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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.W2228).
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 GYG2 (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
(hitp://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
GYG?2 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 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 ! of 2 x Laemmli sample buffer
(Sigma-Aldrich) (Viskupic et al. 1992). 15 pl 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

-2 -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 bom 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 (4-0.0 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 umol/l and
urine ketone (++-). Blood levels of ammonia (18 wmol/1),
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 II-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 (40.5 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 pmol/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 1I-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 pmol/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/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 (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 IT-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
51, S2). The c.665G>C (p.W222S) 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 GYG2 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 GYG1 (Protein Data Bank
code; 3T70) (Chaikuad et al. 2011). Each monomer is colored yellow
and cyan. a-helices, B-sheet and loops are drawn as ribbons, arrows
and threads, respectively. The side chain of W222, glucose and UDP-
glucose (UDPQG) are shown as sticks in red, orange and green, respec-
tively. Amino acid numbering shown is for human GYG1 with that
for human GYG2 in parenthesis. The squared area comesponds 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.W222S mutation
in human GYG2

The amino acid residue W222 of GYG2 (isoform a) was
mapped to the crystal structure of human GYG1 (Chaikuad
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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. ¢ Calculated free energy change upon the
p-W222S mutation of GYG?2 using FoldX software. All the molecular
structures were drawn using PyMOL (www.pymol.org)

et al. 201 1), 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 “C 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 GYG!I and
GYG2, expression analysis was performed using multiple
tissue cDNA panels. GYG! 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 predominant 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” GYGl1 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,
GYG1 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 GYG?2 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 GYG2 mutation causes LS.

In conclusion, we describe the first human variant of
GYG?2 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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Abstract Cerebellar and/or vermis atrophy is recognized in
various types of childhood disorders with clinical and genetic
heterogeneity. Although careful evaluation of clinical features
and neuroimaging can lead to correct diagnosis of disorders,
their diagnosis is sometimes difficult because clinical features
can overlap with each other. In this study, we performed
family-based whole exome sequencing of 23 families includ-
ing 25 patients with cerebellar and/or vermis atrophy in child-
hood, who were unable to be diagnosed solely by clinical
examination. Pathological mutations of seven genes were
found in ten patients from nine families (9/23, 39.1 %): com-
pound heterozygous mutations in FOLRI, C5orf42, POLG,
TPP1, PEXI6, and de novo mutations in CACNAIA, and
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ITPR1. Patient 1 A with FOLRI mutations showed extremely
low concentration of 5-methyltetrahydrofolate in the cerebro-
spinal fluid and serum, and Patient 6 with 7PP] mutations
demonstrated markedly lowered tripeptidyl peptidase 1 activ-
ity in leukocytes. Furthermore, Patient 8 with PEX16 muta-
tions presented a mild increase of very long chain fatty acids
in the serum as supportive data for genetic diagnosis. The
main clinical features of these ten patients were nonspecific
and mixed, and included developmental delay, intellectual
disability, ataxia, hypotonia, and epilepsy. Brain MRI revealed
both cerebellar and vermis atrophy in eight patients (8/10,
80 %), vermis atrophy/hypoplasia in two patients (2/10,
20 %), and brainstem atrophy in one patient (1/10, 10 %).
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Our data clearly demonstrate the utility of whole exome
sequencing for genetic diagnosis of childhood cerebellar
and/or vermis atrophy.

Keywords Cerebellar and/or vermis atrophy - Whole exome
sequencing - De novo mutation - Compound heterozygous
mutation

Introduction

Cerebellar atrophy in childhood can be classified into three
types: hereditary cerebellar atrophy, postnatally acquired cer-
ebellar atrophy, and unilateral cerebellar atrophy [1]. The
number of differential diagnoses for hereditary cerebellar
atrophy in childhood exceeds 70 diseases, the clinical findings
of which often overlap with each other [1]. For example,
ataxia was recognized as one of the main symptoms in 36
diseases, intellectual disability in 14 diseases, and epilepsy in
20 diseases [1].

In a review of 402 patients with cerebellar abnormality on
magnetic resonance imaging (MRI), 66 patients showed pos-
terior fossa malformation including Joubert syndrome [2].
Among 300 patients with cerebellar atrophy, in whom
nongenetic etiologies were excluded, clinical diagnosis was
established in 142 patients (47 %), and consisted of mitochon-
drial disorders (37 patients), neuronal ceroid lipofuscinosis
(25 patients), ataxia telangiectasia (14 patients), and GM2
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gangliosidosis (10 patients) [2]. The estimated prevalence of
these disorders is rare, with reports of only 9.2 per 100,000
people affected with mitochondrial disorders in northeast
England [3], 1.2 per 1,000,000 with neuronal ceroid
lipofuscinosis in Italy [4], and 0.4 per 100,000 with ataxia
telangiectasia in southeast Norway [5]. Therefore, clinical
diagnosis of disorders with cerebellar abnormality is often
difficult as many rare. disorders with overlapping clinical
features are included in this condition.

The genetic diagnosis of cerebellar and/or vermis atrophy
is more challenging. Causative mutations for cerebellar atro-
phy and ataxia disorders have been found in more than 150
genes [1, 2, 6-8]. Joubert syndrome, which shows vermis
atrophy/hypoplasia, is also genetically heterogeneous as mu-
tations in 21 genes have been reported [7]. Whole exome
sequencing (WES), which employs the targeted capture of
protein encoding exons and massively parallel DNA sequenc-
ing, has enabled the comprehensive examination of mutations
in more than 90 % of exons [9]. In addition, de novo or
recessive mutations can be systemically identified by family-
based exome sequencing using trios of a patient and his/her
parents [10], suggesting that WES is useful for genetic diag-
nosis in heterogeneous genetic disorders. Indeed, family-
based WES successfully detected disease-causing mutations
in 16 of 100 patients with severe intellectual disability, which
were both clinically and genetically heterogeneous [11].

In this study, we performed family-based WES in 23 fam-
ilies including 25 patients who showed cerebellar and/or
vermis atrophy in childhood on a brain MRI. We successfully
identified disease-causing mutations in nine families (9/23,
39.1 %).

Patients and methods
Patients

We analyzed 23 families including 25 patients with various
degrees of cerebellar and/or vermis atrophy on brain MR1, and
their unaffected parents and siblings (if available). All patients
were sporadic, except for two who each had two affected
siblings. Clinical examination failed to provide a clear diag-
nosis for each of the patients included in this study. Both static
malformations and progressive cerebellar atrophy were in-
cluded. Serum levels of lactic acid and pyruvate fell within
the normal range for all patients. «-fetoprotein, total-
cholesterol, and immunoglobulin levels were measured to
exclude ataxia telangiectasia. Serum levels of albumin and
tocopherol were examined in 23 of 25 patients, excluding
early-onset ataxia with oculomotor apraxia and hypoalbumin-
emia, and ataxia with isolated vitamin E deficiency, respec-
tively (Supplementary Table 1). Genomic DNA was isolated
from peripheral blood leukocytes using QuickGene 610 L
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Fig. 1 Pedigrees of nine kindreds
with cerebellar atrophy in
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(Wako, Osaka, Japan). The Institutional Review Board of
Yokohama City University School of Medicine approved the
experimental protocols. Informed consent was obtained for all
individuals included in this study in agreement with the re-
quirements of Japanese regulations.

Whole exome sequencing

Genomic DNA was captured using the SureSelect Human All
Exon v4 Kit (51 Mb; Agilent Technologies, Santa Clara, CA,
USA) and sequenced on an Hltumina HiSeq2000 (Tllumina,
San Diego, CA, USA) with 101 bp paired-end reads. Four
samples were run in one lane of the flow cell. Exome data
processing, variant calling, and variant annotation were
performed as previously described [12].

Results

Family-based WES was performed in 23 families including 25
patients and their unaffected parents and siblings. The average
read depth of the protein-coding regions of RefSeq genes was
124.50 (range across all samples, 81.85-185.67), such that
94.3 % of targeted coding sequences was covered by 10 reads or
more. We filtered out common single nucleotide polymorphisms

(SNPs) that met the following two criteria: variants showing minor
allele frequencies >1% in dbSNP 135 and variants found in more
than two of our in-house 406 control exomes. Protein-altering and
splicing-affecting variants were considered for downstream anal-
ysis. Mutations in previously reported causative genes for cerebel-
lar atrophy were examined with particular attention (Supplemen-
tary Table 1).

All genes were surveyed for de novo mutations and com-
pound heterozygous or homozygous mutations in each family.
We identified pathological mutations in seven genes within
nine families (9/23, 39.1%): compound heterozygous FOLRI
mutations in patients 1A and 1B (siblings) {¢.374G>T (p.R125L)
and c.466T>G (p.W156G)]; a de novo CACNAIA mutation in
patients 4 and 9 [c.5396C>T (p.S1799L) and c.4075C>T
(p-R1359W)], respectively; compound heterozygous CSorf42
mutations in patients 2 and 3 [¢.3577C>T(p.R1193C) and
¢.3599C>T (p.A1200V) in patient 2, ¢.986T>C (p.L329P) and
¢.2846A>G (p.Y949C) in patient 3]; compound heterozygous
POLG mutations in patient 5 [c.158 166dup (p.Q53_Q55dup)
and ¢.2890C>T (p.R964C)]; compound heterozygous TPPI
mutations in patient 6 [c.731T>C (p.M244T) and c.1015C>T
(p-R339W)]; a de novo ITPRI mutation in patient 7 [¢.800C>T
(p-T267M)]; and compound heterozygous PEX16 mutations in
patient 8 [c.679C>T (p.R227W) and ¢.526C>T (p.R176%)]
(Fig. 1 and Table 1). These mutations were confirmed by Sanger
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Table 1 Clinical features of patients

Patient number
1-A 1-B 2 3 4 5 6 7 8 9

Age (years), gender 17 years, male 14 years, female 5 years, male 2 years, 8 years, male 8 years, male 5 years, female 6 years, 9 years, 20 years,

female female female female

Gene mutated FOLRI FOLRI CSorf42 CSorf42 CACNAIA POLG TPP1 ITPRI PEX16 CACNAIA

Known disease(s)  Neuwrodegeneration Newrodegeneration Joubert Joubert SCAS, mtDNA depletion  Neuronal ceroid SCAI1S, Zellweger SCAS,
caused by from cerebral from cerebral syndrome syndrome Episodic syndrome, lipofuscinosis SCA29 syndrome Episodic
mutations folate transport folate transport ataxia type Mitochondrial type2, autosomal ataxia

deficiency deficiency 2, FHM1 recessive ataxia recessive type 2,
syndrome, PEO spinocercbellar FHM1
ataxia type 7 )

Mutations (number  ¢.374G>T ¢.374G>T ¢.3577C>T c.986T>C ¢.5396C>T ¢.158_166dup c.731T>C p.M244T  ¢.800C>T  ¢.679C>T c.4075C>T
of control exomes ~ p.R125L (0/ p.R125L (0/ p.R1193C p.L329p p.S1799L p-Q53_Q55dup (0/406) p.T267- p.R227TW p-
harboring the 406) c.466T>G 406) ¢.466T>G (0/406) (0/406) (0/406) (0/406) ¢.1015C>T M (0/ (0/406) R1359-
mutation/total p-W156G (0/ p.W156G (0/ €3599C>T c.2846A>- ¢.2890C>T* p.R339W (0/406) 406) ¢.526C>T* W (0/
control exotnes) 406) 406) p.A1200V G p.Y949C pR96AC (2/ p.R176* 406)

(0/406) (0/406) 406) (0/406)
Inheritance Compound Compound Compound Compound De novo Compound Compound De novo Compound De novo
heterozygous heterozygous heterozy- heterozy- heterozygous heterozygous heterozy-
gous gous gous
Initial symptom Ataxic gait Ataxic gait Developmental Hypotonia Developmental Hypotonia Epilepsy Hypotonia/ Ataxic gait Epilepsy
delay delay nystag-
mus

Age at onset 1 years 2 years 9 months 1 years 9 months 6 months 3 years 4 months 1 years 3 months

Ataxia + + - + + + + + + +

Dysmetria - - - - + - + - + +

Oculomotor apraxia — - + + + - - - + +

Intention tremor + + - - + - - + + +

Other Slurred speech Slurred speech Slurred speech Nystagns/  Shurred Slarred

slurred speech speech
speech

Developmental + + + + + + + + + +
delay

Intellectual disability + + + + + + + + - +

Speech ability Three-word Three-word Two-word Two-word Few words N.D. Three-word sentences Three-word Few words Few words

sentences sentences sentences sentences sentence~
]
Muscle tone Mild hypotonia/  Mild hypotonia Hypotonia Hypotonia Hypotonia Hypotonia - Hypotonia Hypotonia Hypotonia
spastic lower
limbs

Pyramidal sign + - - - - - - - - + (DTRT)

Extrapyramidal sign — - - - - - - - - -

Peripheral - N.D. N.D N.D. - N.D. N.D. N.D. - -
neuropathy

Epileptic seizure + + - - + - + - - +

Complication Low IgG Aortic Pigmentary

coarctation retinal

8¢T¢

TEC-STCY1 (€107) sopeusBoinaN
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sequencing. Five of 15 mutations were registered in dbSNP
(http:/Awww.nebinlm.nih.gov/projects/SNP/) as rare variants
=N + ! (Supplementary Table 2). None of the mutations were present
in the 6,500 exomes sequenced by the National Heart, Lung, and
Blood Institute exome project or our 406 in-house control
exomes, except for ¢.2890C>T in POLG, which was found in
2 of 406 control exomes (Table 1, and Supplementary Table 2).
Two mutations (c.2890C>T in POLG and ¢.526C>T in
PEX16) have been reported as disease-causing mutations [13,
14]. All of the single nucleotide substitutions (SN'Vs) occurred
at evolutionally conserved amino acids (as shown by high
PhyloP score), and Sorting Intolerant From Tolerant (SIFT),
Polyphen2, and Mutation Taster predicted that all the SNVs
would be highly damaging to the protein structure (Supplemen-
tary Table 2), supporting pathogenicity of the mutations.
Clinical features of the ten patients are summarized in
Table 1 (see also supplementary Case report). All patients
exhibited motor developmental delay (10/10, 100%), and nine
patients had an intellectual disability (9/10, 90%). All patients
showed cerebellar signs (10/10, 100%) such as ataxia of the
limbs and trunk, oculomotor apraxia, dysmetria, intention
tremor, slurred speech and nystagmus. Hypotonia and epilep-
tic seizures were observed in nine and five patients, respec-
tively (9/10, 90%; 5/10, 50%). Patient 1B with compound
heterozygous FOLRI mutations, which cause neurodegenera-
tion from cerebral folate transport deficiency [15, 16], showed
an extremely low concentration of 5-methyltetrahydrofolate (5-
MTHF) in the cerebrospinal fluid and serum (0.0 nmol/l and
5.0 nmol/l). In patient 6 with compound heterozygous TPPI
mutations, markedly low activity of tripeptidyl peptidase 1 was
observed: 5.44 nmol/mg/h in leukocytes and 0.092 pmol/
punch/h in dried blood spot (Supplementary Table 3) [17, 18].
Patient 8 with compound heterozygous PEX/6 mutations
showed mildly increased very long chain fatty acids
(VLCFAs) as previously described [19, 20]: C24:0/C22:0
1.15 [average 1.05, standard deviation (SD) 0.16], C25:0/
C22:0 0.035 (average 0.024, SD 0.006), and C26:0/C22:0
0.038 (average 0.012, SD 0.005). Plasmalogen and phytanic
acid were within normal range (data not shown). Brain MRI
(Fig. 2) revealed cerebellar atrophy (both hemispheres and
vermis) in eight patients (8/10, 80%), vermis atrophy/
hypoplasia in two patients (2/10, 20%), and brainstem atrophy
in one patient (1/10, 10%). Abnormal signal in the white matter
was not observed in sibling patients 1A and 1B, but patient 1A
showed decreased white matter volume (Fig. 2c). Calcification
was recognized in the subcortical matter (patients 1A and 1B)
and basal ganglia (patient 1B) (Fig. 2d). Molar tooth sign,
which is a characteristic feature of Joubert syndrome, was
observed in patient 2 with C5orf42 mutations (Fig. 2f). Brain
MRI in patient 3 with C507/42 mutations showed vermis
hypoplasia, but no clear molar tooth sign as deepened
interpeduncular fossa, secondary distortion and enlargement
of the fourth ventricle, and horizontally oriented superior

degenera-
tion
+ (mild)

hypoplasia

Vermis atrophy Vermis

Molar tooth
sign

basal ganglia
and subcortical

Calcification at

subcortical WM~ WM

Calcification at

Cerebral WM
atrophy,

Brainstem atrophy + (inild)

hypoplasia
Other

Cerebellar
atrophy/

WM white matter, PEQ progressive external ophthalmoplegia, FHM! familial hemiplegic migraine typel, mtDNA mitochondrial DNA, DTR deep tendon reflex, N.D. not detected

®This mutation has been previously reported as disease-causing

Table 1 (continued)
Patient number

MRI
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Fig.2 a, h—o Tl-weighted
midline sagittal images, b, g T2-
weighted coronal images, ¢, e, f
T2-weighted axial images, d
computed tornography images of
the patients (a, b, ¢, patient 1A at
8 years of age; d, e, patient 1B at
12 years; f, patient 2 at 1 year and
8 months; g, h, i patient 3 at

1 year and 5 months; j patient 4 at
3 years; k patient 5 at 4 years; 1
patient 6 at 4 years; m patient 7 at
5 years; n patient 8 at 8 years; o
patient 9 at 20 years). Vermis
atrophy was observed in all
patients (b, e, f, g, j—o0) and very
mild brain stem atrophy
(especially in the basilar part of
the pons) in patient 1A (a). In
patient 1A, decreased volume but
no abnormal signal in the white
matter was observed (¢).
Calcification was observed in the
subcortical white matter and basal
ganglia of patient 1B (d). Patient
2 showed molar tooth sign (f,
arrowhead), patient 3 showed
vermis hypoplasia (g), but molar
tooth sign was unclear as
deepened interpeduncular fossa,
secondary distortion and
enlargement of the fourth
ventricle, and horizontally
oriented superior cerebellar
peduncles were only mildly
observed, with lack of thickened
and elongated superior cerebellar
peduncles (h, i)

cerebellar peduncles were only mildly observed, with lack of
thickened and elongated superior cerebellar peduncles

(Fig. 2g-1).
Discussion

In this report, the genetic basis of disorders showing cerebellar
and/or vermis atrophy in childhood was successfully clarified

@ Springer

in 9 of 23 families (39.1 %). Of note, mutations in seven
distinct genes were identified, further supporting clinical and
genetic heterogeneity of this condition. By family-based ex-
ome sequencing, we readily found three de novo mutations
and six compound heterozygous mutations during a short
period of time, demonstrating that family-based WES, when
used with ethnically matched normal control exome data for
prioritizing variants, is extremely powerful for dissecting ge-
netic basis of neurological genetic disorders.
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It is important to carefully address the relevance of identi-
fied mutations in respective cases by evaluating clinical infor-
mation compared with previous reports and biochemical ex-
amination. Zellweger syndrome caused by PEX16 mutations
has been reported to show a very severe clinical course and
white matter abnormalities [21]. Although patient 8 with
PEX16 mutations showed no white matter abnormalities and
mild clinical features, Ebberink et al. recently reported pa-
tients with PEX16 mutations, showing an atypical mild phe-
notype similar to our patient [19]. In addition, elevated
VLCFAs levels, which are characteristic for PEX16 muta-
tions, were observed in our patient, supporting the notion that
the identified PEX16 mutations cause a relatively mild phe-
notype. Neuronal ceroid lipofuscinosis 2 caused by TPP!
mutations is characterized by epilepsy, loss of vision, ataxia,
and rapid progression [22]. Recently, Sun et al. showed that
TPPI mutations can cause autosomal recessive SCAR7,
which shows ataxia and low activity of tripeptidyl peptidase
1 [23]. Patient 6 with 7PP/ mutations showed epilepsy,
ataxia, and low activity of tripeptidyl peptidase 1, suggesting
that the phenotype was within the clinical spectrum caused by
TPP] mutations.

De novo CACNA 14 mutations were identified in patients 4
and 9, who showed no episodic ataxia or hemiplegia, a known
phenotype caused by CACNAIA mutation {24]. However,
cerebellar atrophy is a common feature of patients with
CACNAIA mutations, and CAG repeat expansion in
CACNAIA causes spinocerebellar ataxia type 6 (SCA6). In
addition, the occurrence of de novo mutations has been esti-
mated to be 7.6 x 107° and 2.2x 10~® per nucleotide in diploid
embryos, suggesting that an average newbom is expected to
acquire approximately 0.86 amino acid-altering mutations
[23, 26]. Therefore, the chance coexistence of cerebellar atro-
phy and a de novo C4CNAI4 mutation in two independent
patients is extremely rare, suggesting causal relationship be-
tween CACNAIA mutation and cerebellar atrophy.
Haploinsufficiency of /TPRI was reported to cause adult-
onset SCA15 associated with a slowly progressive pure type
of cerebellar ataxia [27]. However, Huang et al. recently found
that missense mutations in /7PR/ caused infantile-onset
SCA29 in two families, which is characterized by delayed
motor development, cognitive delay, and cerebellar ataxia
with cerebellar atrophy in a brain MRI [28]. The clinical
features of our patient 7 with a de novo missense mutation
in ITPRI is consistent with SCA29, confirming that ITPR]
missense mutations can cause infantile-onset cerebellar
atrophy.

We identified C50rf42 mutations in patients 2 and 3 with
vermis atrophy/hypoplasia. Molar tooth sign in brain MRI has
been reported in patients with C5orf42 mutations [29]. Al-
though both patients showed hypotonia, developmental delay,
mental retardation and oculomotor apraxia [30], characteristic
molar tooth sign was only observed in patient 2. Therefore,

retrospectively, patient 2 should be diagnosed with Joubert
syndrome, but diagnosis of Joubert syndrome in patient 3 was
challenging with no molar tooth sign. WES was able to
provide correct genetic diagnosis in such atypical cases. Of
note, in patients 1A and 1B with FOLRI mutations, folate
deficiency can be improved with oral folinic acid administra-
tion [15, 16]. Therefore, genetic investigation by WES togeth-
er with careful clinical evaluation will enhance correct diag-
nosis of patients, and may benefit their clinical management.
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SHORT COMMUNICATION

Novel FIG4 mutations in Yunis—Varon syndrome

Junya Nakajima®?, Nobuhiko Okamoto®, Jun Shiraishi*, Gen Nishimura®, Mitsuko Nakashima!,
Yoshinori Tsurusaki!, Hirotomo Saitsu!, Hisashi Kawashima?, Naomichi Matsumoto! and Noriko Miyake!

Yunis-Varon syndrome (YVS, MIM 216340) is a rare autosomal recessive disorder characterized by skeletal abnormalities and
severe neurological impairment with vacuolation of the central nervous system, skeletal muscles and cartilages. Very recently,
mutations of the FIG4 (FIG4 homolog, SAC1 lipid phosphatase domain containing (Saccharomyces cerevisiae)) gene, which
encodes a 5'-phosphoinositide phosphatase essential for endosome/lysosome function have been identified as the cause for
YVS. Interestingly, FIG4 mutations were previously reported to be responsible for other neurodegenerative diseases such as
autosomal recessive Charcot-Marie-Tooth disease type 4J and autosomal dominant amyotrophic lateral sclerosis/primary lateral
sclerosis. We analyzed a YVS patient using whole-exome sequencing, and identified novel biallelic FIG4 mutations:

¢.1750 + 1delG and c.2284_2285delCT (p.S762Wfs*3). These two mutations were mutations supposed to have null function.
To our knowledge, this is the second report of FIG4 mutations in YVS and our result supports the idea that biallelic null

mutations of FIG4 cause YVS in human.
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Yunis-Varon syndrome (YVS, MIM_216340) is a rare autosomal
recessive disorder characterized by skeletal abnormalities (cleidocra-
nial dysostosis, bilateral absence of thumbs and halluces distal
aphalangia and pelvic bone dysplasia) and severe neurological
impairment.! Recently, mutations of FIG4 (FIG4 homolog, SACI
lipid phosphatase domain containing (Saccharomyces cerevisiae);
NM_014845.5) were identified as the genetic cause for YVS.2 FIG4
encodes FIG4 protein (also known as SAC3) which is a
5'-phosphoinositide phosphatase essential for endosome/lysosome
fonction.®> FIG4 binds with Vacl4/ArPIKfyve and Fabl/PIKfyve to
form a functional complex on early endosomal membranes known as
PIKfyve-ArPIKfyve-Sac3 complex? The PIKfyve-ArPIKfyve-Sac3
complex mediates the conversion of endosomal phosphatidylino-
sitol 3-phosphate (PI3P) to phosphatidylinositol 3,5-biphosphate
(PI(3,5)P,), and this conversion is essential for protein sorting,
trafficking late endosomes to lysosomal degradation compartment
and regulating some other endolysosome/lysosome functions essential
for degradation such as ion channel activation and endolysosome
fusion/fission.* Impairment of FIG4 causes a reduction of PI(3,5)P,,
which results in the malfunction of the endosome/endolysosome/
lysosome. Therefore, the accumulation of undegraded materials in
these compartments leads to dilatation.?

FIG4 abnormalities were previously reported to be the causative
for autosomal recessive Charcot-Marie-Tooth disease type 4]

(CMT4J, MIM#611228) and autosomal dominant amyotrophic
lateral sclerosis (ALS, MIM#105400)/primary lateral sclerosis (PLS,
MIM#611637).27 Vacuolated endolysosomes are found in the
perinuclear regions of peripheral neurons of Fig4-null mice and
CMT4J patien’ts,3 In YVS patients, vacuolation was observed in
skeletal muscles, fibroblasts and the central nervous system
including cerebral cortex, the basal ganglia, cerebellar olives and
medullary olives.510

The patient was a 2-year-old gitl at the time of genetic consultation.
She was the second daughter of a nonconsanguineous pair of 32-year-
old woman and a 25-year-old man. Both her parents and her sister
were healthy. Fetal echogram revealed intrauterine growth retardation.
She was born at 40 weeks of gestation, with Apgar scores of 2 and 1 at
1 and 5min, respectively. Her birth weight was 3306 g (+ 0.6 SD),
body length 52cm (+1.5SD) and head circumference 33 cm
(—0.3SD). Because of neonatal asphyxia, she was transferred to
neonatal intensive care unit and supported by mechanical ventilation.
Lower anal atresia was found and colostomy was performed. Tube
feeding was necessary because of poor feeding activity. Tracheostomy
was placed at 8 months of age because of severe respiratory
impairment. She presented with characteristic face (protruding
forehead, wide fontanels, temporal narrowing, hypertelorism,
blepharophimosis, inverted epicanthus, flat nasal bridge, bilateral
low set ears, short philtrum, high-arched palate, down-turned mouth,
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micrognathia and sparse and depigmented scalp hair), hypoplasia of
the right clavicle and other long bones, aplasia of the left clavicle,
absence of bilateral thumbs and halluces, hypoplasia of the distal
phalanges, multiple appendicular bone fracture and proctatresia
(Figures la-c). Congenital cataract and hearing loss were also noted.
Head computed tomography showed severe hypoplasia of the
cerebrum and enlargement of lateral, third and fourth ventricles
(Figure 1d). At the age of 2 years, her height was 67.4cm (—4.9 SD),
body weight was 9.1kg (—1.98D) and head was circumference
46.2cm (—0.28D). Her developmental mile stones were severely
retarded. She was bedridden and unable to support her head. She was
therefore diagnosed with YVS.

To identify the genetic cause of the proband, we performed whole-
exome sequencing on the patient and her parents as FIG4 mutations
were not described in YVS when we started the genetic analysis.
Peripheral blood samples were collected from the trio (patient and
both parents) after obtaining written informed consent. This study was
approved by the institutional review board of Yokohama City
University School of Medicine. Each individual’s DNA was captured
with the SureSelect Human All Exon v4 Kit (Agilent Technologies,
Santa Clara, CA, USA) and sequenced on a HiSeq2000 with 101 bp
paired-end reads and 7 bp index reads (Hlumina, San Diego, CA, USA).
Image analysis and base calling were performed by sequence control
software real-time analysis and CASAVA software v1.8 (Illumina). The
reads were aligned to a human reference genome (hgl9) with
Novoalign 2.08.02 (http://www.novocraft.com/). After the removal of
PCR duplication by Picard, the variants were called by Genome
Analysis Toolkit 1.6-5 (GATK: http://www.broadinstitute.org/gatk/)

Novel FIG4 mutations in Yunis-Varon syndrome
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and annotated by ANNOVAR (2012feb) (http://www.openbioinforma-
tics.orgfannovar/). Through this flow, common variants registered in
common dbSNP137 (minor allele frequency >0.01) (http://geno-
me.ucsc.edu/cgi-bin/hgTrackUithgsid=335665349&c=chr6&g=snp137-
Common) were removed.

More than 93% of coding sequence was covered by at least 20 reads
in each individual. Because this syndrome was suspected as an
autosomal recessive disease because of the consanguinity and/or
affected siblings in reported families,""!*'? we extracted homozygous
or compound heterozygous variants using whole-exome sequencing
data. Through data processing synonymous variants, variants in
segmental duplications, variants registered in dbSNP137 or our in-
house database (exome data of 408 Japanese individuals) were all
excluded from the candidates (Figure 2). As a result, only one
compound heterozygous mutation in FIG4 remained: ¢.1750 + 1delG
and ¢.2285_2286delCT (p.S762Wfs*3), which were also confirmed
by Sanger sequencing. The c¢.1750+ 1delG at intron 15 and
¢.2283_2284delCT at exon 20 were inherited from her mother and
father, respectively (Figure 3).

Campeau et al.? proposed a model in which the clinical difference
among the above-mentioned three conditions regarding FIG4
abnormalities (that is, YVS, CMT4J and ALS/PLS) depends on how
much residual FIG4 function remains based on the following
evidence: (1) all previously reported CMT4J] patients had
compound heterozygous mutations but carried one null allele and
one missense allele, whereas all YVS patients had biallelic null
mutations.”*1> (2) ALS/PLS patients had heterozygous null or
partially loss-of-function mutations.”> (3) In functional assays,

Figure 1 Imaging studies of the proband. (a) Thoracoabdominal X-ray on the first day after birth (dorsal position). Hypoplasia of both clavicle and the
fracture of left humerus were evident. (b) X-ray of left forearm and hand. Absence of thumbs and hypoplastic phalangeal bones were observed. (¢) X-ray of
right foot. Absence of halluces and hypoplastic phalangeal bones was noted. (d) Head CT. Extended hypoplasia of the cerebrum and enlargement of the
third and the lateral ventricles were noted. The fourth ventricle was also slightly enlarged.

] Total variants 8534 ]
4,
[Excluding synonymous variants 7081 l
v
[Excluding variants in segmental duplication - 6276 ]
) 4
| Excluding variants in dbSNP137 1736 _|
4
| Excluding variants in in-house database (n=408) 326 I
Compound heterozygous variants 2 (1 genel)‘ |>H(omozygous variants 0

Figure 2 Priority scheme of whole-exome sequencing data. Numbers of variants surviving after each selection are shown.
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Figure 3 FIG4 mutations in the patient. (@) Pedigree and mutations. (b) Schematic presentation of the FIG4 protein and mutations found in the patient.
(¢) Electropherograms corresponding to each mutation in the patient, her father and mother. WT: wild-type allele, Mut: mutant allele. The altered or deleted

bases were marked by square.

CMT4] patients had less FIG4 activity than ALS/PLS patients.®
Biallelic null mutations in our YVS patient support this model.

The clinical effects of heterozygous FIG4 mutations remain unclear.
Theoretically, all parents (excluding the patient having a de novo
truncation mutation) of YVS patients should carry a heterozygous null
mutation. However, none of the parents of identified CMT4J patients
or YVS patients, who should be heterozygous carriers, have been
reported to show ALS/PLS. The current age of the father and mother
in this study were 27 and 34 years old, respectively, and they did not
show any ALS/PLS phenotype. Furthermore, the patient’s grand-
parents did not show any sign of ALS/PLS. This discrepancy could be
presymptomatic status of the family members carrying a heterozygous
mutation as the average onset age of ALS/PLS in patients with FIG4
mutation was reported to be 56 & 14 years (mean % SD).> It would be
strongly encouraged to observe their longitudinal clinical course of
heterozygous carriers in human. The other possibility for this
discrepancy would be unknown genetic modifier(s) leading to the
incomplete penetrance. To clarify the genotype—phenotype correlation
and the diverse clinical phenotypes by FIG4 mutations, further studies
of genetic and clinical features are necessary.

ACKNOWLEDGEMENTS

We thank the patient and her family for participating in this work. We also
thank Ms S Sugimoto and K Takabe for their technical assistance. This work was
supported by research grants from the Ministry of Health, Labour and
Welfare (N Matsumoto and N Miyake), the Japan Science and Technology
Agency (N Matsumoto), the Strategic Research Program for Brain Sciences
(N Matsumoto) and a Grant-in-Aid for Scientific Research on Innovative Areas-
(Transcription cycle)-from the Ministry of Education, Culture, Sports, Science
and Technology of Japan (N Matsumoto), a Grant-in-Aid for Scientific Research
from Japan Society for the Promotion of Science (H Saitsu, N Matsumoto and
N Miyake), the Takeda Science Foundation (N Matsumoto and N Miyake) and
the Hayashi Memorial Foundation for Female Natural Scientists (N Miyake).

Journal of Human Genetics

1 Yunis, E. & Varon, H. Cleidocranial dysostosis, severe micrognathism, bilateral absence
of thumbs and first metatarsal bone, and distal aphalangia: a new genetic syndrome.
Am. J. Dis. Child. 134, 649-653 (1980).

2 Campeau, P. M., Lenk, G. M., Lu, J. T., Bae, Y., Burrage, L., Turnpenny, P. et al. Yunis—
Varon syndrome is caused by mutations in FIG4, encoding a phosphoinositide
phosphatase. Am. J. Hum. Genet. 82, 781-791 (2013).

3 Martyn, C. & Li, J. Fig4 deficiency: a newly emerged lysosomal storage disorder? Prog.
Neurobiol. 101-102, 35-45 (2013).

4 Huotari, J. & Helenius, A. Endosome maturation. EMBO J. 30, 3481-3500 (2011).

5 Chow, C. Y., Landers, J. E., Bergren, S. K., Sapp, P. C., Grant, A. E., Jones, J. M. et al.
Deleterious variants of FIG4, a phosphoinositide phosphatase, in patients with ALS.
Am. J. Hum. Genet. 84, 85-88 (2009).

6 Zhang, X., Chow, C. Y., Sahenk, Z., Shy, M. E., Meisler, M. H. & Li, J. Mutation
of FIG4 causes a rapidly progressive, asymmetric neuronal degeneration. Brain 131,
1990-2001 (2008).

7 Nicholson, G., Lenk, G. M., Reddel, S. W., Grant, A. E., Towne, C. F., Ferguson, C. J.
et al. Distinctive genetic and clinical features of CMT4J: a severe neuropathy
caused by mutations in the PI(3,5)P(2) phosphatase FIG4. Brain 134, 19591971
(2011).

8 Garrett, C., Berry, A. C., Simpson, R. H. & Hall, C. M. Yunis-Varon syndrome with
severe osteodysplasty. J. Med. Genet. 27, 114-121 (1990).

9 Walch, E., Schmidt, M., Brenner, R. E., Emons, D., Dame, C., Pontz, B. et al, Yunis—
Varon syndrome: evidence for a lysosomal storage disease. Am. J. Med. Genet. 95,
157-160 (2000).

10 Dworzak, F., Mora, M., Borroni, C., Cornelio, F., Blasevich, F., Cappellini, A. et al.
Generalized lysosomal storage in Yunis Varon syndrome. Newromuscul. Disord. 5,
423-428 (1995).

11 Rabe, H., Brune, T, Rossi, R., Steinhorst, V., Jorch, G., Horst, J. et al. Yunis—
Varon syndtome: the first case of German origin. Clin. Dysmorphol. 5, 217-222
(1996).

12 Pfeiffer, R. A., Diekmann, L. & Stock, H. J. Aplasia of the thumbs and great toes as the
outstanding feature of Yunis and Varon syndrome. A new entity. A new observation,
Ann. Genet. 31, 241-243 (1988).

13 Chow, C. Y., Zhang, Y., Dowling, J. 1., Jin, N., Adamska, M., Shiga, K. et al. Mutation of
FIG4 causes neurodegeneration in the pale tremor mouse and patients with CMT4J,
Nature 448, 68-72 (2007).

14 de Leeuw, C. N. CMT4J: Charcot-Marie—Tooth disorder caused by mutations in FIG4.
Clin. Genet. 73, 318-319 (2008).

15 lkonomov, O. C., Sbrissa, D., Fligger, J., Delvecchio, K. & Shisheva, A. ArPlKfyve
regulates Sac3 protein abundance and turnover: disruption of the mechanism by
Sac3141T mutation causing Charcot-Marie~Tooth 4J disorder. J. Biol. Chem. 285,
26760-26764 (2010).



D PLOS | one

COPEN ) ACCESS Freely available online

Performance Comparison of Bench-Top Next Generation
Sequencers Using Microdroplet PCR-Based Enrichment
for Targeted Sequencing in Patients with Autism
Spectrum Disorder

Eriko Koshimizu'®, Satoko Miyatake'®, Nobuhiko Okamoto?, Mitsuko Nakashima’, Yoshinori Tsurusaki’,
Noriko Miyake', Hirotomo Saitsu’, Naomichi Matsumoto*

1 Department of Human Genetics, Yokohama City University Graduate School of Medicine, Yokohama, Japan, 2 Department of Medical Genetics, Osaka Medical Center
and Research Institute for Maternal and Child Health, Osaka, Japan

 Abstract

Citation: Koshimizu E, Miyatake S, Okamoto N, Nakashima M, Tsurusaki Y, et al. (2013) Performance Comparison of Bench-Top Next Generation Sequencers Using
Microdroplet PCR-Based Enrichment for Targeted Sequencing in Patients with Autism Spectrum Disorder. PLoS ONE 8(9): e74167. doi:10.1371/
journal.pone.0074167

Editor: Takeo Yoshikawa, Rikagaku Kenkyusho Brain Science Institute, Japan
Received June 5, 2013; Accepted July 29, 2013; Published September 16, 2013

Copyright: © 2013 Koshimizu et al. This is an open-access article distributed under the terms of the Creative Commons Attribution License, which permits
unrestricted use, distribution, and reproduction in any medium, provided the original author and source are credited.

Funding: Research grants from the Ministry of Health, Labour and Welfare: the Japan Science and Technology Agency: and the Strategic Research Program for
Brain Sciences, Grant-in-Aid for Scientific Research on Innovative Areas (Transcription cycle) from the Ministry of Education, Culture, Sports, Science and
Technology of Japan, Grant-in-Aid for Scientific Research from Japan Society for the Promotion of Science, Grant-in-Aid for Young Scientist from Japan Society for
the Promotion of Science, and Grant from the Takeda Science Foundation. The funders had no role in study design, data collection and analysis, decision to

publish, or preparation of the manuscript.

* E-mail: naomat@yokohama-cu.ac,jp

@ These authors contributed equally to this work.

Competing Interests: The authors have declared that no competing interests exist.

Introduction

Recent advances in next generation sequencing (NGS) technol-
ogies combined with efficient gene enrichment, allows the
comprehensive resequencing of multiple known causative or
associated genes in highly heterogeneous diseases. In addition,
these technologies make it possible to perform resequencing more
inexpensively and rapidly than the conventional Sanger method.
Higher sequencing accuracy due to the deeper achievable
coverage with the aid of improved bioinformatic analysis is
expected as well. Different bench-top next generation DNA

_sequencers are currently available for target resequencing. Each
NGS machine adopts specific technologies, thus the property and/
or quality of sequence reads is likely different. However there is
little comparative evidence on the data quality between sequencers
used in human gene analysis.

Autism spectrum disorder (ASD) is a complex disorder with
several hundred associated loci, following a polygenic mode of
inheritance [1]. It is relatively common, with a prevalence of 1.1%
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[2], and is typically a child-onset disorder characterized by
impaired social interactions, communication deficits, and restrict-
ed and repetitive behaviors [3]. It is known to be highly heritable,
yet the majority of its heritability is so far unresolved [4]. Previous
studies suggest a genetic contribution, consisting of both common
and rare alleles, accounts for a portion of ASD risk, with a
heritability of 38-90% [4-8]. Considering the frequency and
socio-economic impact of ASD, verification of the actual
heritability of ASD is of importance. Common single-nucleotide
variants (SNVs) have been reported as a major source of ASD risk,
with the heritability exceeding 40% [7]. However, their impact on
ASD development is relatively small in each case, with an
estimated odds ratio (OR) <1.2 [9]. Conversely, rare variants
occurring de novo or inherited are assumed to affect ASD risk as
well [1,10-13]. Recent work revealed a larger effect of de novo
SNVs, although they accounted for only a small portion of overall
ASD risk, with an estimated 10% contribution to ASD risk [10-
13]. Recently, an additive 5% contribution to ASD risk was
reported in rare complete knockouts, derived from inheriting rare
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