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the patients. On the other hand, common phenotypic features can
be seen in patients with overlapping interstitial chromosomal
deletions but random deletion sizes and random breakpoints. In
such cases, the main gene(s) responsible for the common pheno-
typic features are included in the common deletion region; for
example, the methyl-CpG binding domain protein 5 gene (MBD5)
at 2q23.1 and the myocyte enhancer factor 2C gene (MEF2C) at
5q14.3 [Le Meur et al., 2010; Talkowski et al., 2011; Shimojima
etal., 2012; Shichiji et al., 2013]. We have previously reported a new
chromosomal microdeletion syndrome that is derived from a
5q31.3 deletion and is associated with severe developmental delay
and delayed myelination [Shimojima et al., 2011]. After our first
report was published, similar cases have been reported, and the
shortest region of overlap (SRO) was narrowed down to the 370 kb
region [Hosoki et al., 2012].

Interstitial deletions of the short arm of chromosome 3 are
rare, and the 3p deletion syndrome is generally indicative of a
3p25 microdeletion that involves the subtelomeric region of 3p
[Cargileetal.,2002; Malmgrenetal., 2007; Fernandez etal., 2008;
Shuib et al., 2009; Pohjola et al., 2010]. There are some patients
with interstitial deletions involving 3p25, who showed the core
features, including cognitive handicap, growth retardation, mi-
crocephaly, and facial dysmorphisms [Gunnarsson and Foyn
Bruun, 2010; Peltekova et al., 2012]. Other than the 3p25 micro-
deletions, interstitial deletions of the proximal 3p have been
reported as the consequence of the deletions involving 3p12
region, and some patients with this condition have been reported
previously [Petek et al., 2003; Lalli et al., 2007; Tutulan-Cunita
et al., 2012]. In comparison, only one patient with a deletion
involving 3p21.31 region has been reported by Haldeman-Eng-
lert et al. [2009]. In this study, we report two additional cases of
the patients with 3p21.31 deletions. These three patients with
overlapping deletions of this region share characteristic features,
and the newly identified deletion regions narrowed down the
SRO. The genes suspected to be responsible for this condition
will be discussed in this study.

Peripheral blood samples were obtained from patients and their
families after obtaining informed consent based on a permission
approved by the institution’s ethnical committee. DNA was
extracted from the peripheral blood samples by using the QIAamp
DNA mini kit (Qiagen, Hilden, Germany). For fluorescent in situ
hybridization (FISH) analysis, metaphase spreads were prepared
from the peripheral blood samples by using the standard method, as
previously described [Shimojima et al., 2009, 2010].

vation

Genomic copy numbers were analyzed by chromosomal microarray
testing by using the SurePrint G3 Hmn CGH 60k Oligo Microarray
Kit (Agilent Technologies, Santa Clara, CA) as described previously
[Shimojima et al., 2009, 2010, 2011, 2012; Shichiji et al., 2013].
Genomic copy number aberrations were visualized using Agilent
Genomic Workbench version 6.5 (Agilent Technologies). To con-

firm the results of the chromosomal microarray testing, FISH
analysis was performed using human bacterial artificial chromo-
somes (BACs) as the probes; RP11-949]7 (3p21.31:49,418,328—
49,604,890) and RP11-6301 (3p26.3:2,468,357-2,644,407), which
were selected from the UCSC genome browser (http://www.
gwenome.ucsc.edu; GRCh37/hg19).

RESULTS
Genomic Copy Number Aberrations

The overlapping two deletions of 3p21.31 were identified in two
independent patients.

Patient 1 showed a loss of genomic copy number with a size of
1.9 Mb, indicated by arr 3p21.31(48,335,484-50,215,391) X 1, and
Patient 2 showed a loss of genomic copy with a size of 1.3 Mb,
indicated by arr 3p21.31(49,129,830-50,440,305) x 1 (Fig. 1). The
genomic locations are referring build19.

Subsequent FISH analyses confirmed simple interstitial dele-
tions in metaphase spreads from both patients (Fig. 2). Since the
3p21.31 deletion was absent in the parents of both patients,
the deletions identified in the two independent patients were
determined to have de novo origins.

Datiame D)eam
Patient Rep

The clinical features of the present patients are summarized in
TableI, along with a comparison to the previously reported patient.

A 26-month-old girl was born at 42 weeks and 2 days of gestation.
She had a birth weight of 3,600 g (+1.0 standard deviation [SD]),
length of 48 cm (—1.3 SD), and occipitofrontal circumpherence
(OEC) of 36cm (—1.3 SD). Her parents and elder sister were
healthy, and the history of the pregnancy period was unremarkable.
At the health check-up performed when the patient was 1-month-
old, generalized hypotonia and a heart murmur were noted.
Echocardiology analysis showed a ventricular septal defect
(VSD), which spontaneously closed when the patient was 8 months
old. Psychomotor development was mildly delayed, that is, she
showed head control at 5 months, rolling over at 6 months, could
stand with support at 12 months, and could walk alone at
18 months. There was no history of epilepsy.

At present, her height is 84 cm (—0.6 SD) and weight is 11.2kg
(—0.1 SD). She walks with an ataxic gait. She can understand her
parents’ verbal suggestions but does not speak any meaningful
words. She can use a spoon at mealtime. Use of the Enjoji scale for
examination suggests a mild delay with a developmental quotient
(DQ) of 60 [Orito et al., 2009]. Brain magnetic resonance imaging
(MRI) shows a T2-high intensity area in the deep white matter of the
brain (Fig. 3). The T2-high intensity area is predominantly seen in
the deep white matter surrounding the posterior horn of the lateral
ventricle. Dilated Virchow—Robin spaces are also noted. She shows
distinctive facial features, including facial asymmetry, a hypotonic
face, arched eyebrows, synophrys, hypertelorism, epicanthus, a flat
nasal bridge, an anteverted nostril, a long philtrum, downturned
corners of the mouth, micrognathia, low-set ears, and micrognathia
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FIG. 1. Results of chromosomal microarray testing and the genome map around 3p21.31. A: Schematic representation of chromosome 3
captured from the UCSC genome browser. The region emphasized by a red rectangle is expanded below. B: The deletion regions of 3p21.31
identified in the two patients [Patient 1 and Patient 2] are focused on and expanded by Gene View of Agilent Genomic Workbench (Agilent
Technologies; above]. The x- and y-axes indicate genomic locations [build19] and the log, ratio of probe intensity, respectively. Blue
translucent rectangles indicate aberration regions. The deletion region reported by Haldeman-Engert et al. and the shortest region of overlap
(SRO] are depicted by a black and a blue bars, respectively, with arrows on both sides [bottom]. The locations of the genes are indicated by
rectangles. Red rectangles indicate the five genes, which were listed as the candidate genes by Haldeman-Engert et al., because of high
expression level in the brain. Among them, only BSN is included in the SRO. The locations of the genes discussed in the text are also
designated by black rectangles.

A B

FIG. 2. Results FISH analyses. Patient 1 (A} and Patient 2 (B). Red signals of RP11-6301 [3p26.3] are the marker of chromosome 3. Green
signals for RP11-949J7 (3p21.31] can be detected in one of the chromosome 3 regions in both patients, indicating deletions of this region
(arrow].

196



3052

AMERICAN JOURNAL OF MEDICAL GENETICS PART A

TABLE & The Clinical:Features of the Patients

Haldeman-Ehglert

Birth
Gestational weeks
Weight
OFC NA
Growth
Grwoth delay -+
Short stature +
Microcephaly =
Dysmorphism
Facial asymmetry
Broad forehead
Arched eyebrows
Synophrys
Hypertelorism
Epicunthas
Upslanting palpebral fissure
Flat nasal bridge
Anteverted nostril
Bulbous nasal tip
Long philtrum
Cleft lip
Cleft soft palate
Downturned corners of the mouth
Micrognathia
Low set ears
Widely-spaced nipples
Neurological
Developmental delay
Hypotonia
Hypotonic-appearing facies
Cortical blindness
Pale fundi
Partial agenesis of the corpus callosum
Seizure
Abnormal EEG
Gastroesophageal reflux
Abnormal signals in brain MRI
Others
Congenital heart anomaly

E+++++++++ +EHEI A+ EELHHEFA

l

NA, not available.

(Fig. 4A). The first fingers on both hands are broad and the other
fingers are short and narrow. Blood examination showed an
elevated serum creatine kinase (CK) level of 1,075 U/L.

A 15-year-old girl was born at 38 weeks of gestation by a cesarean.
She is the second child of healthy and nonconsanguineous parents.
Her birth weight was 3,505 g (+1.4 SD). Her 17-year-old brother
had a past history of West syndrome in infancy and now has a
pervasive developmental disorder. He showed no abnormality on
conventional G-banding and chromosomal microarray testing.

38 weeks
2,200 g [<5th centile)

Patient 1 Patient 2
42 weeks
3,600¢g
36cm

38 weeks
3,505¢
354cm
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VSD (spontaneous closure) ASD =+ PDA

Although there was no complication during gestation, the patient
experienced feeding difficulties due to hypotonia and laryngoma-
lacia in her early infancy. Hypocalcemia was also noted at that time.
Psychomotor development was delayed; for example, she showed
head control at 9 months, could sit at 18 months, walk without
support at 30 months, and could speak the first word at 18 months.
When she was 3 years old, psychomotor delay was suggested. She
had recurrent acute otitis media and an episode of a febrile seizure in
her childhood. At 6 years, nasopharyngeal regurgitation was
detected. At 7 years, an atrial septal defect (ASD) and patent ductus
arteriosus (PDA) were diagnosed and surgically repaired. Due to a
growth hormone (GH) deficiency, which was diagnosed at 11 years,
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FIG. 3. Images of the brain radiological examinations. A—D: Axial images of brain MRI examined when Patient 1 was 26 months old.

A: Ti-weighted image indicates low-intensity areas in the basal nucleus, indicating dilated Virchow—Robin spaces (arrows). T2-weighted (B,C)
and FLAIR (D) images indicate abundant high-intensity areas in the white matter (arrows). E: Cranial CT image examined when Patient 2 was
12 years old shows the finding of calcifications in the basal nucleus (arrows). F—H: Axial images of brain MRI examined when Patient 2 was
14 years old. F: T1-weighted image indicates high-intensity areas in the basal nucleus (arrows). T2-weighted (G) and FLAIR (H) images
indicate occipital-dominant high-intensity areas in the white matter (arrows).

GH replacement therapy was initiated. At 14 years, atomoxetine
was prescribed for the patient’s behavioral problems related to
attention-deficit/hyperactivity disorder.

When the patient was 12 years old, brain computed tomography
(CT) was performed, and mild calcification was noted at the
pallidum on both sides (Fig. 3). Brain MRI performed when
the patient was 14 years old showed an abnormal-intensity area,
that is, T1-high intensity in the basal nucleus on both sides
(internal putamen and pallidum) and T2-/fluid-attenuated inver-

sion recovery (FLAIR) high intensity in the posterior deep peri-
ventricular white matter on both sides (Fig. 3). At 15 years, her DQ
was examined by the Kyoto Scale of Psychological Development
2001 and the score was 38, indicating moderate intellectual disabil-
ity. Chromosomal G-banding showed a normal female karyotype
of 46,XX.

At present, she shows short stature; with a height of 144.5cm
(—2.3SD), aweight of33.8 kg (—2.1 SD), and OFCof53.5 cm (—0.4
SD). Her facial features are distinctive with arched-busy eyebrows,

FIG. 4. Facial appearance of both patients. Patient 1 (A} shows facial asymmetry, flat nasal bridge, anteverted nostrils, a long phiitrum,
downslanting mouth corners, and micrognathia. At 2 years of age (B], Patient 2 shows arched eyebrows, prominent eyelashes, hypertelorism,
epicanthus, a narrow nasal base, and micrognathia. Patient 2 at 15 years of age (C].
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prominent eyelashes, hypertelorism, epicanthus, a narrow nasal
base, alow nasal bridge, and macro incisors (Fig. 4C). These features
mimicked those of 22q11.2 deletion syndrome, but FISH analysis
targeted for the 22q11.2 region yielded negative results. Neurologi-
cal examination showed muscle hypotonia. Blood examination
showed a mildly elevated serum CK level of 465 U/L.

In this study, we identified two overlapping interstitial chromo-
somal deletions of 3p21.31 in two independent patients. Fach
patient showed common phenotypic features, including develop-
mental delay, hypotonia, distinctive facial features, an elevated
serum CK level, and characteristic white matter involvement.
The two identified deletions overlapped with that detected in the
patient reported by Haldeman-Englert et al. [2009]. Although the
developmental delay and hypotonia seen in the three patients with
the 3p21.31 deletions are common findings in patients with chro-
mosomal aberrations, the distinctive facial features (e.g., arched
eyebrows, hypertelorism, epicanthus, and micrognathia) would be
a characteristic of patients with 3p21.31 deletions (Fig. 4).

The most striking finding of the two patients identified in this
study was white matter involvement, which was revealed by brain
MRI. T2 and FLAIR MRI of the brain showed high-intensity areas in
the white matter, especially in the deep white matter surrounding
the dorsal horns of the ventricles. This finding may indicate
hypomyelination of the neural tracts. Patient 2 showed additional
neuroradiological findings, including a T1-weighted high-intensity
area in the basal nucleus seen in brain MRI and calcifications
suggested by brain CT. These findings may be age dependent
because the patient reported by Haldeman-Englert et al. [2009]
did not show any abnormal findings on brain MRI at the age of
7 months.

Haldeman-Englert et al. [2009] had discussed the genes which
may be responsible for their patient’s neurological features, and five
genes had been listed as the candidate genes (Fig. 1); the plexin Bl
gene (PLXNBI), the cadherin EGF LAG seven-pass G-type receptor
3 gene (CELSR3), the bassoon (presynaptic cytomatrix protein)
gene (BSN), the guanine nucleotide binding protein (G protein)
alpha transducing activity polypeptide 1 gene (GNAT1), and the
dedicator of cytokinesis 3 gene (DOCK3). In this study, the two
identified deletions narrowed down the SRO of the 3p21.31 dele-
tions to within 1 Mb (chr3:49,129,830-50,215,391) by the centro-
meric and telomeric ends of the deletions identified in Patients 1
and 2, respectively (Fig. 1). Although this region is gene rich and a
total of 38 genes are still included (Supplemental eTable SI), only
BSN, from among the five candidate genes proposed by Haldeman-
Englert et al., was included in SRO (Fig. 1). Bassoon encoded by
BSN is thought to be involved in cytomatrix organization at the
active zones of synapses [tom Dieck et al., 1998]. Mice knockout
bassoon showed no abnormalities in synapse density and morpho-
logical parameters, but synaptic transmission was reduced and
short-term synaptic depression was enhanced [Altrock et al,
2003; Hallermann et al., 2010]. Neuroradiological findings with
white matter involvement detected in the present two patients were
quite unique. Thus, BSN haploinsufficiency may be related to the
neurological and neuroradiological features of the patients with

microdeletions of 3p21.31, although no direct evidence is available
in this regard. More information would be needed to establish a
clear genotype-phenotype correlation.

The other important genes included in SRO are the laminin beta
2 gene (LAMB?) and the dystrophin-associated glycoprotein 1 gene
(DAGI; Fig. 1). LAMB2encodes one of the components of laminins,
which are multidomain heterotrimeric glycoproteins of the basal
lamina contain some chains, and is expressed at the neuromuscular
junctions. Cortical dysplasia has been observed in the mice
lacking laminin chains [Radner et al., 2013], although LAMB2
is responsible for an autosomal recessive congenital nephrotic
syndrome, Pierson syndrome (OMIM#609049) [Zenker et al.,
2004]. On the other hand, DAGI is required on the end feet of
radial glia, and the zebrafish dagl mutant hasbeen reported to show
brain abnormalities and ocular defects reminiscent of the pheno-
types observed in the human condition known as muscle-eye-brain
disease [Gupta et al., 2011; Myshrall et al., 2012]. Recently, a
homozygous mutation of DAGI was identified in a patient with
limb-girdle muscular dystrophy and cognitive impairment [Hara
et al., 2011]. Because these genes have functions in muscle and
neuromuscular junctions, haploinsufficiencies of these genes may
be related to hypotonia commonly seen in the patients with micro-
deletions of 3p21.31 and elevated serum CK levels, which were
specifically seen in the two patients in this study.

Regarding the other clinical features, the two patients of this
study showed congenital heart defects, including VSD and ASD +
PDA. However, the patient reported by Haldeman-Englert et al.
[2009] did not show any congenital heart defects. Short stature was
evident in Patient 2 in the present study and the patient reported by
Haldeman-Englert et al. [2009]. Because Patient 1 in this study also
showed mildly affected short stature, it is possible that this finding
may be frequently seen in patients with microdeletions of 3p21.31.

In this study, we confirmed common phenotypic features in the
patients with microdeletions of 3p21.31 and identified additional
features that have not been reported previously. Because the
constellation of such characteristic features is quite unique, clinical
manifestations of the patients with microdeletions of 3p21.31
would be clinically recognizable as a contiguous gene deletion
syndrome.
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Krabbe disease is an autosomal recessive leukodystrophy caused by the deficiency of the galactocerebrosidase
(GALC) enzyme. It is pathologically characterized by demyelination of the central and peripheral nervous sys-
terns by accumulation of galactosylsphingosine. To date, more than 120 mutations in the GALC gene have been
reported worldwide and genotype-phenotype correlations have been reported in some types of mutations. In
this study, we analyzed 22 unreported Japanese patients with Krabbe disease and summarized a total of 51
Japanese patients, including 29 previously reported patients. To elucidate how GALC mutations impair enzymatic -

Keywords:
Krabbe disease
Globoid cell leukodystrophy

Galactocerebrosidase activity, multiple disease-causing mutations including common mutations and polymorphisms were investigat-
Psychosine ed for enzymatic activity and precursor processing ability with transient expression system. We also performed
Protein processing 3-D enzyme structure analysis to determine the effect of each new mutation. Five novel mutations were detected
Phenotype including one deletion ¢.1808delT [p.L603X], one nonsense mutation ¢.1023C>G [p.Y341X], and three missense

mutations ¢.209T>C [p.L70P], c.1054G>A [p.G352R], and ¢.1937G>C [p.G646A]. For the total of 51 patients, 59%
had late-onset forms of Krabbe disease. Seven common mutations accounted for 58% of mutant alleles of patients
with Krabbe disease in Japan. Infantile-onset mutations had almost no enzyme activity, while late-onset muta-
tions had 4%-20% of normal enzyme activity. The processing rate of precursor GALC protein to mature form
was slower for infantile-onset mutations. Heat stability of the mutant proteins revealed that p.G270D was
more stable compared to the other mutations. The constructed 3D-model showed that the residues for Krabbe
mutations were less solvent-accessible and located in the core region of GALC protein. In conclusion, we have
demonstrated that the most common phenotype in Japan is the late-onset type, that the enzyme activity for
GALC mutants is correlated with mutational severity, and that the most pathogenic factor is due to the processing
rate from the precursor to the mature protein.

© 2013 Elsevier B.V. All rights reserved.

1. Introduction

Krabbe disease (globoid cell leukodystrophy; OMIM ID #245200) is
an autosomal recessive neurodegenerative disorder caused by a defi-
ciency of galactocerebrosidase (GALC) (EC 3.2.1.46). GALC enzymatic
activity is predominantly targeted in lysosomes, where it is essential
for normal catabolism of galactolipids, including a major myelin compo-
nent, galactocerebroside, and psychosine. GALC deficiency results in ab-
normal accumulation of galactosylsphingosine (psychosine), which is
cytotoxic to oligodendrocytes and Schwann cells (Nagara et al., 1986;
Tanaka et al,, 1988). Loss of these myelin-forming cells causes demye-

Abbreviations: ASA, solvent-accessible surface area; BMT, bone marrow transplantation;
GALC, galactocerebrosidase; GalCer, galactocerebroside; HM-gal, 6-hexadecanoylamino-4-
methylumbelliferyl-3-p-galactopyranoside; RMSD, root-rmean-square distance; TIM, central
triosephosphate isomerase.
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of Medicine, 2-2 Yamada-oka, Suita, Osaka 565-0871, Japan. Tel.: +81 6 6879 3932; fax:
+81 6 6879 3939.

E-mail address: norio@ped.med.osaka-w.acjp (N. Sakai).

! Present address: Department of Biochemistry, Children's Hospital, University Medical
Center Hamburg-Eppendorf, Hamburg, Germany.
2 Present address: Drug Discovery Research, Astellas Pharm Inc,, Tsukuba, Japan.

0378-1119/$ — see front matter © 2013 Elsevier B.V. All rights reserved.
http://dx.doi.org/10.1016/j.gene.2013.11.003

lination in both the central and peripheral nervous systems during
early developmental stages (Kobayashi et al., 1988; Seitelberger,
1981). According to the “psychosine hypothesis”, the main disease
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pathology depends on psychosine accumulation and its degradation
rate (Suzuki, 1998).

It has been reported that 90% of patients have the infantile form of
the disease with symptoms starting before 6 months of age. The re-
maining 10% have late-onset forms of Krabbe disease, which are classi-
fied into one of three classes, late-infantile (7 months to 3 years),
juvenile (3-8 years), or adult (=9 years) types, depending on the
time of disease onset (Wenger et al,, 2013). However, Duffner and col-
leagues recently reported that the incidence of the infantile-onset of
the disease was somewhat lower at 62% in the world-wide registry of
patients with Krabbe disease (Duffner et al,, 2012).

Molecular cloning of the human GALC gene by two groups (Chen
et al,, 1993a; Sakai et al., 1994a) (GenBank Accession Nos. L23116 and
138544, 138559) has led to molecular-level analyses of Krabbe disease.
According to the Human Gene Mutation Database (HGMD) more than
120 disease-causing mutations have been identified in the GALC gene,
many of which occur in compound heterozygous patterns in patients
(De Gasperi et al.,, 1996; Debs et al,, 2013; Fu et al,, 1999; Furuya et al,,
1997; Lissens et al., 2007; Puckett et al,, 2012; Selleri et al., 2000;
Tappino et al., 2010; Wenger et al,, 1997; Wenger et al., 2000). Some ge-
notype-phenotype correlations have been reported for patients with
Krabbe disease globally (Wenger et al., 1997) and by our group specifi-
cally for Japanese patients (Xu et al,, 2006).

A high incidence of polymorphic changes with apparent disease-
causing alleles also complicates the interpretation of the effects of mu-
tations. Among them p.I546T and p.I289V are common (mean allele fre-
quency 0.4428 and 0.1108, respectively) [NCBI SNP database]. It has
been reported that p.I66M in wild-type GALC shows normal enzyme ac-
tivity but exhibits low enzyme activity when it is associated with the
p.1289V polymorphism (Furuya et al., 1997). Other reports have also
noted that the presence of the p.I546T polymorphism with some muta-
tions causes low enzyme activity (Harzer et al., 2002; Lissens et al.,
2007; Luzi et al., 1996).

The precursor form of GALC contains 685 amino acids (80 kDa) and
is processed in lysosomes into two fragments, an N-terminal fragment
(50 kDa) and a C-terminal fragment (30 kDa) (active GALC) (Nagano
et al,, 1998), and enzyme activity depends on the amount of processed
protein from the precursor (Chen and Wenger, 1993). Our group has re-
ported that the optimal pH for purified GALC is 4.2 in the taurocholate
systemn (Sakai et al., 1994b).

In this study, we summarize the genotypes and phenotypes of 51
Japanese patients with Krabbe disease, the largest study so far, which in-
cluded 22 previously unreported and 29 previously reported patients.
To elucidate how GALC mutations impair enzymatic activity, we investi-
gated multiple disease-causing mutations including common mutations
and polymorphisms for enzymatic activity and precursor processing
ability using a transient expression system, and potential correlations
between infantile onset and late-onset phenotypes. We used 3-D en-
zyme structure analysis following the crystal structure of murine pre-
cursor GALC (Deane et al,, 2011) to determine the effect of each new
mutation identified in the previously unreported patients.

2. Materials and methods
2.1. Patients

The study included 22 Japanese patients with newly diagnosed
Krabbe disease, who have not been previously reported. Their diagnosis
was based on clinical signs, symptoms, and radiological findings with
laboratory confirmation based on their low GALC activity in blood lym-
phocytes and/or skin fibroblasts (Table 1). An additional 29 Japanese
patients with Krabbe disease were included, who have been previously
reported (Table 2).

With respect to mutation nomenclature, it is recommended to fol-
low the guidelines, which suggest using the first ATG as translation ini-
tiation codon as nucleotide +1 (http://www.hgvs.org/mutnomen).

203

However, GALC mutations have been previously reported with the sec-
ond ATG as nucleotide + 1 (Wenger et al., 2000; Xu et al.,, 2006). We
have used the older nucleotide and amino acid numbers in this manu-
script and described all mutations with both systems in Table 3.

2.2. Genomic DNA analysis by direct sequencing

After informed consent was obtained, genomic DNA was prepared
by standard methods from patients’ peripheral blood lymphocytes or
cultured skin fibroblasts and used for the subsequent studies. PCR reac-
tions and direct sequencing were conducted as previously described
(Xu et al., 2006).

2.3. Screening for the 30-kb deletion mutation

The presence of the 30-kb deletion mutation, which is most domi-
nant in Caucasian patients, was checked using the method previously
described by Xu et al. (2006) for patients 1, 3, 4, 14, 16, 17, 20, and 22,
who carried only one mutation.

24. Screening for p.L70P, p.G352R, and p.G646A in healthy subjects

Genomic DNA from 100 healthy control subjects was screened for
restriction fragment length polymorphisms for three novel missense
mutations p.L70P, p.G352R, and p.G646A. To detect p.L70P (c.209T>C),
genomic DNA samples were amplified using a mismatch-sense primer
of exon 2 (5-TATCGTTCTCAGATATTGGAAGATC) and an antisense
primer (Xu et al,, 2006). The product was digested with Bglll. To detect
p.G352R (c.1054G>A), genomic DNA samples were amplified using a
sense primer of exon 10 (Xu et al,, 2006) and a mismatch-antisense
(5'-TAAGCCATCAGTCAGAGCTACGTAGGATC) primer. The product was
digested with BamHI. Screening of p.G646A (c.1937G>C) genomic
DNA samples was amplified with the primer pair of exon 17 (Xu et al.,
2006) and the product was digested with BstNIL.

2.5. Cloning and construction of expression vector for human GALC

Wild-type human GALC cDNA containing 19-bp upstream from the
real first ATG translation initiation site {Sakai et al., 1998) to the Asel
site (178-bp downstream from the stop codon) was constructed in a
PSVL vector (Amersham). Twelve mutations and polymorphisms were
introduced by PCR-based mutagenesis including ¢.635_646delinsCTC,
pI66M, p.L70P, p.G270D, pI289V, p.Y341X, p.G352R, p.G496S, p.I546T,
p.G569S, p.L618S, and p.T652P, and five combined mutations
including p.[I66M + 1289V], p.[1289V + 1546T], p.[G270D + 1546T],
p.[G496S + 1546T], and p.[G569S + 1546T]. The sequences of all con-
structs were confirmed by DNA sequencing and restriction enzyme
analysis.

2.6. Transfection and cell culture

COS1 cells were prepared to 70-80% confluence in 6-cm dishes on
the day prior to transfection. Cell transfection was performed with
5 pL of TransFectin™ Lipid Reagent (Bio-Rad Laboratories K.K,, Tokyo,
Japan) and 8 pg of plasmids including empty vector (mock), wild-type
GALC cDNA, and GALC mutant constructs. Transfection reaction was per-
formed for 24 h and the medium was then changed to standard culture
medium of Dulbecco's Modified Eagle Medium (Life Technologies Co.,
Carlsbad, CA) with 10% fetal calf serum for an additional 96 h. Finally,
cells were harvested for enzyme activity measurement and Western
blotting.

2.7. Measurement of GALC activity with HM-gal

Enzyme activity was measured with 6-hexadecanoylamino-4-
methylumbelliferyl-B-p-galactopyranoside (HM-gal) (Slater & Frith
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Table 1

Clinical information for 22 Japanese patients with Krabbe disease as newly reported in this study.

Patient no. Age at onset CSF protein (mg/dL) MCV (my/s) Abnormal GALC activity®* Phenotype Genotype® Polymorphic background
1 1m 208 12 LYM (0) Infantile p.IR204X][?] 2891/1 5461/T
2 3m ND ND LYM (0.1) [nfantile ¢[635_646delinsCTC];p.[T652P] 2891/1 5461/1
3 4m 117 ND LYM (0.2) Infantile pR204X1:[?] 289V/V 5461/1
4 5m ND ND LYM (0.03) Infantile pJG43R}[?] 2891/ 5461/T
5 5m ND 24 LYM (0.03) Infantile pJW115X];[P302A] 2891/V 5461/1
6 6m 194 16 LYM (0) Infantile p.[Y341X];[Y341X] 2891/1 5461/1

7 6m ND ND LYM (0.05) Infantile ¢[635_646delinsCTC];[635_646delinsCTC] ND

8 7m ND ND LYM (0) Late-infantile  pJG43R};[T652P] 2891/1 5461/T
9 8m 148 Undetectable LYM (0) Late-infantile p.JR204X];c.[1808delT] 2891/V 5461/1
10 10m ND ND LYM (0.1) Late-infantile p.[L70P];[G270D] 2891/1 5461/T
11 11m 52 Normal LYM (0.1) Late-infantile ¢[1719dupT];p.[L618S] 2891/1 5461/1
12 Tyand2m 62 ND LYM (0.1) Late-infantile ¢[1719dupT];p.[L618S] 289V/V 5461/1
13 lTyand2m ND ND LYM (0.1) Late-infantile p.[I66M -+ [289V];[R204X] 2891/V 5461/1
14 2y ND ND LYM (0.1) Late-infantile p.[L618S]:[?] 2891/1 5461/T
15 3y 42 47 SF(0.2) Juvenile p.[P302A];[L618S] 289V/V 5461/1
16 14y ND ND LYM (0.4) Adult pJL618S]:[?] 2891/1 5461/T
17 20y ND ND LYM (0.2) Adult plAB41TL[?] 2891/1 5461/T
18 35y ND ND SF(0.1) Adult pL618S];[G646A] 2891/1 5461/1
19 35y ND ND LYM (0.1) Adult p.[G43R];[166M + 1289V] 2891/V 5461/1
20 44y ND 55 LYM (0.05) Adult p.[1289V + I546T];[?] 2891/V 5461/T
21 51y ND ND LYM (0.1) Adult p.[G270D];[G352R] 2891/V 5461/T
22 56y 30 Normal LYM (0.2) Adult pJL618S]:[?] 2891/ 5461/T

CSF, cerebrospinal fluid; GALC, galactocerebrosidase; m, month; LYM, fymphocyte; MCV, motor nerve conduction velocity; ND, not done; SF, skin fibroblast; y, year.
3 GALC activity is measured with HM-gal substrate and the normal GALC activity is >1 and >2 nmol/h/mg protein in lymphocytes and skin fibroblasts, respectively.
b «7" indicates no mutation was found in the second allele and bold indicates a novel mutation.

Ltd, Norwich, UK) as an artificial fluorescence substrate following the
Wiederschain protocol (Wiederschain et al., 1992). In short, harvested
cells were sonicated and incubated with the substrate in citrate-
phosphate (CP) buffer (pH 4.2) at 37 °Cfor 1 h and fluorescence (exci-
tation at 385 nm/emission at 450 nm) was measured with a microplate
reader. Enzyme activity was calculated as nmol/h/mg protein.

2.8. Measurement of GALC activity with [°H]-GalCer

GALC activity was measured with [*H]-galactocerebroside (GalCer)
using the standard protocol (Suzuki, 1978). In short, cell lysate
(70-80 pg/tube) was incubated with sodium tauorocholate (10 mg/mL)
and oleic acid (2 mg/mL) with [*H]-labeled GalCer in acidic media (CP
buffer pH 4.2) at 37 °Cfor 1 h. Digested [*H]-labeled galactose was sepa-
rated from undigested GalCer with chloroform:methanol (2:1) extraction
and radioactivity was measured. Enzyme activity was calculated as nmol/
h/mg protein.

2.9. Measurement of GALC activity with [°H]-psychosine

The psychosine degradation rate was measured with [*H]-psychosine
(American Radiolabeled Chemicals, Inc,, St. Louis, MO) following a previ-
ously described protocol (Harzer et al., 2002; Miyatake and Suzuki,
1972). In short, cell lysate (70-80 pg/tube) was incubated with sodium
tauorocholate (10 mg/mL), oleic acid (2 mg/mL), buffer A (50 mM
Tris-HCl, 10 mM MgCl,, and 8 mM mercaptoethanol) with [*H]-labeled
psychosine (25 pl/tube) (specific activity 44,000 dpm/nmol) in CP buff-
er (pH 4.5) at 37 °C for 24 h. After reaction, whole reaction sample was
dried, extracted with methanol, and then subjected to thin layer chroma-
tography (HPTLC silica gel 60; Merck-Millipore, Tokyo, Japan) to sepa-
rate digested [*H]-labeled galactose from undigested psychosine. The
presence of digested [®H]-galactose was confirmed by radioscanning,
[*H]-galactose containing silica gel was collected, and the radio-
activity was measured. Enzyme activity was calculated as nmol/h/mg
protein.

2.10. pH curve for mutant protein

CP buffers (0.1-0.2 M) were prepared at different pH (4~6) follow-
ing standard protocol (Tanaka and Suzuki, 1976) and GALC enzyme
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activity was measured with HM-gal substrate for the COS1 cells
transfected with common mutations (c.635_646delinsCTC, p.T652P,
p.G270D, p.I66M + p.[289V, and p.L618S).

2.11. Heat stability for the mutant GALC protein

Cell lysate was incubated at 48 °C for 5 and 10 min with neutral CP
buffer (pH 7). Enzyme activity was then measured with HM-gal sub-
strate for c.635_646delinsCTC, p.T652P, p.G270D, p.J66M + p.I289V,
and p.G569S. :

2.12. Westemn blotting

Western blotting was performed as previously reported (Otomo
et al,, 2009). In short, whole cell lysate was mixed with sample buffer
containing protease inhibitor and SDS. Samples (40 ug per lane) were
applied to a 10% polyacrylamide gel. After SDS-PAGE, protein was trans-
ferred to a 0.45-um PVDF membrane (Merck-Millipore) followed by
blocking with 5% skim milk solution. Rabbit polyclonal anti-GALC anti-
body (51051-2-AP, Proteintech, Chicago, IL) was used at 1:3000 dilution
as the primary antibody followed by the secondary antibody conjugated
with horse radish peroxidase at 1:5000 dilutions. Detection was per-
formed by chemical luminescence (SuperSignal West Dura; Thermo
Fisher Scientific Inc., Tokyo, Japan).

2.13. Structural modeling of human wild-type and mutant GALC

A structural model of wild-type human GALC was built using molec-
ular modeling software Modeller (http://salilab.org/modeller/) by
means of homology modeling. The crystal structure of mouse GALC
(PDB: 3ZR5) (Deane et al., 2011) was used as a template and energy
minimization was carried out. The root-mean-square distance (RMSD)
value was set at 0.05 kcal/mol/A. The structural models of the mutant
proteins incorporating amino acid substitutions were constructed
using molecular modeling software TINKER (http://dasher.wustl.edu/
ffe/) as previously described (Saito et al,, 2012).

Coloring of the influenced atoms in the three-dimensional structures
of the mutant GALC proteins was performed for the amino acid substi-
tutions as to the distance between the wild-type and mutants to
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Table 2
Clinical information for 29 previously reported Japanese patients with Krabbe disease.

Patient Ageat Phenotype Genotype® Polymorphic Reference

no. onset background
23 3m Infantile  ¢[635_646delinsCTC]; ND Tatsumi
[635_646delinsCIC] etal. (1995)
24 4m Infantile  pJT652P};[T652P] 2891/1546l/1 Xuetal
(2006)
25 4m Infantile  ¢[393delT};[?] 2891/1546/T Xuetal
(2006)
26 4m Infantile  ¢[635_646delinsCTC]; ND Tatsumi
[635_646delinsCTC] etal. (1995)
27 4m Infantile  ¢[635_646delinsCTC]; ND Fuetal
p.[T652P] (1999)
28 5m Infantile  p[L364R};[T652P] 2891V 5461/1 Xu et al.
(2006)
29 5m Infantile  pJR515H]:[R515H] ND Fuetal
(1999)
30 <6m Infantile  pS52F];[W410G] ND Fuetal
(1999)
31 <6m Infantile  p.[R204X];[1234T] 2891/V 5461/1 Xuetal
(2006)
32 <6m Infantile ¢[635_646delinsCTC]; 289I/V 5461/1 Xuet al.
pJR204X] (2006)
33 6 m Infantile  pJW115X];[P302A] 2891/V 5461/1 Xuetal
(2006)
34 6m Infantile c[635_646delinsCTC); 2891/1546l/T Xuetal
7] (2006)
35 6m Infantile c[635_646delinsCTC]; 2891/15461/1 Xuetal
p[T652P] (2006)
36 6m Infantile  pJ[S257F;[?] 2891/1 546/T Xuetal
(2006)
37 8 m Late- p.[P302A];[L618S] 2891V 5461/ Xuetal
infantile (2006)
38 1y Late- ¢.[635_646delinsCTC]; ND Fuetal
infantile  pJfT262[] (1999)
39 2y Late- p[G270D];[R515H] 2891/1546T/T Xuetal
infantile (2006)
40 3y Juvenile p[I66M -+ 1289V]; 2891V 5461/1 Xuetal
[W647X] (2006)
41 3yand Juvenile p[I66M + 1289V]; 2891/V 54611 Xuetal
6 m c[1719dupT] (2006)
42 3yand Juvenile ¢[635_646delinsCTC]; 2891115461/ Xuetal
6 m 71 (2006)
43 5y Juvenile c[635_646delinsCTC]; 2891/V 5461/1 Xuetal.
p[I66M + 1289V] (2006)
44 10-20y Adult p[G270D[;[G270D]  ND Furuya et al,
(1997)
45 10-20y Adult p[166M + 1289V]; ND Furuya et al.
[I66M -+ 1289V] (1997)
45 10-20y Adult p[I66M - 1289V]; ND Furuya et al.
[Y354X] (1997)
47 10-20y Adult p.[L6185]; ND Furuya etal.
[IVS6 + 5G>A] (1997)
48 51y Adult p[L618S];[L618S] ND Satoh et al.
(1997)
49 59y Adult p.[I66M -+ 1289V]; 289V/V Xuetal
[166M + 1289V] 546T/T (20086)
50 60y Adult p.[G496S];[G5695] 2891/15461/T Tokushige
etal. (2013)
51 69y Adult p.JG270D];[G270D] 2891/1546l/1 Xuetal
(2006)

m, month; y, year; ND, not done.
b «»" indicates no mutation was found in the second allele.

determine the influence of the amino acid substitutions geographically
according to the method previously described (Saito et al,, 2012).

2.14. Determination of root-mean-square distance (RMSD) values of all
atoms and solvent-accessible surface area (ASA) values of amino acid
residues

The RMSD values of all atoms in the mutant enzyme structures were
determined according to Weiner's method to predict the severity of the
structural changes as previously described (Weiner et al., 1984). To de-
termine whether the amino acid substitutions are located in the protein
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core or on the protein surface, the ASA value of each amino acid residue
in wild-type GALC was calculated using Stride (http://webclu.bio.wzw.
tum.de/stride/).

2.15. Calculation of the numbers of atoms influenced by amino acid
substitutions

To determine the influence of the amino acid substitutions on the
GALC protein structure, each mutant model was superimposed on the
wild-type GALC structure based on the o-C atoms. We defined that
the structure was influenced by an amino acid substitution when the
position of an atom in a mutant differed from that in the wild-type
structure by more than 0.15 A based on the total RMSD. The numbers
of influenced atoms in the main chain and side chain were calculated.

2.16. Statistical analysis

Experiments were performed three times each in duplicate. Data
presented are means =+ standard error (SE). Comparison was conduct-
ed with a Student's t-test. Results were considered statistically signifi-
cant when p < 0.05.

3. Results
3.1. Phenotypes of the patients in Japan

For the total cohort of 51 patients with Krabbe disease, the pheno-
types regarding age at onset were infantile (n = 21, 41%), late-
infantile (n = 10, 20%), juvenile (n = 5, 10%), and adult (n = 15,
29%) (Tables 1 and 2). Thus, 59% had late-onset Krabbe disease.

3.2. Novel mutations

We detected 36 mutant alleles for the 22 new patients and found
five novel mutations including one small deletion ¢.1808delT, one ho-
mozygous nonsense mutation p.Y341X, and three heterozygous mis-
sense mutations p.L70P, p.G352R, and p.G646A (Table 1).

3.3. Detection of the 30-kb deletion

The 30-kb deletion was not found in patients 1, 3, 4, 14, 16, 17, 20,
and 22, who only had one mutant allele.

3.4. Phenotype—genotype correlation

Ninety causative mutations (88%) were detected among the total co-
hort of 51 patients (102 alleles). The seven most comrmon mutations in-
cluding ¢.635_646delinsCTC, p.T652P, p.R204X, p.P302A, p.[I66M -+
1289V}, p.L618S, and p.G270D were detected in 59 alleles (58%) out of
102 alleles. Four mutations, ¢.635_646delinsCTC, p.T652P, p.R204X,
and p.P302A, were responsible for infantile-onset disease as patients
who were homozygous or compound heterozygous for these mutations
showed the infantile phenotype. Three mutations, p.[I66M + 1289V],
p.L618S, and p.G270D, contributed to late-onset disease as patients
who were heterozygous for these mutations showed late-onset pheno-
types (Table 3). By detecting two common infantile mutations or one
common late-onset mutation in a patient, we can expect the phenotype
to be infantile or late-onset in 16% and 45% patients, respectively. Phe-
notype can therefore be determined for a total of 61% of the patients
by checking these seven common mutations.

3.5. Screening for the novel p.L70P, p.G352R, and p.G646A mutations in
healthy subjects

The novel p.L70P, p.G352R, and p.G646A mutations were not detect-
ed in 100 healthy control subjects. These missense loci for the GALC gene
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Table 3
Genotype-phenotype correlation for all mutations detected in Japanese Krabbe patients.
Mutation (new nomenclature) Mutation (old nomenclature) Phenotype Total (%)
Infantile Late-infantile Juvenile Adult

€.683_694delinsCTC ¢.635_646delinsCTC 10 2 2 0 14 (13.7)
p.T668P p.T652P 6 1 0 0 7(6.8)
p-R220X p.R204X 4 2 0 0 6(5.8)
p.P318A p.P302A 2 1 1 0 4(3.9)
p.L634S pL618S 0 3 1 7 11(10.7)
pJI82M + 1305V] p{I66M + 1289V} 0 1 3 6 10 (9.8)
p.G286D p.G270D 0 2 0 5 7 (6.8)
Sub-total 59/102 (58)
p.G59R p.G43R 1 1 0 1 3(2.9)
p.R531H p.R515H 2 1 0 0 3(2.9)
¢1767dupT ¢.1719dupT Q 2 1 0 3(2.9)
pW131X pWI115X 2 0 0 0 2(1.9)
p.Y357X p.Y341X 2 0 0 0 2(1.9)
p.S68F p.S52F 1 0 0 0 1(1.0)
p.Ls6P p.L70P 0 1 0 0 1(1.0)
p.I1250T p234T 1 0 0 0 1(1.0)
D.S273F p.S257F 1 0 0 0 1(1.0)
p.T2781 p.T12621 0 1 0 0 1(1.0)
p.G368R p.G352R 0 0 0 1 1(1.0)
p.Y370X p.Y354X 0 0 0 1 1(1.0)
p.L380R p.L364R 1 0 0 0 1(1.0)
p-W426G p-W410G 1 0 0 0 1(1.0)
p.G512S p.G496S 0 0 0 1 1(1.0)
p.G585S p.G569S 0 0 0 1 1(1.0)
p.AB57T p.AB4IT 0 0 0 1 1(1.0)
p.G662A p.G646A 0 0 0 1 1(1.0)
p-W663X p-W647X 0 0 1 0 1(1.0)
c441delT €.393delT 1 0 0 0 1(1.0)
¢.1856delT ¢.1808delT 0 1 0 0 1(1.0)
IVS6 + 5G>A IVS6 + 5G>A 0 0 0 1 1(1.0)
p1305V + 1562T] p[1289V + 1546T] 0 0 0 1 1(1.0)
Total 90/102 (88)

Of the seven most common mutations (58% of alleles), ¢.635_646delinsCTC, p.T652P, p.R204X, and p.P302A are mostly responsible for the infantile phenotype while p.[I66M + 1289V],

p.L618S, and p.G270D are mostly responsible for late-onset phenotypes.

are well conserved in different species including monkey, dog, and
mouse (Luzi et al., 1997).

3.6. GALC enzyme activities with different substrates

We prepared COS1 samples transfected with each expression
construct and measured their GALC enzyme activities. With HM-gal
as substrate, the enzyme activities for infantile-onset mutations
(c.635_646delinsCTC, p.T652P) after mock subtraction were 0%, where-
as those for the late-onset mutations (p.G270D, p.[I66M -+ 1289V], and
p.L618S) and polymorphisms (p.J66M, p.1289V, and p.I546T) were
4-20% and 42-46% of normal, respectively (Fig. 1A). With [?H]-GalCer
as substrate, the enzyme activities for infantile-onset mutations after
mock subtraction were 0%, whereas those for the late-onset mutations
and polymorphisms were 6-20% and 40-55% of normal, respectively
(Fig. 1B). With [°H]-psychosine as substrate, the enzyme activities for
infantile-onset mutations ¢.635_646delinsCTC and p.Y341X after mock
subtraction were 0% and 6% for p.T652P, whereas the late-onset muta-
tions and polymorphisms showed 8-19% and 36-40% of normal, respec-
tively (Fig. 1C). Novel or uncommon mutations, p.Y341X, p.L70P,
p.G352R, and p.G4968S, had no enzyme activities with HM-gal and
[®H]-GalCer, while p.G569S mutation had 11% activity with HM-gal
and 9% with [*H]-GalCer (Fig. 1A & B). The activities for each mutation
were basically correlated with disease severity. Statistical analyses of
the difference in activity between the common infantile-onset mutation
¢.635_646delinsCTC and late-onset mutations and polymorphisms
were most significant when activities were measured with natural sub-
strate or psychosine, although HM-gal was less hazardous and we mea-
sured maximum number mutations using this system.
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3.7. GALC protein processing

The precursor 80-kDa protein band was detected for all the con-
structs except mock and the nonsense mutation p.Y341X, and there
were no major differences between wild type and infantile or late-
onset mutations. The processed 30-kDa protein band was well detected
only with late-onset mutations (Fig. 1D). The uncomimon and/or novel
mutations (p.L70P, p.G352R, and p.G496S) had a weaker 30-kDa band
than that for p.G569S (Fig. 1D). The 30-kDa bands were denser for
p.I66M, p.1289V, p.I546T, and p.G270D alone. They were weaker for
p.[I66M -+ 1289V, p.{1289V + 1546T], and p.[G270D + 1546T] as com-
binations with p.1546T (Fig. 2C). p.G270D is a common late-onset muta-
tion world-wide and its coincidence with p.[546T proved to influence
residual activity. Heat treatment showed that both 80-kDa and 30-kDa
protein bands remained intact except for p.G569S where the 30-kDa
protein band was degraded after 10 min of heat treatment (Fig. 3C). It
is not possible to detect the 50-kDa fragment with this antibody, al-
though it is expected to show a similar expression pattern to the 30-
kDa fragment.

3.8. Effect of polymorphism p.I546T on enzyme activity and GALC
processing

The activity for p.G270D, p.G569S, p.G496S, and p.1289V was 20%,
11%, 0%, and 46% of normal, respectively, with HM-gal substrate, and
19%, 9%, 0%, and 55% of normal, respectively, with [*H]-GalCer substrate
after mock subtraction (Fig. 2A & B). However, when p.[546T was intro-
duced with these mutations, activity was markedly lower, The activity
of p.[G270D + 1546T], p.[G569S + I546T], p.[G496S + 1546T], and
p.[1289V + I546T] mutations was 9%, 2%, 0%, and 16%, respectively,
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Fig. 1. In vitro expression of GALC mutations. Enzyme activities of transfected COS1 cells with wild type and mutants were measured with different substrates: A. HM-gal, B. [°H]-GalCer,
and C. [’H]-psy (each n = 3). Common polymorphisms and late-onset mutants have higher activity than infantile mutants with all the substrates, Values are means + SEM. *p < 0.05,
**p < 0.01, and ***p < 0.005 [Student's t-test for all mutants and polymorphisms vs. ¢.635_646delinsCTC with all the substrates]. D. Western blotting of precurser (80 kDa) processing
to GALC enzyme (30 kDa). All lanes except mock and stop codon mutant p.Y341X show precursor band, while processed protein is only observed for wild type and late-onset mutations,
E. GALC processing rate is calculated by the ratio of 30-kDa to 80-kDa band densities (30 kDa/[30 kDa + {80 kDa/(80/30)}]) between wild type and mutations (each n = 3). Infantile-
onset mutations show a low processing rate, while late-onset mutations show a high processing rate. Values are means = SEM. *p < 0.05 and ***p < 0.005 (Student's t-test vs. wild type).

with HM-gal substrate, and 0%, 0%, 0%, and 7%, respectively, with [*H]- mutant, p.[I66M + 1289V]. On Western blotting, the precursor level of
GalCer substrate (Fig. 2A & B). In particular, p.[1289V + [546T], a combi- p.[I1289V + 1546T] was as faint as p.[I66M + 1289V]. Taken together
nation of two polymorphisms, showed low activity as a late-onset  this combination p.[I289V + 1546T] that is found in patient 20
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Fig. 2. Invitro effects of GALC polymorphisms and their combinations. GALC enzyme activity was measured for COS1 cells transfected with polymorphism p.1546T combined with different
mutations with different substrates: A. HM-gal and B. [>H]-GalCer (each n = 3). Presence of p.I546T causes reduced activity with both substrates. Values are means + SEM. *p < 0.05,
*p < 0,01 and ***p < 0.005 (Student's t-test). C. Western blotting shows that all three polymorphisms, p.I66M, p.1289V, and p.I546T, have a well processed 30-kDa band but combination
of two polymorphisms causes a low processing rate.
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Fig. 3. Heat stability of wild-type and mutant GALC protein. After heat treatment at 48 °C, GALC activity was measured using HM-gal as a substrate. A. Wild-type GALC shows 75% and 70%
stability after 5 and 10 min, respectively (mean; n = 2). B. All mutant proteins lost their activity after 5 min except for p.G270D, which had some activity (40%) after 5 min, but all lost
activity after 10 min (mean; n = 2). C. Western blot shows both the precursor and processed protein remain intact except p.G569S for which processed protein (30 kDa) is degraded after

10 min.

(Table 1) is suggested as causative mutation such as p.[I66M + 1289V].
This patient was diagnosed by clinical phenotype including early-onset
dementia, dysarthria, spastic paraplegia, MRI image, and enzyme
measurement.

3.9. pH curve for the mutant enzyme

Wild-type enzyme has maximal activity at pH 4.2 (Fig. 4A) as previ-
ously reported for the purified enzyme (Sakai et al., 1994b). The pattern
of the pH curve appears different for the mutant enzymes. The activities
for the mutants are lower and it was difficult to describe the precise op-
timal pH for each mutant (Fig. 4B and C).

3.10. Heat stability

For wild type, enzyme activity was reduced to 70% and 75% after 5
and 10 min of heat treatment, respectively (Fig. 3A). All the mutant pro-
teins lost activity markedly after 5 min except for p.G270D, which
maintained 40% activity after 5 min (Fig. 3B). The decrease in activity
did not depend on the protein level as confirmed by Western blot
(Fig. 30).

3.11. Structural changes caused by the amino acid substitutions

A structural model of human GALC was constructed using crystallo-
graphic data for mouse GALC as a template. The amino acid identity
between them was 83%. According to the constructed model, human
GALC is composed of three domains: a p-sandwich domain, a central
triosephosphate isomerase (TIM) barrel domain containing the active

site, and a lectin domain. The locations of the amino acids involved in
the substitutions examined in our study are shown in Fig. 5. They
were distributed throughout the three domains comprising the enzyme
molecule. The ASA values of the amino acids, for which substitutions are
involved in Krabbe disease (p.L70P, p.G352R, p.G496S, p.G569S, and
p.G646A) and GALC polymorphisms (p.I66M, p.1289V, and p.1546T)
are 0.0-4.6 A% and 0.0-0.8 A?, respectively. This suggests that the resi-
dues for Krabbe mutations are less solvent-accessible and located in
the core region of GALC protein.

We constructed three-dimensional models of the mutant GALC pro-
teins and calculated the RMSD values and numbers of affected atoms to
predict the conformational changes due to the amino acid substitutions.
Fig. 6 shows coloring of the influenced atoms in the three-dimensional
structures.

» p.L70P: L70 exists at the end of an a-helix in the TIM barrel domain
and is buried in the molecule. p.L70P is predicted to cause a moderate
conformational change (Fig. 6A) and might decrease the stability of
the protein.

° p.G352R: G352 is located on the R-sandwich domain and the structur-
al change caused by p.G352R is predicted to be large. It should
cause a large conformational change around the substituted residue
(Fig. 6B).

o p.G496S and p.G569S: G496 and G569 are each located on the lectin
domain and buried in the molecule. p.G496S (Fig. 6C) and p.G569S
(Fig. 6D) are predicted to cause conformational changes near the
boundary between the lectin and TIM barrel domains.

° p.G646A: G646 is located at the end of a loop in the lectin domain,
being near a glycosylation site, and p.G646A is predicted to cause a
conformational change around the substituted residue (Fig. 6E).
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» p.l66M: 166 exists on an a-helix of the TIM barrel domain. p.J66M is
predicted to affect conformation around the substituted residue
(Fig. 6F).

» p.I289V: 1289 is located on a B-strand of the TIM barrel domain.
p.1289V is predicted to have little effect on the conformation of the
protein (Fig. 6G).

* p.J546T: 1546 is located on a B-strand of the lectin fold. p.1546T is pre-
dicted to cause a small conformational change around the substituted
residue (Fig. 6H).

° pI66M + P.I289V: The locations of 166 and 1289 are distant (Fig. 61).
However, the resultant RMSD value and calculation of the number of
affected atoms showed that coexistence of p.166M and p.I1289V causes
a large conformational change (Table 4).

* p.J289V + p.I546T: The locations of 1289 and 1546 are distant (Fig. 6]).
Their coexistence of p.J289V and p.I546T did not increase the RMSD
value or the number of influenced atoms by the amino acid
substitutions.

4, Discussion

With respect to clinical phenotype there are no especially specific
features among Krabbe disease patients in Japan as compared to Cauca-
sian patients (Debs et al., 2013). Common onset symptoms among late-
onset patients in Japan are vision field impairment, spastic paraplegia,
and learning difficulty. In addition, phenotype development is also
very slow and it sometimes takes more than several years for patients
or their families to notice the symptoms. Elderly patients with mild
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phenotypes can work until they retire with their symptoms only being
recognized as part of the normal aging process.

In this study of the largest cohort of Japanese patients with Krabbe
disease to date, we found that 59% of 51 patients had late-onset pheno-
types of the disease, which is therefore the predominant phenotype in
Japan. This is important information with respect to newborn screening
in the future and applicability of potential treatment with bone marrow
transplantation (BMT). BMT is the only established treatment option for
Krabbe disease. As pre-symptomatic patients derive greater beneficial
effects from BMT than symptomatic patients (Escolar et al.,, 2005) and
because BMT is a very adverse treatment for newborn infants, newborns
identified as having late-onset disease on screening can delay pre-
symptomatic transplantation to an age more amenable for BMT. Our
study provides a new protocol to classify novel mutations into infantile
or late-onset forms by a combination of the transient expression
methods using enzyme assay and Western blotting.

The GALC gene exhibits a high degree of molecular heterogeneity
and most of the mutations are private mutations for which it is difficult
to predict the phenotype. Newborn screening for Krabbe disease started
in New York and they found it difficult to distinguish phenotypes by
mutations (Duffner et al., 2009). In our study, we did not find the
most frequent 30-kb deletion mutation for Caucasian patients. Howev-
er, we were able to show a clear-cut relationship between the seven
most common mutations and their phenotypes. If we find two alleles
from four mutations (¢.635_646delinsCTC, p.T652P, p.R204X, or
p.P302A) in a homozygous or compound heterozygous state, the phe-
notype will be infantile-onset disease, while if we find one allele of
the three mutations (p.[I66M + 1289V}, p.L618S, or p.G270D), the
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Fig. 5. Structural model of wild-type human GALC enzyme showing locations of the amino acids involved in the substitutions examined in this study. The backbone is shown as a ribbon.

The residues involving substitutions are presented as space filling models.

phenotype will be late-onset phenotypes of disease without exception,
atleast in our Japanese cohort. This will therefore provide very useful in-
formation from the newborn screening of Krabbe disease in Japan with
respect to treatment strategy.

Our study is the first to measure in vitro expression of GALC enzyme
activity of mutation constructs using three different substrates, i.e., fluo-
rescent, natural, and psychosine substrates. We found significant differ-
ences between infantile-onset and late-onset mutations with all the
substrates (p < 0.05 for HM-gal and p < 0.01 for [*H]-GalCer and [*H]-
psychosine) and the difference between wild type, polymorphisms,
and infantile-onset and late-onset mutations was well maintained
with all the substrates (Fig. 3A, B, C). If we determine in vitro expression
of GALC enzyme activity, we can therefore predict whether their pheno-
type will be infantile or late-onset by comparison with data for known
common mutations. For example, patients 10 and 21 had one allele
with a common late-onset mutation, p.G270D, which had high GALC ac-
tivity, while the other allele was p.L70P or p.G352R, respectively, which
had no GALC activity (Fig. 3A, B). As one allele had high residual
activity, the phenotype remained mild. In patient 2, both alleles
¢.[635_646delinsCTC];p.[T652P] had no activities; the phenotype was
therefore infantile. However, in patient 50, both alleles p.[G569S];
[G496S] were unknown whereas one allele p.G569S had high activity
and the other allele p.G496S had no activity from the experiment: the
patient would therefore be expected to have a late-onset phenotype,
which was confirmed in this report. We can now, therefore, predict phe-
notype as infantile and late-onset disease for all reported Krabbe pa-
tients: 61% patients can be diagnosed by screening the seven common
mutations. The remaining patients can be predicted by determination
of enzyme activity and mature protein expression with in vitro GALC
expression.

On Western blotting, the processing rate of the GALC precursor
(80 kDa) to active GALC (30 kDa) was also higher for late-onset muta-
tions whereas infantile mutations had lower processing rates.
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Furthermore, the processing rate correlated well with GALC enzyme ac-
tivity (Fig. 1E). This was also maintained for uncommon mutations.

The p.I546T polymorphism has a strong effect in reducing GALC ac-
tivity when it is present with the other mutations (Fig. 2) and also has
a strong effect on protein processing. In combination with another poly-
morphism, p.1289V, GALC activity is also reduced and protein processing
is markedly inhibited. This is the first report of the p.[I1289V + 1546T]
combination as a causative mutation.

The “psychosine hypothesis” was previously supported by the accu-
mulation of psychosine in the brain (Svennerholm et al., 1980; Vanier
and Svennerholm, 1976) and blood (Zhu et al,, 2012), showing that dis-
ease severity is dependent on the amount of psychosine accumulation.
Harzer et al. (2002) showed some correlations for phenotypes and
psychosine degradation rate by using skin fibroblast and blood lympho-
cytes from patients who had compound heterozygous mutations. We
have shown for the first time in this report with individual mutations
that the severity of the mutation also correlates with the degradation
of psychosine substrate. Late-onset mutations can degrade psychosine
at a significantly higher rate than infantile mutations (p < 0.005)
(Fig. 1C), which therefore supports the “psychosine hypothesis”. Our
experiments also indicate that high temperature reduces GALC activity
for mutant GALC proteins (Fig. 3), which suggests a clinical insight for
infantile patients who have a tendency to deteriorate under febrile
conditions.

Enzyme structure analysis revealed that the infantile-onset muta-
tion p.G352R causes a large structural change leading to a severe confor-
mational change. The new mutation, p.G496S, is thought to affect the
important core region of the enzyme molecule, although the structural
change is small.

By mutation analysis and/or in vitro mutant GALC expression, we can
separate all patients into two groups: infantile and late-onset pheno-
types. However the late-onset phenotype cannot be divided in sub-
groups such as late-infantile, juvenile, or adult phenotypes. We need
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Fig. 6. Structural models of different mutant GALC enzymes. A. p.L70P, B. p.G352R, C. p.G496S, D. p.G569S, E. p.G646A, F. p.166M, G. p.1289V, H. p.I546T, L. p.[I66M + p.[289V], and J.
[p1283V + p.I546T]. The distributions of the influenced atoms in the mutant GALC are shown. The colors of the atoms show the distances, as follows: blue < 0.15 A, 0.15 A < cyan < 0.30 A,
0.30 A < green < 045 A, 045 A < yellow < 0.60 A, 0.60 A < orange < 0.75 A, and red > 0.75 A. The substituted amino acids are shown in the CPK model. (For interpretation of the references

to color in this figure legend, the reader is referred to the web version of this article.)

to find some other alternative to classify all four phenotypes to select
better treatment options. Our study provides a new protocol to classify
novel mutations into infantile or late-onset forms by a combination of
the transient expression method using enzyme assay and Western blot-
ting. It takes considerable time to set up the methods for this expression
system and to perform Western blotting, but it will be important to de-
velop these systems in the future if the estimation of phenotype is even-
tually required during newborn screening.

It was long thought that mannose-6-phosphate is responsible for
GALC transportation (Nagano et al., 1998). More recently, it has been

Table 4
Conformational changes caused by GALC amino acid substitutions.
Amino acid Mutant ASA RMSD No. of atoms
substitution characteristics (A% (A) affected
Main Side
chain chain
p.L70P Krabbe; infantile 0 0.042 34 22
p.G352R Krabbe; infantile 4.6 0.118 181 237
p.G496S Krabbe; infantile 0 0.014 0 7
p.G569S Krabbe; late-onset 0.2 0.034 32 25
p.G646A Krabbe 1.5 0.03 10 3
p.I66M Polymorphism [¢] 0.051 52 82
p.289V Polymorphism 0 0.005 0 0
p.I546T Polymorphism 0.8 0.014 2 7
p[I66M + 1289V]  Krabbe; late-onset 0 0.066 89 149
p[I1289V + [546T]  Krabbe; possible 0.8 0.015 2 9
late-onset

ASA, solvent-accessible surface area; RMSD, root-mean-square distance.
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suggested that the lectin domain, which is unique for the GALC protein
structure, plays an important role in transportation (Deane et al., 2011).
It has also been reported that some mutant GALC precursors cannot be
transported to lysosomes and cannot be processed into active GALC, al-
though infantile and late-onset mutations were not analyzed separately
(Lee et al,, 2010). This opens avenues for further study and we are now
investigating the location of mutant GALC precursor, its transport, and
site of degradation to active GALC for each phenotype.

5. Conclusion

We summarize Japanese patients with Krabbe disease and report
that the most common phenotype in Japan is the late-onset phenotype
and not the infantile phenotype. We analyzed the common mutations in
a transient enzyme expression system and found that enzyme activity
using three substrates was correlated with that for the natural substrate
and could be used to estimate clinical phenotype. Higher residual activ-
ity for late-onset mutations resulted from the higher processing rate of
the mature enzymes.
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Gaucher Disease: Ocular Findings and Therapy
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Abstract
Ocular manifestations occur in various inborn errors of metabolism and play an
important role in diagnosis. Gaucher disease is the most common lysosomal stor-
age disease, and results in accumulation of the sphingolipid, glucosylceramide, in
the reticuloendothelial system. Ocular manifestations of Gaucher disease include
failure in voluntary horizontal saccadic initiation and the display of compensa-
tory behaviors, such as head thrusting and blinking, early in the course of the
disease. As therapeutic approaches become available, the need for early diagnosis
is increasingly important.
(Neuro-ophthalmol Jpn 29: 303 ~ 309, 2012)

Key Words: Gaucher disease, horizontal saccadic initiation failure, enzyme
replacement therapy (ERT), substrate reduction therapy, chaper-
one therapy
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