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In addition, no pathogenic aberrations in the genes causing
thoracic aneurysm, including ACTA2, COL3Al, FBNI1, GLUTIO,
MYHI11, PLODI, TGFBR1, TGFBR2, SMAD3, and TGFB2were not
found in the affected father by whole exome sequencing.

HSCUSSION

The facial dysmorphism and congenital hypertrichosis in the
affected boy and father warranted a diagnosis of Cantu syndrome
in the present family. However, macrosomia was observed only in
the father, while cardiomegaly only in the son. The prenatal cardiac
problem (pericardial effusion) in the son may have accounted for
the absence of macrosomia. The unique manifestations in this
family were thoracic aortic aneurysm in the father and craniosyn-
ostosis in the son. Primary craniosynostosis was considered based
on absence of microcephaly and a couple of imaging findings such
as a copper beaten appearance of the calvaria and normal brain
structures. The pathogenic ABCC9 abnormality (c.3605C > T, p.
T1202M) in this family was a novel missense mutation. The
mutation was located in the TMD2 (transmembrane domain 2)
of ABCC9, like previously reported mutations in Cantu syndrome,
most of which were found either in TMD1 or TMD2 [Harakalova
et al., 2012; van Bon et al,, 2012].

The pathogenesis of ABCC9 mutations remains incompletely
understood. Yet, recent investigations have provided some clues to
understanding the consequence of ABCC9 mutation. Alternative
RNA splicing of the terminal exon (exon 38) of ABCC9yields two
SUR2 isoforms (SUR2A and SUR2B), which differ only in their C-
terminal 42 amino acids. SUR2A is predominantly expressed in
cardiac and skeletal muscle cells, while SUR2B is expressed in
vascular smooth muscle, hair follicles, and some neurons. Loss-
of-function mutations in the terminal exon that impair only SUR2A
result in dilated cardiomyopathy [Bienengraeber et al., 2004] and
familial atrial fibrillation [Olson et al., 2007]. Conversely, all 27
mutations previously identified in Cantu syndrome are located
upstream of the terminal exon and; therefore, interfere with both
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SURZ2A and SUR2B. The different expression patterns between
ABCC9 isoforms and different mutation pattern between Cantu
syndrome and other genetic heart diseases explain different clinical
manifestations of these disorders. The expression pattern accounts
for the aortic aneurysm seen in Patient 2 as well as cardiomegaly and
hypertrichosis in Cantu syndrome.

Moreover, it is postulated that ABCC9 mutations in Cantu
syndrome may produce gain-of-function proteins [Harakalova
et al., 2012]. Consistent with this presumption, cardiomegaly in
Cantu syndrome is associated with ventricular hypertrophy, which
contrasts with the dilated cardiomyopathy observed in ABCC9loss-
of-function. K(ATP) channels (ATP-sensitive potassium chan-
nels), including ABCC9, are characterized by inhibition of channel
opening at increased ATP concentration on the cytoplasmic cell
surface. At the basal condition, ABCC9 is closed [Koster et al., 2001;
Flaggetal., 2004]. Atalowmetabolic state, it is open, resulting in K™
efflux, membrane hyperpolarization, reduced Ca** influx, shorter
action potentials, higher cardiac output and vasodilation. These
biological consequences ensure perfusion to the brain and heart
following an ischemic challenge [Wind etal., 1997]. Thus, the major
biological role of ABCC9 may be protection from ischemic stress in
the heart, protection against fiber damage in skeletal muscle, and
control of vasomotor tone in smooth muscle when energy supplies
are low.

A report focusing on cardiovascular effects of ABCC9 over-
expression stated that even at the low metabolic state (in the absence

of elevated ATP/ADP ratio), K(ATP) channel openers, such as
cromakalin, were still able to produce further acceleration of
opening of ABCCY, resulting in vasodilation [D’Hahan
etal.,, 1999]. Overexpression of SUR2A in transgenic mice generated
a cardiac phenotype resistant to hypoxia/ischemia/reperfusion
injury [Du et al., 2006]. Treatment with K(ATP) channel openers
in rat has been shown to stabilize resting membrane potential and
reduce the frequency of arrhythmias in some studies [Du
et al,, 2006], but has proven proarrhythmic in others [Zhou
et al., 2005]. Despite the basic protective effect of ABCC9 on the
heart, its persistent overactivity may cause ventricular hypertrophy
and eventual cardiac failure. The vasodilative effect of ABCC9 may
be related to the aortic aneurysm in Patient 2.

Cardiac problems are a potentially lethal association in Cantu
syndrome. Based ona review of the literature (n = 58, mean age: 8/,
years, range: 3 months to 50 years), the cardiac phenotype in Cantu
syndrome is summarized in Table I. A small subset of patients
had normal cardiac function; however, most patients presented
with ventricular hypertrophy with diastolic dysfunction, which
ultimately can evolve into systolic dysfunction associated with
pulmonary hypertension, mitral regurgitation/insufficiency, and
tricuspid regurgitation/insufficiency (if present). Onset of heart
problems is quite variable among affected individuals, ranging from
the prenatal period to young adulthood. Interestingly, cardiac
function may wax and wane regardless of presence or absence of
medical intervention. Some patients showed aortic regurgitation,
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which may have implied aortic dilatation. In the present family,
the cardiac phenotypes were different between the two patients.
The affected boy had prenatal pericardial effusion and postnatal
cardiomegaly, while the affected father did not have overt cardiac
problems. Thus, the cardiac phenotype in Cantu syndrome is not
determined by the genotype alone.

Macrosomia and mild osteochondrodysplasia are other hall-
marks of Cantu syndrome. The skeletal manifestation varies among
patients. The present patients did not show any overt skeletal
alterations. The biological roles of ABCC9 in somatic and skeletal
growth remain unsolved. These issues may be elucidated in the
context of the role of ABCC9 as a sulfonylurea receptor. The SUR
subunits of K{(ATP) channel have been recognized as an ATPase. As
the SUR proteins show a conformational modification following
changes in ATP content, the SUR subunits are presumed to work as
a mechanochemical device, and may play a pivotal role in somatic
and bone development [Karpowich et al., 2001; Zingman
et al., 2002; Jons et al.,, 2006]. In fact, it is known that ABCC9
can regulate paracellular permeability in gastrointestinal, renal and
liver tissues [Jons et al., 2006]. The role of ABCC9 as a mechno-
chemical senser may possibly be important in development of the
cranial sutures and calvarial intramembranous ossification.

In conclusion, we found a family in which both son and father are
affected with Cantu syndrome caused by an ABCC9 mutation.
Craniosynostosis in the boy and development of aortic aneurysm in
the father were previously undescribed associations with Cantu
syndrome.
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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-GPl-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 (PIGA, 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
phospboethanolamine 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 |. They showed dysmorphic facial features, develop-
mental delay, intellectual disability, hypotonia, vertical nys-
tagmus, and epilepsy.

@ Springer

Patient 1

This 9-year-old girl was born 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 cm (+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 control 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 fingemails. 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. 1¢-).

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-
cy. 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 1 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) 3797 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 + + + + - + - + + 19
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. N.D.
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
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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;

@ Springer

Agilent Technologies, Santa Clara, CA), and sequenced on an
Ilumina HiSeq2000 (Mlumina, 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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<4 Fig.1 a Familial pedigree and mutations. b Photographs of the faces of
patient 1 (upper) and patient 2 (lower). 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, f 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
I1-5) 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 (5-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 antitbod-
ies: mouse anti-decay accelerating factor (DAF; 1A10),
-CD16 (3G8), —CD24 (ML5), —CD59 (5HS), and
—CD48 (BJ40) followed by a PE-conjugated anti-
mouse IgG antibody (3G8, MLS5, 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).

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 SR«
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
c.963G >A is a synonymous mutation inherited from their
mother but located at the last base of exon 10 (Fig. 11). 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, c.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 granulocytes 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)

DAF FLAER

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
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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,
CDI16 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: Jight shadow. Expression of CD59 was only partially or
hardly restored by p.Ser270Pro and exon 10-skipping vectors,
respectively

T O



Neurogenetics

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 Pign-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 GPI-anchored proteins is only partially affected [6],
suggesting that this modification may not be essential for GPT-
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,
12-14], 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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Introduction

Glycosylation is the process of adding complex sugar chains
(glycans) to proteins and lipids. Protein glycosylation includes N-
linked and O-linked glycosylation pathways in the endoplasmic
reticulum (ER)—Golgi network [Freeze, 2013]. To enable glycan
biosynthesis, monosaccharides in the form of nucleotide sugars,
such as GDP-fucose, CMP-sialic acid, and UDP-galactose, must be
delivered into the lumen of the ER and Golgi apparatus by their re-
spective nucleotide-sugar transporters [Liu et al., 2010]. Defects of
the glycosylation process cause congenital disorders of glycosylation
(CDG). To date, nearly 70 CDG have been identified, most caused
by either the N-linked or O-linked glycosylation pathway, or both
[Freeze, 2013; Jaeken and Matthijs, 2007]. Because glycosylation is a
ubiquitous cellular process, its defects affect multiple organ systems
with various features, accompanied by facial dysmorphism. The
central nervous system is one of the most often affected organs, fre-
quently resulting in structural abnormalities, developmental delay,
and epileptic seizures [Freeze et al., 2012].

© 2013 WILEY PERIODICALS, INC.



Early-onset epileptic encephalopathies (EOEE), with onset be-
fore 1 year of age, are characterized by severe seizures {of-
ten). infantile spasms), frequent interictal epileptiform activity
on a disorganized electroencephalogram (EEG) background, and
developmental regression or retardation [Holland and Hallinan,
2010]. Ohtahara syndrome (MIMs # 308350, 612164), West syn-
drome (WS; MIMs # 308350, 300672, 612164), early myoclonic
epileptic encephalopathy (MIM #609304), malignant migrating par-
tial seizures of infancy (MIM #614959), and Dravet syndrome (MIM
#607208) are the best known epileptic encephalopathies recognized
by the International League Against Epilepsy. However, many in-
fants with these syndromes do not strictly fit within the electroclini-
cal parameters of these syndromes. Recently, several causative genes
have been reported in patients both with well-recognized and un-
classified EOEE syndromes: ARX (MIM #300382), CDKL5 (MIM
#300203), STXBP1 (MIM #602926), SLC25A22 (MIM #609302),
SCN1A (MIM #182389), KCNQ2 (MIM #602235), and KCNT1
(MIM #608167) [Barcia et al., 2012; Claes et al., 2001; Kalscheuer
et al., 2003; Kato et al., 2007; Molinari et al., 2005; Saitsu et al.,
2008, 2012a; Stromme et al., 2002; Weckbuysen et al., 2012]. These
genes encode sodium or potassium channels, transcription factors,
a mitochondrial glutamate transporter, and a regulator of neuro-
transmitter release, and are able to explain part of the genetic cause
of EOEE. Because epileptic seizures are one of the main symp-
toms with CDG, abnormal glycosylation may be found in EOEE. In
fact, de novo mutations in SLC35A2 (MIM #314375), encoding a
UDP-galactose transporter (UGT), have recently been reported in
three patients with CDG (one fernale with a heterozygous mutation
and two males with a mosaic mutation), and two of them showed
seizures and hypsarrhythmia on EEG, suggesting WS [Ng et al,,
2013]. It would be worth checking SLC35A2 mutations in a large
cohort of patients with EOEE.

In this study, whole-exome sequencing (WES) of 12 patients to-
gether with five pairs of parents (five trios) and subsequent Sanger
sequencing in additional 328 patients with EOEE identified two de
novo frameshift and one de novo missense mutations in SLC35A2,
respectively, confirming that de novo SLC35A2 mutations are one
of the genetic causes for EOEE.

Materials and Methods

Methods for RNA analysis, X-inactivation analysis, and mass
spectrometry are described in the Supp. Methods.

Patients

A total of 328 patients with EOEE (67 patients with Ohtahara
syndrome, 150 with WS, and 111 with unclassified EOEE) were
analyzed for SLC35A2 mutations. The diagnosis was made based
on clinical features and characteristic patterns on EEG. In 257 pa-
tients, mutations in STXBPI and KCNQ2 had been excluded by
high-resolution melting analysis in advance. Experimental proto-
cols were approved by the Institutional Review Board of Yokohama
City University School of Medicine. Clinical information and pe-
ripheral blood samples were obtained from the family members
after obtaining written informed consent.

Exome Sequencing

WES for 12 patients with EOEE, in whom initial diagnosis was
Ohtahara syndrome, had been previously performed [Saitsu et al.,
2012a, 2012b]. In this study, we additionally analyzed parental sam-
ples from five patients by WES. Genomic DNA was captured using

the SureSelectXT Human All Exon v4 Kit (Agilent Technologies,
Santa Clara, CA) and sequenced with four samples per lane on
an Illumina HiSeq 2000 (Illumina, San Diego, CA) with 101-bp
paired-end reads. Image analysis and base calling were performed
by sequence control software with real-time analysis and CASAVA
software v1.8 (Illumina). Exome data processing, variant calling,
and variant annotation were performed as previously described
[DePristo et al., 2011; Saitsu et al., 2013; Wang et al.,, 2010]. All
de novo candidate mutations detected by WES were confirmed by
Sanger sequencing.

Mutation Screening

Genomic DNA was amplified using an illustra GenomiPhi V2
DNA Amplification Kit (GE Healthcare, Buckinghamshire, UK).
Exons 1-5 covering the SLC35A2 coding region of two tran-
script variants (transcript variant 1, GenBank accession number
NM._005660.1, encoding UGT?2; transcript variant 3, GenBank ac-
cession number NM_001042498.2, encoding UGT1) were screened
by Sanger sequencing. PCR primers and conditions are available on
request. All novel mutations were verified using original genomic
DNA, and searched for in the variant database of our 408 in-house
control exomes.

Expression Vectors

Total RNA from lymphoblastoid cells was reverse tran-
scribed using the PrimeScript 1st strand synthesis kit with
random hexamers (Takara, Ohtsu, Japan) as previously re-
ported [Saitsu et al., 2010]. The following primers were used
to isolate full-length human SLC35A2 ¢cDNA (amino acids 1-
393, GenBank accession number NM_001042498.2): forward 5'-
GGAATTCAGATGCCAACATGGCAGCGGTTGG-3" and reverse
5'-GGCTCGAGATTGCTGCCAGCCCTCACTTCAC-3'. SLC35A2
cDNA was inserted into pBlueScript SK(-) vector (Agilent Tech-
nologies), and site-directed mutagenesis was performed using a
KOD-Plus-Mutagenesis kit (Toyobo, Osaka, Japan) according to
the manufacturer’s protocol to generate SLC35A2 mutants includ-
ing c.433_434del (p.Tyr145Profs*76), c.972del (p.Phe324Leufs*25),
and ¢.638C>T (p.Ser213Phe). Subsequently, mutant SLC3542 cD-
NAs that excluded termination codons were amplified by PCR, in-
serted into pEF6/V5-His C vector (Life Technologies Co., Carlsbad,
CA) to generate C terminal V5-epitope tag. All variant cDNAs were
confirmed by Sanger sequencing.

Cell Culture

Mouse neuroblastoma 2A (N2A) cells were cultured at 37°C
under 5% CO, in DMEM, high glucose, GlutaMAX(™) supple-
mented with 10% fetal bovine serum and Penicillin—Streptomycin
(Life Technologies Co.).

Immunofluorescence Microscopy

N2A cells on glass cover slips were transfected with 200 ng of
plasmid DNA using X-tremeGENE 9 DNA Transfection Reagent
(Roche Diagnostics, Mannheim, Germany). After 24 hr, cells were
fixed in 4% paraformaldehyde/PBS for 15 min and permeabilized
in 0.1% Triton X-100/PBS for 5 min. Cells were then blocked with
10% normal goat serum for 30 min. V5-tagged UGT1 were detected
by mouse anti-V5 antibody (1:200 dilution; Life Technologies)
and Alexa-488-conjugated goat anti-mouse immunoglobulin G
(1:1000 dilution; Life Technologies). Cover slips were mounted using

1709

HUMAN MUTATION, Vol. 34, No. 12, 1708-1714, 2013



Vectashield (Vector Laboratories, Youngstown, OH) that contained
4/,6-diamidino-2-phenylindole (DAPI) and visualized with an in-
verted FV1000-D confocal microscope (Olympus, Tokyo, Japan).

Results

To systemically screen de novo or recessive mutations, we con-
ducted trio-based WES in five patients with EOEE. None of the
recessive mutations in known EOEE genes were found in WES data
(SLC25A22, PNPO; MIM #610090, PNKP; MIM #613402, PLCBI;
MIM #613722, and ST3GAL3; MIM #615006) [Hu et al., 2011;
Kurian et al., 2010; Mills et al., 2005; Molinari et al., 2005; Shen
etal., 2010]. Instead, we found one or two de novo nonsynonymous
mutations in each of the five trios (Supp. Table S1). Among them, a
sole de novo frameshift mutation in SLC35A2 at Xp11.23 was found
in two patients: c.433.434del (p.Tyr145Profs*76) in patient 1 and
¢.972del (p.Phe324Leufs*25) in patient 2, which were confirmed by
Sanger sequencing. No SLC35A2 mutation was found in the other
seven patients analyzed by WES. However, subsequent SLC35A42
mutation analysis by Sanger sequencing in a cohort of 328 patients
with EOEE revealed another de novo missense mutation (c.638C>T
[p-Ser213Phe]) in patient 3 (Fig. 1A). None of the three mutations
was found in the 6,500 National Heart, Lung, and Blood Institute
exomes (http://evs.gs.washington.edu/EVS/) or our 408 in-house
control exomes. All patients with a SLC35A2 mutation are female.

As human female cells are subject to X-chromosome inactiva-
tion, we examined the X-inactivation pattern using a fragile X men-
tal retardation locus methylation assay and human androgen re-

A

ceptor assay on genomic DNA from peripheral leukocytes [Kondo
et al., 2012]. A markedly skewed pattern was observed in patients
1 and 2 (noninformative in patient 3) (Supp. Table S2). Reverse-
transcription PCR and sequencing of total RNA extracted from
lymphoblastoid cell lines derived from patients 1 and 2 revealed
that only the wild-type (WT) SLC35A2 allele was expressed; sug-
gesting that the mutant alleles underwent X-inactivation, though
degradation of mutant transcripts by nonsense-mediated mRNA
decay may be involved (Supp. Fig. S1). Cells from patient 3 were
unavailable. It is unknown whether the mutant allele undergoes
similar X-inactivation in brain tissues.

SLC35A2 encodes a UGT, which selectively supplies UDP-
galactose from the cytosol to the Golgi lumen [Ishida et al., 1996;
Miura et al., 1996]. Two human UGT splice variants have been
studied: UGT1 encoded by transcript variant 3 (NM_001042498.2)
and UGT2 by transcript variant 1 (NM_005660.1) [Ishida et al.,
1996; Kabuss et al., 2005; Miura et al.,, 1996}, both of which are
predicted to have a 10-transmembrane domain and differ only at
the carboxyl-terminal five or eight amino acid residues (Fig. 1B)
[Kabuss et al., 2005; Miura et al., 1996]. The three mutations would
affect both UGT1 and UGT2. Two mutations (p.Tyr145Profs*76
and p.Phe324Leufs*25) would cause truncation of UGT within the
transmembrane domain, and the missense mutation (p.Ser213Phe)
occurs at an evolutionarily conserved amino acid (Fig. 1B and Supp.
Fig. §2). To examine the effect of the three SLC35A2 mutations,
we performed transient expression experiments in N2A cells. C-
terminally V5 epitope-tagged WT UGT1 was localized to the Golgi
apparatus, similar to endogenous UGT1 [Yoshioka et al., 1997].
The p.Ser213Phe mutant showed a similar expression pattern to

5
Variant 1 += (UGT2)
Variant 2
Variant3  c=@-----esooooeee B --oooooo oo m- - (UGT1)
Patient 1 Patient 3 Patient 2
€.433_434del ¢.638C>T c.972del
p.Tyr145Profs*76 p.Ser213Phe p.Phe324Leufs*25
De nova e novo Dea riove
WT GACATACCAG WT TCCTCCGGC WT TATTTGCCC
Mutant GACAQCAGCT Mutant TCCT:I.‘CGGC Mutant TATTE;CCCT
B ) ’

PRt pep——

| SVLVK-C (UGT1)
T LLTKVKGS —C (UGT2)

Golgi lumen

Figure 1. De novo SLC35A2 mutations in EQEE patients. A: Schematic representation of SLC3I5A2 (open and filled rectangles represent
untranslated regions and coding regions, respectively). There are three transcript variants: variant 1 (GenBank accession number, NM_005660.1)
encoding UGT2, variant 2 (NM_005660.1), and variant 3 (NM_001042498.2) encoding UGT1. The three de nove mutations occurred in both variants
1 and 3, but not in variant 2. B: Topological prediction of UGT1 and UGTZ proteins [Kabuss et al., 2005]. The three mutations (stars) are predicted
to be localized in the transmembrane domains. The C-terminal five amino acids (SVLVK} in UGT1 are replaced by eight amino acids (LLTKVKGS) in

UGT2. SLC35A2variants were deposited in a gene-specific database (http://databases.lovd.nl/shared/genes/SLC35A2).
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Mutant Mutant WT

p.Ser213Phe  p.Phe324Leufs*25 p Tyr145Profs*76
Mutant

Anti-va

Anti-GM130 Merge

Figure 2. Expression of V5-tagged UGT1 proteins in N2A cells. Expression of WT and the three mutant UGT1 proteins in N2A cells. V5-tagged
WT UGT1 (top, green) and the p.Ser213Phe mutant (bottom, green) colocalized with the Golgi marker GM130 (red), suggesting localization to the
Golgi apparatus similar to endogenous UGTI. In contrast, the p.Phe324Leufs*25 mutant (lower middle, green) was expressed in the cytosolic
compartment, and expression of the p.Tyr145Profs*76 mutant (upper middle, green) was severely diminished. The nucleus was stained with DAPI

(blue). The scale bars represent 10 pm.
the WT. In contrast, the p.Phe324Leufs*25 mutant was expressed in
the cytosolic compartment and expression of the p.Tyr145Profs*76
mutant was severely diminished, suggesting that the function of the
two truncated UGT1 proteins would be severely impaired (Fig. 2).

Because nucleotide-sugar transporters including UGT are criti-
cal components of glycosylation pathways such as N-glycosylation
and O-glycosylation in eukaryotes, functional aberration of UGT
is likely to affect protein glycosylation [Jaeken, 2003; Liu et al.,
2010; Muntoni, 2004; Wopereis et al., 2006]. Therefore, we inves-
tigated glycosylation of serum glycoproteins isolated from the pa-
tients with a SLC35A2 mutation, by isoelectric focusing, electrospray
ionization, and matrix-assisted laser desorption/ionization mass
spectrometry (MALDI-MS) of transferrin and apolipoprotein CIII,
and by MALDI-MS of immunoglobulin G (Supp. Figs. $3-S5 and
Supp. Table S3). However, we could not detect any abnormalities of
N-glycosylation or O-glycosylation in these serum glycoproteins.
Considering that only WT SLC35A2 is expressed in lymphoblastoid
cells from the two patients, these normal glycosylation profiles of
serum glycoproteins may be reasonable.

The clinical features of patients with a SLC35A2 mutation are
presented in Table 1. Dysmorphological findings such as thick eye-
brows, a broad nasal bridge, thick lips, and maxillary prognathism
were found (Fig. 3A~C). Brain magnetic resonance imaging (MRI)
showed cerebral and cerebellar atrophy and thinning of the corpus
callosum in two patients, 1 and 3, an arachnoid pouch in patient 1,
and an enlarged left lateral ventricle in patient 2 (Fig. 3D-H). All pa-
tients were diagnosed as WS in their clinical course, and showed no
abnormalities in the skin, coagulation, or hepatic enzymes, which
are often observed in patients with CDG [Freeze, 2006; Freeze et al.,

2012]. On interictal EEG at 8 days after birth, patient 1 revealed
brief tonic seizures of the upper extremities and a diffuse spike or
sharp and slow-wave complex, which were accompanied by brief
suppression for 1-2 sec (Fig. 3I). At 50 days, she showed a series
of spasms, and the EEG transited to hypsarrhythmia at 2 months,
leading to a diagnosis of WS. The administration of adrenocorti-
cotropic hormone (ACTH), zonisamide, and valproic acid (VPA)
was temporarily effective; however, she developed seizures again at
4 months. Seizures were refractory to vitamin B6, phenobarbital,
clobazam, corpus callosotomy, or a ketogenic diet. At 8 years of age,
she showed hypotonia, severe intellectual disability, motor develop-
mental delay, no head control, and no meaningful words. Patient 2
developed a series of spasms, and showed a diffuse spike or sharp
and slow-wave complex on interictal EEG at 1 month. EEG transited
to hypsarrhythmia at 4 months, leading to a diagnosis of WS. Her
seizures were temporarily controlled by combined administration
of VPA, nitrazepam, and ACTH, followed by low-dose ACTH ther-
apy; however, spasms with clustering developed again at 6 years and
6 months. At 12 years, her spasms changed into focal seizures after
administration of levetiracetam, and interictal EEG showed mainly
slow waves with focal spikes. She could crawl on hands and knees
and had severe intellectual disability with no meaningful words.
Patient 3 started to have clusters of spasms at 3 months of age,
and interictal EEG during sleep revealed hypsarrhythmia, leading
to a diagnosis of early-onset WS (Fig. 3]). Vitamin B6 and VPA
were ineffective at treating the spasms. Subsequent treatment with
ACTH eliminated her spasms and hypsarrhythmia on EEG, but
brief tonic seizures without clustering relapsed 1 month after the
treatment. Despite the administration of various antiepileptic drugs
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Table 1. Clinical Features of Patients with a SLC35A2 Mutation
Patient 1 Patient 2 Patient 3
Age 8 years 10 months 12 years 8 months 10 years 5 months
Gender Female Female Female
Mutation c.433.434del (p.Tyr145Profs*76) ¢.972del (p.Phe324Leufs*25) c.638C>T (p.Ser213Phe)
Diagnosis EOEE —~ West syndrome EOEE — West syndrome Early-onset West syndrome
Initial symptom Tonic seizure at 6 days Spasms at 1 month Spasms at 3 months
Initial EEG findings Diffuse spike or sharp and slow-wave Diffuse sharp or spike and slow-wave Hypsarrhythmia
complex with brief suppression complex
Transition of seizures Spasms at 50 days, tonic seizure of upper Generalized tonic seizure and spasm at 7 Brief tonic seizure, spasm at 1 year 6
extremities at 1 year 3 months months, spasm at 6 years 6 months, months
focal seizure at 12 years
Transition of EEG Hypsarrhythmia at 2 months, multifocal Hypsarrhythmia at 4 months, diffuse fast Multifocal spike and slow wave complex at
findings spikes at 2 years waves at 12 years 10 months
Seizure control Intractable Intractable Intractable
Development No head control, no words at 8 years Crawling on hand and knees, no words at No head control, no words at 10 years
12 years
Magnetic resonance Arachnoid pouch at 2 months, cerebral Normal at 2 months, spotty high-intensity Normal at 3 months, severe cortical
imaging findings and cerebellar atrophy, thin corpus signal in white matter, slight atrophy, cerebellar atrophy, thin corpus
callosum, delayed myelination at 2 years enlargement of left lateral ventricle at 4 callosum at 8 years
years
Craniofacial findings
Coarse face + + +
Thick eyebrows + + +
Broad nasal bridge + + +
Thick lips + + +
Semi-open mouth + + +
Prominent cupid’s bow = + +
Epicanthal folds - + +
Short philtrum - + +
Maxillary prognathism + + +
Full cheek - - +
Other Fused tooth High-arched palate Enamel hypoplasia
Blood coagulation Normal Normal Normal
Skin findings Normal Normal Normal
Other features Hypotonus ‘White spot in the eyeground, atrial septal Hypotonic quadriplegia, hipdislocation

defect ureteropelvic junction

obstruction, vesicovaginal fistula

EOEE, early-onset epileptic encephalopathy; EEG, electroencephalography.

and a ketogenic diet, daily spasms with or without clustering have
persisted. At the age of 10 years, she has attained no meaningful
words or head control.

Discussion

In this study, we successfully identified three de novo heterozy-
gous mutations in SLC35A2in patients with EOEE. Two mutations
(p.Tyr145Profs*76 and p.Phe324Leufs*25) are predicted to cause
truncation of UGT, suggesting that the function of the mutant pro-
tein would be severely impaired. Consistently, transient expression
of mutant proteins in N2A cells revealed that the p.Phe324Leufs*25
mutant was not localized in the Golgi apparatus and that expression
of the p.Tyr145Profs*76 mutant was severely diminished. Therefore,
these two frameshift mutations are likely to cause loss of function
in UGT. On the other hand, the p.Ser213Phe mutant was local-
ized in the Golgi apparatus. A single amino acid deletion of Ser213
has been reported in hamster Ugt, which is highly homologous to
human UGT (see Supp. Fig. S2). The hamster mutant failed to com-
plement the defect of UDP-galactose transport in mutant Chinese
hamster ovary lec8 cells, suggesting that the Ser213 residue is es-
sential for proper UGT function [Oelmann et al,, 2001]. Thus it is
possible that the p.Ser213Phe mutation causes loss of function in the
UGT, though further functional studies are required for clarifying
pathogenicity of this missense allele.

Mutations in three nucleotide-sugar transporters have been pre-
viously reported to cause defects in glycan biosynthesis in humans:
the GDP-fucose transporter encoded by SLC35C1, the CMP-sialic
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acid transporter encoded by SLC35A1, and the UDP-glucuronic
acid/UDP-N-acetylgalactosamine transporter encoded by SLC35D1
[Hiraoka et al., 2007; Liu et al., 2010; Lubke et al., 2001; Luhn et al.,
2001; Martinez-Duncker et al., 2005]. Similarly, a defect in UGT
would cause UDP-galactose deficiency in the ER-Golgi network,
leading to reduced galactosylation of glycoproteins, glycosphin-
golipids, and proteoglycans [Liu et al.,, 2010]. In fact, three pa-
tients with SLC35A2 mutations have been reported in association
with galactosylation-deficient serum transferrin profiles in infancy:
however, they showed normal serum transferrin profiles at 35 years
[Ngetal,, 2013]. Consistent with this, our three female cases showed
no glycosylation abnormalities in the three commonly assayed
serum glycoproteins at 8—10 years: transferrin and apolipoprotein
CIII (mainly synthesized in the liver), and immunoglobulin G (syn-
thesized by B lymphocytes) [Goreta etal., 2012; Okanishi et al., 2008;
Wadaetal., 2007, 2012]. In addition, DNA extracted from the leuko-
cytes of patients 1 and 2 showed a markedly skewed X-inactivation,
and only the WT SLC35A2 allele was expressed in lymphoblastoid
cell lines from these two patients. Therefore, although the degrada-
tion of mutant transcripts is a possible explanation for selective ex-
pression of WT allele, these findings raised a possibility that liver cells
and B lymphocytes expressing the mutant allele are selected against
during infancy, leading to no glycosylation defects in transferrin,
apolipoprotein CIII, or immunoglobulin G in three patients, with
a markedly skewed X-inactivation pattern in peripheral leukocytes.

The clinical features of the patients with a SLC35A2 muta-
tion seemed to be consistent with the negative selection of cells
expressing the mutant allele. Specific skin features, coagulopathies,
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Figure 3. Facial appearance, brain (MRI), and EEG of the three patients with a SLC35A2 mutation. A-C: Phatograph of patient 1 at 8 years of
age {A), patient 2 at 12 years of age (B), and patient 3 at 10 years of age (C). Note the broad nasal bridge, thick eyebrows, thick lips, semi-open
mouth, and maxillary prognathism that are common in these three patients. A fused tooth observed in patient 1 is indicated by an arrow (A, inset).
D and E: T2-weighted MRI of patient 1 at 2 years and 4 months after corpus callosotomy showed cerebral atrophy on an axial image (D), and
cerebellar atrophy and an arachnoid pouch (white arrow) on a sagittal image (E). F: A T2-weighted axial image of patient 2 at 4 years and 3 months
showed slight enlargement of the left lateral ventricle. G and H: T2-weighted MRI of patient 3 at 7 years showed cerebral atrophy with frontal lobe
predominance on an axial image (G), and cerebellar atrophy and a thin corpus callosum (white arrowheads) on a sagittal image (H). I Interictal
EEG of patient 1 during sleep at 1.5 months old showing diffuse spike or sharp and slow-wave complexes, which were accompanied by brief

suppression for 1-2 sec. J: Interictal EEG of patient 3 during sleep at 3 months old showing hypsarrhythmia.

immune dysfunction, cardiomyopathy, and renal dysfunction,
which are often observed in glycosylation disorders [Freeze et al,,
2012], were not found in these three patients, although they did
present epileptic seizures (EOEE). Thus, it can be hypothesized that
cells expressing the mutant allele were excluded in most organs
but not the central nervous system, where a substantial number of
neurons might express the mutant SLC35A2 allele and suffer from
defective galactosylation of glycoproteins, glycosphingolipids, and
proteoglycans.

Together with a recent report [Ng et al., 2013], our data suggest
that abnormal glycosylation may be one of the underlying patholo-
gies of EOEE. In the absence of glycosylation abnormalities, similar
to our three cases, a UGT disorder can only be diagnosed by the
identification of a SLC35A2 mutation. Recent progress in massively
parallel DNA sequencing in combination with whole-exome captur-
ing (WES) has facilitated rapid mutation detection in most exons
[Bamshad et al., 2011]. WES is expected to be useful for genetic

testing in EOEE, and is likely to reveal contributions from hitherto
unexpected genes.

Conclusion

‘We identified de novo heterozygous mutations in the X-linked
SLC35A2 gene, which encodes the UGT, in patients with EOEE. Our
data confirmed that abnormal glycosylation is one of the patholog-
ical features of EOEE.

Acknowledgments

The authors would like to thank all patients and their families for their
participation in this study. We also thank Aya Narita and Nobuko Watanabe
for technical assistance.

Disclosure statement: The authors declare no conflicts of interest.

1713

HUMAN MUTATION, Vol. 34, No. 12, 1708-1714, 2013



References

Bamshad MJ, Ng SB, Bigham AW, Tabor HK, Emond M]J, Nickerson DA, Shendure J.
2011. Exome sequencing as a tool for Mendelian disease gene discovery. Nat Rev
Genet 12:745-755.

Barcia G, Fleming MR, Deligniere A, Gazula VR, Brown MR, Langouet M, Chen H,
Kronengold J, Abhyankar A, Cilio R, Nitschke P, Kaminska A, etal. 2012. De novo
gain-of-function KCNTI channel mutations cause malignant migrating partial
seizures of infancy. Nat Genet 44:1255-1259.

Claes L, Del-Favero J, Ceulemans B, Lagae L, Van Broeckhoven C, De Jonghe P. 2001.
De novo mutations in the sodium-channel gene SCNIA cause severe myoclonic
epilepsy of infancy. Am ] Hum Genet 68:1327-32.

DePristo MA, Banks E, Poplin R, Garimella KV, Maguire JR, Hart] C, Philippakis AA,
del Angel G, Rivas MA, Hanna M, McKenna A, Fennell TJ, etal. 2011. A framework
for variation discovery and genotyping using next-generation DNA sequencing
data. Nat Genet 43:491-498.

Freeze HH. 2006. Genetic defects in the human glycome. Nat Rev Genet 7:537-551.

Freeze HH. 2013. Understanding human glycosylation disorders: biochemistry leads
the charge. ] Biol Chem 288:6936-6945.

Freeze HH, Eklund EA, Ng BG, Patterson MC. 2012. Neurology of inherited glycosyla-
tion disorders. Lancet Neurol 11:453-466.

Goreta SS, Dabelic S, Dumic J. 2012. Insights into complexity of congenital disorders
of glycosylation. Biochem Med (Zagreb) 22:156-170.

Hiraoka S, Furuichi T, Nishimura G, Shibata S, Yanagishita M, Rimoin DL, Superti-
Furga A, Nikkels PG, Ogawa M, Katsuyama K, Toyoda H, Kinoshita-Toyoda A,
etal. 2007. Nucleotide-sugar transporter SLC35D1 is critical to chondroitin sulfate
synthesis in cartilage and skeletal development in mouse and human. Nat Med
13:1363-1367.

Holland KD, Hallinan BE. 2010. What causes epileptic encephalopathy in infancy?: the
answer may lie in our genes. Neurology 75:1132-1133.

Hu H, Eggers K, Chen W, Garshasbi M, Motazacker MM, Wrogemann K, Kahrizi K,
Tzschach A, Hosseini M, Bahman I, Hucho T, Mithlenhoff M, etal. 2011. ST3GAL3
mutations impair the development of higher cognitive functions. Am J Hum Genet
89:407-414.

Ishida N, Miura N, Yoshioka S, Kawakita M. 1996. Molecular cloning and characteri-
zation of a novel isoform of the human UDP-galactose transporter, and of related
complementary DNAs belonging to the nucleotide-sugar transporter gene family.
J Biochem 120:1074-1078.

Jaeken J. 2003. Komrower Lecture. Congenital disorders of glycosylation (CDG): it’s all
in it! J Inherit Metab Dis 26:99-118.

Jaeken J, Matthijs G. 2007. Congenital disorders of glycosylation: a rapidly expanding
disease family. Annu Rev Genomics Hum Genet 8:261-278.

Kabuss R, Ashikov A, Oelmann S, Gerardy-Schahn R, Bakker H. 2005. Endoplasmic
reticulum retention of the large splice variant of the UDP-galactose transporter is
caused by a dilysine motif. Glycobiology 15:905-911.

Kalscheuer VM, Tao J, Donnelly A, Hollway G, Schwinger E, Kubart S, Menzel C,
Hoeltzenbein M, Tommerup N, Eyre H, Harbord M, Haan E, Sutherland GR, Rop-
ers HH, Gécz J. 2003, Disruption of the serine/threonine kinase 9 gene causes severe
X-linked infantile spasms and mental retardation. Am ] Hum Genet 72:1401-1411.

Kato M, Saitoh S, Kamei A, Shiraishi H, Ueda Y, Akasaka M, Tohyama J, Akasaka N,
Hayasaka K. 2007. A longer polyalanine expansion mutation in the ARX gene
causes early infantile epileptic encephalopathy with suppression-burst pattern
(Ohtahara syndrome). Am ] Hum Genet 81:361-366.

Kondo Y, Saitsu H, Miyamoto T, Nishiyama K, TsurusakiY, Doi H, Miyake N, Ryoo NK,
Kim JH, Yu YS, and others, 2012. A family of oculofaciocardiodental syndrome
(OFCD) with a novel BCOR mutation and genomic rearrangements involving
NHS. ] Hum Genet 57:197-201.

Kurian MA, Meyer E, Vassallo G, Morgen NV, Prakash N, Pasha $, Hai NA, Shuib §,
Rabman F, Wassmer E, Cross JH, O’Callaghan FJ, et al. 2010. Phospholipase C
beta 1 deficiency is associated with early-onset epileptic encephalopathy. Brain
133:2964-2970.

Liu L, Xu YX, Hirschberg CB. 2010. The role of nucleotide sugar transporters in
development of eukaryotes, Semin Cell Dev Biol 21:600-608.

Lubke T, Marquardt T, Etzioni A, Hartmann E, von Figura X, Korner C. 2001. Com-
plementation cloning identifies CDG-IIc, a new type of congenital disorders of
glycosylation, as a GDP-fucose transporter deficiency. Nat Genet 28:73-76.

Luhn K, Wild MK, Eckhardt M, Gerardy-Schahn R, Vestweber D. 2001. The gene defec-
tive in leukocyte adhesion deficiency Il encodes a putative GDP-fucose transporter.
Nat Genet 28:69~72.

Martinez-Duncker I, Dupre T, Piller V, Piller F, Candelier JJ, Trichet C, Tchemnia G,
Oriol R, Mollicone R. 2005. Genetic complementation reveals a novel human
congenital disorder of glycosylation of type II, due to inactivation of the Golgi
CMP-sialic acid transporter. Blood 105:2671-2676.

174

HUMAN MUTATION, Vol. 34, No. 12, 1708-1714, 2013

Mills PB, Surtees RA, Champion MP, Beesley CE, Dalton N, Scambler PJ, Heales
§J, Briddon A, Scheimberg I, Hoffmann GF, Zschocke J, Clayton PT. 2005.
Neonatal epileptic encephalopathy caused by mutations in the PNPO gene
encoding pyridox(am)ine 5'-phosphate oxidase. Hum Mol Genet 14:1077-
1086.

Miura N, Ishida N, Hoshino M, Yamauchi M, Hara T, Ayusawa D, Kawakita M. 1996.
Human UDP-galactose translocator: molecular cloning of a complementary DNA
that complements the genetic defect ofa mutant cell line deficient in UDP-galactose
translocator. ] Biochem 120:236-241.

Molinari F, Raas-Rothschild A, Rio M, Fiermonte G, Encha-Razavi F, Palmier L,
Palmieri F, Ben-Neriah Z, Kadhom N, Vekemans M, Attie-Bitach T, Munnich
A, Rustin P, Colleaux L. 2005. Impaired mitochondrial glutamate transport in
autosomal recessive neonatal myoclonic epilepsy. Am J Hum Genet 76:334—
339.

Muntoni E. 2004. Journey into muscular dystrophies caused by abnormal glycosylation.
Acta Myol 23:79-84.

Ng BG, Buckingham KJ, Raymond K, Kircher M, Turner EH, He M, Smith JD, Eroshkin
A, Szybowska M, Losfeld ME, Chong JX, Kozenko M, et al. 2013. Mosaicism of the
'UDP-galactose transporter SLC35A2 causes a congenital disorder of glycosylation.
Am ] Hum Genet 92:632-636.

Oelmann S, Stanley P, Gerardy-Schahn R. 2001. Point mutations identified in Lec8 Chi-
nese hamster ovary glycosylation mutants that inactivate both the UDP-galactose
and CMP-sialic acid transporters. ] Biol Chem 276:26291-26300.

Okanishi T, Saito Y, Yuasa I, Miura M, Nagata I, Maegaki Y, Ohno K. 2008. Cutis laxa
with frontoparietal cortical malformation: a novel type of congenital disorder of
glycosylation. Eur J Paediatr Neurol 12:262-265.

Saitsu H, Kato M, Koide A, Goto T, Fujita T, Nishiyama K, Tsurusaki Y, Doi H, Miyake
N, Hayasaka K, Matsumoto N. 2012a. Whole exome sequencing identifies KCNQ2
mutations in Ohtahara syndrome. Ann Neurol 72:298-300.

Saitsu H, Kato M, Mizuguchi T, Hamada K, Osaka H, Tohyama J, Uruno K, Kumada
S, Nishiyama K, Nishimura A, Okada A, Yoshimura Y, et al. 2008. De novo mu-
tations in the gene encoding STXBP1 (MUNCI18-1) cause early infantile epileptic
encephalopathy. Nat Genet 40:782-788.

Saitsu H, Kato M, Okada I, Orii KE, Higuchi T, Hoshino H, Kubota M, Arai H, Tagawa
T, Kimura S, Sudo A, Miyama S, et al. 2010. STXBPI mutations in early infan-
tile epileptic encephalopathy with suppression-burst pattern. Epilepsia 51:2397—
2405.

Saitsu H, Kato M, Osaka H, Moriyama N, Horita H, Nishiyama K, Yoneda Y, Kondo
Y, Tsurusaki Y, Doi H, Miyake N, Hayasaka K, Matsumoto N. 2012b. CASK
aberrations in male patients with Ohtahara syndrome and cerebellar hypoplasia.
Epilepsia 53:1441-1449.

Saitsu H, Nishimura T, Muramatsu K, Kodera H, Kumada S, Sugai K, Kasai-Yoshida
E, Sawaura N, Nishida H, Hoshino A, Ryujin F, Yoshioka S, et al. 2013. De novo
mutations in the autophagy gene WDR45 cause static encephalopathy of childhood
with neurodegeneration in adulthood. Nat Genet 45:445-449.

Shen J, Gilmore EC, Marshall CA, Haddadin M, Reynolds JJ, Eyaid W, Bodell A,
Barry B, Gleason D, Allen K, Ganesh VS, Chang BS, et al. 2010. Mutations in
PNKP cause microcephaly, seizures and defects in DNA repair. Nat Genet 42:
245-249.

Stromme P, Mangelsdorf ME, Shaw MA, Lower KM, Lewis SM, Bruyere H, Lutcherath
V, Gedeon AK, Wallace RH, Scheffer IE, Turner G, Partington M, et al. 2002.
Mutations in the human ortholog of Aristaless cause X-linked mental retardation
and epilepsy. Nat Genet 30:441-445.

‘WadaY, Azadi P, Costello CE, Dell A, Dwek RA, Geyer H, Geyer R, Kakehi X, Karlsson
NG, Kato K, Kawasaki N, Khoo KH, et al. 2007. Comparison of the methods
for profiling glycoprotein glycans—-HUPO Human Disease Glycomics/Proteome
Initiative multi-institutional study. Glycobiology 17:411-422.

‘Wada Y, Kadoya M, Okamoto N. 2012. Mass spectrometry of apolipoprotein C-III, a
simple analytical method for mucin-type O-glycosylation and its application to
an autosomal recessive cutis laxa type-2 (ARCL2) patient. Glycobiology 22:1140-
1144.

Wang K, Li M, Hakonarson H. 2010. ANNOVAR: functional annotation of genetic
variants from high-throughput sequencing data. Nucleic Acids Res 38:e164.
‘Weckhuysen S, Mandelstam §, Suls A, Audenaert D, Deconinck T, Claes LR, Deprez L,
Smets K, Hristova D, Yordanova I, Jordanova A, Ceulemans B, et al. 2012. KCNQ2
encephalopathy: emerging phenotype of a neonatal epileptic encephalopathy. Ann

Neurol 71:15-25.

Wopereis S, Lefeber DJ, Morava E, Wevers RA. 2006. Mechanisms in protein O-glycan
biosynthesis and clinical and molecular aspects of protein O-glycan biosynthesis
defects: a review. Clin Chem 52:574-600.

Yoshioka S, Sun-Wada GH, Ishida N, Kawakita M. 1997. Expression of the human
UDP-galactose transporter in the Golgi membranes of murine Had-1 cells that
lack the endogenous transporter. J Biochem 122:691-695.



Hum Genet (2014) 133:225-234
DOI 10.1007/s00439-013-1372-6

A hemizygous GYG2 mutation and Leigh syndrome:

a possible link?

Eri Imagawa - Hitoshi Osaka - Akio Yamashita - Masaaki Shiina -
Eihiko Takahashi - Hideo Sugie - Mitsuko Nakashima - Yoshinori Tsurusaki -
Hirotomo Saitsu - Kazuhiro Ogata - Naomichi Matsumeto - Noriko Miyake

Received: 17 April 2013 / Accepted: 29 September 2013 / Published online: 8 October 2013

© Springer-Verlag Berlin Heidelberg 2013

Abstract Leigh syndrome (LS) is an early-onset progres-
sive neurodegenerative disorder characterized by unique,
bilateral neuropathological findings in brainstem, basal
ganglia, cerebellum and spinal cord. LS is genetically
heterogeneous, with the majority of the causative genes
affecting mitochondrial malfunction, and many cases still
remain unsolved. Here, we report male sibs affected with
LS showing ketonemia, but no marked elevation of lactate
and pyruvate. To identify their genetic cause, we performed
whole exome sequencing. Candidate variants were nar-
rowed down based on autosomal recessive and X-linked
recessive models. Only one hemizygous missense mutation
(c.665G>C, p.W222S) in glycogenin-2 (GYG2) (isoform
a: NM_001079855) in both affected sibs and a heterozy-
gous change in their mother were identified, being consist-
ent with the X-linked recessive trait. GYG2 encodes glyco-
genin-2 (GYG2) protein, which plays an important role in

Electronic supplementary material The online version of this
article (doi:10. 1007/500439-013-1372-6) contains supplementary
material, which is available to authorized users.

E. Imagawa - M. Nakashima - Y. Tsurusaki - H. Saitsu -

N. Matsumoto (<) - N, Miyake (<)

Department of Human Genetics, Yokohama City University
Graduate School of Medicine, Yokohama 236-0004, Japan
e-mail: naomat@yokohama-cu.ac.jp

N. Miyake
e-mail: nmiyake @ yokohama-cu.ac.jp

H. Osaka
Division of Neurology, Clinical Research Institute, Kanagawa
Children’s Medical Center, Yokohama 232-8555, Japan

A. Yamashita
Department of Molecular Biology, Yokohama City University
School of Medicine, Yokohama 236-0004, Japan

the initiation of glycogen synthesis. Based on the structural
modeling, the mutation can destabilize the structure and
result in protein malfunctioning. Furthermore, in vitro exper-
iments showed mutant GYG2 was unable to undergo the
self-glucosylation, which is observed in wild-type GYG2.
This is the first report of GYG2 mutation in human, implying
a possible link between GYG2 abnormality and LS.

Introduction

Glycogen is a large branched polysaccharide contain-
ing linear chains of glucose residues. Glycogen deposits
in skeletal muscle and liver serve as shorter-term energy
storage in mammals, while fat provides long-term storage.
Glycogen biosynthesis begins with self-glucosylation of
glycogenins by covalent binding of UDP-glucose to tyros-
ine residues of the glycogenins and the subsequent exten-
sion of approximately ten glucose residues (Pitcher et al.
1988; Smythe et al. 1988). Glycogen particles are formed
by the continued addition of UDP-glucose to the growing
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glycogen chain by glycogen synthase, and introduction of
branches every 10-14 residues by the glycogen branch-
ing enzyme (Krisman and Barengo 1975; Larner 1933).
To date, two glycogenin paralogues have been identified in
human, glycogenin-1 (GYG1) and glycogenin-2 (GYG2).
These proteins have been shown to form homodimers,
heterodimers and larger oligomers (Gibbons et al. 2002).
GYG1 (muscle form) is expressed predominantly in muscle
while GYG2 (liver form) is expressed mainly in liver, heart
and pancreas (Barbetti et al. 1996; Mu et al. 1997). Bial-
lelic GYG1 abnormality is known to cause muscle weak-
ness and cardiac arrhythmia in humans through GYG1
autoglucosylation failure (Moslemi et al. 2010). However,
human disease due to GYG2 abnormality has never been
reported.

Leigh syndrome (LS; MIM #256000) was first
described as a subacute necrotizing encephalomyelopa-
thy by Dr. Denis Leigh in 1951 (Leigh 1951). LS is a
progressive neurodegenerative disorder with an estimated
incidence of 1:40,000 live births (Rahman et al. 1996).
Onset is usually in early childhood (typically before age
2) (Naess et al. 2009; Ostergaard et al. 2007). Clinical
manifestations of LS are observed in the central nervous
system (CNS) (developmental delay, hypotonia, ataxia,
convulsion, nystagmus, respiratory failure and dysphagia),
peripheral nervous system (polyneuropathy and myopa-
thy) and extraneural organs (deafness, diabetes, cardiomy-
opathy, kidney malfunction and others) (Finsterer 2008).
The neurological features depend on the affected regions
and degree of severity. The presence of bilateral, symmet-
rical, focal hyperintense T2-weighted MRI signals in basal
ganglia (mainly putamen), thalamus, substantia nigra, sub-
stantia ruber, brainstem, cerebellum, cerebral white mat-
ter or spinal cord is diagnostic of LS (Farina et al. 2002;
Medina et al. 1990). Neuropathological studies revealed
that these lesions reflect neuronal necrosis, gliosis and vas-
cular proliferation (Brown and Squier 1996; Leigh 1951).
In the majority of LS cases, lactate, pyruvate or the lactate/
pyruvate ratio is increased in blood and cerebrospinal fluid
(Finsterer 2008). To the best of our knowledge, 37 nuclear
genes are known to be mutated in LS, in addition to some
mitochondrial genes (Antonicka et al. 2010; Debray et al.
2011; Finsterer 2008; Lopez et al. 2006; Martin et al.
2005; Quinonez et al. 2013). Thus, inheritance pattemns
of LS include mitochondrial, autosomal recessive and
X-linked recessive modes (Benke et al. 1982; van Erven
et al. 1987).

We encountered a Japanese family with affected broth-
ers showing atypical LS without marked elevation of lac-
tic or pyruvic acid and unknown etiology. A unique genetic
variant was identified by whole exome sequencing (WES),
which may be associated with atypical LS phenotype in
this family.
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Materials and methods
Subjects

Peripheral blood samples of affected brothers diagnosed with
LS and their parents were collected after obtaining written
informed consent. DNA was extracted from peripheral blood
leukocytes using QuickGene-610L (Fujifilm, Tokyo, Japan)
according to the manufacturer’s instructions. Lymphoblas-
toid cell lines derived from all family members were estab-
lished. The Institutional Review Boards of Yokohama City
University School of Medicine approved this study.

Causative gene identification

Whole exome sequencing was performed in two affected
individuals (II-2 and II-3 in Fig. 1a) as described in the
Supplementary methods. All candidate variants based on
autosomal and X-linked recessive models were checked by
Sanger sequencing in the parents and affected siblings. PCR
products amplified with genomic DNA as a template were
sequenced on an ABI3500x1 autosequencer (Applied Biosys-
tems, Foster City, CA) and analyzed using Sequencher 5.0
(Gene Codes Corporation, Ann Arbor, MI). As the pedigree
tree might also indicate mitochondrial inheritance of this dis-
ease and LS is known to be caused by mitochondrial genome
mutations, we screened the entire mitochondrial genome by
the algorithm reported previously (Picardi and Pesole 2012),
using exome data (detailed in Supplementary methods).

Structure modeling

To evaluate the effect of the GYG2 missense mutation
(c.665G>C, p.W222S in isoform a: NM_001079855) on
its function at the molecular structural level, the mutated
molecular structure was constructed, and the free energy
change caused by the mutation was calculated using the
FoldX software (version 3.0) (Guerois et al. 2002; Khan
and Vihinen 2010). As crystal structure of human GYG2
is unavailable, that of human GYGI1 (Protein Data Bank
code; 3T70) was used as a structural model. The mutation
was introduced into one subunit of the GYG1 homodimer.
The ligands included in the crystal structure of GYG1 were
ignored in the calculation, because the FoldX energy func-
tion could not deal with the ligands. The calculation was
repeated three times, and the resultant data were presented
as an average value with standard deviations.

Preparation for mammalian expression vectors
Human glycogenin-2 isoform a cDNA clone (IMAGE Clone

ID: 100008747) integrated in pENTR221 was purchased
from Kazusa DNA Research Institute (Chiba, Japan). The



