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4. Discussion

Molecular elucidation of LS at the DNA level is challenging. LS has been associated with a variety of
genes in either mitochondrial or nuclear encoded DNA [3]. Surprisingly, we could reveal mutations in 61%
of LS patients (11/18 individuals).

We disclosed 7 patients with mDNA mutations. From mitochondrial ND1, we identified an m3697G>A
mutation in 2 unrelated patients, which has been reported previously in association with mitochondrial
myopathy, encephalopathy, lactic acidosis, stroke-like episodes (MELAS) {9] and Leber's hereditary optic
neuropathy (LHON) [10]. To our knowledge, this is the first report of the m3697G>A/ND1 gene mutation
causing Leigh syndrome. The heteroplasmy rate is reportedly 80% in patients with MELAS (skeletal muscle)
and was 56% with LOHN [9,10]. A high mutation load (100%), found in the blood of Patients 1 and 2 may be
associated to severe phenotype in our patients [11]. Low level of m3697G>A mutation (~40%) was found in
the blood from an asymptomatic mother of Patient 1 (Suppl. Figs. 3 and 4).

For ND3, we found a mutation of m10158T>C with 90% of heteroplasmic rate in one patient showing
an early onset and very rapid progress. Severe clinical course and high mutant loads are consistent with
reported cases with rapid progression and lethal consequences at early childhood [12]. A mutation of
m10158T>C was not detected in the mother of Patient 3 in several tissues examined.

We found one patient with ND5 mutation, m13513G>A which has been described as causing MELAS, LS or
overlapping features of the two syndromes [13-15]. We also found one LS patient with m14459G>A/ND6
mutation that was reported in patients with LHON, dystonia [16] and LS [17]. So far, the phenotype of these
two patients is LS without MELAS, LHON.

We found two patients with ATPase6 mDNA mutations, m8993T>G and T>C, that are frequently reported
in the literature [8]. A patient with a T>G mutation usually exhibits earlier onset and more rapid progression
compared to T>C mutation at m8993 that was compatible with our patients (Table 1).

We found 4 patients carrying nuclear encoded gene mutations. SURF1 deficiency is the most frequent
cause of LS with complex IV (cytochrome C oxidase) deficiency [7]. We identified 3 patients with the
SURF1 mutations [18]. Pyruvate dehydrogenase deficiency (PDH) is a common cause of primary congenital
lactic acidosis. The biochemical features of PDH deficiency is elevated blood lactate and pyruvate levels
with a normal lactate/pyruvate ratio [19]. According to the genetic screening flowchart for Leigh syndrome
(Suppl. Fig. 1), we confirmed 1 patient with a hemizygous mutation in the PDHAI gene with 7 sets of
primers.

Recently, new drugs such as EPI-743 have been shown to improve neurological and neuromuscular
symptoms in LS [20,21]. Rapid genetic confirmation of mitochondrial disease may help initiate such treatment
early. Next gene sequencing is revealing a wide range of dual mutations both mitochondrial and nuclear gene
from patients with mitochondrial disorders [22-24]. However, it is costly and time consuming. Aiming to
elucidate genetic basis of LS patients, we screened with our limited set of primers. Surprisingly, it allowed us
confirmation for more than half of the patients. Therefore, this method appears to be efficient as a primary
genetic screening. Our data also implicates that LS consisted of few “common” causative genes and a large
number of “rare” genes. We are now undertaking whole mDNA and exome sequencing for negative cases of
this method [22-24]. These data, together with increasing data of mutations, would help us improve our
screening method.

Supplementary data to this article can be found online at http://dx.doi.org/10.1016/j.ymgmr.2014.02.006.
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Table 1
Genetically determined Leigh syndrome in our institution (2005-2012).
Patient 1 2 3 4 5 6 7 8 9 10 11
Age, gender 7y M 10y, F 9m,F 7y M 11y, M 1yt M 2y, M 4y F 9y, M 25yt M 17y M
Type of gene Mito Mito Mito Mito Mito Mito Mito Nuclear Nuclear Nuclear Nuclear
Gene ND1 ND1 ND3 ND5 ND6 ATPase6 ATPase6 SURF1 SURF1 SURF1 PDHA1
Complex 1 1 1 1 1 \ \Y v v v
Mutations m3697G>A m3697G>A  ml10158T>C m13513G>A m14459G>A m8993T>C m8993T>C  c.49+1G>T €743 C> c.574C>T ¢121T>C
(p.G131S)  (p.G131S) (p.S34P) (p.D393N) (p.A71V) (p.L156R) (p.L156P) Ap.A248D  pR192W p.C41R
Homo Homo Hetero Hetero Homo Homo Homo €.752-753delAG  c.743C> c.743C>A
(b) (b,s,h,n) (90%) (50%) (b) (b) (b) A p.A248D  p.A248D
(b) (b)
Consanguinity N N N N N N N N Y N N
Inheritance Maternal*  N.A. De novo NA. NA. N.A. N.A. Maternal/ Maternal/ NA. N.A.
hetero:40% paternal paternal
Age at onset 3y9m 3y0m Oy5m ly6m 2y0m 6m 1y0Om 1y7m 1y9m 2y 1y0m
Initial Symptoms Hypertonia Ataxic gait ~ Hypotonia  Dev. delay Fever — Dev. delay/ Fever — Ataxic gait Ataxic gait  Dev. delay Dev. delay
Walk regre Walk regre  Strabismus lethargy sejzure lethargy Ataxia
Tremor Hypotonia/
nystagmus
Status Walk Wheelchair  Tracheo Walk Wheelchair  (Respiratory No sitting ~ Tracheo Tracheo (Respiratory  Walk
Normal Special class  Mech. venti Normal failure) Mech. venti Mech. venti  failure) Special
class class school
RC enzymes | I IV (m) LIULIV(m) () Normal 1 1 (m) LIV {m) N.A. NA. v (f IV (m) NA.
(my/f)
Morphological No RRF No RRF NA. No RRF RRF NA. N.A. NA. NA. RRF N.A.
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Clinical Observations
A Three-Year-Old Boy With Glucose Transporter Type 1 Deficiency Syndrome
Presenting With Episodic Ataxia

Akiko Ohshiro-Sasaki MD, Hiroko Shimbo, Kyoko Takano MD, PhD, Takahito Wada MD, PhD*,
Hitoshi Osaka MD, PhD

Division of Neurology, Kanagawa Children’s Medical Center, Yokohama, Japan

ABSTRACT

INTRODUCTION: Glucose transporter type 1 deficiency syndrome is a metabolic encephalopathy that results from
impaired glucose transport into the brain as the result of a mutation of the SLC2A1 gene. It has been recognized
recently that these patients can present with a much broader clinical spectrum than previously thought. We
describe a 3-year-old boy presenting with episodic ataxia. CASE REPORT: Our patient exhibited periodic abnormal
eye movements, including opsoclonus, since he was 4 months of age. At 2 years of age, he experienced acute
cerebellar ataxia after a vaccination. Since then, he has had periodic attacks of ataxic gait, repeated vomiting, and
abnormal eye movement. He was diagnosed as having episodic ataxia type 2 because the administration of
acetazolamide seemed effective. By 3 years and 10 months of age, he exhibited mild mental retardation and mild
trunk ataxia. The attacks were more likely to occur when he was hungry. Molecular analysis revealed that the
SLC2A1 gene had a de novo mutation of heterozygous seven nucleotide insertion within exon 7, resulting in a
frameshift. He has recently begun a modified Atkins diet; the frequency of attacks has been reduced, and his
psychomotor and language skills have begun to develop. DISCUSSION: Glucose transporter type 1 deficiency syn-
drome should be considered in the differential diagnosis in children with episodic ataxia, even if acetazolamide is
effective.

Keywords: glucose transporter type 1 deficiency syndrome, episodic ataxia, SLC2A1, cerebellar ataxia, intellectual disability,
seizure, ketogenic diet
Pediatr Neurol 2014; 50: 99-100

© 2014 Elsevier Inc. All rights reserved.

Introduction

Glucose transporter type 1 deficiency syndrome (GLUT1-
DS) is caused by a defect of the glucose transporter, Glut1,
the fundamental vehicle that facilitates glucose entry into
the brain and across the astrocyte membrane, which is
coded by the SLC2A1 gene. GLUT1-DS was first described in
1991 as a metabolic encephalopathy characterized by
epileptic seizures, delayed development, ataxia, dystonia,
and acquired microcephaly (classic GLUT1-DS).!

The laboratory hallmark of GLUT1-DS is a low cerebro-
spinal fluid (CSF) glucose concentration (<40 mg/dL) and a
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low ratio of CSF/blood glucose (<0.4), Recently, a broader
spectrum of complex clinical presentations of GLUT1-DS
has been recognized.’ Neurological features may be
divided into three symptom domains: seizure, movement
disorders, and cognitive/behavioral disturbances.” Three
different phenotypes of GLUT1-DS are defined; (1) classical
(early <2 years of age and late >2 years of age), (2)
nonclassical, and (3) GLUT1-DS with minimal symptoms.*
Here, we describe a 3-year-old boy with GLUT1-DS who
presented with episodic ataxia.

Case Report

This 3-year-old boy was the first child of healthy unrelated parents.
He was born at 39 weeks of gestational age after an uneventful preg-
nancy and delivery. He had recurrent attacks of abnormal eye movement,
including opsoclonus, at 4, 7, and 11 months of age. Epilepsy was initially
suspected, but he did not receive antiepileptic treatment because the
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findings of an electroencephalography did not reveal epileptic dis-
charges. He started walking independently at 18 months of age. When he
was 2 years of age, he could not stand or walk for 2 weeks after receiving
vaccinations for Haemophilus influenzae Type b, diphtheria, pertussis,
and tetanus. He was diagnosed with acute cerebellar ataxia and recov-
ered completely in a few days after hydration treatment. He was referred
to our medical center at 2 years of age for the evaluation of his delayed
development. He had no apparent neurological abnormalities, no pyra-
midal or extrapyramidal signs, and no cerebellar signs, such as ataxic gait
or abnormal eye movement. He started to use meaningful words at 2
years of age, and his receptive language skills seemed better than his
expressive language skills. He was diagnosed with a mild intellectual
disability or delayed expressive language disorder.

Beginning at 2 years and 4 months of age, he had recurrent attacks of
acute cerebellar ataxia that lasted for 2-3 hours, once or twice a month.
The attacks consisted of three features: ataxic gait, repeated vomiting,
and abnormal eye movement. Because oral acetazolamide treatment
reduced the frequency of the attacks, episodic ataxia type 2 (EA2) was
suspected. Magnetic resonance imaging of his brain did not show cere-
bellar atrophy or other abnormalities. When he was 3 years of age, his
mother noticed that the attacks were more likely to occur when he was
hungry, mostly in the early morning, and that his intermittent ataxic gait
improved after having a meal, especially greasy food such as fried
chicken. He had his first afebrile generalized tonic seizure at 3 years of
age, and the findings of electroencephalography revealed no paroxysmal
discharges.

At 3 years and 10 months of age, he was admitted for evaluation. His
height, weight, and head circumference were 97 cm (-0.7 SD), 14.3 kg
(-0.6 SD), and 47.7 cm (-1.6 SD), respectively, indicating acquired
microcephaly. A neurological examination revealed mild truncal ataxia
but no pyramidal or extrapyramidal signs. His developmental quotient
was 47, indicating moderate intellectual disability. CSF glucose was
38 mg/dL and blood glucose was 102 mg/dL, with a CSF/blood ratio of
0.37. Levels of CSF lactate and pyruvate were normal (0.90 and
0.065 mmol/L, respectively). Thus, GLUT1-DS was suspected. Analysis of
the DNA extracted from his blood revealed that SLC2AT has a de novo and
novel heterozygous mutation of seven nucleotides insertion in exon 7,
resulting in truncated protein [¢.930_931 ins-GGATACC, p.lle311 fs], and
his diagnosis was confirmed.

He has recently begun a modified Atkins diet, eating five times per
day. The frequency of his attacks is reducing, his psychomotor and lan-
guage skills are improving, and he can now speak in multiple sentences
and can concentrate.

Discussion

The phenotypic spectrum of GLUT1-DS appears to be
more variable than previously recognized. Our patient
presented with intermittent cerebellar ataxia as the initial
manifestation, similar to EA2, with mild truncal ataxia,
whereas dystonia, chorea, or epilepsy were not apparent
and cognitive disturbance was mild to moderate. Only one
patient has been reported to have had intermittent ataxia as
the initial manifestation and used acetazolamide like our
patient.” In some reports, authors describe patients with
cerebellar ataxia, but most of their cerebellar ataxia is
chronic, and most had other motor abnormalities, including
abnormal gait, dystonia, chorea, cerebellar intention
tremor, and myoclonus.*

It is important to consider that GLUT1-DS and other
channelopathies, such as EA2 caused by mutations of the
CACNAI1A gene, share chronic and mtermlttent clinical fea-
tures and responsiveness to acetazolamide.” It is possible
that chronic neuroglycopenia may lead to developmental
alternations in channel expression or function, causing

abnormal neuronal excitability in GLUT1-DS.” Responsive-
ness to acetazolamide may be a key component in the
diagnosis of GLUT1-DS."

A relationship between the clinical severity and the
specific type of SLC2A1 mutation has been noted.* Consid-
ering that many patients with atypical or milder cases
remain to be diagnosed, it seems too hasty to establish the
genotype—phenotype correlations. As discussed in the
paragraphs to follow, in addition to the type of mutation,
the patient's dietary habit from infancy may affect the
phenotype.

This finding provides a clue in the diagnosis of GLUT1-DS
in terms of confirming the correlation between fluctuations
of neurological symptoms and fasting. Some patients have
characteristic dietary habits that prevent a deterioration of
neurological functioning. Some patients eat meals every 2-
3 hours and wake at night to eat sweets. Another patient
preferred to be served honey at bedside before rising in the
morning.”

A ketogenic diet is currently the treatment of choice for
GLUT1-DS. A ketogenic diet markedly improves seizures,
movement disorder, and head growth. Recently, a modified
Atkins diet has also been used successfully in patients with
GLUT1-DS.'” Our patient has recently commenced dietary
treatment on the basis of a modified Atkins diet. The fre-
quency of attacks is reduced, and his psychomotor and
language skills have begun developing, although longer
observation is needed to confirm that this therapy is
effective. We should consider GLUT1-DS as a differential
diagnosis in pediatric patients with intermittent cerebellar
ataxia such as EA2 or intermittent neurological phenotypes
such as other channelopathies.
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Expanding the phenotypic spectrum of
TUBB4A-associated hypomyelinating

leukoencephalopathies

ABSTRACT

Objective: We performed whole-exome sequencing analysis of patients with genetically unsolved
hypomyelinating leukoencephalopathies, identifying 8 patients with TUBB4A mutations and al-
lowing the phenotypic spectrum of TUBB4A mutations to be investigated.

Methods: Fourteen patients with hypomyelinating leukoencephalopathies, 7 clinically diagnosed
with hypomyelination with atrophy of the basal ganglia and cerebellum (H-ABC), and 7 with
unclassified hypomyelinating leukoencephalopathy, were analyzed by whole-exome sequencing.
The effect of the mutations on microtubule assembly was examined by mapping altered amino
acids onto 3-dimensional models of the ap-tubulin heterodimer.

Results: Six heterozygous missense mutations in TUBB4A, 5 of which are novel, were identified in
8 patients (6/7 patients with H-ABC [the remaining patient is an atypical case|] and 2/7 patients
with unclassified hypomyelinating leukoencephalopathy). In 4 cases with parental samples avail-
able, the mutations occurred de novo. Analysis of 3-dimensional models revealed that the
p.Glu410Lys mutation, identified in patients with unclassified hypomyelinating leukoencephalop-
athy, directly impairs motor protein and/or microtubule-associated protein interactions with
microtubules, whereas the other mutations affect longitudinal interactions for maintaining
apB-tubulin structure, suggesting different mechanisms in tubulin function impairment. In patients
with the p.Glu410Lys mutation, basal ganglia atrophy was unobserved or minimal although extra-
pyramidal features were detected, suggesting its functional impairment.

Conclusions: TUBB4A mutations cause typical H-ABC. Furthermore, TUBB4A mutations associ-
ate cases of unclassified hypomyelinating leukoencephalopathies with morphologically retained
but functionally impaired basal ganglia, suggesting that TUBB4A-related hypomyelinating leu-
koencephalopathies encompass a broader clinical spectrum than previously expected. Extrapy-
ramidal findings may be a key for consideration of TUBB4A mutations in hypomyelinating
leukoencephalopathies. Neurology® 2014;82:2230-2237

GLOSSARY

4H = hypomyelination, hypodontia, and hypogonadotropic hypogonadism; H-ABC = hypomyelination with atrophy of the
basal ganglia and cerebellum; MAP = microtubule-associated protein; MREIl = Met-Arg-Glu-lle; TUBB4A = tubulin, beta 4A
class IVa.

Leukoencephalopathies are a heterogeneous group of disorders affecting the white matter of the
brain. It is estimated that approximately 30% to 40% of patients with leukoencephalopathy
remain without a specific diagnosis despite extensive investigations.' Brain MRI aids diagnosis
because distinct MRI patterns enable easier detection of white matter abnormalities and suc-
cessful categorization."” Moreover, recent advances in whole-exome sequencing have improved
understanding of these clinically defined/undefined disease entities by identifying genetic causes
and their phenotypic spectrum. For example, the majority of cases with hypomyelination,
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hypodontia, and hypogonadotropic hypogonad-
ism (4H syndrome),”” tremor-ataxia with cen-
tral hypomyelination leukodystrophy (TACH),®
leukodystrophy with oligodontia (LO),”* or
hypomyelination with cerebellar atrophy and
hypoplasia of the corpus callosum (HCAHC),”
which was described in Japan, share some clin-
ical overlap and have POLR3A or POLR3B mu-
tations in common.'*"

Hypomyelination with atrophy of the basal
ganglia and cerebellum (H-ABC)'*'¢ is char-
acterized by early-onset motor regression and/
or delay followed by extrapyramidal symp-
toms, distinguishing H-ABC from other hypo-
myelinating leukoencephalopathies caused by
POLR3A or POLR3B mutations. A recurrent
de novo TUBB4A mutation was recently re-
ported in 11 patients with H-ABC."” Of note,
TUBB4A mutations also cause autosomal
dominant DYT4 dystonia,'®'” a condition
that presents with normal brain MRI findings.
This suggests that in addition to H-ABC,
TUBB4A mutations may be widely related to
other hypomyelinating leukoencephalopathies.
Herein, we describe 8 patients with 7UBB4A
mutations identified by whole-exome sequenc-
ing, clarifying their phenotypic spectrum.

METHODS Study subjects. Fourteen patients with molecu-
larly undiagnosed hypomyelinating leukoencephalopathy were
included in the study. Patients were diagnosed based on clinical
symptoms and brain MRI findings. Among the 14 patients, 7
were clinically diagnosed with H-ABC and 7 with hypomyelinat-
ing leukoencephalopathy that did not meet the criteria for H-
ABC, 4H syndrome, or Pelizacus-Merzbacher disease. Patients
with POLR3A or POLR3B mutations were excluded from this
cohort. When available, parental samples were also tested in

mutation-positive patients.

Standard protocol approvals, registrations, and patient
consents. Experimental protocols were approved by the Com-
mittee for Ethical Issues at Yokohama City University School
of Medicine. Written informed consent was obtained from all pa-
tents or their parents.

Mutation analysis. We performed whole-exome sequencing in
14 patients. Genomic DNA was captured using the SureSelect®”
Human All Exon 50 Mb (v3) or 51 Mb (v4) Kit (Agilent
Technologies, Santa Clara, CA) and sequenced on either the
GAllx platform (Illumina, San Diego, CA) with 108-base pair
paired-end reads or HiSeq2000 (Ilumina) with 101-base pair
paired-end reads. After filtering against dbSNP135 and 91 in-
house normal control exomes, rare protein-altering and splice-site
variant calls were obtained for each patient. We identified
TUBB4A mutation calls and confirmed these mutations by
Sanger sequencing. In 4 of 8 patients with TUBB4A mutations,
parental samples were analyzed by Sanger sequencing to
determine the mode of inheritance.
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Three-dimensional structure modeling. To determine the
effect of TUBB4A mutations on microtubule assembly, we map-
ped muration positions onto the 3-dimensional structure of the
af-tubulin heterodimer (Protein Data Bank code 1JFF)* and
examined their interaction with surrounding molecules.

RESULTS Identification of 7TUBB4A mutations.
Whole-exome sequencing identified 6 heterozygous
missense mutations in 7UBB44, in 6 of 7 patients
with H-ABC (85.7%) and 2 of 7 patients with unclas-
sified hypomyelinating leukoencephalopathy (28.6%)
(see table 1 and tables e-1 and e-2 on the Neurology®
Web site at Neurology.org). Two mutations,
¢.1228G>A  (p.Glu410Lys) c.745G>A
(p-Asp249Asn), were identified in 2 unrelated
patients. Two hypomyelinating patients with similar

and

clinical features as those previously reported,” carried
the ¢.1228G>A mutation. The ¢.745G>A mutation
was a recurrent mutation reported in patients with
H-ABC." The other 5 mutations were novel. None
of the mutations were registered in the National
Heart, Lung, and Blood Institute Exome Sequencing
Project (ESP6500), 1000 Genomes, or our 575 in-
house control exomes. The ¢.5G>A (p.Arg2Gln)
missense mutation, identified in a patient with
H-ABC, alters Arg2 to Gln. Arg2 is located within
the highly conserved, amino-terminal B-tubulin
tetrapeptide Met-Arg-Glu-Ile (MREID) motif and is
involved in autoregulatory mechanisms for B-tubulin
stability. Notably, Arg2 is altered to Gly in a large
family with DYT4.'®' All of the mutations occur
within highly conserved residues, from yeast to
human, and among human B-tubulins (figure 1).
GERP (Genomic Evolutionary Rate Profiling)
scores were high for all mutated residues, and
Web-based prediction programs identified all
mutations as pathogenic (table e-1). In 4 patients
with parental samples available, the mutations
occurred de novo (table e-1). In 2 patients, only
the mother’s sample was available and confirmed as
mutation-negative.

Three-dimensional structural modeling analysis.
Tubulin heterodimers polymerize longitudinally
in a head-to-tail manner, forming protofilaments,
which then laterally interact with each other to
form microtubules (figure 2). Some mutations fall
within longitudinal interaction interfaces, whereas others
are near interaction regions for motor proteins and
microtubule-associated proteins (MAPs).*** Thr178 of
B-tubulin is located at a longitudinal interheterodimer
interface, in proximity to the guanine nucleotide—
binding pocket of B-tubulin (figure 2). This residue
is reportedly important for regulation of af-tubulin
heterodimer polymerization with GTP%%; therefore,
the Thrl78Arg mutation may affect the poly-

merization process. Arg2 and Asp249 of B-tubulin are
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( Table 1 Clinical features of the patients

Current age, y, sex
Mutation '
Protein alteration

Initial diagnosis

Age at onset, mo

Maximum motor
milestone

Onset of motor
deterioration

Intellectual - :
disabiliy

Motor signs
Aaxia
Tre’mor’
'Spasticfgy ' .

Babinski sign

Rigidity

Choreoathetosis

Dystonia =

Brain MRI findings

Hypomyelination

‘Atrophy of the
basal ganglia

Atrophy of the -
~cerebellum -

Atrophy of the
corpus callosum

hatignt 1% Patient 2° o Patient 3 Patient 42°
23, M’ o 41, M 15, F 12, M

c1228G>A  c1228G5A  C5GSA  o745GA
p.GIu410Lys p.Glu410Lys p.Arg2Gln = p.Asp249Asn

 Unclassified  Unclassified  H-ABC  H-ABC

hypomyelinating . hypomyelinating -

,Ieukoenc_:ephalopath\/f ~leukoencephalopathy* -~ =~

12 12 15 18
Unsupported . 'Unsupbérted : No head o ngking'foréf
unstable walking - - = unstable walking control . steps :
10y 20y ND 18 mo

Mild e : ‘Moderate o | Severe ng'ére

¥ o ~ND +

+ + L -

+ . + +

+ + = +

+ o + .

- - + +

¥ + + +

+ 4 + +

- + + 4

+ + +o +

+ + + +

Patient 57  Patient6  Patient7  Patient8
16,M 10,M 4M 1,F
c1162A>G = c745G>A  c533C>G  c.785G>A

p.Met388Val  p.Asp249Asn p.Thri78Arg . p.Arg262His
. HABC  HABC  HABC  H-ABC

3 19 6 2
ew Rolling over Supported o head . Nohead
: : walking © - control control

3 mo 19 mo ND ND
. Severe Severe - Severe ,‘Mgderaté
COND e e o ND ND

- + - ND

+ + “ND +

ND + - +

4 & ’ ¥ =

4 _ = =

+ + ‘ = o

+ + + +

+ + ¥ +

+ St + =

+ + + -

Abbreviations: H-ABC = hypomyelination with atrophy of the basal ganglia and cerebellum; ND = not determined.
Symbols: + = present; — = absent: = = minimally detected.
2Unclassified hypomyelinating leukoencephalopathy: did not meet the criteria for H-ABC, 4H syndrome (hypomyelination, hypodontia, and hypogonad-
otropic hypogonadism), or Pelizaeus-Merzbacher disease.
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located at an intraheterodimer interface (figures 2 and
e-1A). These residues stabilize the B-tubulin T7
loop region, which interacts with o-tubulin within
a heterodimer (figure e-1A), indicating that the
p-Arg2GIn and p.Asp249Asn mutations may affect
tubulin heterodimerization. Glu410 is located on the
exposed outer surface that mediates interactions with
motor proteins and/or MAPs (figures 2 and e-1B).21%
This residue is crucial for the kinesin-microtubule
interaction, and thus the p.Glu410Lys mutation may
directly impair motor protein and/or MAP interactions
with microtubules. Arg262 and Met388 are located near
the intra- and interheterodimer interfaces, respectively,
and both are also near the interaction region for motor
proteins and/or MAPs (figures 2 and e-1, B and C).
Arg262 is involved in the hydrophobic core with
residues from a loop that interacts with the a-tubulin
subunit within the heterodimer, and from helix H12,
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which interacts with motor proteins and/or MAPs
(figures 2 and e-1B). Mer388 is involved in the
hydrophobic core with residues from helix H11, which
interacts with the a-tubulin subunit in the neighboring
heterodimer, and from helix H12 (figures 2 and e-1C).%
Thus, the p.Arg262His and the p.Met388Val
mutations may destabilize the hydrophobic core and
potentially affect the tertiary structure, resulting in
impairment of longitudinal intra- and interheterodimer
tubulin interactions, respectively, and/or interaction with

- motor proteins and/or MAPs.

Clinical features. Clinical information on patients
with 7UBB4A mutations is presented in tables 1 and
-2, and brain MRIs are shown in figures 3 and e-2.
The mean age at onset was 9.2 months, although
the age at onset was varied. Initial motor development
also varied, with some acquiring unsupported but



( Figure 1 TUBB4A mutations in patients with hypomyelinating leukoencephalopathy ‘l

T

Patient 3 Patient 7 Patients 4.6 Patient 8 Patient 5 Patients 1.2
c.5G>A ¢.533C>G c.745G>A c.785G>A ¢ 1162A>G  ¢.1228G>A
p.Arg2Gin  p.Thr178Arg p.Asp249Asn p.Arg262His p.Met388Val p.Glu410Lys

e

Nl
A

ACCGAGG

TGCGGG ALACGGT GCCGACC CTCGCCT GCCATGT
A e} A A G A
de novo de nove {12y de novo de novo {(1/2)

Amino acid change o} =3 N + v K

H. sapiens_TUBB4A MREIVHL  VSDTVVE LNADLRK PFPRLHF  FTAMFRR  EFTEAES
M. musculus_TUBB4A MREIVHL ~ VSDIVVE LNADLRK PFPRLHF  FTAMFRR  EFTEAES
B. Taurus_TUBB4A  MREIVHL  VSDTVVE LNADLRK PFPRLHF  FTAMFRR  EFTEAES
X. tropicalis_TUBB4A MREIVHL  VSDTVVE LNADLRK PFPRLHF  FTAMFRR  EFTEAES
D. rerio_TUBB2C MREIVHL  VSDIVVE LNADLRK PFPRLHF  FTAMFRR  EFTEAES
TUBB4B_Human MREIVHL  VSDTVVE LNADLRK PFPRLHF  FTAMFRR  EFTEAES
TUBB2B_Human MREIVHI ~ VSDTVVE LNADLRK PFPRLHF  FTAMFRR  EFTEAES
TBB1_Human MREIVHI  VSDTVVE LNADLRK PFPRLHF  FSAMFRR  EFGEAES
TBB_YEAST MREIVHI TSDTVVE LNADLRK PFPRLHF  FSAMFRR  EFSEAES

TUBB4A schematic with the 6 mutations is presented. Untranslated regions and coding regions are shown in white and
black rectangles, respectively. All mutations occur at evolutionarily conserved amino acids. Homologous sequences were
aligned using CLUSTALW (http://www.genome jp/tools/clustalw/).

unsteady walking and others never acquiring head
control. The maximum motor milestone of these pa-
tients was unstable short walking. The clinical course
appeared milder in patients with an older age at onset.
This tendency was most prominent in patients ini-
tially diagnosed with unclassified hypomyelinating
leukoencephalopathy. For example, the onset of
motor deterioration started in the first or second dec-
ades in these patients but was between 0 and 3 years
old in patients with typical H-ABC. Intellectual disa-
bility was mild to moderate in the former but mostly
severe in the latter patients.

All clinically evaluated patients with 7UBB4A
mutations demonstrated cerebellar ataxia and spastic-
ity. Except for patient 8, all demonstrated extrapy-
ramidal features such as rigidity, dystonia, or
choreoathetosis. In patient 1, dystonia was prominent
compared with other hypomyelination patients with
either POLR3A or POLR3B mutations.”'" Padent 8
was 1 year old at the time of the study, and brain MRI
showed a relatively small but still well-retained puta-
men compared with healthy subjects of the same age,
suggesting that extrapyramidal features may not yet
have developed but would likely express as the basal
ganglia atrophy progressed. Notably, both hypomye-
linating patients with either very mild basal ganglia
atrophy (patient 2) or none identifiable (patient 1)
demonstrated extrapyramidal signs, suggesting that
the basal ganglia may be impaired functionally in

128

these patients as well as other patients with typical
H-ABC. Case reports are available in appendix e-1.
Patients 1 and 2,° 4, and 5% were previously
described. Retrospectively, patient 2 might be diag-
nosed with atypical H-ABC because minimal basal
ganglia atrophy cannot be excluded. In the patient
with H-ABC with no TUBB4A mutation, the atro-
phy of basal ganglia was very mild compared with that
of patients with typical H-ABC. However, clinical
symptoms are very severe with neither head control
nor sitting at 12 years, suggesting that the patient has
atypical H-ABC.

DISCUSSION The B- and a-tubulins are major com-
ponents of microtubules. Microtubules have essential
roles in many cellular processes including mitosis, intra-
cellular transport, asymmetric neuronal morphology,
and ciliary and flagellar motility.®® Multiple B-tubulin
isotypes are present, with high homology (differing pri-
marily at 15-20 amino acids within the C terminus),
and expressed differentally in a tissue-dependent
manner.”” Certain isotypes, namely, B-tubulin isotypes
2A, 2B, 3, and 4A, are neuron-specific proteins and
highly expressed in brain®® In the nervous system,
microtubules  provide  structure, generate  force
necessary for neuronal migration, and serve as scaffolds
for motor proteins and/or MAPs to transport cargo.®” In

addition to TUBB4A-associated leukoencephalopathies'”
and dystonia,'®? TUBAIA, TUBB2B, and TUBB3
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( Figure 2 Structural prediction of TUBB4A mutations in the af-tubulin heterodimer ]

7
GDP T1” 8 M388

E410

Tubulin
dimer.

LI Y

Guanine
nucleotides

Polymerization
(longitudinal interaction)

Lateral interaction

Mapping of disease-causing amino acid mutations on the aB-tubulin heterodimer (Protein Data Bank code 1JFF) crystal
structure, with schematic representation of a tubulin dimer (left) and microtubule segment (right). The - and p-tubulins are
colored gray and green, respectively. Left: The longitudinal interheterodimer interface of B-tubulin (which interacts with
a-tubulin in a neighboring of heterodimer) is colored pink,2* and the B-tubulin microtubule-associated protein and motor
protein interaction region is colored cyan.?*22 Side chains of residues altered by the mutations are shown in space-filling
representation in red. Helices, B-sheets, and loops are shown as ribbons, arrows, and threads, respectively, and nucleotides
are blue sticks. Right: Tubulin heterodimers polymerize longitudinally to form protofilaments (longitudinal interaction),
then laterally interact with each other to form microtubules (lateral interaction). Blue circles represent guanine

nucleotide-binding pockets of «- and p-tubutins.

mutations are reported to cause the spectrum of
neurologic disorders resulting from neural migration,
differentiation, and axon guidance and maintenance
abnormalities,”” demonstrating the importance of
af-tubulin heterodimers in the nervous system.

In this study, we identified 6 missense 7UBB4A
mutations, 5 of which are novel, in 6 of 7 patients
with H-ABC and 2 of 7 patients initally diagnosed
with unclassified hypomyelinating leukoencephalop-
athy. Of the patients with H-ABC, all 6 patients with
TUBB4A mutations showed typical H-ABC, sup-
porting that H-ABC is a distinct disease entity caused
by TUBB4A abnormality. We did not detect any
TUBB4A mutations in one patient with atypical
H-ABC. This may be because this patient has a clin-
ically similar, but different disease, possibly caused by
a different mutated gene.

We report a TUBB4A mutation in 2 patients with
preserved basal ganglia. Their brain MRI findings are
similar to patients with POLR3A4 or POLR3B muta-
tions, rather than H-ABC. However, it is notable
that both patients showed apparent extrapyramidal
signs, to suggest functional impairment. Accompanying
extrapyramidal features are extremely atypical in pa-
tients with either POLR3A or POLR3B mutations.”"!
Furthermore, comparing these 2 patients with other

typical H-ABC patients with 7UBB4A mutations,
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patients with minimal basal ganglia atrophy tend to
have a milder clinical course. Both patients have a recur-
rent missense mutation, ¢.1228G>A (p.Glu410Lys).
Based on our 3-dimensional modeling analysis, the
Glu410Lys mutation is predicted to directly impair
motor protein and/or MAP interactions with microtu-
bules, while the other mutations identified in patients
with typical H-ABC may affect longitudinal interac-
tions for maintaining aB-tubulin heterodimerization/
polymerization. Different effects of the 7UBB4A mu-
tations on tubulin function may lead to this phenotypic
variation. Supporting this hypothesis, the p.Glu410Lys
mutation in 7UBB3, which also directly alters a kinesin
motor protein binding site in B-tubulin isotype 3, dem-
onstrates clinically distinct features compared with the
other mutations.*® Therefore, the p.Glu410Lys muta-
tion in 7UBB4A may contribute to the milder end of
the phenotypic spectrum of 7UBB4A mutations. Addi-
tional patients with 7UBB4A mutations are needed to
clinically confirm mutational consequences.

Another important finding is that one of the pa-
tients with H-ABC had a p.Arg2Gln mutation, since
the p.Arg2Gly mutation has recently been identified
in patients from a large DYT4 family.’®'* DYT4
was described in 1985 in an Australian family that
had emigrated from England as whispering dysphonia
and generalized dystonia. To date, no other pedigrees




( Figure 3 Brain MRI of patients with TUBB4A mutations

Axial T2-weighted (A, D, G, J), sagittal T1-weighted (B, E, H, K), and coronal T2-weighted (C, F, |, L) images. Patient 1 at 14
years of age (A); patient 1 at 16 years (B, C); patient 2 at 38 years (D-F); patient 3 at 13 years (G-I); and patient 8 at 7
months of age (J-L). All patients show diffuse cerebral white matter hypomyelination with normal (J}, mildly reduced (A), or
considerably reduced (D, G) white matter volumes. In patient 1, cerebral white matter hypomyelination is unchanged, com-
paring at 14 (A) and 16 (B, C) years of age. In patient 1, the putamen and the head of the caudate nucleus are normal in size
(A). In patient 2, minimal putamen atrophy cannot be excluded (D). The putamen and the head of the caudate nucleus are
small or hardly recognizable in patient 3 (G). In patient 8, the putamen is slightly small compared with a healthy control at the
same age (J). The globus pallidus and thalamus are normal in size (A, D, G, J). Atrophy of the cerebellar vermis and hemi-
sphere, and corpus callosum was variably observed in 4 patients, but not patient 8 (B, C, E, F, H, |, K, L).

with this phenotype have been reported worldwide.'®
The symptoms typically emerge in the third decade,
following a highly penetrant, autosomal dominant
mode of inheritance.>' Brain MRI demonstrates not-
mal structural findings. Arg?2 resides within the autor-
egulatory MREI domain of B-tubulin 4A, which is
necessary for autoregulation of the B-tubulin messen-
ger RNA cranscript. Site-directed mutagenesis shows
that any Arg2 substitution leads to loss of
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autoregulated instability and increased mutant tubu-
lin subunit levels.3? Thus, mutations in the MREI
domain have been assumed to cause DYT4 rather
than H-ABC, because of the different impact on
TUBB4A."” However, our study shows that muta-
tions in the MREI domain can also cause the
H-ABC phenotype. The phenotypic difference
between the p.Arg2Gly and p.Arg2Gln mutations
remains unsolved. Because DYT4 is an extremely rare
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syndrome that has only been described in one large
pedigree so far, patients of the family may have
another modifying factor(s) to spare cerebral white
matter abnormalities.

Diffuse hypomyelination syndromes are a hetero-
geneous group of disorders with overlapping clinical
features. Currently, they are categorized based on
brain MRI findings, which is very useful in clinical
practice. Basal ganglia atrophy specifically distin-
guishes H-ABC from other hypomyelination disor-
ders. Our study shows that 7UBB4A mutations
associate not only with the typical H-ABC cases but
also with some hypomyelinating patients with re-
tained basal ganglia, although notably all patients with
TUBB4A mutations have extrapyramidal features in
common. Our study implies that 7UBB4A may cause
hypomyelinating leukoencephalopathies with either a
morphologically or a functionally impaired basal gan-
glia. Extrapyramidal features may be a key for clini-
cians to examine 7UBB4A mutations in genetically
unsolved hypomyelinating leukoencephalopathies.
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SUMMARY

Aberrations in the glycosylphosphatidylinositol (GPI)-anchor biosynthesis pathway
constitute a subclass of congenital disorders of glycosylation, and mutations in seven
genes involved in this pathway have been identified. Among them, mutations in PIGY
and PIGO, which are involved in the late stages of GPl-anchor synthesis, and PGAP2,
which is involved in fatty-acid GPl-anchor remodeling, are all causative for hyperphos-
phatasia with mental retardation syndrome (HPMRS). Using whole exome sequenc-
ing, we identified novel compound heterozygous PIGO mutations (c.389C>A
[p.Thri30Asn] and c.1288C>T [p.GIn430%]) in two siblings, one of them having epilep-
tic encephalopathy. GPl-anchored proteins (CD16 and CD24) on blood granulocytes
were slightly decreased compared with a control and his mother. Our patients lacked
the characteristic features of HPMRS, such as facial dysmorphology (showing only a
tented mouth) and hypoplasia of distal phalanges, and had only a mild elevation
of serum alkaline phosphatase (ALP). Our findings therefore expand the clinical
spectrum of GPl-anchor deficiencies involving PIGO mutations to include epileptic
encephalopathy with mild elevation of ALP.

KEY WORDS: Congenital disorders of glycosylation, Epileptic encephalopathy, Glyco-
sylphosphatidylinositol anchors, PIGO.

More than 100 mammalian cell-surface proteins are
anchored to the plasma membrane by the addition of gly-
cosylphosphatidylinositol (GPI) to their C-termini. More
than 20 genes are involved in the GPI-anchor biosynthesis
pathway' of which 7 are mutated in GPI-anchor defi-
ciencies, a subclass of congenital glycosylation disorders,
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in association with neurologic impairments.*”’ Among
them, mutations in PIGV, PIGO (both are involved in the
last step of GPI-anchor synthesis), and PGAP2 (involved
in fatty-acid GPI-anchor remodeling) have been identi-
fied in patients with hyperphosphatasia with mental retar-
dation syndrome (HPMRS), also known as Mabry
syndrome.>®

PIGO encodes GPI ethanolamine phosphate transferase
3, which is also known as phosphatidylinositol-glycan bio-
synthesis class O. To date, only three HPMRS families
with compound heterozygous mutations in PIGO have
been reported. In this study, we performed whole exome
sequencing of a Japanese family containing two affected
siblings, one of them having epileptic encephalopathy, and
identified novel PIGO mutations that expand the clinical
spectrum of PIGO abnormalities to include epileptic
encephalopathy.
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METHODS

DNA samples and subjects

All four family members (two affected siblings with epi-
leptic encephalopathy and their parents) were analyzed.
Clinical information, peripheral blood samples (individual
II-1 and his parents), and the umbilical cord of individual II-
2 were obtained after written informed consent was given.
DNA was extracted using standard methods. Experimental
protocols were approved by the institutional review board
of Yokohama City University School of Medicine.

Whole exome sequencing (WES)

Genomic DNA was captured using the SureSelect Human
All Exon v4 Kit (51 Mb; Agilent Technologies, Santa
Clara, CA, US.A) and sequenced on an Illumina
HiSeq2000 (Illumina, San Diego, CA, U.S.A.) with 101 bp
paired-end reads. Exome data processing, variant calling,
and variant annotation were performed as previously
described.” PIGO mutations detected by WES were con-
firmed by Sanger sequencing, and searched for in the variant
database of our 408 in-house control exomes. For individual
11I-2, only those PIGO mutations identified in individual II-1
were checked by Sanger sequencing.

Flow cytometry
Surface expression of GPI-anchored proteins was exam-
ined as previously described.®

RESULTS

Clinical features

A summary of the clinical features of individuals II-1 and
II-2 is shown in Table S1. Both siblings had intractable
seizures and severe developmental delay, which were
compatible with epileptic encephalopathy.

Case report 1

Individual II-1 is a 19-year-old male born to nonconsan-
guineous parents after a 38-week gestation with no
asphyxia. His birth weight was 3,250 g (+0.5 standard devi-
ation [SD]), height 52.0 cm (—1.4 SD), and head circumfer-
ence 34.0 cm (—0.5 SD). Developmental milestones were
delayed with no head control achieved at 6 months. At
1 year of age, he developed complex partial seizures with
staring, crying, and irregular respiration leading to cyanosis.
Brain magnetic resonance imaging (MRI) revealed no
abnormalities (Fig. 1A,B). At 1 year and 11 months of age,
he had intractable seizures refractory to valproate, zonisa-
mide, and clonazepam. His body weight at this time was
10.54 kg (—0.8 SD), height 84.8 cm (—0.1 SD), and head
circumference 45.3 cm (—1.9 SD). He was able to smile but
unable to control his head or speak any meaningful words.
He had a high arched palate and a tented mouth (Fig. 1E).
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His muscle tone was hypotonic, and deep tendon reflexes
were normal with negative Babinski sign. Chorea was
observed mainly in the upper extremities. He did not show
brachytelephalangy or nail aplasia (Fig. 1F).

Interictal electroencephalography (EEG), motor conduc-
tion velocities, visual evoked potential, short-latency
somatosensory evoked potentials, and electroretinogram
were normal. Auditory brain responses revealed only wave
I. Serum alkaline phosphatase (ALP) levels were 436 U/L
(normal range, 145-420),' and calcium and phosphate
levels were normal. Metabolic analysis including lactate,
pyruvate, very long fatty acids, and organic acid showed no
abnormalities. His epileptic attacks sometimes led to gener-
alized tonic—clonic seizures. Ictal EEG showed rhythmic
fast waves, which appeared at the left side of the central
sulcus, followed by diffuse irregular spikes and waves. Phe-
nytoin and bromide treatment slightly decreased the seizure
frequency. He was often admitted to the hospital (>40
times) with respiratory insufficiency following upper respi-
ratory tract infection and/or prolonged convulsions, and
initiated home oxygen therapy at 2 years of age.

Swallowing and hand movement gradually deteriorated,
and spastic quadriplegia and hypertonus with rigidity of
both upper and lower limbs appeared at 4 years of age. At
6 years of age, his condition gradually deteriorated, and a
brain MRI at 6 years of age revealed diffuse cerebral and
cerebellar atrophy (Fig. 1C,D). ALP was slightly elevated
at around 10 years of age (900 U/L [normal range
130-560]), followed by a gradual decrease at around the age
of 19 (300 U/L [normal range 65-260]). At this time he
required mechanical ventilation. He had a very severe intel-
lectual disability and partial seizures with dyspnea every
day, despite administration of phenytoin, valproic acid, phe-
nobarbital, bromide, clobazam, and nitrazepam. Pyridoxine
has not been administered.

Case report 2

Individual II-2, the younger sister of individual II-1, was
born without asphyxia. She did not show any facial dysmor-
phology or other congenital malformations. At 7 months of
age, she developed generalized tonic—clonic seizures for
which she was administered phenobarbital. At 1 year of
age, she showed developmental delay with no head control.
At this time, she was admitted to hospital due to epileptic
convulsive status, and she died from multiorgan failure
3 days later. No autopsy was performed.

Identification of PIGO mutations and flow cytometry
analysis

We filtered out variants registered in dbSNP135 data and
our in-house 91 control exomes, and narrowed down 193
rare protein-altering and splice-site variants (Table S2).
Among them, we identified compound heterozygous muta-
tions in two genes: PIGO (GenBank accession number
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Figure I.

T)-weighted brain MRI of individual Il-1. Axial (A) and sagittal (B) images revealed no signal or structural abnormalities at | year of age.
Axial (C) and sagittal (D) images at 6 years of age showing diffuse cerebral and cerebellar atrophy. Facial (E) and hand (F) photographs of
individual ll-1 at |9 years of age showing tented mouth (E) and no anomalous fingers (F).
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NM_032634.3) and SCUBEI (NM_173050.3) (Table S3).
No homozygous mutation was detected. Four mutations are
rare, but one of two mutations in SCUBE] is predicted as a
polymorphism by web-prediction tools (Table S3). There-
fore, PIGO mutations are the primary candidates. Two
PIGO mutations were also found in his sister (individual II-
2). A novel missense mutation ¢.389C>A (p.Thr130Asn) in
exon 1 was inherited from their father and a novel nonsense
mutation ¢.1288C>T (p.GIn430%*) in exon 6 was inherited
from their mother. Surface expressions of CD16 and CD24
on granulocytes from the individual II-1 were slightly, but
clearly, decreased compared with a normal control and his
mother, demonstrating GPI-anchor deficiencies in the
patient (Fig. S1).

DI1SCUSSION

In this study, we report two siblings with severe epileptic
seizures, developmental delay, and mild elevation of ALP
caused by two novel compound heterozygous mutations in
PIGO. In individuals II-1 and II-2 of the present study, the

p-Thr130Asn mutation in PIGO is located in an alkaline
phosphatase-like core domain, whereas the p.Gln430*
mutation is expected to produce a truncated protein that
lacks most transmembrane domains (Fig. 2B). To date, only
three families with HPRMS are reported in association with
compound heterozygous PIGO mutations: p.Leu957Phe
and p.Thr788Hisfs*5 in the first family, p.Leu957Phe and
¢.3069+5G>A skipping exon 9 leading to ¢.2855_3069del
(p.Val952Aspfs*24) in the second,’ and ¢.355C>T
(p.Arg119Trp) and c.2497_2498del (p.Ala834Cysfs*131)
in the third® These five mutations led to markedly
decreased expression of CD16, CD24, and CD59 on granu-
locytes from the patient or failed to recover expression of
GPI-anchored proteins in PIGO-deficient CHO cells, sug-
gesting that expression of GPIl-anchored proteins was

~ severely impaired in the patients.>® On the other hand, indi-

vidual II-1 with p.Thr130Asn and p.GIn430* mutations
showed mildly decreased expression of CD16 and CD24 on
the surface of blood granulocytes. This difference in the
expression of GPI-anchored proteins might be associated
with lacking characteristic features of HPMRS in individual
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(A) Familial pedigree of individuals | (I-1) and 2 (lI-2). (B) Distribution of PIGO mutations. Previously reported mutations are highlighted
in red. (C) Individuals lI-1 and 1I-2 carrying compound heterozygous mutations in PIGO. Their mother (I-1) carried c.1288C>T

(p-GIn430%*), and their father (I-2) carried ¢.389C>A (p.Thr130Asn).
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II-1, such as facial dysmorphic features, hypoplasia of distal
phalanges, and elevation of serum ALP. Of interest, both
patients in our report and a patient reported by Kuki et al.
possessed missense mutations commonly in an alkaline
phosphatase—like core domain, and showed progressive
cerebral and cerebellar atrophy, and more severe intractable
epilepsy and developmental delay than the other two fami-
lies with PIGO mutations reported by Krawitz et al.>® This
fact raised a possibility that mutations in the alkaline phos-
phatase—like core domain can affect brain development and
function more specifically regardless of expression of GPI-
anchored proteins in blood granulocytes. Further accumula-
tion of patients with PIGO mutations and functional analy-
sis using neuronal cells are required for elucidating
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phenotype—genotype correlations in association with PIGO
mutations.

Our data expand the clinical spectrum of GPI-anchor
deficiencies to include epileptic encephalopathy. In addi-
tion, it has been recently reported that mutations in the
SLC35A2 encoding UDP-galactose transporter cause a con-
genital disorder of glycosylation in three patients, and five
of them showed seizures with hypsarrhythmia pattern on
electroencephalography.'*'> Therefore, it is likely that
abnormalities in glycosylation, including the GPI pathway,
may be one of the underlying defects in epileptic encepha-
lopathy.

In conclusion, we have described two siblings with
epileptic encephalopathy that harbor novel compound
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heterozygous mutations in PIGO. Further genetic analysis
of GPI-anchor synthesis pathway is needed for the under-
standing of epileptic encephalopathy.
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