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M1, BN ZFEOREICLBEE

BB, ABOLUER

&3, #NEN-30C, 4C, 21CERY
[£80~120% DEHEERT

B
Presented by Medical*Online

— 476 —



pHG6.0

pH7.0

200 -

(%) § (%}
200-

H
1

A

(/%y% 100 100+ &

0 7 14 28 0 7 14 28
(%) (%)
200 - 200+

100

HARTA - A7~z 7%aph 528 18 20124

pH7.4

(%) | (%)
200+ 200"

pHS8.0

100

100+ o=

o 7 14 28 g 7 14 28

(%) (%)

100

o 7 14 28 o 7 14 28

(%)
200+
2 yE ,
(i 100
o 7 14 28 0 7 14 28 6 7 14 28 0 7 14 28

B2, pHDEWC

TN AINZF (C2~C

fo. —HT, COEFAHBIREWTNOpH T
H120% LA L& 720, 28H HIZ i pHB.0THIL70
%z, pH7.0, T4TIZHI200% 2, pH8.0 Tl 250
%A D LRERL (M3).

B, pHIZ X > TH B %A, O H o5
EOFEHEIE, CO 498uM, C2 11.33uM, C4
590uM, C6 5.23uM, C8 5.93uM, C10 4.99uM,
C12 551uM, C14 419uM, C16 2.10uM, C18
264uMTH 0Tz,

3) EHEIMIER O IV =F  OREE

BHRETIECOB XU TOACHEN+20%
DIRTHRL 2 (H4-A). BERETIZCe M7
HE»580% T &7, COE*E20%LA
WTHRL/ (K4-B). ®BRETETHE N
LA ~REETOE COACHENBI%BLAT &
720, 28HHEIZIZ20-60%FRE & CIRTFL /.
FRIZ C2UM DB~ R ACHDE R AEL
Mol CORTHHNMS120% A &m0, 28

WEEN I ZF AEET VDI ZF U EQ#R
1£80~120% DEIFE A RT
BIZ28HBICE20% U EOEHERLUEEDOREITRR

HEICE130% A E &7 o7 (4-0).

C2 23.08uM, C4 6681uM, C6 b92uM, C8
6.14uM, C10 5.53uM, Cl12 650uM, Cl4 8.23
UM, C16 6.20uM, C18 439uMT&H » /7.

4) BEEHAN=F U HEET VNN F D
RRF
FIBIZRT &0, BBIRE, pH, BEEIZHE
%72 <, OHEHAZ100% & L=8BE& 0 COHEE R
ACHEHONOEERIE £20% TH > 72

(E =]

BRI X7V AN =F AR,
HHRRFESNIREREERTXETHE LN
TREN T2, Fingerfutd 1, HREFE SN AM
M 14HE D S EEEIZEENH S &0 R
ZLT03Y. ReDWET, HiRKHES L
MR DOACHEE 1EBT80% L TIZETL,

Presented by Medical*Online

— 477 —



HATA - A0 -z TRERE B8 15 2012F

(%)
300

200

100

e Tan SEANR IRV

] 7 14 28 (B)
3. BRRELL/\Y 77 —EPOpHOEBWICL 21BN ZF VEQE(L
S 480~ 120% DEEERY

A R B ¥k C Hi&

o 7 14 w(g) O 7 14 28 () o 7 14 28 (@)

B4, MBPOE#HDI ZF AMEPLUOTVILHIILZF U/ EO#E
12 80~120% DEIEETT
TUIIHIZF AE (C2~C18) [£28HBIC£20% U EOZEEHER LIEEOREITRR

pH6.0 pH7.4 pHS8.0
2]

(%)
120

100
80 |

100

80

0 7 14 2850 7 14 28,5 O 7 14 285 0 7 14 28,

B5. WRENI =T EERT VLA ZF U EORTIOHER
1380~120% DEFHERY

— 32 J—
Presented by Medical*Online

— 478 —



AEEMPA LA RETH B ENHL M-
Te. 1 ARE THNIEBBEE SN BRET
6% < DACHEIZ E20% LN TH - 72, pH
EOEBLERD L, BHERGFOTTVEEIL .

FlERAERO 7 VNN F L EREE
ETR#ENEDTELL, KRS TE
Tz &bmahl, THIECODHRTML
T KBHP O COHERZEL Tzl & (KD
L, COEEBACHEDRIIE—ETH»l &
(E5) hoitlsns. DF0, ACESRETOD
COEDOERE TSN ANZF o DK fEE
RMLU7HOTHY, COEP—ETHERL
BE, PUNANSFUBEEL TVEEERL
Bis. Lizho T, B TOpHT-AC B>
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profiling assay. Brain Dev. 32: 362-370,

3) Fingerhut R, Ensenauer R, Roschinger W, 2010.
Armecke R, Olgemoller B, Roscher AA: 6) Charl'es P. Venditti, Charles A. Stanley:
Stability of acylcarnitines and free carnitine Disorders of Mitochondrial Fatty Acid
in dried blood samples: implications for ret- Oxidation. Nelson Textbook of Pediatrics,
rospective diagnosis of inborn errors of me- 17th ed, Richard EB, Robert MK, Hal BJ,
tabolism and neonatal screening for carnitine Saunders, Philadelphia, 433-436, 2004
transporter deficiency. Anal Chem. 81: 3571- 7) BURHE—, /INFRELEL BEIERL, AR
3575, 2009. &, RFEE, (WEEXR « i 5 Ht

4) FPHTEEST, MREANSE, MEEM, M X SITTA Y PATHEE FE - ERET &

FLERSIRENC & DIRFEMBLET 2

Jb-CoA Bi/KEBEZE XBRE O 24 = ME D

B 7YNANZTF SN BTOT HroMEME. HARA - AT Y- 7%
FOVHEEA{LE & O Mg, FLIRTH T E £EE 19: 255-259, 2000.
34: 87-47, 2007.
5) Hong Li, Seiji Fukuda, Yuki Hasegawa, et
ZATH ¢ FRk23E12H 15H
ZBLH - PRI24%2HTH

al: BEffect of heat stress and bezafibrate on
mitochondrial S-oxidation: Comparison be-
from normal and

tween cultured cells

Storage termperature and pH affect the acylcarnitine and free carnitine value analyzed by MS/MS.

Kenji Yamada', Yuuichi Mushimoto!, Tomoo Takahashi’, Hironori Kobayashi!, Yuki Hasegawa®,
Nobuteru Usuda?, Seiji Yamaguchi”

1) Department of Pediatrics, Shimane University faculty of Medicine
2) Department of Anatomy I, Fujita Health University School of Medicine

Abstract

Dried blood spots and serum are used for acylcarnitine (AC) analysis by tandem mass spectrometry.
Storage condition of the samples may influence the quality of measurement of ACs. Herein, we deter-
mined the stability of AC measurements at different temperatures and pH in the serum and K-PBS con-
taining various ACs.

AC and free carnitine (CO) values in serum were stable for at least 4 weeks at -30°C. In contrast,
the CO value increased whereas AC value decreased over 20% in the serum that were kept at 21°C
for 7 days. There was a greater increase of CO in alkaline condition at 21°C compared to those in neu-
tral or acidic buffer. The data indicates that storage condition (i.e. temperature and pH) affects AC and
CO in the sample. Liquid samples like serum or urine for AC analysis should be stored at frozen.
Inappropriate condition may lead to misdiagnosis of long chain fatty acid oxidation disorders or

carnifine deficiency.
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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
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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 GYG?2 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

M. Shiina - K. Ogata
Department of Biochemistry, Yokohama City University
Graduate School of Medicine, Yokohama 236-0004, Japan

E. Takahashi

Division of Infection and Immunology, Clinical
Research Institute, Kanagawa Children’s Medical Center,
Yokohama 232-8553, Japan

H. Sugie

Department of Pediatrics, Jichi Medical University,
Tochigi 329-0498, Japan

@ Springer

— 491 —



226

Hum Genet (2014) 133:225-234

glycogen chain by glycogen synthase, and introduction of
branches every 10-14 residues by the glycogen branch-
ing enzyme (Krisman and Barengo 1975; Larner 1953).
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 GYGI1 abnormality is known to cause muscle weak-
ness and cardiac arrhythmia in humans through GYGI1
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 patterns
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.

‘2_) Springer

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. la) 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 ABI3500x] 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 GYG1 (Protein Data Bank
code; 3T70) was used as a structural model. The mutation
was introduced into one subunit of the GYG1 homodimer.
The ligands incladed 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
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G. galius FLGSTKPMWINYTYDSR
D. rerio FLGGMK HLPYDP -
C‘eie?ans FLEGSVKPHIHG- - - - -
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Fig. 1 Mutation Analysis of GYG2. a Pedigree of the family with
a unique type of LS and a GYG2 mutation (c.665G>C, p.W222S).
Square, circle and triangle denote male, female and spontaneous
abortion, respectively. White and black symbols indicate unaffected
and affected individuals, respectively, while the affection status of the
spontaneous abortion is unknown. b Electropherograms of a GYG2
mutation. ¢ The functional domain of human GYG?2 (isoform a). The
substitution of p.W222S is located within the glycosyltransferase
family 8 domain (yellow square). d The evolutionary conservation of
the W222 in GYG2. Red stars indicate identical amino acids from S.
cerevisiae to H. sapiens. Sequences were aligned using CLUSTALW
(http://www.genome.jp/tools/clustalw/)

missense mutation (c.665G>C, p.W222S) was introduced
by Site-directed mutagenesis using the QuikChange II XL
site-directed mutagenesis kit (Agilent Technologies, Santa
Clara, CA). Wild-type and mutant C’ V5/6xHis tagged
GYG2 constructs were created using pcDNA-DEST40 (Inv-
itrogen, Carlsbad, CA) by LR recombination in Gateway
system (Invitrogen). To create the untagged construct, the
last codon was altered to a stop codon by mutagenesis.

Self-glucosylation analysis

Glucosyltransferase activity of GYG2 was measured as pre-
_ viously described (Lomako et al. 1988), with slight modi-
fications. In brief, COS-1 cells were maintained in Dulbec-
co’s modified Eagle’s medium (DMEM) (Sigma-Aldrich,
Schnelldorf, Germany) containing 10 % heat-inactivated

fetal bovine serum (FBS) (Gibco-BRL, Grand Island, NY),
2 mM L-glutamine (Sigma-Aldrich) and 1 % penicillin—strep-
tomycin (Sigma-Aldrich). As previously described (Mu and
Roach 1998), the ~80 % confluent COS-1 cells (~1 x 107)
were transiently transfected by X-treamGENE9 DNA trans-
fection reagent (Roche Applied Science, Foster City, CA)
with 5 pg of either a wild-type Human GYG2 (isoform
a) expressing plasmid or the same plasmid into which the
W222S encoding mutation had been introduced. After 24 h,
the cells were collected and lysed in 300 wl of buffer con-
sisting of 50 mM HEPES, 0.5 % Triton X-100, 1 x EDTA-
free protease Inhibitor Cocktail tablets (Roche Applied Sci-
ence), 1 x phosphatase inhibitor cocktail (Nacalai Tesque
Inc., Kyoto, Japan) and 0.5 mM B-mercaptoethanol (Mu et al.
1997). After centrifugation at 14,000 rpm for 15 min, 10 plof
the soluble fractions were mixed with 10 ul of 2 x reaction
buffer containing 100 mM HEPES (pH7.5), 10 mM MgCl,
4 mM dithiothreitol (DTT) and 40 WM UDP-[*C]-glucose
(250 mCi/mmol; PerkinElmer, Waltham, MA) (Cao et al.
1993). After incubation at 30 °C for 30 min, the reaction was
stopped by addition of 20 ul of 2 x Laemmli sample buffer
(Sigma-Aldrich) (Viskupic et al. 1992). 15 ul of each sam-
ple was subjected to SDS-polyacrylamide gel electrophoresis.
After treatment with Gel drying solution (Bio-Rad Laborato-
ries, Hercules, CA) for 30 min, gels were dried. Dried gels
were then exposed on X-ray film for 2 weeks to detect the
incorporation of UDP-[*C]-glucose into GYG2. In addition,
the C-signal intensities were evaluated using an imaging
analyzer, BAS2500 (Fujifilm). Three independent experi-
ments were performed.

Western blot analysis

For the detection of GYG2 protein, rabbit polyclonal
anti-GYG2 antibodies (1:500 dilution; Abcam Inc,,
Cat #HPA005495, Cambridge, MA) and horse-radish per-
oxidase (HRP)-conjugated anti-rabbit IgG (1:10,000 dilu-
tion; Jackson ImmunoResearch, Cat.#111-035-003, West
Grove, PA) were used. Immunoblot chemiluminescence
was performed using SuperSignal West Dura as substrate
(Thermo Fisher Scientific, Waltham, MA). The chemilumi-
nescence signal images were captured by FluorChem 8900
(Alpha Innotech, San Leandro, CA). Signal intensities were
measured by AlphaEase FC (Alpha Innotech). Three inde-
pendent experiments were performed.

Results
Clinical finding

Patient II-2 (Fig. 1a; Table 1) is a 26-year-old male born to
non-consanguineous parents. His mother previously had a
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Table 1 Clinical features of the presenting patients affected with LS

1I-2 11-3
Sex M M
Age (years) 26 19
Common clinical phenotype
Psychomotor retardation + +
Failure to thrive + +
Swallowing difficulties - -
Spasticity + +
Rigidity + +
Pathological reflexes + +
Ataxia + +
Athetoid movements + +
Convulsions + +
Ophthalmoplegia + +
Strabismus —+ +
Gastrointestinal problems + +
Renal agenesis NA +
Pes equinovarus + +
Uncommon clinical phenotype
Increase of ketone body +- +

NA not assessed

spontaneous abortion. He was born at 39 weeks gestation
without asphyxia after an uneventful pregnancy. His body
weight was 3,680 g (41.6 SD), his height was 50.0 cm
(—0.5 SD), and his head circumference (HC) was 34.0 cm
(—0.5 SD). His early developmental milestones were nor-
mal with head control and reach to toys at 4 months, roll
at 6 months and grasp with two fingers at 7 months. At
10 months, he was referred to our hospital because of an
inability to sit. His body weight was 9,120 g (+0.0 SD),
his height was 76.0 cm (+4-1.3 SD), and his HC was 48.0 cm
(++1.4 SD). He could smile and swallow well. Bilateral stra-
bismus was noted. No minor anomalies were noticed. Mus-
cle tone was normal. Deep tendon reflexes were normal with
negative Babinski sign. He showed athetoid movements of
trunk and extremities. He showed pes equinovarus at trac-
tion response. Levels of lactate and pyruvate were normal
with 12.2 and 0.89 mg/dl (I/P ratio = 13.7), respectively.
Other laboratory examinations, including blood gas, blood
sugar, ammonia, AST, ALT, BUN, Creatine, TSH, T3, T4,
amino acids, and urine organic acid analyses were all nor-
mal. Electroencephalogram (EEG) showed no abnormali-
ties. He was suspected to have dyskinetic cerebral palsy and
referred to the division of rehabilitation. He could crawl
at the age of 2. At 6 years, he experienced a loss of con-
sciousness followed by generalized tonic—clonic convul-
sion with fever and was admitted to another hospital. He
was diagnosed with bilateral infarction of the basal gan-
glia. Although EEG showed no abnormalities, clonazepam
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was started with the suspicion of symptomatic epilepsy. At
the age of 9, he was referred to us again. His weight was
19.1 kg (—4.5 SD), his height was 115.0 cm (—2.8 SD). He
lost the ability to speak several words and switched hand-
edness from right to left. He also showed other signs of
regression: including spasticity with elevated deep tendon
reflexes and positive Babinski sign. In addition, he suf-
fered bilateral hip joint dislocations and the foot deformity
became worse. Contractures were noted in all extremities.
Brain magnetic resonance imaging (MRI) revealed a bilat-
eral necrotic lesion of the globus pallidus (Fig. 2a, b). EEG
and motor conduction velocities were normal. Laboratory
examinations, including lactate and pyruvate, were all nor-
mal. At the age of 12, he was admitted with acute bronchi-
tis, at that time he showed an increase of blood ketone bod-
ies: acetoacetic acid, 720 pwmol/l; 30HBA, 974 pmol/l and
urine ketone (+++). Blood levels of ammonia (18 pwmol/l),
sugar (125 mg/dl) and lactate/pyruvate (5.1/0.29 mg/dl)
were all within normal range. The values of blood ketone
bodies returned to normal level with the cease of fever.

- Deficiencies of 3-ketothiolase and succinyl-CoA:3-oxoacid

CoA transferase were ruled out by enzyme analysis using
fibroblasts. His clinical symptoms and repeated MRI show
the non-progressive course of his disease. Currently he is
unable to sit or speak any words. Despite the addition of
carbamazepine and lamotrigine, he still exhibits generalized
tonic—clonic convulsion a few times a year. He also takes
medicine for hypertonicity including dantrolene sodium,
diazepam, baclofen and levodopa.

Patient 1I-3 (Fig. la; Table 1), the younger brother of
II-2, was born uneventfully. He was born at 37 week’s
gestation without asphyxia after an uneventful pregnancy.
His body weight was 3,668 g (+1.5 SD), his height was
50.0 cm (4+0.5 SD), and his HC was 36.0 cm (—0.5 SD).
He suffered from bacterial meningitis of unknown origin at
1 month of age. He became unconscious followed by con-
vulsion and gastroenteritis at 1 year and 11 months. Brain
MRI showed marked swelling of the basal ganglia (Fig. 2c,
d). He was diagnosed with bilateral infarction of the basal
ganglia. After this event, he became left handed. When he
was 2 years old, surgery was performed to correct bilat-
eral inner strabismus. He was referred to our hospital at
the age of 4 for evaluation. His body weight was 11.0 kg
(—2.2 SD), his height was 92.5 cm (—1.2 SD), and his HC
was 49.5 cm (—1.3 SD). He could respond with a smile to
his mother’s voice. Motor milestones were delayed with
no head control. No minor anomalies were noticed. Mus-
cle tone was hypotonic. Deep tendon reflexes were exag-
gerated with positive Babinski sign and ankle clonus. He
showed pes equinovarus. He showed a significant increase
of blood acetoacetic acid of 1,270 wmol/l and 3-OHBA of
3,270 wmol/l. Levels of blood lactate and pyruvate were
normal (6.2 and 0.48 mg/dl, respectively, L/P ratio = 12.9).
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Fig. 2 Brain MRI of affected patients with a GYG2 mutation. a, b
(Patient II-2): T1 (a) and T2 (b) weighted brain magnetic resonance
imaging (MRI) show necrotic lesion of bilateral globus pallidus
(arrows). T2 elongation is observed at deep white matter at 1 year.
c—f (Patient II-3): MRI at 1 year and 11 months shows swellings of
caudate nuclei, globus pallidus, and putamen with the decreased T1
intensity (¢) and increased T2 signals (d). Arrows indicate swollen
lesions in basal ganglia. At 4 years (e, f), swelling of basal ganglia dis-
appeared with continued mild high intensity in T2 weighted image (f)

Lactate and pyruvate levels of cerebrospinal fluid were
slightly elevated with 11.3 and 1.11 mg/dl, respectively.
Other laboratory examinations, including blood gas, blood
sugar, ammonia, AST, ALT, BUN, Creatine, TSH, T3, T4,
amino acids, and lysosomal enzymes were all normal.
Urine organic acid analyses showed an increase of ace-
toacetic acid, 3-OHBA, and 3-OH-isovaleric acid. EEG
showed no paroxysmal discharges. Muscle biopsy showed
no specific abnormalities and no ragged red fibers. Stain-
ing for cytochrome c oxidase was normal (data not shown).

Brain MRI disclosed T2 elongation in the basal ganglia
and cerebral deep white matter (Fig. 2e, f). At the age
of 5, he showed lethargy with fever. At 6 years, he again
showed lethargy. Biochemical analysis disclosed a sig-
nificant increase of blood ketone bodies: acetoacetic acid,
1,337 pwmol/l; 3-OHBA, 4,845 pmol/l and urine ketone
(+++). Blood levels of ammonia (28 pmol/l), sugar
(78 mg/dl), lactate (5.1 mg/dl) and pyruvate (0.43 mg/dl)
were all within normal range. Blood gas analysis revealed
metabolic ketoacidosis with an increase of anion gap;
22.4 mEqg/l (normal range 12 £ 2). His consciousness and
biochemical measurements returned to normal within a few
days with intravenous fluid infusion. Similar ketoacidosis
attacks were repeatedly observed and agenesis of the left
kidney and neurogenic bladder were recognized at the age
of 8. He started intermittent urinary catheterization, and
suffered from repeated urinary tract infections, resulted
in chronic renal failure. Repeated brain MRI shows the
progression of cerebral and cerebellar atrophy. He is now
19 years old and shows no gain of motor or intellectual
abilities from the age of 4. He takes dantrolene sodium and
diazepam for hypertonicity, and spherical charcoal, allopu-
rinol for renal failure.

Identification of a GYG2 variant by exome sequencing

A total of 2,433,011,483 bps (II-2) and 7,926,169,749
bps (I1-3) were mapped to RefSeq coding DNA sequence
(CDS). 83.3 and 96.0 % of CDS were covered by ten reads
and more. We used only NGS data of II-3 for selecting can-
didate variants as the lower-quality NGS data of 1I-2 may
lead to erroneous conclusion. Based on the hypothesis
that this syndrome is inherited in an autosomal recessive
or an X-linked recessive fashion, we focused on homozy-
gous or compound heterozygous variants on autosomes
and hemizygous variants on the X chromosome. While
nine variants in four candidate genes were selected by
in silico flow, only one hemizygous missense mutation
in GYG2 gene agreed with the familial segregation pat-
tern (autosomal recessive or X-linked recessive) (Table
S1, S2). The ¢.665G>C (p.W222S8) in GYG?2 (isoform a:
NM_001079855) was hemizygous in affected sibs and
heterozygous in their mother, consistent with the X-linked
recessive model, and was confirmed by Sanger sequence
(Fig. 1b). The variant was absent in our in-house Japanese
exome data (n = 418), the 1,000 Genomes database and
ESP6500. Furthermore, no pathological variants in mtDNA
were detected by exome sequence (Supplementary Results,
Figure S1). In addition, a total of 21 LS patients (12 males
and 9 females) were screened, but no pathological changes
were found in GYG2.

GYG2 encodes GY G2 proteins with at least five isoforms:
isoform a (NM_001079855), isoform b (NM_003918),
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