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white matter including a thin corpus callosum, mild
brain atrophy, and mild cerebellar hypoplasia are fre-
quently seen in patients with mutations in other
genes involved in the biosynthesis of the GPI anchor,
such as PIGN, PGAP2, DPMI, and DPM2,'01523:24
high signals on DWI have never been reported. In
additon, the ADC map showed adversely low or
decreased signals, suggesting restricted water diffu-
sion. This pattern (a high DWI signal and low
ADC values) can be seen in patients with specific
metabolic disorders, such as nonketotic hyperglycine-
mia, phenylketonuria, maple syrup urine disease,
Leigh encephalopathy, infantile neuroaxonal dystro-
phy, Wilson disease, metachromatic leukodystrophy,
and Canavan disease.”” Indeed, metabolic disorders,
particularly nonketotic hyperglycinemia, are strongly
associated with EME, which is common in patents
with PIGA mutations. A brain MRI of a patient in
carly infancy with a recendy reported PIGO defi-
clency also showed hypomyelination and abnormally
high signals in T2-weighted images from the bilateral
basal ganglia to the brainstem.?® While the pathologic
mechanism for restricted diffusion patterns in specific
areas is unknown, this finding may be useful to screen
patients with a GPI deficiency.

Patients with the severe type of PIGA mutation
showed both an asymmetrical and symmetrical pat-
tern of suppression burst on EEG in this study. The
suppression burst pattern is characteristic for 2 types
of EOEE, OS and EME, and most patients of both
disorders show a symmetrical pattern. The asymmet-
rical pattern has been reported in patients with agen-
esis of the corpus callosum such as Aicardi
syndrome,” and KCNQZ2 mutations.” All 3 patients
with the asymmetrical suppression burst in the pre-
sent study also showed white matter immaturity with
a thin corpus callosum and abnormally high signals in
deep white matter on DWI. These data indicate a
disturbed connectivity of the bilateral hemisphere in
patients with P/GA mutations. The adverse advance-
ment of the EEG findings from hypsarrhythmia to
suppression burst in our cases, which is usually
observed in neonates, might reflect the retrogression
of brain function, which is also seen in the progres-
sion of brain atrophy.

Patient 1 showed severe hydronephrosis caused by
the vesicoureteral reflux and hepatoblastoma, so a
diagnosis of Schinzel-Giedion syndrome was made.
This is an autosomal dominant disorder characterized
by severe developmental delay, distinctive facial fea-
tures with a prominent forehead, midface retraction,
short, upturned nose, and either hydronephrosis or
typical skeletal malformations, such as sclerotic skull
base, wide occipital synchondrosis, increased cortical
density or thickness, and broad ribs.?® SETBPI

mutations have been reported in patients with
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Schinzel-Giedion syndrome® but were not identified
in our patient. Because of the phenotypic similarities
between patients with P/GA mutation and those with
Schinzel-Giedion syndrome, we suggest that patients
with Schinzel-Giedion syndrome with no SETBPI
mutations should undergo genetic analysis of their
PIGA gene or other genes involved in the biosynthesis
of the GPI anchor.

Patients with mutations in PIGL, PIGM, PIGN,
PIGO, PIGT, DPM2, and MPDUI often die in early
childhood.*!*14-1623:30 \While pneumonia is the main
cause of death in these patients, intractable seizures,
which rigorously worsen the prognosis of life expec-
tancy and cognitive function, frequently occur. Itis of
interest that the targeted agents butyrate and pyridox-
ine were reported to be effective for seizure treatment
in patients with PIGM or PIGO mutation, respec-
tdvely.?¢*' However, patient 5 in this study did not
respond to pyridoxine. The study of more patients
will facilitate the establishment of personalized treat-
ment methods for patients with GPI deficiencies.

Our study demonstrated that mutations in PIGA
are causative for a variety of EOEEs, particularly for
patients with myoclonus and asymmetrical suppression
burst on EEG. Multiple anomalies with facial dysmor-
phism resembling Schinzel-Giedion syndrome, de-
layed myelination with restricted diffusion patterns at
the brainstem, and deep white matter are key findings
in a severe form in patients with PIGA mutations.
Nevertheless, a wide range of clinical phenotypes of
PIGA mutations should be kept in mind, including
the less severe forms involving intellectual disability
and treatable seizures without facial dysmorphism.
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Letter to the Editor

AKT3 and PIK3R2 mutations in two patients

with megalencephaly-related syndromes:
MCAP and MPPH

To the Editor: 3-kinase (PI3K)-AKT pathway (3). Here, we report
Megalencephaly-capillary malformation syndrome two patients with an AKT3 and PIK3R2 mutation.
(MCAP) and megalencephaly-polymicrogyria-polyd The'study protocol was approved by the Institutior;al
actyly-hydrocephalus syndrome (MPPH) belong to a Re\’flew.Boards for Ethical ?ssue's at Yokohama City
spectrum of megalencephaly-related syndromes. The  University and Yamagata University.
diagnostic criteria for MCAP include megalencephaly Patient 1 is an 8-year-old girl who has been pre-
plus capillary malformations or syndactyly, and those viously reportec} as having MPPH (4). Brain magnetic
for MPPH include megalencephaly and polymicro- resonance 1maging (MBD at 6 years showed asymmetry
. . of the gyral pattern, dilated lateral ventricles, polymi-
gyria, an absence of vascular anomalies, syndactyly,

and brain heterotopia (1). Recently, AKT3, PIK3R2, ‘S:fl‘;ggf;t?;] ;‘“%:gg‘;ﬂﬁg:&g‘(‘gz“iati‘z)o‘l’,‘;‘gxtl é"?:sé
and PIK3CA mutations have been identified in MCAP

' 2-month-old boy who showed macrocephaly, cutis mar-
and MPPH (2). The proteins encoded by these genes  morata of the distal extremities, and hyperextensibility
are core components of the phosphatidylinositol

{9 ?aﬁem 1 () [Eatient 2 ® p.LeuddtPro
;___.__ﬂ_ K PIK3R2
{ !
Q O 1 PRI 728
. -
PIKIRZ ©4202T>C = AKT3 c.686A>G PAsnz293er
p.lend01Pro : p.Asn229Ser

AGCTGA? ZTTgaTGG

AASW

Fig. 1. Magnetic resonance imaging of patient 1 at 6 years of age (a—c). (a, b) Axial T2-weighted imaging showing enlarged lateral and third
ventricles, enlarged extra-axial space, and decreased white matter volume with occipital lobe predominance. Irregular small gyri with areas of cortical
thickening compatible with polymicrogyria are observed prominently in the bilateral perisylvian regions (asterisks) and the right frontal lobes (white
arrowheads). Abnormal high-intensity signals are seen in the bilateral occipital lobes (thick white arrows). (c) Sagittal T1-weighted imaging showing
normal brainstem and cerebellum. Magnetic resonance imaging of patient 2 at 7 days of age (d-f). (d) Axial T2-weighted imaging at the level
of the basal ganglia showing enlargement of the left hemisphere. Polymicrogyria is seen in the perisylvian fissures with right-side dominance,
which extends to the right temporal lobe (asterisk). The left parietal cortex shows a blurred border between the gray matter and the white matter
(bracket), suggesting dysplasia of cortical development. (e) Axial T2-weighted imaging showing polymicrogyria in the right parietal lobe adjacent
to the central sulcus (white arrows). (f) Sagittal T1-weighted imaging showing a relatively small pontine base. Family pedigrees and causative
mutations (g-1i). (g) Patient 1 with MPPH showing a de novo heterozygous missense mutation in PIK3R2 (c.1202T>C, p.Leud401Pro). (h) Patient 2
with MCAP showing a de novo missense heterozygous mutation in AKT3 (c.686A>G, p.Asn229Ser). (i) Distribution of mutations in PIK3R2 and
AKT3. SH2, Src homology 2 domain; SH3, Src homology 3 domain; RhoGAP, Rho GTPase-activating protein domain; PH, pleckstrin homology
domain. #Reported by Riviere et al. (2).

1 la7g
pArgeasTrp®

396

65



Letter to the Editor

of the skin. Brain MRI at 7 days showed an asymmet-
ric cerebral hemisphere with right-dominant perisylvian
polymicrogyria (Fig. 1d—f), and at 2 months showed a
thin corpus callosum and progressive hydrocephalus.
These findings were compatible with MCAP.

Whole exome sequencing using DNA extracted from
blood leukocytes revealed a de novo missense mutation
in each patient: p.Leud01Pro in PIK3R2 (patient 1)
and p.Asn229Ser in AKT3 (patient 2) (Fig. 1g—i). Both
mutations were absent from the 6500 eomes sequenced
by the National Heart, Lung, and Blood Institate exome
project and our 144 in-house control exomes. The
read count for mutant alleles possessing p.Leud01Pro
in PIK3R2 was 47.7% (84/176 reads), and that for
p-Asn229Ser in AKT3 was 52.2% (128/245 reads).
Therefore, these mutations are likely germline rather
than mosaic mutations.

The novel PIK3R2 mutation (p.Leud01Pro) in patient
1 is within the first Src homology 2 (SH2) domain of the
PIK3R2 protein; this domain binds to phosphotyrosine-
containing motifs and regulates many aspects of cel-
lular communication (5). Eleven MPPH families have
been reported to have a recurrent PIK3R2 mutation
(p.Gly373Arg), which is also located in the first SH2
domain (2). The phenotypes of all 13 cases with the
p-Gly373Arg mutation were similar to that of patient 1
(Table 1) (1, 2), implying that impaired function of the
SH2 domain is important in the pathogenesis of MPPH.
The AKT3 mutation (p.Asn229Ser) detected in patient
2 with MCAP has been reported in a case of MPPH
(2). Furthermore, another case with a different AKT3
mutation (p.Arg465Trp) was diagnosed with overlap-
ping features of MCAP and MPPH (Table 1). These
findings support the notion that the two syndromes
have a common genetic basis. Interestingly, somatic
mosaicism of an AKT3 mutation causes hemimegalen-
cephaly, which is similar to MPPH or MCAP (6, 7).
Mutation screening of AKT3 should be considered for
patients with MPPH or MCAP as well as those with
hemimegalencephaly, for whom pathological tissue is
available.

MCAP and MPPH are categorized as overgrowth
syndromes, as are Cowden disease and Proteus syn-
drome that are caused by abnormal activation of the
PI3K—-AKT pathway, which participates in diverse cel-
lular processes (3, 8). The PI3K-AKT pathway is
linked to mammalian target of rapamycin (mTOR)
(6), which is a specific molecule for targeted thera-
peutics (sirolimus or everolimus). Further investigation
into potential treatments for overgrowth syndromes is
essential.

In summary, we have described two patients with
either an AKT3 or a PIK3R2 mutation. Our data
highlight the importance of the SH2 domain of PIK3R2
in MPPH, and support that MPPH and MCAP have the
same genetic origin.

LR08-0182 (overlapping MCAP and MPPH)
AKT3 (p.Arg465Trp)
+55{7.5m)
umbilical hemangioma
+
+
ND
+
+
+

LR11-3542 (MPPH)
+6.02y5m)
+
ND
ND
+
+

AKT3 (p.Asn229Ser)

Patient 2 (MCAP)
+3.0 2 m)

AKT3 (p.Asn229Ser)
Skin capillary malformation

6/9
ND
13/13
13/13
8/13

13 patients? (MPPH)
+2-8(8 m-13y)
2/13
0/13
0/13
0/13
2/13

o+ ++ e+

+26(1y9m)

Patient 1 (MPPH)
PIK3R2 (p.Leud01Pro) PIK3R2 (p.Gly373Arg)

Acknowledgements

Hydrocephalus or ventriculomegaly

Connective tissue dysplasia
CBTE

Syndactyly

Vascular abnormalities
Polydactyly

HC SD (age)
Overgrowth
Epileptic seizures
Visual impairment
Neuroimaging features
Polymicrogyria

We would like to thank the patients and their families for their
participation in this study. We thank Aya Narita for technical

MPPH, megalencephaly-polymicrogyria-polydactyly-hydrocephalus syndrome; MCAP, megalencephaly-capillary malformation syndrome; HC, head circumference; SD, standard

deviation; y, years; m, months; ND, no data; CBTE, cerebellar tonsillar ectopia.

Table 1. Phenotypes associated with PIKBR2 and AKT3 mutations
2 Riviere et al. (2) and Mirzaa et al. (1).

Patient (diagnosis)

Mutation
Features
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Abstract Defects of the human glycosylphosphatidylinositol
(GPI) anchor biosynthetic pathway show a broad range of
clinical phenotypes. A homozygous mutation in PIGN, a
member of genes involved in the GPI anchor-synthesis path-
way, was previously reported to cause dysmorphic features,
multiple congenital anomalies, severe neurological impair-
ment, and seizure in a consanguineous family. Here, we report
two affected siblings with compound heterozygous PIGN
mutations [c.808T >C (p.Ser270Pro) and ¢.963G >A]
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showing congenital anomalies, developmental delay, hy-
potonia, epilepsy, and progressive cerebellar atrophy.
The ¢.808C >T mutation altered an evolutionarily conserved
amino acid residue (Ser270), while reverse transcription-PCR
and sequencing demonstrated that ¢.963G >A led to aberrant
splicing, in which two mutant transcripts with premature stop
codons (p.Ala322Valfs*24 and p.Glu308Glyfs*2) were gen-
erated. Expression of GPI-anchored proteins such as CD16
and CD24 on granulocytes from affected siblings was
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significantly decreased, and expression of the GPI-anchored
protein CD59 in PIGN-knockout human embryonic kidney
293 cells was partially or hardly restored by transient expres-
sion of p.Ser270Pro and p.Glu308Glyfs*2 mutants, respec-
tively, suggesting severe and complete loss of PIGN activity.
Our findings confirm that developmental delay, hypotonia,
and epilepsy combined with congenital anomalies are com-
mon phenotypes of PIGN mutations and add progressive
cerebellar atrophy to this clinical spectrum.

Keywords Cerebellar atrophy - Compound heterozygous
mutation - Glycosylphosphatidylinositol anchor - PIGN

Introduction

Defects of the biosynthetic pathway of the
glycosylphosphatidylinositol (GPI) anchor cause broad clini-
cal phenotypes [1]. The products of more than 20 genes in the
phosphatidylinositol glycan (PIG) family are involved in GPI
biosynthesis, whereas post-GPI-attachment to proteins
(PGAP) gene products play a role in the structural remodeling
of GPI glycan and lipid portions [2]. Mutations in eight genes
involved in GPI biosynthesis and remodeling (PIG4, PIGM,
PIGN, PIGV, PIGL, PIGO, PIGT, and PGAP2) have been
identified in individuals with neurological abnormalities [1,
3-5], of which PIGN controls the addition of
phosphoethanolamine to the first mannose in GPI [6]. To date,
only one homozygous PIGN mutation has been reported to
cause dysmorphic features, multiple congenital anomalies,
severe neurological impairment, and seizures in a consanguin-
eous family [7]. Here, we report a family with two affected
siblings, possessing compound heterozygous PIGN muta-
tions. Detailed clinical information and molecular and func-
tional analyses are presented.

Patients and methods
Patients

We analyzed two affected siblings and their parents. Experi-
mental protocols were approved by the Institutional Review
Board of Yokohama City University School of Medicine.
Clinical information and peripheral blood samples were ac-
quired from the family members after obtaining written in-
formed consent. Patient clinical features are summarized in
Table 1. They showed dysmorphic facial features, develop-
mental delay, intellectual disability, hypotonia, vertical nys-
tagmus, and epilepsy.
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Patient |

This 9-year-old girl was bomn to nonconsanguineous healthy
parents as a second child after 39 weeks of gestation (Fig. 1a).
Her birth weight was 3,390 g [+1.40 standard deviation (SD)],
body length of 49 cm (—0.03 SD), and head circumference of
35 em (+1.35 SD). At 1 month of age, she showed vertical
nystagmus without eye pursuit. She was hypotonic, and se-
vere developmental delay was evident from early infancy. She
was unable to contro! her head or utter words at 9 years of age.
Abdominal echogram revealed bilateral vesicoureteral reflux
as a cause of repeated urinary tract infections. Complex partial
seizures developed at 8 months of age and were controlled by
antiepileptic drugs. Tube feeding by gastrostomy was neces-
sary for poor appetite at the age of 2 years.

Several dysmorphic features (prominent occiput,
bitemporal narrowing, epicanthal folds, open mouth, tented
upper lip, high arched palate, micrognathia, and deep plantar
groove) were noted (Fig. 1b), but hypoplasia was absent from
fingers and fingernails. Initial brain magnetic resonance im-
aging (MRI) at 6 months of age was normal, but cerebellar
atrophy was observed at 2 and 6 years of age (Fig. 1c—f).

At present, her height is 122 cm (+1.1 SD), weight of
18.4 kg (—1.2 SD), and head circumference of 51.4 cm (—0.3
SD). Generalized muscle weakness and nystagmus were neu-,
rologically recognized. Laboratory examination showed a
normal profile, including blood cell count and blood
smear, renal and liver function, total bilirubin, uric acid,
albumin, serum electrolytes, lactate, pyruvate, ammonia,
amino acids, blood gasses, thyroid function, and cere-
brospinal fluid study. Her serum alkaline phosphatase
(ALP) activity has been normal for her age since infan-
¢y. Metabolic disorder screening including organic acid
analysis, lysosomal enzymes, and mass spectrometry of
transferrin was normal. G-banded analysis showed a
normal karyotype (46, XX).

Patient 2

This 2-year-old boy was born after 37 weeks of gestation
as a younger brother to patient 1 (Fig. la). His birth
weight was 3,252 g (+1.3 SD), body length of 50 cm
(+1.2 SD), and head circumference of 35 cm (+1.6 SD).
He also showed vertical nystagmus at 1 month of age.
Complex partial seizures developed at 5 months of age.
He was hypotonic, and his developmental milestones
were severely delayed with no head control at 1 year
and 10 months of age. At present, his height is 92.3 cm
(+2.5 SD), weight of 10.9 kg (—0.6 SD), and head
circumference of 48.8 cm (+0.4 SD). He showed similar
dysmorphic features to patient 1. Brain MRI at 2 months
of age revealed no significant abnormalities.
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Table 1 Clinical features of patients with PIGN mutations

Patient 1 2 Reported by Maydan et al. [7]
V-1 V-2 V-4 V-5 V-8 V-9 V-10 Total
Age (years) 9 2 N.D. Diseased at 14 Diseased at | Diseased at 5 Diseased at 3 Diseased at 17 Diseased at 39
Sex Female Male Male Male Male Female Female Female Male
Size at birth (percentile)
Weight (g) 3,390 (90-97) 3,252 (90-97) 3,566 (95) 4,065 (97) 3,850 (95) 3,410 (40) 4,250 (99) 4,300 (98) 4,800 (>99)
Head circumference (cm) 35 (90) 35 (90-97) 37 (>97) 37(097) 35.5(75) 34.5(10) N.D. N.D. N.D.
Abnormalities
Facial features + + + + + + + 9/9
Fingers/foot + + + + + - - + 6/9
Heart - - + + + + - + - 5/9
Urinary tract + - + + + - - - - 4/9
Gastrointestinal tract GER - GER GER Anal stenosis Imperforate anus, ano-  — Feeding and  Feedingand  7/9
vestibular fistula, GER swallowing  swallowing
difficulties difficulties ’
Neurological features
Developmental delay + + + + + + + 9/9
Hypotonia + + + + + + + 9/9
Nystagmus + + + + - + - + + 79
Tremor + + + + + + + - - 7/9
Seizure + + + - + + + + + 8/9
Brain CT Normal Normal Normal N.D. Normal Multiple small subdural ~ N.D. N.D. N.D. 1/5
hematomas
Brain MRI N.D. N.D. N.D. N.D. ND.
Delayed myelination + - - + 2/4
Thin corpus callosum - - - 1/4
Cerebellar atrophy + -~ Minimal loss of - 1/4
vermis parenchyma
Enlargement of the ventricle -+ - - + (Mild) 2/4

GER Gastroesophageal reflux, N.D. not determined

26-58:S1 (#107) sonsuafomaN
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Whole exome sequencing (WES)

Genomic DNA was isolated from peripheral blood leukocytes,
captured using the SureSelect Human All Exon v4 Kit (51 Mb;
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Agilent Technologies, Santa Clara, CA), and sequenced on an
Tllumina HiSeq2000 (Illumina, San Diego, CA) with 101 bp
paired-end reads. Data processing, variant calling, and variant
annotation were performed as previously described [8].
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< Fig. 1 a Familial pedigree and mutations. b Photographs of the faces of
patient 1 (upper) and patient 2 (Jower). Frontal narrow temporal, frontal
bossing, hypertelorism, epicanthal folds, down-slanting palpebral

. fissures, high nasal bridge, bilateral low set ears, thin philtrum,
downturned mouth, and microretrognathia are noted in both patients. ¢,
d, £ T1-weighted midline sagittal images and e T2-weighted coronal
images of patient 1 (¢ at 6 months, d and e at 2 years, and i at 6 years).
Progressive vermis atrophy (¢, d, f) and hemispheres atrophy (e) were
observed. g Sequence chromatography showing heterozyogous
¢.808C >T mutation, which alters an evolutionarily conserved amino
acid. Homologous sequences were aligned using CLUSTALW. h RT-
PCR analysis using cDNA of LCLs derived from two patients (II-2 and
11-5) and a control. i Schematic representation of wild-type (WT) and
mutant transcripts and primers used for the analysis. Primer of ex11-12-R
spans exons 11 and 12. A single band (200 bp), corresponding to the WT
allele, was amplified using control cDNA. Upper and lower bands were
detected from patient cDNA. The upper band (253 bp) has a 53-bp
insertion of intron 10 sequences, leading to a frameshift mutation. The
lower band has a 41-bp deletion of the entire exon 10, also leading to a
frameshift mutation

Reverse transcriptase-PCR

Lymphoblastoid cell lines (LCLs) were established from the
two patients. RT-PCR using total RNA extracted from LCLs
was performed as previously described [9].

Briefly, total RNA was extracted using the RNeasy Plus
Mini kit (Qiagen, Tokyo, Japan) from LCLs with or without
incubation in 30 uM cycloheximide (CHX; Sigma, Tokyo,
Japan) for 4 h. Four micrograms of total RNA was subjected to
reverse transcription, and 2 pl ¢cDNA was used for PCR.
Primer sequences were ex9-F (§-TCCTTTAGTCACTTGG
GGAGCTGGA-3") and ex11-12-R (5-AATCCACAGGAA
GGATTCCCACTGA-3") (Supplementary Table 1). PCR
products were electrophoresed on a 10 % polyacrylamide
gel and sequenced. PCR bands were purified by the
E.ZN.A. poly-Gel DNA Extraction kit (Omega Bio-Tek,
Norcross, GA).

Fluorescence-activated cell sorting (FACS) analysis

Surface expression of GPI-anchored proteins (GPI-APs)
was determined by staining cells with Alexa 488-
conjugated inactivated aerolysin [fluorescently-labeled
inactive toxin aerolysin (FLAER); Protox Biotech,
Victoria, BC, Canada] and appropriate primary antibod-
ies: mouse anti-decay accelerating factor (DAF; IA10),
—-CD16 (3G8), -CD24 (MLS5), —CD59 (5H8), and
—CD48 (BJ40) followed by a PE-conjugated anti-
mouse IgG antibody (3G8, ML5, BJ40, and secondary
antibodies; BD Biosciences, Franklin Lakes, NJ). Cells
were analyzed by flow cytometry (Cant II; BD Biosci-
ences) with Flowjo software (v9.5.3, Tommy Digital,
Tokyo, Japan).

73

Functional analysis in HEK293 cells

PIGN-knockout cells were generated from HEK293 cells
using the CRISPR/Cas System [10]. We obtained the human
codon-optimized Streptococcus pyogenes Cas9 and chimeric
guide RNA expression plasmid pX330 from Addgene (Cam-
bridge, MA). The seed sequence for the SpCas9 target site in
PIGN exon 4 (CCA-GGTCATGTAGCTCTGATAGC) was
selected and a pair of annealed oligos designed according to
this sequence and cloned into the Bbs I sites of pX330.
HEK?293 cells were transfected with pX330 containing the
target site using Lipofectamine 2000 (Invitrogen, Carlsbad,
CA). Cells were stained with anti-CD59 antibody 14 days
after transfection, and PIGN -knockout clones were obtained
by limiting dilution.

PIGN-knockout HEK293 cells (clone PIGNKO2-12) were
transiently transfected with a wild-type or mutant (S290P or
exon 10 skipping) PIGN cDNA cloned into the SRx
promoter-driven expression vector pME HA-PIGN. Restora-
tion of the surface expression of CD59, DAF, and GPI-APs
was assessed 2 days later by flow cytometry.

Results

WES detected 288 and 292 rare protein-altering and splice-site
variants in patients 1 and 2, respectively. We filtered out com-
mon single nucleotide polymorphisms (SNPs) that met the
following two criteria: variants showing minor allele frequen-
cies >1 % in dbSNP 135 and variants found in more than two of
our in-house 406 control exomes (Supplementary Table 2). All
genes were surveyed for compound heterozygous or homozy-
gous mutations consistent with an autosomal recessive trait,
and only PIGN (GenBank accession number NM_176787.4)
met this criterion, possessing compound heterozygous muta-
tions in two patients. The missense mutation ¢.808T >C
(p-Ser270Pro) was inherited from the patients’ father, while
€.963G >A is a synonymous mutation inherited from their
mother but located at the last base of exon 10 (Fig. 1i). Neither
of the two mutations was present in the 6,500 exomes se-
quenced by the National Heart, Lung, and Blood Institute
exome project. In our 406 in-house control exomes, ¢.808T
>C was absent, but ¢.963G >A was found in one, as a hetero-
zygous mutation. ¢.808T >C occurred at evolutionary con-
served amino acids (Fig. 1g) and was predicted to be patho-
genic using online software (Supplementary Table 3). To ex-
amine the actual effects of ¢.963G >A on splicing, RT-PCR
was performed (Fig. 1h, i) and a single band (200 bp) corre-
sponding to the wild-type PIGN allele was amplified from
control LCL ¢cDNA template (Fig. 1h). By contrast, two aber-
rant faint bands were detected in addition to a wild-type band
from patient cDNA (Fig. 1h). Sequencing of the upper aberrant
band indicated a 53-bp insertion of intron 10 sequences that had
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used a cryptic splice donor site within intron 10, producing a
premature stop codon (p.Ala322Valfs*24). Sequencing of the
lower band demonstrated the deletion of exon 10 from wild-
type PIGN mRNA, also producing a premature stop codon
(p-Glu308Glyfs*2). Therefore, these two mutant transcripts are
likely to be degraded by nonsense-mediated mRNA decay
(NMD). In fact, CHX treatment, which inhibits NMD, in-
creased the intensity of the aberrant bands, suggesting that
NMD was indeed involved.

To examine the functional impairment of PIGN caused by
compound heterozygous mutations, the surface expression of
various GPI-APs was analyzed by flow cytometry. CD16 and
CD24 expression on blood gramilocytes was decreased to 26—
54 % of normal levels in both patients (Fig. 2a). No abnormal
GPI-APs expression was observed on LCLs from either pa-
tient (Supplementary Fig. 1).

Transient expression of p.Ser270Pro and exon 10 skipping
(p.Glu308Glyfs*2) mutants in PIGN-knockout HEK293
cells, in which expression of GPI-APs CD59 was decreased,

(a)

was confirmed by immunoblotting. Expression of the exon 10
skipping mutant was decreased compared with that of wild-
type and p.Ser270Pro mutant (Supplementary Fig. 2). CD59
expression was only partially or hardly restored by the tran-
sient expression of p.Ser270Pro and exon 10 skipping mu-
tants, respectively, suggesting severe or complete loss of
PIGN activity (Fig. 2b).

Discussion

Herein, we report a second family with PIGN mutations that
showed clinical features common to a previous affected fam-
ily, including congenital anomalies, developmental delay, hy-
potonia, and epilepsy [7]. In addition, nystagmus was an early
symptom of patients in this study and was also observed in
five of seven patients previously [7]. Of note, progressive
cerebellar atrophy was observed in the current patient 1, and
this appears to be a novel phenotype associated with PIGN

DAF FLAER CD24 CD16
100-] .
80 . .
601 1
40 B ]
20+ : 1
010 100 100 108 5 162 100 100 '"165 6162 10° 164 108 0 102 10°  10* 108
Patient 1 3373 1588 1248 19980
Patient 2 2891 1208 1068 25696
Wild type 3910 1982 2232 77893
(b) cD59 DAF
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Fig. 2 a Surface expression of various GPI-APs on patient granulocytes
(patient 1: dotted lines, patient 2: solid lines), a normal control (dark
shadow) and an isotype control (light shadows). Numbers represent
mean fluorescent intensities. Expression of DAF and FLAER in both
patients did not significantly change compared with the control. However,
CD16 and CD24 expression decreased to 26-54 % of normal levels. b
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PIGN-knockout HEK293 cells were transiently transfected with wild
type (dotted lines) or mutants (exon 10 skipping: gray line, p.Ser270Pro:
black line) of pME HA-PIGN vectors. Empty vector: dark shadow,
isotype control: light shadow. Expression of CD59 was only partially or
hardly restored by p.Ser270Pro and exon 10-skipping vectors,
respectively
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mutations as two patients examined by MRI showed no
cerebellar atrophy but only minimal loss of vermis parenchy-
ma in one patient (patient V-1) in the previous report [7].

PIGN is involved in the addition of phosphoethanolamine
to the first mannose in GPI [6]. In Pigr-knockout mouse F9
embryonal carcinoma cells, the first mannose in GPI precur-
sors is not modified by phosphoethanolamine. Nevertheless,
further biosynthetic steps continue and the cell surface expres-
sion of GPl-anchored proteins is only partially affected [6],
suggesting that this modification may not be essential for GPI-
anchored protein biosynthesis [6]. By contrast, the gonzo
mouse line, which harbors the splice donor site mutation in
Pign, showed abnormal forebrain development resembling
holoprosencephaly [11], and patients with PIGN mutations
show severe phenotypes such as multiple congenital anoma-
lies, neurological impairment, and even lethality [7]; this
indicates that particular defects of PIGN/Pign cause abnormal
development both in mice and humans. Although the overall
amount of GPI-anchored proteins might not be significantly
affected by PIGN defects, as revealed by the minimal de-
crease in DAF and FLAER expression on patient granulocytes
in the present study, changes to a subset of GPI-anchored
proteins such as CD16 and CD24 can be sufficient to cause
severe neurological phenotypes. Additionally or alternatively,
GPI-APs expressed on PIGN-defective cells lack the
phosphoethanolamine-side branch, and this abnormal struc-
ture of the glycan part of the anchor might affect functions of
GPI-APs. Functional analysis using neuronal cells may pro-
vide novel insights into the pathogenesis of neurological
phenotypes caused by PIGN mutations.

Seven genes (PIGA, PIGM, PIGN, PIGV, PIGL, PIGO,
and PGAP2) have been identified as being mutated in patients
with neurological abnormalities. Mutations in three of these
(PIGV, PIGO, and PGAP2) cause hyperphosphatasia [3,
12-141], suggesting that ALP is a useful marker for suspected
GPI anchor-synthesis pathway deficiencies. However, muta-
tions of the other four genes (PIGA, PIGM, PIGN, and PIGL)
did not cause hyperphosphatasia [7, 14, 15], so clinical diag-
nosis might be difficult in the absence of specific biomarkers.
Even in clinically unsuspected patients, WES may identify
mutations in genes involved in the GPI anchor-synthesis
pathway. Current advances in next generation sequencing
should find more comprehensive answers for unsolved GPI
anchor-related diseases.
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Is focal cortical dysplasia sporadic? Family evidence for
genetic susceptibility
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SUMMARY

Focal cortical dysplasia is a common cortical malformation and an important cause of
epilepsy. There is evidence for shared molecular mechanisms underlying cortical dys-
plasia, ganglioglioma, hemimegalencephaly, and dysembryoplastic neuroepithelial
tumor. However, there are no familial reports of typical cortical dysplasia or co-occur-
rence of cortical dysplasia and related lesions within the same pedigree. We report the
clinical, imaging, and histologic features of six pedigrees with familial cortical dysplasia
and related lesions. Twelve patients from six pedigrees were ascertained from pediat-
ric and adult epilepsy centers, eleven of whom underwent epilepsy surgery. Pedigree
data, clinical information, neuroimaging findings, and histopathologic features are
presented. The families comprise brothers with focal cortical dysplasia, a male and his
sister with focal cortical dysplasia, a female with focal cortical dysplasia and her
brother with hemimegalencephaly, a female with focal cortical dysplasia and
. her female first cousin with ganglioglioma, a female with focal cortical dysplasia and
is a consultant A . R .

e . her male cousin with dysembryoplastic neuroepithelial tumor, and a female and her
pediatric neurologist at . . R . . . R
the Royal Children’s nephe\n.l }mth focal co.rtlcal <.:ly‘splas1a‘. This series sh?ws that foca.l cortical dy.splasm can

be familial and provides clinical evidence suggesting that cortical dysplasia, hemim-

egalencephaly, ganglioglioma, and dysembryoplastic neuroepithelial tumors may
share common genetic determinants.
KEY WORDS: Familial, Cortical dysplasia, Ganglioglioma, Hemimegalencephaly,
Dysembryoplastic neuroepithelial tumor.
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Focal cortical dysplasia (FCD) encompasses a spectrum
of cortical abnormalities characterized by dyslamination
with or without abnormal cell types. FCDs are among the
most common malformations of cortical development
(MCDs) and are frequently associated with intractable epi-
lepsy. FCD is often the only congenital abnormality present
in the brain or elsewhere, with seizures usually being the
sole clinical manifestation. The classification of FCD is
based on the presence or absence of features in addition to
cortical dyslamination: type I (no abnormal cell types), type
II (dysmorphic neurons with or without balloon cells), and
type III (type I with another lesion).! FCD may accompany
hippocampal sclerosis and the “developmental” glioneuro-
nal tumors, ganglioglioma and dysembryoplastic neuroepi-
thelial tumors (DNETS), refining the classification to type
IMla and type IlIb, respectively." A broad developmental
classification of MCDs classifies the tubers of tuberous scle-
rosis complex (TSC), FCD type II, ganglioglioma, hemim-
egalencephaly, and DNET as all being malformations due
to abnormal neuronal and glial proliferation with abnormal
cell types.” ‘

The etiology of FCD is largely unknown. Although the
lesions of FCD (particularly FCD type II) share many imag-
ing and histologic features with cortical tubers of TSC, FCD
is usually sporadic, without clinical -evidence to support a
simple genetic etiology. Mutations in CNTNAP2 have been
reported in children with FCD from Old Order Amish pedi-
grees.” These children differed from most patients with
FCD because of mental retardation and macrocephaly, and
the imaging findings and histology were not typical of either
FCD type I or FCD type II. There have been no other reports
of familial FCD. Apart from a single report of a father-son
pair with DNET,* clinical evidence is lacking to suggest a
familial basis for ganglioglioma, DNET, or nonsyndromic
hemimegalencephaly, or familial co-occurrence of FCD
with hemimegalencephaly, ganglioglioma, or DNET. A role
for human papilloma virus (HPV)16 infection in the
etiology of FCD type IIb has recently been suggested from
studies of resected tissue and a mouse model.?

Recent studies of resected tissue from patients with
hemimegalencephaly identified de novo somatic mosaic
mutations in the genes of the PI3K-AKT3-mTOR (mamma-
lian target of rapamycin) pathway in 9 of 28 patients.®” Evi-
dence from molecular analysis of FCD specimens has led to
the hypothesis that these malformations may have a shared
pathogenesis, due to abnormalities of mTOR or other cellu-
lar pathways that regulate neuronal and glial proliferation.®
However, until now, there has been no evidence to suggest a
link between these disorders from family studies. Here, we
report six families, each with two individuals with FCD,
ganglioglioma, hemimegalencephaly, or DNET, adding
clinical evidence that suggests a shared genetic susceptibil-
ity underlying these disorders, and showing for the first time
that typical FCD can be familial.

78

METHODS

Families were ascertained by referral to pediatric and
adult epilepsy services. Clinical details were obtained from
patient interview and medical records. Each institution’s
human research ethics committee approved the study.
Informed consent was obtained from patients or their par-
ents in the case of minors.

Brain magnetic resonance imaging (MRI) was obtained
using age-specific epilepsy protocols on 1.5 T or 3 T scan-
ners. Neurologists and neuroradiologists skilled in the
detection of MCDs reviewed the MRI scans. Resected tissue
was classified by a neuropathologist, according to the pro-
posed system of the International League Against Epilepsy
(ILAE) Diagnostic Methods Commission.! 7SCI and TSC2
mutation screening was performed using DNA extracted
from resected brain tissue or whole blood using polymerase
chain reaction (PCR) with exon-specific primers for 7SCI
and TSC2 or by whole exome sequencing techniques.

ResuLTs

Six families, each with two affected individuals with sei-
zures and at least one having FCD, were ascertained (pedi-
grees and selected MRI and neuropathology images: Fig. 1,
clinical and imaging details: Table 1, additional MRI and
neuropathology images: Fig. S1). All but one patient has
undergone epilepsy surgery. None of the patients had
clinical features suggestive of TSC, and all patients except
family 5 were screened for 7SCJ and TSC2 mutations. No
mutations were identified.

Family 1 comprises brothers with neonatal seizures sec-
ondary to right hemisphere FCD type Ila, multifocal in
patient 1A and restricted to the right posterior quadrant in
patient 1B. The father and paternal uncle of these brothers
have each had rare nocturnal seizures without focal
features on interictal electroencephalography (EEG).
Review of their recent brain MRI studies performed at 3 T
revealed no abnormalities. Family 2 includes female 2A
with FCD type Ia at the depth of an abnormal branch of
the left central sulcus. Her female first cousin 2B had a
ganglioglioma in the left superior temporal gyrus. Family
3 includes a female 3A with FCD type IIb in the right ante-
rior temporal pole. Her male cousin 3B had a left middle
frontal gyrus DNET. Family 4 includes female 4A with
right occipital lobe FCD type IIb. Her nephew 4B had
well-controlled focal seizures with a left posterior parietal
region lesion on MRI, highly suggestive of FCD that was
not removed (see Fig. S1). Family 5 includes a male SA
with an area of FCD type IIb at the depth of an abnormally
deep left medial frontal lobe sulcus. His sister 5B had left
temporal lobe imaging consistent with both hippocampal
sclerosis and FCD in the posteromedial left temporal
region, with cortical thickening, blurring of the gray-white

Epilepsia, 55(3):22-e26, 2014
doi: 10.1111/epi. 12533



e24

Family 1

ZA 2B 3A\ 3B
Family 5 Family 6
SAKSB  GAw 68

matter junction, and high signal on T, and fluid-attenuated
inversion recovery (FLAIR) images. Histopathology
showed hippocampal sclerosis. It was not surprising that
no histologic features of FCD were found as there was lim-
ited surgical tissue obtained from the abnormal posterior
region. Family 6 includes a female 6A with a large area of
FCD type la in the left posterior quadrant. Her brother 6B
had left hemimegalencephaly, containing areas of severe
dyslamination and dysmorphic neurons as seen in FCD
type Ila.

DiSCUSSION

Despite its prevalence, and histopathologic similarity to
the tubers in TSC, the molecular causes of FCD remain
unknown, and there are no familial cases of typical FCD
reported. This suggests that either FCD does not have a
genetic basis, or that it does have a genetic basis but occurs
sporadically, possibly due to somatic mutations in affected
tissue. Evidence to support a relationship between FCD,
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Figure 1.

Pedigrees of the six families and selected brain MRI and neuropa-
thology images of families 1 and 6. (A) (top): The proband is
marked with an arrow and is assigned “A” and their affected rela-
tive is assigned “B.” Blue, focal cortical dysplasia; green, gangliogli-
oma; yellow, DNET; red, hemimegalencephaly. (B) (bottom): All
MR images are T, axial and all pathology images are stained with
hematoxylin and eosin (H&E). Family | is on the left panel and fam-
ily 6 is on the right panel. MRI of patient | A aged 6 weeks (A)
shows multifocal areas of irregular and thickened cortex, irregular
sulcation, and abnormal subcortical signal in the right hemisphere
(arrows). MRI of patient | B aged 14 weeks (C) shows an extensive
area of irregular and thickened cortex with abnormal signal in the
right posterior quadrant (arrows). Histopathology of both patient
IA (B) and patient IB (D) showed cortical dyslamination with
dense clusters of large dysmorphic neurons (arrows), irregular in
orientation, often with prominent Niss| substance and bundles of
pinkish fibrillary material in the cytoplasm. Balloon cells were not
seen, consistent with FCD type lla. MRI of patient 6A aged 8 weeks
(E) shows loss of gray—white matter differentiation, abnormal sul-
cation, and low signal in the underlying white matter in the poster-
ior left hemisphere (arrows). MRI of patient 6B aged 2 weeks (G)
shows an enlarged left hemisphere with abnormal sulcation, poor
gray-white matter differentiation, and abnormal signal throughout,
most prominent in the frontal lobe suggestive of hemimegalen-
cephaly. Histopathology from patient 6A (F) showed severe dysl-
amination and occasional dysmorphic neurons (arrows) consistent
with FCD type lla. Histopathology from patient 6B (H) showed
abnormal lamination and dysmorphic neurons (arrow) with het-
erotopic neurons and microcalcification in the white matter. Bal-
loon cells were not seen, consistent with FCD type lla (within
hemimegalencephaly).

Epilepsia © ILAE

DNET, hemimegalencephaly, and ganglioglioma has come
from a number of sources. First, there are numerous reports
of both FCD type I and FCD type II occurring with DNET
and ganglioglioma,”'® and a report of DNET, gangliogli-
oma, and FCD coexisting in a “composite lesion” in one
patient.!* Second, an association of FCD, hemimegalen-
cephaly, and ganglioglioma has been suggested from
molecular and genetic studies of surgical specimens. These
studies show that cytomegaly, seen not only in tubers of
TSC but also in hemimegalencephaly, FCD, and gangliogli-
oma, may reflect aberrant activation of the mTOR and
B-catenin signaling cascades, known regulators of cell
growth, consequently causing defective contro! of neuronal
and glial proliferation.’*™* As found in our series, attempts
to detect germ line or somatic mutations in 7SCI and TSC2
in patients with FCD and related lesions have largely been
unsuccessful,' suggesting that abnormalities in other genes
in the mTOR cascade or related pathways of neuronal pro-
liferation and differentiation may play a role. If we assume
that some forms of FCD, DNET, hemimegalencephaly, and
ganglioglioma may have a shared etiologic mechanism and
timing, then it is reasonable to consider that the occurrence
of these lesions in closely related family members may be
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~Table 1. Clinical data for the six families.
Ageat
Patient  Age Szonset  Sztypes Ictal onset Lesion localization ~ surgery Type of surgery Pathology Current AEDs QOutcome
1A l6 year [ d Tonic, L focal motor Muitifocal R Multifocal R 6 m Hemispherectomy FCDlla NIL Sz-free
hemisphere ~ hemisphere )
1B 10y 2w L focal motor R posterior quadrant R posterior 10 Corticectomy + FCDlla NIL Sz—free
quadrant wand temporo-
5m parietooccipital
resection
2A 37y Ty R focal motor L central L precentral 27y L central FCDla LEV >50% Sz
gyrus corticectomy reduction
2B 23y 8y Focal dyscognitive L temporal L superior 14y Lesionectomy GG NIL Sz—free
with dysphasia temporal gyrus
3A 24y 9y Focal dyscognitive R anterior quadrant R anterior 14y Lesionectomy FCDIlb NIL Sz free
with L arm dystonia temporal pole
3B 28y 12y Aphasia, R facial L frontal L middle 17y Partial lesionectomy ~ DNET LEV >50% Sz
sensorimotor with frontal gyrus reduction
generalization
4A By 6y Visual aura then R occipital R occipital 24y Lesionectomy FCDIb NIL Sz—free
L arm dystonia with
generalization
4B 12y 3y Focal dyscognitive ND L posterior ND ND - VPA Sz—free
with vomiting parietal
SA 14y 3y Arousal and bipedal L frontal L medial superior 12y Lesionectomy FCDIlib CBZ,VPA Sz —free
hyperkinetic movements frontal gyrus
5B 2y 4y Focal dyscognitive with L temporooccipital L hippocampus 5y Lesionectomy HS CBZ Sz—free
bilateral hand automatisms and and anterior
+/— generalization parahippocampal temporal
gyrus lobectomy
6A Sy I'm Epileptic spasms and L parietal L posterior 8 m Focal corticectomy FCDlla LTG,CBZ,PHT  OngoingSz
focal motor quadrant and5 y then L posterior
quadrantectomy
6B 4m Id Epileptic spasms L frontal R hemisphere 2m Functional FCDlla(HME)  PHT,ZNS Sz—free
and multifocal clonic hemispherectomy
ND, not done; VPA, sodium valproate; LEV, levetiracetam; LTG, lamotrigine; CBZ, carbamazepine; PHT, phenytoin; ZNS, zonisamide; FCD, focal cortical dysplasia; GG, ganglioglioma; DNET, dysembryoplastic neu-
roepithelial tumor; HME, hemimegalencephaly; HS, hippocampal sclerosis; Sz, seizure; y, year; m, months; L, left; R, right; d, days, w, weeks.
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more than a coincidence and reflective of a shared mecha-
nism and genetic etiology.

If the lesions in our families are caused by genetic
mutations giving rise to increased susceptibility, then the
question remains as to how different family members may
have different lesions, especially in families 2, 3, 4, and 6 in
which the proband has FCD but their relative has a develop-
mental tumor or hemimegalencephaly. In TSC, there is sig-
nificant phenotypic pleiotropy with variation of lesions in
family members with the same mutation. More so, within an
individual patient with TSC, a mutation can result in both a
dysplastic cortical lesion (cortical tubers) and a benign neo-
plastic lesion (giant cell astrocytoma). Alternatively, lesions
in these families could result from “two hits,” one causing a
nonpathogenic germ line mutation in a cortical development
gene carried within the family, and the other causing a
somatic mutation of the other allele of that gene within the
FCD or other MCD. This hypothesis may explain the spar-
ing of other family members. One may speculate that the
nature of the “second hit” may explain the differences in
phenotypes within families, with the second mutation either
affecting different cellular precursors (i.e., glial vs. neuro-
nal) or affecting precursors at different developmental time
points (i.e., early vs. late progenitors).

Identifying the etiology of FCD and related lesions has
remained elusive, despite FCD being a relatively common
entity. The six families presented herein provide suggestive
clinical evidence of a genetic link between FCD, ganglio-
glioma, hemimegalencephaly, and DNET. It must be
acknowledged that FCD and related lesions may occur
within the same pedigree as a chance association. Although
accurate data on the prevalence of FCD are lacking, we esti-
mate from our own experience that FCD and related lesions
are the cause of epilepsy in at most 1 in 100 patients, so the
occurrence in multiple families by chance alone would be
quite unlikely. Families 1 and 6 in our study, each with sib-
lings with pathologic features of FCD type Ila, are therefore
the most convincing pedigrees supporting our hypothesis of
a shared genetic susceptibility. Whether this susceptibility
extends to other pedigrees that include a family member
with FCD and others with MRI-negative epilepsy requires
further study, but it is important that in such families the
MRI studies of patients with MRI-negative epilepsy be
closely scrutinized for subtle lesions. Exploring these
relationships further will require molecular exploration of
germline mutations in families of interest, in combination
with the study of tissue resected at epilepsy surgery for
somatic mutations.
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SUMMARY

Objective: De novo SCN8A mutations have been reported in patients with epileptic
encephalopathy. Herein we report seven patients with de novo heterozygous SCN8A
mutations, which were found in our comprehensive genetic analysis (target capture or
whole-exome sequencing) for early onset epileptic encephalopathies (EOEEs).
Methods: A total of 163 patients with EOEEs without mutations in known genes,
including 6 with malignant migrating partial seizures in infancy (MMPSI), and 60 with
unclassified EOEEs, were analyzed by target capture (28 samples) or whole-exome
sequencing (135 samples).

Results: We identified de novo SCN8A mutations in 7 patients: 6 of 60 unclassified
EOEEs (10.0%), and one of 6 MMPSI cases (16.7%). The mutations were scattered
through the entire gene: four mutations were located in linker regions, two in the
fourth transmembrane segments, and one in the C-terminal domain. The type of the
initial seizures was variable including generalized tonic-clonic, atypical absence, par-
tial, apneic attack, febrile convulsion, and loss of tone and consciousness. Onset of sei-
zures was during the neonatal period in two patients, and between 3 and 7 months of
age in five patients. Brain magnetic resonance imaging (MRI) showed cerebellar and
cerebral atrophy in one and six patients, respectively. All patients with SCN8A mis-
sense mutations showed initially uncontrollable seizures by any drugs, but eventually
one was seizure-free and three were controlled at the last examination. All patients
showed developmental delay or regression in infancy, resulting in severe intellectual
disability.

Significance: Our data reveal that SCN8A mutations can cause variable phenotypes,
most of which can be diagnosed as unclassified EOEEs, and rarely as MMPSI. Together
with previous reports, our study further indicates that genetic testing of SCN8A should
be considered in children with unclassified severe epilepsy. '

KEY WORDS: SCN8A, De novo mutation, Early onset epileptic encephalopathies.
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