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Clinical Application of Mass Spectrometry in the Pediatric Field:
Current Topics

Seiji YAMAGUCHI, MD*

Mass spectrometry, including tandem mass spectrometry (MS/MS) and gas chromatography-mass spec-
trometry (GC/MS), is becoming prominent in the diagnosis of metabolic disorders in the pediatric field. It
enables biochemical diagnosis of metabolic disorders from the metabolic profiles obtained by MS/MS and/or
GC/MS. In neonatal mass screening for inherited metabolic disease IMD) using MS/MS, amino acids and
acylcarnitines on dried blood spots are analyzed. The target diseases include amino acidemia, urea cycle
disorder, organic acidemia, and fatty acid oxidation disorder. In the MS/MS screening, organic acid analysis
using GC/MS is required for differential and/or definite diagnosis of the IMDs. GC/MS data processing,
however, is difficult, and metabolic diagnosis often requires the necessary skills and expertize. We devel-
oped an automated system of GC/MS data processing and autodiagnosis, and the biochemical diagnosis using
GC/MS became markedly easier and user-friendly. Mass spectrometric techniques will expand from re-
search laboratories to clinical laboratories in the near future. [Review]

[Rinsho Byori 61 : 817~824, 2013]
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| AMINO ACIDEMIA

1891 Alkaptonuria
1908 Albinism

14932 Tyrosinemia
1937 Phenylketonuria

Discovered by Dr Kay Tanaka

3 e 1954 MSUD
5 03 - 1956 Argininosuccinic acidemia
1961 Histidinemia ;
s 1962 OTC deficiency ORGANIC ACIDEMIA ]
603 - 1964 gnrulhn'en‘m : 1966 Isovleric acidernia
omecystinuria N
1968 CPS deficiency 1967 Meﬂfyk@m‘?m aqdemza
)70 1970 Argininemia 1968 Propionic acidemia
S - 1970 Methyloratonylglycinusia FATTY ACID OXIDATION DISORDER
Pyroglutamic acidemia
1971 F-Ketothiolase deficiency one
1975 Glutaric Aciduria type 1 1978 CPT deficiency
78 0 s - 1976 Glutaric Aciduria type 2
HMG-CoA lyase deficiency 1987 MCAD deficiency
1977 Glycerolemia 1984 SCAD deficiency
Multiple carboxylase def. 1985 LCAD deficiency
1980 2-OH-Glutaric acidemia 1985 ETF deficiency
1981 4-OH-Butyric acidermia ETF-DH deficiency
3 9 0 1985 Mevalonic acidemia 1988 LCHAD deficiency
S - Carnitine uptake deficiency
1991 SCHAD deficiency
. X 1992 TRANS deficiency
Amino acid autoanalyzer 1993 VLCAD deficiency
1994 TFP deficiency
GC/MS [' 1967 MCKT deficiency
HMG-CoA synth. deficiency
Tandem MS 1998 LCFA uptake deficiency

Figure 1 Discovery of amino, organic and fatty acid oxidation disorders.
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Table 1 Clinical features of amino acidemia, urea cycle disorder, organic acidemia, and fatty acid ox-
idation disorder, and biochemical diagnosis

Clinical features

Tools for
biochemical diagnosis

Amino acidemia

» Neurological impairment

» Convulsion, unconsciousness
« Liver dysfunction

* Renal stone

Amino acid analysis
(Organic acid analysis)

Urea cycle disorder

« Convulsion, unconsciousness
» Mental retardation

Aming acid analysis
Blood ammonia

* Hyperammonemia Organic acid analysis
Organic acidemia
« Acute onset with hypotonia,
unconsciousness from early infancy Co .
« Intermittent episodes of ketosis, hypoglycemia Organic a}c‘zd ana]ys;s;
« Neurological retardation Acylcarnitive analysis
+ Other (ex. intractable eczema)
Fatty acid oxidation disorder
- Lethargy, hypotonia, myalgia
+ Acute encephalopathy, sudden death . )
- Cardiomyopathy ﬁCYlCZ%mltlfle analyéms
Organic acid analysis

+ Non-ketotic hypoglycemia
+ Liver dysfunction, CK elevation
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Table 2 Main target diseases detectable by MS/MS and diagnostic markers

. Diagnostic marker
Disease
MS/MS* | GC/MS**
Amino acidemia
Phenylketonuria Phe PPA, PLA
Maple syrup urine disease lleu, Ley, Val 2KV, 2M3VA, 2KIC
Homocystinuria Met -
Urea cycle disorder
Citrullinemia (type D) Cit Orot, Uracil
Argininosuccinic aciduria Cit (ASA) Orot, Uracil
Organic acidemia
Methylmalonic acidemia C3, C3/C2 MMA, MC, 8HPA, PG
Propionic acidemia C3, C3/C2 MC, 3HPA, PG
Isovaleric acidemia C5 G
Methylcrotonylglycinuria C5-OH MCG, 3HiVA
HMG-CoA lyase deficiency C5-OH HMGA, MGA, MGCA
Multiple carboxylase deficiency | C5-OH MC, MCG, 3HPA
Glutaric acidemia type I C5-DC GA, 3HGA
B-ketothiolase deficiency C5-0H, C5:1 2M3HBA, TG
Fatty acid oxidation disorder
MCAD deficiency C8 HG, SG
VLCAD deficiency Cl4:1 DIC
TFP deficiency C16-0H, C18-0H DIC, 3HDIC
CPT-1 deficiency Co/[16+C18] DIC
CPT-2 deficiency (C16+C18:1)/C2,C16 | DIC
Primary carnitine deficiency (0 (reduced) DIC
Glutaric acidemia type II C8, C10, C12, etc DIC, EMA, IVG, GA, etc

*MS/MS, amino acid and acylcarnitine in blood; GC/MS, urinary organic acid.

Abbreviations: MCAD and VLCAD, medium-chain- and very-long-chain-acyl-CoA dehydrogenases, respectively;
TFP, mitochondrial trifunctional protein; CPT-1 and CPT-2, carnitine palmitoyltransferase-1 and -II, respectively;
PPA, phenylpyruvate; PLA, phenyliactate; 2KIV, a-ketoisovalerate; ZM3VA, a-keto-3-methylvalerate; 2KIC, o
ketoisocaproate; Orot, orotate; MMA, methylmalonate; MC, methylcitrate; SHPA, 3-OH-pyruvate; PG, propionyl-
glycine; IVG, isovalerviglycine; MCG, methylcrotonylglycine; SHiVA, 3-OH-isovalerate; HMGA, 3-OH-3-
methylglutarate, MGA, methylglutarate; MGCA, methylglutaconate; GA, glutarate; 3HGA, 3-OH-glutarate;
2M3HBA, 2-methyl-3-OH-butyrate; TG, tiglylglycine; HG, hexanoylglycine; SG, suberylglycine; DIC, dicarboxy-

late; SHDIC-3-OH-dicarboxylate; EMA, ethylmalonate.
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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

Electronic supplementary material The online version of this
article (doi: 10.1007/s00439-013-1372-6) contains supplementary
- material, which is available to authorized users.

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

N. Matsumoto (X) - 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

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 232-8555, Japan

H. Sugie

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

@ Springer

— 289 —



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 (GYG?2).
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 GYGI
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.

@ 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 1I-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 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.W2228S 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 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
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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 friangle 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 10 H. sapiens. Sequences were aligned using CLUSTALW
(http:/fwww.genome.jp/tools/clustalw/)

missense mutation (¢.665G>C, p.W222S) was introduced
by Site-directed mutagenesis using the QuikChange I 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
W2228S 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 pl of
the soluble fractions were mixed with 10 pl 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
pon-consanguineous parents. His mother previously had a
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Table 1 Clinical features of the presenting patients affected with LS

II-2 II-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

e e S S S S S S

2
>

Renal agenesis

e o

+

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 (+1.6 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 (+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 (L/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 wmol/l; 30HBA, 974 p.mol/l and
urine ketone (+-++). Blood levels of ammonia (18 p.mol/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 repcated 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 (+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 I1-2): 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 1I-3): MRI at 1 year and 11 months shows swellings of
caudate nuclei, globus pallidus, and putamen with the decreased T1
intensity (c) 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, ). 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 umol/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 mEq/1 (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 (II-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 II-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, $2). The c.665G>C (p.W2225) in GYG2 (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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Fig. 3 Molecular structural consideration of the W222S mutation
of GYG2. a Crystal structure of human GYG! (Protein Data Bank
code; 3T70) (Chaikuad et al. 2011). Each monomer is colored yellow
and cyan. o-helices, B-sheet and loops are drawn as ribbons, arrows
and threads, respectively. The side chain of W222, glucose and UDP-
glucose (UDPG) are shown as sticks in red, orange and green, respec-
tively. Amino acid numbering shown is for human GYGI1 with that
for human GYG2 in parenthesis. The squared area corresponds to

isoform ¢ (NM_001184702), isoform d (NM_001184703),
and isoform e (NM_001184704). At least two GYG2
isoforms (isoform a and b) are expressed preferentially
in liver, heart and pancreas (Mu et al. 1997), while the
detailed expression and function of other isoforms are
undetermined. GYG2 has a glycosyltransferase family
8 domain and initiates glucose addition on its Tyrosine
residue (Y197 in isoform a) via O-glycosylation (self-
glucosylation) and can also attach an additional 7-10
residues of UDP-glucose to itself (Bollen et al. 1998;
Lomako et al. 2004; Zhai et al. 2001). The W222 within
the glycosyltransferase family 8 domain is evolutionarily
highly conserved from S. cerevisiae to H. sapiens (Fig. lc,
d). In addition, all isoforms contain this residue. Thus,
it is thought that this mutation may impair its biological
function.

Structural consideration of the p.W2228S mutation
in human GYG2

The amino acid residue W222 of GYG2 (isoform a) was
mapped to the crystal structure of human GYG1 (Chaikuad

@ Springer

(W22 (8222

the close-up views in (b). b Detailed views of structures of the wild-
type (left) and mutated GYG2 (p.W222S) (right). Amino acid resi-
dues at positions of 15, 218 and 220 and UDPG are shown as sticks
with van der Waals representation and annotations. Hydrogen bonds
are depicted as dotted lines. e Calculated free energy change upon the
p-W2228 mutation of GYG2 using FoldX software. All the molecular
structures were drawn using PyMOL (www.pymol.org)

et al. 2011), since no experimental structure of GYG2 was
available. W222 is involved in a hydrophobic core near
the UDP-glucose (UDPG) binding site along with Y17
and K220 (Fig. 3a, b). The side chains of Y17 and K220
are hydrogen-bonded to UDPG, and the former also makes
van der Waals contacts with the uridine ring of UDPG in a
stacking mode. Therefore, the formation of the hydropho-
bic core appears to be a prerequisite for UDPG binding. To
estimate the impact of the W222S mutation on the protein
stability, we modeled the mutant structure and calculated
the free energy change upon the mutation using the FoldX
software. As a result, the mutation was predicted to destabi-
lize the protein structure with about 4 kcal/mol increase in
free energy (Fig. 3c). This suggests that the W222S muta-
tion would impair UDPG binding (Fig. 3b).

Self-glucosylation analysis

To see the functional effects of the GYG2 mutation in
vitro, glucosyltransferase activity monitoring by self-
glucosylation was measured using wild-type (WT) and
W222S mutant (Mut) GYG2 (isoform a) transiently
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Fig. 4 Enzyme activity of GYG2. a Western blot analysis of recom-
binant GYG2. Wild-type (WT) and mutant (p.W222S) GYG2 was
detected at the expected size (52 kDa). B-actin (42 kDa) was used as
an internal control. b Autoradiography images presenting ¢ glu-
cosylation toward GYG2. The signal was detected in WT, but unde-
tected in mutant, with similar levels to Mock. ¢ Graphic presentation
of autoglucosylation of GYG2. The activity detected in Mock might
be due to the endogenous glycogenin. Error bars represent the stand-
ard error of the mean

overexpressed in COS-1 cells. By immunoblotting, the
expected 52 kDa bands of recombinant WT and Mut
GYG2 were detected with similar expression levels
(Fig. 4a). While WT GYG2 showed reasonable glucosyl-
transferase activity, Mut GYG2 almost completely lost
the enzyme activity and was similar to the Mock level
(Fig. 4b, c).

Expression analysis of GYG1 and GYG2

To observe tissue distribution of the human GYGI and
GYG2, expression analysis was performed using multiple
tissue cDNA panels. GYGI! was expressed preferentially
in skeletal muscle and heart from fetus to adult stages as
previous reports (Barbetti et al. 1996). GYG2 is dominantly
expressed in liver from fetus through adult stages and
moderately expressed in brain, heart, pancreas and kidney
(Supplementary Results, Figure S2). To be marked, GYGI
is not expressed in liver and brain where GYG?2 is highly
expressed.

Discussion

In this study, we analyzed unique brothers affected with
LS who were born to non-consanguineous healthy parents
after uneventful pregnancies. Patient II-2 and II-3 devel-
oped LS accompanied by delayed developmental mile-
stones at 10 months and 13 months of age, respectively.
Their age of onset, clinical features and brain imaging
were compatible with the diagnosis of LS. Interestingly,

CNS abnormalities were observed (developmental delay,
convulsion, athetoid movements, nystagmus, hypoto-
nia, spasticity, increased deep tendon reflex and abnormal
reflection), but involvement of peripheral nerve and extra-
neural organs was obscure. Based on the facts including (1)
male (X-linked recessive), (2) normal lactate/pyruvate, (3)
ketonemia/ketonuria, and (4) CNS predomiinant symptoms,
the hemizygous GYG2 mutation was highlighted a primary
culprit.

In this study, we first identified a human GYG2 muta-
tion in affected brothers with LS with ketonemia/ketonu-
ria but normal blood lactate/pyruvate. We can hypothesize
a pathomechanism of the GYG2 impairment in this family
based on the canonical pathway of glycogen metabolism
(Fig. 5). As glycogen storage in liver might be decreased
because of the GYG2 malfunction, glucose is easily
depleted. To keep appropriate blood glucose concentra-
tions, the metabolism would be shifted toward gluconeo-
genesis and beta-oxidation to create glucose and energy
sources like Acetyl-CoA (Garber et al. 1974; Laffel 1999;
Randle et al. 1964). Excess beta-oxidation would result
in overproduction of ketone bodies, consistent with the
observation of ketonemia and ketonuria. However, pyru-
vate and lactate could be normally metabolized in gluco-
neogenesis and/or TCA cycle and would not accumulate
in the body as seen in the majority of LS patients. Inter-
estingly, both patients showed normal blood glucose level
while showing LS manifestations which might be due to
tissue energy depletion. In GYG2-deficient patients, the
CNS was dominantly affected, while the effect of this
abnormal metabolism was thought to extend to the entire
body. This predominance could be explained by high glu-
cose consumption as the primary energy source in brain
(Amaral 2012; Magistretti and Pellerin 1999) and glyco-
gen depletion in brain tissue level, while the blood sugar
level was maintained by the other compensatory mecha-
nism. This is similar to the muscle specific phenotypes
(muscle weakness and arrhythmia) observed in patients
with deficiencies of “muscle form” GYG1 in the absence
of hypoglycemia (Moslemi et al. 2010). Remarkably, gly-
cogen was less in the muscle tissue of GYG1 depleted
patient (Moslemi et al. 2010). These evidences might
indicate that it is not always linked between glucose level
in the peripheral blood and glycogen/energy supply in tis-
sue level while we could not show the loss of glycogen in
liver or brain tissues because the materials were not avail-
able. In addition, deficiencies in two paralogous enzymes,
GYGI1 and GYG2, result in different human diseases sug-
gesting they are unable to compensate each other in spe-
cific organs.

The GYG2 mutation is probably causative for LS in this
family. However, it is possible that the mutation is just co-
incidence because we just showed genetic evidences (due
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Fig. 5 Biochemical metabolisms in glycogen storage and glycolysis
pathways. a Schematic presentation of glycogen biosynthesis. GYG2
has a catalytic capability for O-linked self-glucosylation at Tyrosine
(Y197 in isoform a) and adds approximately 10 glucose molecules.
By the subsequent elongating reactions by glycogen synthase and
branching enzyme, giant molecule “glycogen” is formed. b Modeled
biochemical pathway in GYG2 impairment. As the GYG2 impair-
ment results in the absence of glycogen storage, glycogen is easy
to be depleted and gluconeogenesis is induced from fat tissues and

to its rarity and familial co-segregation) and GYG2 loss of
function by in vitro study without showing any sufficient
data on how the GYGZ mutation causes LS.

In conclusion, we describe the first human variant of
GYG2 which may be associated with the atypical LS phe-
notype in this family. Further studies are absolutely needed
to conclude whether GYG2 abnormality leads to atypical
LS observed in this family.
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