channels (VGSC) were observed
in zebrafish «-II spectrin mutants harboring a nonsense
mutation. The mutants also showed impaired myelination
in motor nerves and in the dorsal spinal cord, suggesting
that a-II spectrin plays important roles in the maintenance
of the integrity of myelinated axons.'®

Here, we describe three cases of early-onset WS with
cerebral hypomyelination harboring SPTANI (MIM
*182810) aberrations. Two individuals with in-frame muta-
tions showed more severe phenotypes than one individual
with SPTAN1 and STXBP1 deletion. In-frame mutations of
SPTANI result in aggregation of «-II (mut)/B-1l and o-II
(mut)/B-1Il spectrin heterodimers, suggesting dominant-
negative effects of the mutations. Spectrin aggregation is
associated with disturbed clustering of VGSC and an
elevated action potential threshold. Our findings revealed
essential roles of a-1I spectrin in human brain development
and suggest that abnormal AIS is possibly involved in path-
ogenesis of infantile epilepsy.

Subjects and Methods.

Subjects

Subjects 1, 2, and 3 have been originally reported as three of four
individuals with early onset WS, severe hypomyelination, reduced
white matter, and developmental delay (group A: subjects 1, 2, and
3 were previously named as No. 2, No. 1, and No. 3, respectively,
and No. 4 was unavailable for this study).!* Subject 1 has been
shown to possess a 9933.3-q34.11 microdeletion including
STXBP1.” Clinical information of these three subjects with SPTAN1
aberrations is updated in Table S1 available online. We screened for
SPTANI mutations in a total of eight unrelated individuals with WS
accompanied by severe hypomyelination without episodes of
prenatal incidents or neonatal asphyxia (six males and two females,
including subjects 2 and 3 of group A). Individuals with these two
distinctive features (WS and severe hypomyelination) are relatively
rare. These eight patients were totally different from the previously
investigated 13 EIEE patients (group B).” Screening tests for meta-
bolic disorders (lactate, amino acids, and uric organic acids) were
normal in all subjects. ARX and CDKL5 were not mutated in the
six male and two female patients, respectively. The diagnosis was
made on the basis of clinical features, including tonic spasms
with clustering, arrest of psychomotor development, and hypsar-
rhythmia on electroencephalogram, as well as brain magnetic reso-
nance imaging (MRI) findings. Experimental protocols were
approved by the Committee for Ethical Issues at Yokohama City
University School of Medicine. Informed consent was obtained
from all individuals included in this study, in agreement with the
requirements of Japanese regulations.

Mutation Analysis
Genomic DNA was obtained from peripheral blood leukocytes by
standard methods, amplified by GenomiPhi version 2 (GE Health-

care, Buckinghamshire, UK), and used for mutational screening.
Exons 2 to 57, covering the SPTANI1 coding region (of transcript
variant 1, GenBank accession number NM_001130438), were
screened by high-resolution melting curve (HRM) analysis as
previously described.” In transcript variant 2 (GenBank accession
number NM_003127), the only difference is that exon 37 of
variant 1 was missing. PCR conditions and primer sequences are
shown in Table S2. If a sample showed an aberrant melting curve
shift, the PCR product was sequenced. All mutations were also
verified on PCR products directly via genomic DNA (not amplified
by GenomiPhi) as a template. DNAs from 250 Japanese normal
controls were screened for the two in-frame SPTANI mutations
by HRM analysis. Normal controls which showed aberrant
melting curve shift were sequenced.

Parentage Testing

For all families showing de novo mutations, parentage was
confirmed by microsatellite analysis as previously described.” Bio-
logical parentage was judged if more than four informative
markers were compatible and other uninformative markers
showed no discrepancies.

Expression Vectors

A full-length human SPTANI ¢DNA was prepared by PCR with
first-strand cDNA derived from a human lymphoblastoid cells
(LCL) and an IMAGE clone (clone ID 5211391) as a template.
The obtained SPTAN1 cDNA was sequenced and confirmed to be
identical to a RefSeq mRNA (amino acids 1-2477, GenBank acces-
sion number NM_001130438) except for two synonymous base
substitutions that have been registered in dbSNP as 152227864
and rs2227862. Site-directed mutagenesis via a KOD-Plus-Muta-
genesis kit (Toyobo, Osaka, Japan) was used to generate SPTANI
mutants including c¢.6619_6621 del (p.E2207 del) and
€.6923_6928 dup (p.R2308_M2309 dup). A C-terminal Flag-tag
was introduced by PCR. All variant ¢cDNAs were verified by
sequencing. C-terminal Flag-tagged WT and mutant SPTANI
cDNAs were cloned into the pCIG vector'™!¢ to express C-
terminal Flag-tagged o-Il spectrin as well as nuclear-localized
EGFP. WT and mutant SPTANT ¢cDNAs were also cloned into the
pCAG-EGFP-C1 vector, in which EGFP gene and multiple cloning
sites of pEGFP-C1 vector (Clontech, Mountain View, CA) are intro-
duced into a CAG-promoter vector,’’® to express N-terminal
EGFP-tagged o-II spectrin.

For protein expression in Escherichia coli, WT and mutant
SPTANI ¢DNAs (amino acids 1445-2477, the last eight spectrin
repeats and the EF hand domain) were cloned into pGEX6P-3
(GE Healthcare) to generate glutathione S-transferase (GST) fusion
proteins. Human SPTBNI ¢DNAs (amino acids 1-1139, GenBank
accession number NM_003128, including the actin binding
domain and eight spectrin repeats) were prepared by PCR via
first-strand ¢DNA derived from a human LCL, and were cloned
into pET-24a (Merck, Darmstadt, Germany) to generate His-tag
fusion proteins.

Protein Expression, Purification, and Binding Assay

Proteins were expressed in Escherichia coli BL21 (DE3). Bacteria
were grown at 37°C in Lysogeny Broth media with 300 pg/ml
ampicillin to a density yielding an absorbance at 600 nm of 0.8.
Protein expression was then induced with 1 mM isopropyl-p-p-thi-
ogalactoside (IPTG) at 20°C overnight. Cells were collected by
centrifugation and lysed by sonication. Proteins were purified by
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affinity chromatography with Glutathione Sepharose High Perfor-
mance (GE Healthcare) for GST-a-11 spectrin or HisTrap HP (GE
Healthcare) for B-II spectrin-His. a-II spectrins were further puri-
fied by HiTrap Q HP (GE Healthcare) and Superdex-200 (GE
Healthcare) columns in a buffer containing 150 mM NacCl, 20
mM sodium phosphate buffer (pH 7.5), and 2 mM dithiothreitol
(DTT). B-1I spectrin was further purified by Superdex-200 (GE
Healthcare) columns in a buffer containing 1 M NacCl, 20 mM
sodium phosphate buffer (pH 7.5), and 2 mM DTT.

For the GST pull-down assay to examine the assembly of a-1[/8-11
heterodimers, 0.5 uM GST-a-11 spectrin (WT, del mut, or dup mut)
or 1 pM GST were preincubated with 1 pM $-II spectrin-His for
1 hr at 4°C with gentle agitation in binding buffer containing
150 mM NaCl, 20 mM sodium phosphate buffer (pH 7.5), and
2 mM DTT. The reaction mixture (100 ul) was transferred onto an
Ultrafree-MC (Millipore, Billerica, MA), containing SO ul of a 75%
slurry of Glutathione Sepharose 4B equilibrated in binding buffer,
and incubated overnight at 4°C. Unbound proteins were recovered
by centrifugation at 500 x gfor 2 min. The beads were washed three
times with the binding buffer. The bound molecules were eluted
with a buffer containing 100 mM NaCl, 20 mM sodium phosphate
buffer (pH 7.5), 5 mM DTT, 1 mM EDTA, and 50 mM reduced gluta-
thione. The eluted fractions were analyzed by SDS-PAGE, and
protein bands were visualized by staining with Coomassie brilliant
blue. For the analytical gel filtration experiments, 3.3 uM GST-o-I1
spectrin (WT, del mut, or dup mut) were preincubated with or
without 3.3 uM B-1I spectrin-His for 3 hr at 4°C with gentle agitation
in a binding buffer containing 150 mM NaCl, 20 mM sodium phos-
phate buffer (pH 7.5), and 2 mM DTT. The samples were analyzed
by Superdex-200 column equilibrated in binding buffer. The eluted
fractions were analyzed by SDS-PAGE and protein bands were visu-
alized by staining with Coomassie brilliant blue.

Structural Prediction

The structure of human «-II spectrin was predicted by homology
modeling with Phyre,'” based on sequence homology between
human 11 spectrin (1981-2315 aa) and chicken brain alpha spec-
trin (1662-1982 aa) (Protein data bank ID, 1U4Q).!® The structure
and positions of mutations were illustrated by PyMOL with the
crystal structure of 1U4Q.

Circular Dichroism Measurements

For circular dichroism (CD) measurements, GST-a-II spectrin were
digested with human rhinovirus 3C protease at 4°C, and then the
GST-tag was removed by affinity chromatography with gluta-
thione sepharose 4B (GE Healthcare). We measured far-UV CD
spectra and estimated the secondary structure as previously
described.” In brief, the experiments were performed in 20 mM
sodium phosphate buffer (pH 7.5) containing 150 mM NaCl,
2 mM DTT with or without 1 mM CaCl,, which stabilizes the
structure of the EF hand domain. «-II and B-II spectrin concentra-
tion was adjusted to 1.7 uM (without CaCl;) and 1.5 uM (with
CaCl). Melting (transition midpdint) temperature (Ty,) was calcu-
lated by fitting a sigmoid-function equation with KaleidaGraph
(Synergy Software, Reading, PA). The data from three independent
experiments were averaged and the SD was calculated. Similar
results were obtained in the presence or absence of 1 mM CaCl,.

Cell Culture, Transfection, and Immunofluorescence
For primary neuronal cultures for immunofluorescence, cortexes
dissected from mice (embryonic days 14 to 15) were dissociated

in 0.05% trypsin-EDTA solution (Invitrogen, Carlsbad, CA), and
triturated with a Pasteur pipette. The dissociated cells were plated
on 200 pg/ml poly-D-lysine (Millipore)/20 pg/m! laminin (Invitro-
gen)-coated glass coverslips at a density of 15,000 cells/cm?.
Expression vectors wete introduced at the time of dissociation
by electroporation, with the Amaxa Mouse Neuron Nucleofector
kit (Lonza, Tokyo, Japan) according to the manufacturer’s protocol
(Program 0-005), and 2 ug plasmid DNA per condition. After
cortical neurons attached to coverslips, the medium was changed
from normal medium (10% FBS in DMEM) to maintaining
medium (2% B27 and 1 x penicillin-streptomycin-glutamine in
Neurobasal [Invitrogen]). Half of the medium was replaced with
an equal volume of maintaining medium every 4 days. LCLs
were grown in RPMI 1640 medium supplemented with 10% FBS,
1 x antibiotic-antimycotic (Invitrogen), and 8 ug/ml tylosin
(Sigma, Tokyo, Japan) at 37°C in a 5% CO, incubator. For the
immunofluorescence imaging study, LCLs were plated on coated
coverslips as described above for 3-6 hr.

Neurons and LCLs were fixed with 2% paraformaldehyde in PBS
for 15 min and permeabilized with 0.1% Triton X-100 for 5 min.
For detection of VGSCs, cells were fixed with methanol at
—20°C for 10 min. Cells were then blocked with 10% normal
goat serum for 30 min. Primary antibodies used for the study
were shown in figure legends. Secondary antibodies, highly puri-
fied to minimize cross-reactivity, were used: Alexa-488-conjugated
goat anti-mouse, anti-rabbit, and anti-chicken (Invitrogen), and
Cy3-conjugated goat anti-mouse, anti-rabbit, and anti-chicken
(Jackson ImmunoResearch, West Grove, PA). Coverslips were
mounted with Vectashield (Vector Laboratories, Burlingame, CA)
that contained 4,6-diamidino-2-phenylindole (DAPI) and visual-
ized with an AxioCam MR CCD fitted to Axioplan2 fluorescence
microscope (Carl Zeiss, Oberkochen, Germany). We captured
images with Axio Vision 4.6 software (Carl Zeiss). Immunofluores-
cence of aggregated mutant «/f spectrins was much brighter than
WT «/p spectrins, leading to constant short exposure time
compared with the WT. For detection of ankyrinG and VGSCs,
the exposure time was fixed in a series of experiments in order
to enable direct comparison between different samples. For evalu-
ation of ankyrinG and VGSC expression, 50 isolated transfected
neurons were analyzed in each experiment, and representative
cells were photographed. The results were confirmed at least in
three independent experiments.

Electrophysiology

Mouse neocortices at embryonic day 15 were dissociated and
plated on poly-L-lysine-coated plastic coverslips (Cell desk LF,
MS$-0113L; Sumitomo Bakelite, Tokyo, Japan) at a density of about
100,000 cells/cm?®. 1 pg of expression vector for either WT, del
mut, or dup mut «-1I spectrin was introduced at the time of disso-
ciation by electroporation with an Amaxa Mouse Neuron Nucleo-
fector kit (Lonza). Primary cortical neurons were cultured in
neurobasal medium supplemented with B27 and penicillin-strep-
tomycin-glutamine (Invitrogen). During the culture period,
one-half of the medium was changed every day. Whole-cell
patch-clamp recordings were obtained from mice neocortical
neurons at 9 days in vitro (DIV) neuronal culture. A coverslip
was assembled to recording chambers on the stages of upright
microscopes (Olympus, Tokyo, Japan) and continuously perfused
with oxygenated, standard artificial cerebrospinal fluid (ACSF) at
a flow rate of 2 ml/min and a temperature of 30°C. The standard
ACSF solution contained the following (mM): 126 NaCl, 2.5 KCl,
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(A) Genomic rearrangements at 9q33.3-
q34.11 in subject 1. Top depicts chromo-
somal bands and genomic location (Mb)
from the p telomere (cen, toward the
centromere; tel, toward the telomere).
Our previous study by BAC array could
reveal the approximate size of the deletion
(2.0 Mb) (horizontal line above boxes).”
The deletion was newly analyzed by Affy-
metrix GeneChip 250K array and turned
out to be 2.25 Mb in size (chr9:128,236,
086-130,486,226) (UCSC genome browser
coordinate [version Mar. 2006]) (hori-
zontal line below boxes). Blue and red
boxes indicate old and renewed deletion
intervals, respectively. Five RefSeq genes
(ODF2, GLE1, SPTAN1, WDR34, and SET)
were newly found (in red box). The rear-
rangements include an unexpected 204
kb inversion (green arrow). Intact genomic
regions are shown in sky blue.

(B) Schematic representation of SPTANI
(transcript variant 1) consisting of 57
exons (UTR and coding region are open
and filled rectangles, respectively). Exon
37 of transcript variant 1 is missing in
variant 2, the only difference between
the two transcripts. Two distinct muta-
tions were found at evolutionary con-
served amino acids in triple helical repeats

(Saitsu et al,
Nat Genet, 2008)

(This study)

Mutant allele CAGGAGAACGACAAGCTG CGCATGCGCATGCAGCAC < .
Gin Glu Asn Asp Lys Leu Arg Mot Arg Mot Gin His (spectrin repeats). All these mutations
de novo de novo occured de novo. Homologous sequences
Homo sapiens SPTAN1 ELELOKEQRROEENDKLRQEFA  QWDQLOQLGMRMOHNLEQQIGA were aligned with the CLUSTALW web
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Bos Taurus sptan1 ELELQKEQRRQEENDKLRQEFA  QWDQLDQLGMRMQ i i i
Gallus gallus sptan1 ELELQKEQRRQEENDKLRQEFA QWDQLDQLGMRMOHNLEQQIQA (numbered)’ lpCIUdlng 20 spectnin repea.ts,
Xenopus tropicalis LOC100036647 ELELOKEQRRQEENDKLRQEFA  QWDQLDQLGMRMOHNLEQQTQA an SH3 domain, and an EF hand domain.
Danio rerio spna2 BI.ELQKBQRRQRENDKLRQEFA LGMRMQHNLEQQIQA s i1t
Drosophila melanogaster alpha-spec DGELAKEAKRQEENDKLRKE QWDQLDQLSMRMQHNLEQQIQA The mutat}ons occurred _Wlthln the _laSt
C. elegans spc- mmmuqnomnnmn LDQLAMRMOHNLEQQTQA four spectrin repeats, which are required
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for o/B heterodimer association (bidirec-
tional arrow).
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SH3 EF hand
domain domain

1.25 NaH,POy4, 2.0 MgSOy, 2.0 CaCl,, 26.0 NaHCO3, and 20.0
glucose. The images of cells were acquired with Olympus BX51
or BX61 microscopes equipped with electron-multiplying CCD
(EMCCD) cameras, #C9100-13 or #C9100-02 (Hamamatsu Pho-
tonics, Hamamatsu, Japan), respectively. Transfected cells were
selected for recordings by their fluorescence in the nucleus via
a 40X water-immersion objective lens (UMPlanFI, Olympus).
Membrane currents and membrane potentials were recorded
with an Axopatch 700A and 200B amplifier, respectively. Signals
were low-pass filtered at 10 kHz and digitized at 50 kHz by means
of Digidata 1332A data-acquisition system (Molecular Devices,
Tokyo, Japan). Passive membrane properties and action potentials
were recorded with patch pipettes (5.8-8.0 MQ) filled with the
following intercellular solutions (in mM): 130 K-methanesulfonic
acid, 10 KCI, 2 MgCl,, 0.1 EGTA, and 10 HEPES (pH 7.3) with
KOH. For current clamp experiments, cells were held at —60 mV
by constant current injection as needed, and their firing pattern
were recorded in response to sustained depolarizing current injec-
tions (500 ms duration, +10 pA increments) to analyze the input-

output relationship in each cell. A single action potential was also
evoked to determine their firing threshold. The injection current
amplitude (10 ms duration) was increased in 2-10 pA increments
from a subthreshold to an intensity well beyond threshold.
Voltage-clamp studies for sodium currents were carried out with
patch pipettes (5.8-8.0 MQ) filled with the following intercellular
solutions (mM): 145 tetraethylammonium-Cl, 15 NaCl, 2 MgCl,,
10 EGTA, 10 HEPES, 3 MgATP, and 0.4 GTP (pH 7.4) with NaOH.
Series resistance was usually below 20 MQ and compensated by
70%-80%. The remaining linear capacitive and leakage currents
were subtracted off-line by scaling average traces recorded at
hyperpolarized voltages. Voltage-dependent inward sodium cur-
rents were elicited by 500 ms depolarizing steps in S mV incre-
ments from —90 to +10 mV at a holding membrane potential of
—90 mV. For measuring the inactivation protocol of sodium
currents, 500 ms long prepotentials started at — 90 mV and were
incremented by 5 mV steps while the command potential was
kept constant at —30 mV. The current elicited during each test
pulse was normalized to the maximal current (I/Imax). Statistical
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Subject 1 (47 m) Subject 2 (80 m)

analyses were made with two-way repeated-measures ANOVA fol-
lowed by a Bonferroni post-test for analysis of the input-output
relationship and current amplitude at every voltage step. One-
way ANOVA followed by Dunnet’s posthoc test was applied for
threshold, peak current, kinetics of action potentials, and passive
membrane properties. The results are given as mean = SEM, and
threshold p value for statistical significance was 0.05. Statistical
comparisons were performed with the Prism 4.0 (GraphPad soft-
ware, La Jolla, CA).

Results

Identification of SPTAN1 In-Frame Mutations

We previously reported a de novo 9933.3-q34.11 microde-
letion involving STXBPI in an individual with EIEE, who
transited afterward to WS at the age of 3 months (subject
1).7 Subject 1 was originally reported as one of four individ-
uals (group A) who showed early onset WS and severe cere-
bral hypomyelination (as patient No. 2).'* It is likely that
haploinsufficiency of STXBP1 caused EIEE and subsequent
WS in subject 1;” however, no mutations of STXBP1 were
found in two of the remaining three individuals of group
A (subjects 2 and 3, previously described as No. 1 and No.
3, and No. 4 was unavailable for this study).'* Based on
obvious severe hypomyelination of the group A individ-
uals, we hypothesized that another gene within the dele-
tion may contribute to the phenotype of group A, especially
for severe hypomyelination. Re-examination of the dele-

Subject 3 (36 m)

Figure 2. Brain MRI of Subjects with SPTANT
Aberrations at the Most Recent Developmental
Stages

(A-C) T2-weighted axial images through the
basal ganglia. Subject 1 (with a 2.25 Mb deletion)
showed only slightly reduced white matter (A).
By contrast, cortical atrophy and severe hypo-
myelination with strikingly reduced volume of
white matter were evident, especially in the
frontal lobes, in subjects with in-frame mutations
(subjects 2 and 3) (B and C).

(D-I) T2-weighted axial images through the
brainstem/cerebellum (D-F) and T2- (G) or T1-
weighted midline sagittal images (H and I).
Compared with subject 1 (D and G), subjects 2
(E and H) and 3 (F and I) show a thinned and
shortened corpus callosum (arrowheads), severe
atrophy of the brainstem, and hypoplasia and/
or atrophy of the cerebellar hemispheres and ver-
mis (arrows). m, months.

tion interval by genomic microarray and
long PCR successfully determined the 2.25
Mb deletion and the associated 204 kb inver-
sion (Figure 1A and see Figure S1). Among
the 46 genes mapped within the deletion,
SPTAN1, which encodes -1l spectrin, ap-
peared to be a primary candidate because ze-
brafish «-I spectrin mutants showed
impaired myelination.'* We found de novo
heterozygous mutations in SPTANI in
subjects 2 and 3 (parentage was confirmed in their respec-
tive families). Subject 2 has an in-frame 3-bp deletion
(c.6619_6621 del) leading to p.E2207 del in the continuous
helix region between the last two spectrin repeats, and
subject 3 has an in-frame 6 bp duplication (c.6923_6928
dup, p.R2308_M2309 dup) within the last spectrin repeat
(Figure 1B). These two mutations were absent in 250 Japa-
nese normal controls (500 alleles). SPTAN1 was further
screened in six unrelated individuals with WS and hypo-
myelination similar to the phenotype of group A (not
belonging to group B), but no mutations were found.

Phenotypes Associated with SPTAN1 Aberrations

The clinical features of the three subjects with SPTANI
aberrations are summarized in Table S1. Subjects 2 and 3
showed severe spastic quadriplegia, no developmental
progress, and poor visual attention. Epileptic seizures were
resistant to various treatments. Subject 3 died of fulmi-
nant myocarditis at 3 years of age. In contrast, subject 1
showed slight psychomotor development with eye con-
tact, but no head control. Her seizures have been well
controlled. Brain MRI of subjects 2 and 3 revealed wide-
spread brain atrophy including brainstem, hypoplasia,
and/or atrophy of the cerebellar hemispheres and ver-
mis, ventriculomegaly, a thinned and shortened corpus
callosum, and severe hypomyelination with strikingly
reduced white matter at 6 and 3 years of age, respectively
(Figure 2). Of note, while subject 1 initially showed
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Figure 3. Mutational Effects on the a-11/
B-1l Spectrin Heterodimer

(A) Positions of the two mutations
(c.6619_6621del, p.E2207 del in blue;
€.6923_6928dup, p.R2308_M2309 dup in
purple) in the predicted human «-II spec-
trin structure. Domains 19-21 (the last
three spectrin repeats) are colored red,
yellow, and green, respectively.

(B) GST pull-down assay of a recombinant
GST-tagged o-II spectrin/B-II spectrin het-
erodimer. The WT and two mutant a-II
spectrins could form heterodimers with
B-II spectrin at comparable levels. B-II spec-
trin did not show any binding to GST
alone.

(C-F) CD spectra (C and D) and CD melt-
ing curves (E and F) at 222 nm of the WT,
del mut, and dup mut of «-II spectrins and
B-II spectrin as a monomer (C and E)
and as heterodimers of the WT, del mut,
and dup mut of «-II spectrins with B-II
spectrin (D and F). CD spectra showed
no difference in the helical content of
the WT and mutant «-II spectrin mono-
mers and heterodimers with B-II spectrin
(C and D). The WT and mutant «-II spec-
trin monomers are unfolded at 60°C,
whereas B-II spectrin is unfolded around
at 50°C (E). In contrast, dimers of WT
and mutant a-II spectrins with -II spectrin
are partly dissociated and accompanied
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striking hypomyelination of cerebral cortex and thin
corpus callosum at 12 months of age,'* she completed
myelination and showed only slightly reduced white
matter at 4 years of age (Figure 2). The apparent differ-
ences of drug intractability and severity of cerebral hypo-
myelination and brainstem/cerebellum atrophy (subjects
2 and 3 versus subject 1) strongly suggested dominant-
negative, rather than loss-of-function, effects of the in-
frame mutations.

Characterization of o-II/B-II and o-I1/8-111
Heterodimers

The mutations were predicted to affect formation of «/f
spectrin heterodimers, because they were located at the
initial nucleation site of the «/B spectrin heterodimer!®
(Figures 1B and 3A). To examine the properties of the a-II
spectrin mutants in the context of dimer formation, we
purified recombinant WT and the two mutant «-1I spectrin
proteins (c.6619_6621 del, p.E2207 del and c.6923_6928
dup, p.R2308_M2309 dup, designated as del mut and dup

Temparature (°C)

with denaturation of a local part of
the monomers at 50°C-60°C (Tm [°C]:
58.362 + 0.059 [WT], 55.617 + 0.047
[del mut], 57.110 * 0.077 [dup mut])
and completely unfolded at 70°C-80°C
(Tm [°C]: 78.515 *= 0.327 [WT], 75.813 =
0.115 [del mut], 75.267 * 0.469 [dup
mut]) (F). The thermostability of the heter-
odimers is obviously different between the
WT and the mutants. Each dot represents
the average of three repeated experiments;
error bars, SD.

mut, respectively). Both GST pull down and analytical
gel filtration experiments revealed that the two mutants
could form heterodimers with B-II spectrin at comparable
levels to the WT (Figure 3B). Circular dichroism (CD)
spectra indicated no difference of helical content between
WT and mutant ¢-II spectrin monomers, nor between WT
and mutant «-II/B-II heterodimers (Figures 3C and 3D).
However, CD melting experiments revealed that the muta-
tions apparently affected the thermostability of «-II/B-II
heterodimers (Figure 3F). Considering the melting curves
of o-IT and B-II spectrin monomers (Figure 3E), the melting
transitions of heterodimers in the ranges of 50°C-60°C and
70°C-80°Crepresent partial dissociation of heterodimers to
monomers accompanied by denaturation of a local part of
the monomers and complete denaturation, respectively
(Figure 3F). Apparent differences of melting curves in the
50°C-60°C and 70°C-80°C ranges suggested that the muta-
tions alter the stability of «-II/B-II heterodimers.

The effect of the mutations was further clarified by tran-
sient expression in cultured mouse cortical neurons. o-II
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spectrin has been shown to be expressed in mouse
brain, especially in neuronal axons.?® In cultured cortical
neurons, o-II spectrin was expressed at cell extensions
and the periphery,?! overlapping with the expression of
B-1I and B-III spectrins (Figure S2). We generated two a-II
spectrin expression vectors: one was a dual expression
vector of C-terminally Flag-tagged a-II spectrin and nuclear
EGFP (Flag-nucEGFP), and the other was an N-terminally
EGFP-tagged (EGFP) w-II spectrin. Tagged WT «-II spectrin
from both vectors showed similar expression to endoge-
nous a-II spectrin (Figure 4A and Figure S2). Notably, the
two mutant a-II spectrins (del mut and dup mut) showed
aggregation, predominantly in cell bodies and axons

B Flag+Blll Sp

Figure 4. Mutant a-ll Spectrin Causes Aggrega-
tion of «/B Spectrin Heterodimer

(A and B) Expression of the WT and the two
mutant «-II spectrins at 7 DIV. Flag tagged-a-II
spectrin (WT-Flag) showed similar expression to
endogenous a-II spectrin (top, compare with
Figure S2A). However, two mutant «-II spectrins
(del mut-Flag and dup mut-Flag) showed aggrega-
tion predominantly in cell bodies and axons
(arrows), and these aggregations were colocalized
with B-II and B-I1I spectrins (middle and bottom).
(C and D) Aggregation of endogenous o/p spec-
trin heterodimers were found in LCLs derived
from two subjects harboring SPTANI in-frame
mutations. In LCLs of subject 2 (with
c.6619_6621del, p.E2207del) and subject 3
(with ¢.6923_6928dup, p.R2308_M2309dup),
aggregation of «-II/B-III (C) and «-II/B-II (D) spec-
trin heterodimers were frequently observed
(middle two panels, arrows), while such aggrega-
tion was never observed in subject 1 (top). LCL of
subject 3's father did not show any such aggrega-
tion (bottom).

The scale bars represent 10 pm. The following
primary antibodies were used: mouse anti-a-II
spectrin (1:400 dilution; clone D8B7; Abcam,
Tokyo, Japan), mouse anti-B-II spectrin (1:600
dilution; clone 42/B-spectrin II; BD Transduction
laboratories, San Jose, CA), rabbit anti-B-II spec-
trin (1:100 dilution; Abcam), rabbit anti-B-III
spectrin (1:400 dilution; Abcam), mouse anti-
Flag M2 (1:1000 dilution; Sigma), and rabbit
anti-DDDDK-Tag (1:2000 dilution; MBL, Nagoya,
Japan).

(Figure 4A, arrows, and Figure S2). Double
immunostaining revealed that these aggre-
gations were colocalized with B-II and B-I1I
spectrins (Figures 4A and 4B, arrows, and
Figure S2), indicating that unstable a«-II/pB-
IT and o-II/B-III spectrin heterodimers were
involved in the aggregation. Remarkably,
LCLs established from subjects 2 and 3
also showed similar aggregation, while
LCLs of subject 1 and subject 3’s parents
showed no aggregation (Figures 4C and
4D, arrows). These findings indicated domi-
nant-negative effects of the mutations for the integrity of
o-II/B-II and e-II/B-III spectrin heterodimers. Immunos-
taining against B-IV spectrin did not show its involvement
in the mutant aggregation (Figure S2).

Effects of the SPTAN1 Mutations on ankyrinG

and VGSC Clustering at AIS

Spectrins play important roles in clustering specific inte-
gral membrane proteins at high density in specialized
regions of the plasma membrane.® To examine the effects
of «/B spectrin heterodimer impairment, protein localiza-
tion at AIS was examined, where ankyrinG and VGSC are
clustered and action potentials are initiated.?’?* At 9
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DIV, expression of ankyrinG and VGSC were clustered at
AIS when WT Flag-nucEGFP was transfected (Figures SA
and 5B, top). In contrast, clustering of ankyrinG and
VGSC was disturbed in the presence of extensive o-II
(mut)/-II and o-II (mut)/p-III spectrin aggregation (Figures
5A and 5B, middle and bottom). Interestingly, whole-cell
current clamp recordings from cortical neurons expressing
mutant o-II spectrins showed impairment of repetitive
action potential elicitation and elevated threshold of
action potential compared with those expressing the WT
(Figure 6A), while there were no significant differences in
the passive membrane properties among the genotypes
(Table S3). Recordings of whole-cell sodium currents with
conventional activation and inactivation protocols re-
vealed that expression of the mutants caused a significant
depolarizing shift in activation compared with the WT,
indicating increased threshold of sodium currents (Figures
6B and 6C). These mutants did not affect any of the activa-
tion kinetic properties (10%-90% rise time) (Figure 6E), the
voltage dependence of inactivation (Figures 6F and 6G), or
the whole cell capacitance (Table S3). However, peak
sodium current densities were substantially reduced in
cells expressing dup mut or del mut (Figure 6D). Divergent
distribution of VGSC at AIS can increase the action poten-
tial threshold probably resulting from the waste of
charging current across the axonal membrane;** therefore,
the abnormal spike initiation observed in two mutants
could be caused by the disturbance of VGSC clustering
at AIS.

Discussion

We have shown that two de novo in-frame mutations of
SPTAN1 cause early-onset WS with spastic quadriplegia,
poor visual attention, and severe developmental delay.
Brain MRI of the two subjects showed severe cerebral hy-
pomyelination, decreased white matter, widespread brain
atrophy including brainstem, hypoplasia and/or atrophy
of the cerebellum, and a thinned and shortened corpus
callosum. On the other hand, mutations of STXBP1 cause
EIEE, and brain MRI of individuals with STXBPI1 muta-
tions showed no structural malformations in contrast
with striking structural abnormalities with SPTAN1 muta-
tions.” Among three subjects harboring SPTAN1 aberra-
tions, subject 1 deleted both SPTAN1 and STXBP1 hetero-
zygously.” Similar to individuals with STXBPI mutations,
subject 1 had distinctive features of EIEE, such as early
onset of spasms, suppression-burst pattern on electroen-
cephalogram, transition to West syndrome, and severe
developmental delay.” Therefore it is likely that haploin-
sufficiency of STXBP1 caused EIEE and subsequent WS
in subject 1. However, subject 1 additionally showed
apparent hypomyelination of cerebral cortex and thin
corpus callosum at 12 months of age,'* which appeared
to be distinct from clinical features caused by STXBPI
mutations. Based on these differences, we hypothesized

A anti-Flag

anti-AnkG

Flag+AnkG

del mut -Flag wt -Flag

dup mut -Flag

B anti-Flag anti-VGSC Flag+VGSC

del mut -Flag wt -Flag

dup mut -Flag

Figure 5. Transient Expression of Mutant a-ll Spectrin Led to
Disturbance of AnkyrinG and VGSC Clustering at AIS

Expression of ankyrinG (AnkG) (A) and VGSC (B) at 9 DIV. When
WT a-Il spectrin is expressed, neurons showed clustering of AnkG
and VGSC at AIS (top). However, clustering of AnkG and VGSC
were disturbed in the presence of extensive o/ spectrin aggrega-
tion when mutant «-II spectrins (both the del mut and the dup
mut) were expressed (middle and bottom). AIS regions are shown
by dashed lines. The scale bars represent 10 pm. The following
primary antibodies were used: mouse anti-ankyrinG (1:100 dilu-
tion; clone 4G3F8; Santa Cruz Biotechnology, Santa Cruz, CA),
mouse anti-pan sodium channel (for VGSC) (1:100 dilution; clone
K58/35; Sigma), and rabbit anti-DDDDK-Tag (1:2000 dilution;
MBL).

that another gene within the deletion may contribute to
severe hypomyelination, and successfully found two de
novo in-frame mutations of SPTANI in subject 2 and 3 of
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Figure 6. Mutant «-ll Spectrin Elevated
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WT. Both mutants displayed a significant
depolarizing shift in activation compared
with the WT.
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(D) Peak current density elicited by test
pulses. Statistical analysisindicated a signif-
icant reduction in peak current in both
mutants compared with the WT.
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(E) Activation kinetics assessed by 10%-90% rise time plotted against test potential for WT and mutants. There were no significant differ-

ences among WTand the two mutants.

(F) Representative sodium currents in neurons expressing WT or mutant a-I1 spectrin under influence of 500 ms inactivation prepotentials.
(G) Voltage dependence of inactivation assessed in response to inactivating prepulses between —90 and —35 mV. Statistical analysis
revealed no significant differences among WT and mutants (p = 0.96).

Error bars, SEM. *p < 0.05, **p < 0.01, ***p < 0.001, as compared to the WT. Most of the recorded parameters are summarized in Table §3.

group A. Although subject 1 initially showed severe
hypomyelination, the myelination showed catch-up com-
pletion at 4 years of age. These facts suggest that SPTANI
hemizygosity may have temporary effects on the myelina-
tion. Further reports of microdeletions involving SPTAN1
may give us a clear answer about the contribution of
SPTANI hemizygosity to hypomyelination. By contrast,
subjects 2 and 3 showed more severe phenotypes than
subject 1, indicating that the effect of in-frame mutations

was dominant negative rather than loss of function. This
idea was supported by the fact that the in-frame mutations
could cause aggregation of «-II/B-11 and a-11/B-III spectrin
heterodimers, related to disturbed clustering of ankyrinG
and VGSC at AIS. -1I and B-1II spectrins have been shown
to participate in stabilization of membrane proteins and
axonal transport.2>?® Although our study did not detect
aggregation of the o-1I/B-1V spectrin heterodimer, which
is essential for stabilization of membrane proteins at
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AIS, 7728 defective a-11/B-11 and «-II/B-Il spectrin hetero-
dimers might affect the stability of membrane proteins at
AlS, possibly in combination with disrupting intracellular
transport.

The o-1 (mut)/p-II spectrin heterodimers was more
unstable than the o-II (WT)/B-II heterodimers, which
was manifested by CD melting experiments as differences
of melting points at relatively high temperature (50°C-
60°C and 70°C-80°C). In general, structural instability
of proteins would lead to aggregate formation. Immuno-
fluorescence analysis in both transiently transfected
primary neuron and LCL derived from two subjects
showed aggregation of «-I1/B-1I and «-II/B-1II spectrin het-
erodimers, suggesting that structual instability of «-11/-II
and o-11/B-11I spectrin heterodimers resulted in the aggre-
gation.

We demonstrated a possible link between a mutant sub-
menbranous scaffolding protein and abnormal AlS integ-
rity. It has been suggested that the levels of ion channels
at AIS are regulated by altering the cytoskeletal scaffolds.??
A recessive mutation of scaffolding protein CASPR2 causes
focal epilepsy.*® Abnormal AIS integrity resulting from
mutant o-II spectrin further underscores the importance
of AIS scaffolds in the pathogenesis of epilepsy and
provides new insights for WS,

Supplemental Data

Supplemental Data include two figures and three tables and can be
found with this article online at http://www.cell.com/AJHG.
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Parthenogenetic chimaerism/mosaicism with
a Silver-Russell syndrome-like phenotype

K Yamazawa,'? K Nakabayashi,> M Kagami,' T Sato,’ S Saitoh,* R Horikawa,’

N Hizuka,® T Ogata’

ABSTRACT

Introduction We report a 34-year-old Japanese female
with a Silver-Russell syndrome (SRS)-like phenotype and
a mosaic Turner syndrome karyotype (45,X/46,XX).
Methods/Results Molecular studies including
methylation analysis of 17 differentially methylated
regions (DMRs) on the autosomes and the XIST-DMR on
the X chromosome and genome-wide microsatellite
analysis for 96 autosomal loci and 30 X chromosomal loci
revealed that the 46,XX cell lineage was accompanied by
maternal uniparental isodisomy for all chromosomes
(upid(AC)mat), whereas the 45X cell lineage was
associated with biparentally derived autosomes and

a maternally derived X chromosome. The frequency of
the 46, XX upid(AC)mat cells was calculated as 84% in
leukocytes, 56% in salivary cells, and 18% in buccal
epithelial cells.

Discussion The results imply that a parthenogenetic
activation took place around the time of fertilisation of
a sperm missing a sex chromosome, resulting in the
generation of the upid(AC)mat 46,XX cell lineage by
endoreplication of one blastomere containing a female
pronucleus and the 45,X cell lineage by union of male
and female pronuclei. It is likely that the extent of overall
(epi)genetic aberrations exceeded the threshold level for
the development of SRS phenotype, but not for the
occurrence of other imprinting disorders or recessive
Mendelian disorders.

Although a mammal with maternal uniparental
disomy for all chromosomes (upd(AC)mat) is
incompatible with life because of genomic
imprinting,' a mammal with a upd(AC)mat cell
lineage could be viable in the presence of a co-
existing normal cell lineage. In the human, Strain
et al’ have reported 46,XX peripheral blood cells
with maternal uniparental isodisomy for all chro-
mosomes (upid(AC)mat) in a 1.2-year-old pheno-
typically male patient with aggressive behaviour,
hemifacial hypoplasia and normal birth weight.
Because of the 46,XX disorders of sex development,
detailed molecular studies were performed,
revealing the presence of a normal 46,XY cell
lineage in a vast majority of skin fibroblasts and
a upid(AC)mat 46,XX cell lineage in nearly all blood
cells. In addition, although the data are insufficient
to draw a definitive conclusion, Horike et al® have
also identified 46,XX peripheral blood cells with
possible upd(AC)mat in a phenotypically male
patient through methylation analyses for plural
differentially methylated regions (DMRs) in 11
patients with Silver—Russell syndrome (SRS)-like
phenotype. This patient was found to have
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a normal 46,XY cell lineage and a triploid 69,XXY
cell lineage in skin fibroblasts.

However, such patients with a upd(AC)mat cell
lineage remain extremely rare, and there is no
report describing a human with such a cell lineage
in the absence of a normal cell lineage. Here, we
report a female patient with a upid(AC)mat 46,XX
cell lineage and a non-upd 45,X cell lineage who
was identified through genetic screenings of 103
patients with SRS-like phenotype.

MATERIALS AND METHODS

Case report

This Japanese female patient was conceived naturally
and born at 40 weeks of gestation by a normal vaginal
delivery. At birth, her length was 44.0 cm (—3.1 SD),
her weight 2.1 kg (2.9 SD) and her occipitofrontal
head circumference (OFC) 30.5 cm (—2.3 SD). The
parents and the younger brother were clinically
normal (the father died from a traffic accident).

At 2 years of age, she was referred to us because
of growth failure. Her height was 77.7 cm (—2.5
SD), her weight 8.45 kg (—2.6 SD) and her OFC
43.5cm (—2.5 SD). Physical examination revealed
several SRS-like somatic features such as triangular
face, right hemihypoplasia and bilateral fifth finger
clinodactyly. She also had developmental retarda-
tion, with a developmental quotient of 56. Endo-
crine studies for short stature were normal as were
radiological studies. Cytogenetic analysis using
lymphocytes indicated a low-grade mosaic Turner
syndrome (TS) Kkaryotype, 45,X[3]/46,XX[47].
Thus, a screening of TS phenotype” was performed,
detecting horseshoe kidney but no body surface
features or cardiovascular lesion. Chromosome
analysis was repeated at 6 and 32 years of age using
lymphocytes, revealing a 45X[8]/46,XX[92]
karyotype and a 45,X[12]/46,XX[88] karyotype,
respectively. On the last examination at 34 years of
age, her height was 125.0 cm (—6.2 SD), her weight
37.5 kg (—2.0 SD) and her OFC 51.2 cm (—2.8 SD).
She was engaged in a simple work and was able to
get on her daily life for herself.

Sample preparation

This study was approved by the Institutional
Review Board Committees at National Center for
Child health and Development. After obtaining
written informed consent, genomic DNA was
extracted from leukocytes of the patient, the
mother and the brother and from salivary cells,
which comprise ~40% of buccal epithelial cells and
~60% of leukocytes,” of the patient. Lymphocyte
metaphase spreads and leukocyte RNA were also

J Med Genet 2010;47:782—785. doi:10.1136/jmg.2010.079343
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obtained from the patient. Leukocytes of healthy adults and
patients with imprinting disorders were utilised for controls.

Primers and probes
The primers utilised in this study are summarised in supple-
mentary methods and supplementary tables 1-3.

DMR analyses

We first performed bio-combined bisulfite restriction analysis
(COBRA)® and bisulfite sequencing of the H1-DMR (A) on
chromosome 11p15.5 by the previously described methods” and
methylation-sensitive PCR analysis of the MEST-DMR (A) on
chromosome 7q32.2 by the previously described methods® with
minor modifications (the methylated and unmethylated allele-
specific primers were designed to yield PCR products of different
sizes, and the PCR products were visualised on the 2100 Bioa-
nalyzer (Agilent, Santa Clara, California, USA)). This was
because hypomethylation (epimutation) of the normally meth-
ylated H19-DMR of paternal origin and maternal uniparental
disomy 7 are known to account for 35—65% and 5—10% of SRS
patients, respectively.” '° In addition, fluorescence in situ
hybridisation (FISH) analysis was performed with a ~84-kb
RP5-998N23 probe containing the H79-DMR (BACPAC
Resources Center, Oakland, California, USA). We also examined
multiple other DMRs by bio-COBRA. The ratio of methylated
clones (the methylation index) was calculated using peak
heights of digested and undigested fragments on the 2100
Bioanalyzer using 2100 expert software.

Genome-wide microsatellite analysis

Microsatellite analysis was performed for 96 autosomal loci and
30 X chromosomal loci. The segment encompassing each locus
was PCR-amplified, and the PCR product size was determined
on the ABI PRISM 310 autosequencer using GeneScan software
(Applied Biosystems, Foster City, California, USA).

PCR analysis for Y chromosomal loci
Standard PCR was performed for six Y chromosomal loci. The
PCR products were electrophoresed using the 2100 Bioanalyzer.

Expression analysis

Quantitative real-time reverse transcriptase PCR analysis was
performed for three paternally expressed genes (IGF2, SNRPN
and ZAC1) and four maternally expressed genes (H19, MEG3,
PHLDA2 and CDKN1C) that are known to be variably (usually
weakly) expressed in leukocytes (UniGene, http://www.ncbi.
nlm.nih.gov/sites/entrez?db=unigene), using an ABI Prism 7000
Sequence Detection System (Applied Biosystems). TBP and
GAPDH were utilised as internal controls.

RESULTS

DMR analyses

In leukocytes, the bio-COBRA indicated severely hypomethy-
lated H19-DMR, and bisulfite sequencing combined with
152251375 SNP typing for 30 clones revealed maternal origin of
29 hypomethylated clones and non-maternal (paternal) origin of
a single methylated clone in this patient (figure 1A). Thus, the
marked hypomethylation of the H79-DMR was caused by
predominance of maternally derived clones rather than hypo-
methylation of the H19-DMR of paternal origin. FISH analysis
for 100 lymphocyte metaphase spreads excluded an apparent
deletion of the paternally derived H/9-DMR or duplication of
the maternally derived H79-DMR (Supplementary figure 1).

J Med Genet 2010;47:782—785. doi:10.1136/jmg.2010.079343

Methylation-sensitive PCR amplification for the MEST-DMR
delineated a major peak for the methylated allele and a minor
peak for the unmethylated allele (figure 1B). This also indicated
the predominance of maternally derived clones and the co-
existence of a minor portion ‘of paternally derived clones.
Furthermore, autosomal DMRs invariably exhibited markedly
abnormal methylation patterns consistent with predominance
of maternally inherited DMRs, whereas the methylation index
of the XIST-DMR on the X chromosome remained within the
female reference range (figure 1C). The abnormal methylation
patterns were less obvious in salivary cells (thus, in buccal
epithelial cells) than in leukocytes, except for the methylation
index for the XIST-DMR that mildly exceeded the female
reference range (figure 1A—C).

Microsatellite analysis

Major peaks consistent with maternal uniparental isodisomy
and minor peaks of non-maternal (paternal) origin were identi-
fied for at least one locus on each autosome, with the minor
peaks of non-maternal origin being more obvious in salivary cells
than in leukocytes (figure 1D and supplementary table 4).
Furthermore, the frequency of the upid(AC)mat cells was
calculated as 84% in leukocytes, 56% in salivary cells and 18% in
epithelial buccal cells, using the area under curves for the
maternally and the non-maternally inherited peaks (supple-
mentary note). Such minor peaks of non-maternal origin were
not detected for all the 30 X chromosomal loci examined.

PCR analysis for Y chromosomal loci

PCR amplification failed to detect any trace of Y chromosome-
specific bands in leukocytes and salivary cells (Supplementary
figure 2).

Expression analysis

Expression analysis using control leukocytes indicated that, of
the seven examined genes, SNRPN expression alone was strong
enough to allow for a precise assessment (Supplementary
figure 3). SNRPN expression was extremely low in this patient
(figure 1E).

DISCUSSION

These results imply that this patient had a upid(AC)mat 46,XX
cell lineage and a non-upd 45,X cell lineage. Indeed, methylation
patterns of the XIST-DMR is explained by assuming that the
two X chromosomes in the upid(AC)mat cells undergo random
K-inactivation and that 45X cells with the methylated XIST-
DMR on a single active X chromosome! are relatively prevalent
in buccal epithelial cells. Furthermore, lack of non-maternally
derived minor peaks for microsatellite loci on the X chromosome
is explained by assuming that the two X chromosomes in the
upid(AC)mat cells and the single X chromosome in the 45X
cells are derived from a common X chromosome of maternal
origin, with no paternally derived sex chromosome. It is likely,
therefore, that a parthenogenetic activation took place around
the time of fertilisation of a sperm missing a sex chromosome,
resulting in the generation of the 46,XX cell lineage with upid
(AC)mat by endoreplication (the replication of DNA without
the subsequent completion of mitosis) of one blastomere
containing a female pronucleus and the 45,X cell lineage with
biparentally derived autosomes and a maternally derived X
chromosome by union of male and female pronuclei (figure 2),
although it is also possible that a paternally derived sex chro-
mosome was present in the sperm but was lost from the normal
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Figure 1 Representative molecular
results. Pat, paternally derived allele;
Mat, maternally derived allele;

P, patient; M, mother; B, brother;

L, leukocytes; and S, salivary cells.
Filled and open circles in A and B
represent methylated and unmethylated
cytosine residues at the CpG
dinucleotides, respectively. A.
Methylation patterns of the H719-DMR
(A) harbouring 23 CpG dinucleotides and
the T/G SNP (rs2251375) (a grey box).
The PCR products are digested with
BsaBl when the cytosine at the sixth
CpG dinucleotide (highlighted in yellow)
is methylated and with Mwol when the
two cytosines at the ninth and the 11th
CpG dinucleotides (highlighted in
orange) are methylated. For the bio-
COBRA data, the black histograms
represent the distribution of methylation
indices (%) in 50 control participants,
and L and S denote the methylation
indices for leukocytes and salivary cells
of this patient, respectively. For the
bisulfite sequencing data, each line
indicates a single clone. B. Methylated
and unmethylated allele-specific PCR
analysis for the MEST-DMR (A). In

a control participant, the PCR products
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for methylated and unmethylated alleles are delineated, and the unequal amplification is consistent with a short product being more easily amplified
than a long product. In a previously reported patient with upd{7)mat,® the methylated allele only is amplified. In this patient, major peaks for the
methylated allele and minor peaks for the unmethylated allele (red asterisks) are detected. C. Methylation patterns for the 18 DMRs examined. The
DMRs highlighted in blue and pink are methylated after paternal and maternal transmissions, respectively. The black vertical bars indicate the reference
data (maximum—minimum) in 20 normal control participants, using leukocyte genomic DNA (for the X/ST-DMR, 16 female data are shown).

D. Representative microsatellite analysis. Minor peaks (red asterisks) have been identified for 0757824 and D715904 but not for DXS986 of the patient.
Since the peaks for D757824 and D115904 are absent in the mother and clearly present in the brother, they are assessed to be of paternal origin.
E. Relative expression level (mean =+ SD) of SNRPN on chromosome 15. The data have been normalised against TBP. SRS, an SRS patient with an
epimutation (hypomethylation) of the H79-DMR; BWS1, a BWS patient with an epimutation (hypermethylation) of the H79-DMR; BWS2, a BWS
patient with upd(11)pat; PWS1, a PWS patient with upd(15)mat; PWS2, a PWS patient with an epimutation (hypermethylation) of the SNRPN-DMR;

AS1, an Angelman syndrome (AS) patient with upd(15)pat; and AS2, an AS patient with an epimutation (hypomethylation) of the SNRPN-DMR.

cell lineage at the very early developmental stage. Hence, in
a strict sense, this patient is neither a chimera resulting from the
fusion of two different zygotes nor a mosaic caused by a mitotic
error of a single zygote. In this regard, a triploid cell stage is
assumed in the generation of a upid(AC)mat cell lineage, and
such triploid cells may have been detected in skin fibroblasts of
the patient reported by Horike et al.®

The upid(AC)mat cells accounted for the majority of leukocytes
even in adulthood of this patient, despite global negative selective
pressure.'? ® This phenomenon, though intriguing, would not be
unexpected in human studies because leukocytes are usually
utilised for genetic analyses. Rather, if the upid(AC)mat cells were
barely present in leukocytes, they would not have been detected.
It is likely, therefore, that upid(AC)mat cells have occupied
a relatively large portion of the definitive haematopoietic tissues
primarily as a stochastic event. Furthermore, parthenogenetic
chimera mouse studies have revealed that parthenogenetic cells
are found at a relatively high frequency in some tissues/organs
including blood and are barely identified in other tissues/organs
such as skeletal muscle and liver.”® Such a possible tissue-specific
selection in favour of the preservation of parthenogenetic cells in
the definitive haematopoietic tissues may also be relevant to the
predominance of the upid(AC)mat cells in leukocytes. In addition,
a reduced growth potential of 45X cells’ may also have
contributed to the skewed ratio of the two cell lineages.

784

Clinical features of this patient would be determined by several
factors. They include: (1) the ratio of two cell lineages in various
tissues/organs, (2) the number of imprinted regions or DMRs
relevant to the development of specific imprinting disorders (eg,
plural regions/DMRs on chromosomes 7 and 11 for SRS’ ° and
a single region/DMR on chromosome 15 for Prader—Willi
syndrome (PWS)),"® (3) the degree of clinical effects of dysregu-
lated imprinted regions/DMRs (an (epi)dominant effect has been

Figure 2 Schematic representation of the generation of the upid(AC)
mat 46,XX cell lineage and the non-upd 45,X cell lineage. Polar bodies
are not shown. PA, parthenogenetic activation; and E, endoreplication of
one blastomere containing a female pronucleus.

J Med Genet 2010;47:782—785. doi:10.1136/jmg.2010.079343
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assumed for the 11p15.5 imprinted regions including the
IGF2—H19 domain on the basis of SRS or Beckwith—Wiedemann
syndrome (BWS) phenotype in patients with multilocus hypo-
methylation'® and BWS-like phenotype in patients with a upid
(AC)pat cell lineage,'” a mirror image of a upid(AC)mat cell
lineage), (4) expression levels of imprinted genes in upid(AC)mat
cells (although SNRPN expression of this patient was consistent
with upid(AC)mat cells being predominant in leukocytes,
complicated expression patterns have been identified for several
imprinted genes in androgenetic and parthenogenetic fetal mice,
probably because of perturbed cis- and trans-acting regulatory
mechanisms)!® and (5) unmasking of possible maternally
inherited recessive mutation(s) in upid(AC)mat cells.'” Collec-
tively, it appears that the extent of overall (epi)genetic aberrations
exceeded the threshold level for the development of SRS pheno-
type and horseshoe kidney characteristic of TS* but remained
below the threshold level for the occurrence of other imprinting
disorders or recessive Mendelian disorders.

In summary, we identified a upid(AC)mat 46,XX cell lineage
in a woman with an SRS-like phenotype and a 45,X cell lineage
accompanied by autosomal haploid sets of biparental origin.
This report will facilitate further identification of patients with
a upid(AC)mat cell lineage and better clarification of the clinical
phenotypes in such patients.
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Abstract

Despite the decrease in Reye syndrome after the discontinuation of aspirin, acute encephalopathy (non-Reye syndrome type) has
been continually reported in Japan. Recent studies suggested that the thermolabile phenotype of carnitine palmitoyltransferase II
(CPT 1) variation [F352C] was closely related to the pathomechanism of influenza-associated encephalopathy (IAE) in Japanese,
causing mitochondrial ATP utilization failure during periods of high fever, resulting in brain edema. So, we analyzed CPT II poly-
morphism and peripheral blood ATP levels as a signal of “energy crisis” in 12 and 10 patients with acute encephalopathy, respec-
tively. Out of the 12 patients with acute encephalopathy, §m showed thermolabile CPT II variants [F352C], and of these six, two
patients died in spite of intensive care. In contrast, the remaining six patients with no thermolabile CPT II variant [F352C] showed
a relatively mild clinical course. Blood ATP levels of the 10 patients in the acute phase of encephalopathy were significantly lower
than those during the convalescent phase and also those of patients with febrile seizure status. Our data suggest that the thermolabile
F352C CPT 1I variant, found only in Japanese, might be one of the predisposing factors to trigger the pathomechanism of acute
encephalopathy in the Japanese population, and that it is causally related to the severity of disease. The decreased blood ATP level
seems to reflect systemic mitochondrial dysfunction including the blood brain barrier during the acute phase of encephalopathy.
© 2011 Published by Elsevier B.V. on behalf of The Japanese Society of Child Neurology.

Keywords: Acute encephalopathy, Carnitine palmitoyltransferase II; Thermolabile variants; ATP; Mitochondrial dysfunction

1. Introduction

Acute encephalopathy in children is clinically charac-
terized by high fever, prolonged consciousness distur-
bance associated with brain edema, and prolonged or
multiple generalized seizures. Acute encephalopathy
distinct from Reye syndrome is not rare in Japan. The

* Corresponding author. Tel.: +81 88 633 9649; fax: +81 88 633
7425.

E-mail address: kido@ier.tokushima-u.ac.jp (H. Kido).

precise pathogenesis of acute encephalopathy including
influenza-associated encephalopathy (IAE) remains
unclear. An epidemiological study revealed that aspirin
use was closely related to the pathogenesis of Reye syn-
drome [1]. However, despite the decrease in Reye syn-
drome after the discontinuation of aspirin, acute
encephalopathy (non-Reye syndrome type) has been
continually reported in Japan [2].

Recently, acute encephalopathy was classified into
several types according to magnetic resonance imaging
(MRI) findings together with the clinical course, such

0387-7604/$ - see front matter © 2011 Published by Elsevier B.V. on behalf of The Japanese Society of Child Neurology.
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as acute necrotizing encephalopathy [3], acute encepha-
lopathy with biphasic seizures and late reduced diffusion
[4], and hemorrhagic and shock encephalopathy [5,6].
Although the influenza virus and HHV-6 (human herpes
virus-6) are the main causative agents of these acute
encephalopathies, many other viruses are also consid-
ered to be responsible for the disease [3,4,7].

It is estimated that more than 100 children die of IAE
every year in Japan [8,9]. According to the first nation-
wide clinical survey of IAE in Japan, in many patients
with TAE, multiple-organ failure developed, and rates
of mortality (31.8%) and disability (27.7%) were high
[2]. Although clinical and neuropathological studies sug-
gested that blood-brain barrier destruction and hyper-
cytokinemia in cerebrospinal fluid were closely related
to the pathogenesis of IAE, the pathophysiology and
mechanisms of disease onset are still unclear [3,7,10,11].

Recently, Chen et al. [12] reported that the thermola-
bile phenotypes of carnitine palmitoyltransferase II
(CPT II) variations, [1055T > G/F352C] alone, and
[1055T > G/F352C]+[1102G > A/V3681] were closely
related to the pathomechanisms of IAE. The CPT system
is a pivotal component of ATP generation through mito-
chondrial fatty acid oxidation in mammals [13]. Yao et al.
[14] further characterized the enzyme properties of the
CPT II variants as follows: (1) dominant-negative effect,
(2) reduced activities, (3) thermal instability, and (4) short
half-lives compared with the wild-type. They demon-
strated that the thermolabile CPT II variants might cause
mitochondrial fuel utilization failure in various organs
and endothelial cells during periods of high fever, and,
thus, might play an important role in the pathogenesis
of brain edema in IAE. In the present study, we analyzed
the CPT II polymorphism and peripheral blood ATP lev-
els as a signal of “energy crisis” in patients with acute
encephalopathy with and without influenza virus infec-
tion, septic encephalopathy, and febrile delirium during
influenza virus infection, and analyzed the relationships
among these data, age, and clinical manifestations.

2. Patients and methods
2.1. Patient profile for the study of CPT II polymorphism

This investigation was approved by the Ethics Review
Committee for human genome analysis of our institu-
tion. All participants’ caregivers gave written informed
consent. Fifteen patients were included in the study.
The clinical details are summarized in Table 1. The diag-
noses of the 15 patients were as follows: 12 patients with
acute encephalopathy (7 IAE, one human herpes virus
type 6 (HHV-6) associated, one varicella-associated,
one septic encephalopathy associated with Hemophilus
influenzae type b, two acute encephalopathy with an
unknown pathogenesis, highly suspected of being of viral
origin), and three febrile delirium associated with influ-

enza virus infection. Two patients (Case 1, IAE, and
Case 2, septic encephalopathy) died 30 and 3 days after
admission, respectively, despite intensive care. All 12
patients with acute encephalopathy were diagnosed
based on prolonged seizures with high fever and/or con-
sciousness disturbance lasting longer than 12 h associ-
ated with brain CT or MRI abnormalities.

3. Representative case presentations
3.1 Casel

This 4-year-old girl was. admitted to our hospital
because of feeding difficulty, a lethargic state, and high
fever lasting longer than 12 h. A rapid test for influenza
A virus antigen in the nasal discharge was positive. She
has been followed at our outpatient clinic with a diagno-
sis of severe psychomotor delay and epilepsy due to
chromosome abnormality (46, XX, dup(2)(q21.1q24.2))
since the age of 3 years. Her seizure disorder was well-
controlled with phenobarbital. On admission, except
for a lethargic tendency, she showed no neck stiffness,
involuntary movement, or convulsion, and her respira-
tory and circulatory conditions were stable. She was also
able to follow an object. Neurological examination
revealed normal light and corneal reflexes and normal
deep tendon reflexes. Pathological reflexes were not
induced. Her consciousness level, however, deteriorated
12 h after admission. On laboratory tests, blood glucose,
ammonia, the white blood cell count (WBC), hemoglo-
bin (Hb), and platelet count (Plt) were within normal
ranges, and cereblospinal fluid (CSF) findings were
unremarkable. Blood and CSF cultures were negative.
Because she also showed sudden respiratory insuffi-
ciency and reduced blood pressure, she was immediately
resuscitated and intubated. After that, she could not
move and all brainstem reflexes disappeared. On brain
CT the next day, as shown in Fig. la, cisterns surround-
ing the brainstem and cerebellum were not identified and
auditory brainstem responses (ABR) showed only bilat-
eral wave I. Rapid consciousness deterioration as well as
brain CT and ABR findings suggested cerebral hernia-
tion due to influenza-associated brainstem encephalopa-
thy. On the second CT 3 weeks later, severe brain edema
and subarachnoid hemorrhage were observed. Despite
intensive care, she died on the 31st day of hospitaliza-
tion. She had a thermolabile F352C CPT II variant.

3.2. Case 2

This previously healthy 2-year-old boy was admitted
to our hospital because of consciousness disturbance, a
brief seizure cluster, and high fever lasting 24 h. On
admission, neurological examination revealed coma, the
absence of light and corneal reflexes, dilated and anisoc-
oric pupils, and flaccid extremities. Neck stiffness was
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Table 1
Clinical summary of patients and CPT II polymorphism.
Case no. Age at onset Pathogen Diagnosis CPT II Duration of Duration Therapy Outcome
polymorphism  high fever of seizure
(min)
1° 4 years 10 months Flu A IAE F352C 24h (-) Gly, IVIG, m-PSL, Died
Venti
2 2 years 2months  H. influenza Hib F352C, V3681  2days 3 Venti, Epin, DOA, Died
septic CTX
AE
3¢ 1 year Unknown AEU F352C, V3681  2days 30 Mann, MDZ Severe MR,
MD, Epi
4° 1 year 7 months Flu A 1AE (=) 30h 40 Gly, m-PSL, Venti Moderate MR,
MD, Epi
5* 4 years 5 months Flu A IAE F352C, V3681 5 days 90 Gly, MDZ, Pen, IVIG, Moderate MR
m-PSL
6" 2 years | months  Varicella Varicella  F352C, V3681 24h 90 Mann, MDZ, m-PSL Mild MR
AE
7° 6 years Unknown AEU F352C, V3681  2days 30 Mann, MDZ, m-PSL, Mild MR
HT
8 1 years 4 months  Flu A IAE V3681 5 days 60 Gly, MDZ, Pen, PB, Mild MR
m-PSL
9? 2 years Flu A IAE V3681 S days 60 Gly, MDZ, Pen, IVIG, Mild MR
m-PSL
10* 11 months HHV-6 HHV- V3681 36h 100 Gly, MDZ, Pen, m- Good
6 AE PSL
1P 2 years 5 months Flu A IAE V368I, M647V 24h 40 MDZ, PB, m-PSL, HT Good
12* 3 years 11 months Flu A IAE V3681 2 days 40 MDZ, PB, m-PSL, Good
HT, Venti
13 4 years 9 months  Flu A FD F352C, V3681 4 days 2 (=) Good
14 9 years Smonths  Flu A FD (=) 3 days (=) (=) Good
15 11 years Flu A FD V3681, M647V 3 days (=) (=) Good

IAE: Influenza-associated encephalopathy, AEU: acute encephalopathy of unknown pathogen, FD: febrile delirium, Flu A: influenza A, HHV-6:
human herpes virus-6, MR; mental retardation, MD: motor delay, Epi: epilepsy, Mann: mannitol, MDZ: midazolam, m-PSL: methylpredonisolone,
HT: hypothermia, Venti: artificial ventilator, Epin: epinephrine, DOA: dopamine, CTX: cefotaxim, PB: Phenobarbital, Pen: pentobarbital, IVIG:

intravenous infusion of gamma-globlin, Gly: glycerole.

@ AESD (acute encephalopathy with biphasic seizures and late reduced diffusion).

® This case partially resembles ANE (acute necrotizing encephalopathy).

¢ Unclassified acute encephalopathy.

not observed. A rapid test for influenza virus antigen in
the nasal discharge was negative. His head CT demon-
strated diffuse brain edema, as shown in Fig. 1b. On lab-
oratory investigation, blood glucose and ammonia, as
well as liver and renal functions were within normal lim-
its. WBC was 18,000/uL, Hb 11.6 g/dL, Plt 3,60,000/uL.
and prothrombin time 68.7 s. Blood culture identified /1.
influenzae type b. Spinal tap was not performed because
of the risk of cerebral herniation. The blood ATP level
was 0.58 mM on admission.- The acylcarnitine ratio
((C16 + C18:1)/C2) was high, at 0.203, on admission,
compared with the upper cutoff value of 0.048 [12]. We
diagnosed him with septic encephalopathy. Despite inten-
sive care including antibiotics, ventilator support, and
catecholamine infusion, he died 2 days later. He had com-

_pound thermolabile CPT II variants [F352C + V3681].

3.3. Case 12

This previously healthy 3-year-old boy was admitted
to our hospital because of a febrile seizure status and

high fever lasting longer than 24 h. His generalized tonic
clonic seizure was suppressed with pentobarbital infu-
sion 40 min after the onset. A rapid test for influenza
virus antigen in the nasal discharge was positive for flu

~ A. Brain CT revealed mild brain edema. So, he was
sedated and intubated. Methylpredonisolone (m-PSL)
pulse and hypothermia therapies were immediately
started based on the diagnosis of IAE. The blood ATP
value was 0.77 mM on admission, and it increased to
1.35 mM 2 weeks later. On the 6th day of hospitaliza-
tion, he developed brief right-sided clonic seizure. Brain
MRI (diffusion-weighted images) showed an abnormal
high intensity in the left hemisphere (Fig. le). The clin-
ical course and MRI findings were compatible with
acute encephalopathy with biphasic seizures and late
reduced diffusion [4]. Additional m-PSL therapy was
given and the hypothermia therapy gradually discontin-
ued. His neurological condition subsequently showed a
full recovery. No apparent mental, motor, and social
skill impairment was noted during follow-up 1 year
later. He had a V3681 CPT II variant.
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