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Abstract

Introduction: Galactosialidosis is a rare lysosomal storage disease caused by a combined deficiency of GM1 b-galactosidase
(b-gal) and neuraminidase secondary to a defect of a lysosomal enzyme protective protein/cathepsin A (PPCA) and mutation in
CTSA gene. Three subtypes are recognized: early infantile, late infantile, and juvenile/adult. There is no specific therapy for patients
with galactosialidosis at this time.

Objectives: The aim of this study was to determine the chaperone effect of N-octyl-4-epi-b-valienamine (NOEV) on b-gal proteins
in skin fibroblasts of PPCA-deficit patients.

Methods: b-Gal and neuraminidase activities were measured for the diagnosis of the patients with galactosialidosis. Western
blotting for PPCA protein and direct sequencing for CTSA gene were performed. Cultured skin fibroblast were treated with NOEV.

Results: We report four novel patients with galactosialidosis: one had the early infantile form and the other three had the juve-
nile/adult form. We found that NOEV stabilized b-gal activity in lysate from cultured skin fibroblasts from these patients.
Treatment with NOEV significantly enhanced b-gal activity in cultured skin fibroblasts in the absence of PPCA.

Conclusions: Our results indicate the possibility that NOEV chaperone therapy might have a beneficial effect, at least in part, for
patients with galactosialidosis.
� 2015 The Japanese Society of Child Neurology. Published by Elsevier B.V. All rights reserved.
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1. Introduction

Galactosialidosis (MIM: 256540) is an autosomal
recessive lysosomal storage disorder originally
characterized as a combined deficiency of GM1

b-galactosidase (EC 3.2.1.23) and
N-acetyl-a-neuraminidase (EC 3.2.1.18) due to a pri-
mary defect of protective protein/cathepsin A (PPCA)
[1,2] that regulates their stability and activity in
lysosomes through the formation of a multienzymic
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complex [3,4]. To date, about 80 patients have been
reported globally. More than 60% of patients have been
reported in Japan and most of them have juvenile or
adult onset. Most patients develop loss of vision as an
initial symptom, followed by neurological abnormalities
(such as action myoclonus or cerebellar ataxia), skeletal
dysplasia, cherry-red spots, and angiokeratoma (juve-
nile/adult form) [2]. A few early infantile patients have
also been reported with fetal hydrops, visceromegaly,
skeletal dysplasia, and cherry-red spots [5–7].
Single-base mutations, c.146 A > G (p.Q49R) and
c.1184 A > G (p.Y395C), have been reported as early
infantile mutations for Japanese patients in several pub-
lications [5,6,8]. Another A > G substitution at position
3 of the 50 donor splice site of intron 7 (SpDEx7) has
been reported as a juvenile/adult mutation [5,9].

The human CTSA gene encoding PPCA protein is
composed of 15 exons and 480 amino acids [10]. The
glycosylated precursor (54 kDa) is synthesized in the
endoplasmic reticulum and dimerizes [11]. After synthe-
sis, the precursor undergoes a protease-mediated matu-
ration process. The mature and functional protein
present in lysosomes consists of two subunits (32 and
20 kDa) [12–14]. It has been reported that the primary
defect in galactosialidosis is the absence or deficiency
of the 32/20-kDa PPCA and its 54-kDa precursor. It
has also been postulated that this protein is needed to
protect b-gal against rapid proteolytic degradation in
the lysosomal environment and is required to unite
b-gal monomers and neuraminidase into a complex [1].

To date, there are no available therapies for human
galactosialidosis. However, there has been one pub-
lished report on the utility of bone marrow transplanta-
tion in a murine galactosialidosis model [15]. We have
identified a low molecular weight compound,
N-octyl-4-epi-b-valienamine (NOEV), as a potent
Table 1
Clinical information for the patients with galactosialidosis.

Case Age at onset Clinical presentation b-G

Pt. 1 38 yrs � Cherry-red spots
� Cerebellar ataxia
� Myoclonus

56 (

Pt. 2 Intra-uterine � Hydrops fetalis
� Generalized edema
� Massive hepato-slpenomegaly
� Died on day 17 with renal failure

64 (

Pt. 3 17 yrs � Visual impairment
� Cherry-red spots

23 (

Pt. 4 4–5 yrs � Cherry-red spots
� Cerebellar ataxia
� Myoclonic seizure
� Severe bone deformity

64 (

SF, skin fibroblast; LYM, lymphocyte.
a Normal b-gal activity is �300 and �150 nmol/h/mg protein in SF and L
b Normal neuraminidase activity is �50 and �25 nmol/h/mg protein in SF
c “?” indicates no mutation was found in the second allele and bold indica
chemical chaperone for mutant b-gal proteins [16–18].
We have also demonstrated its effectiveness in a murine
GM1-gangliosidosis model [19,20].

In this study, we report four new Japanese patients
with galactosialidosis. We then determined the chaper-
one effect of NOEV on b-gal protein in skin fibroblasts
of these PPCA-deficient patients.
2. Materials and methods

2.1. Patients

The study included four Japanese patients with newly
diagnosed galactosialidosis, who have not been previ-
ously reported. Their diagnosis was based on clinical
signs, symptoms, and laboratory and radiological find-
ings. Their low b-gal and neuraminidase activities in
blood lymphocytes and/or skin fibroblasts are reported
in Table 1.

2.2. DNA analysis by direct sequencing

After informed consent, cDNA was prepared for
patients 1 and 2. PCR amplification and direct sequenc-
ing were conducted for the CTSA gene as previously
reported [5]. We also determined mutations by direct
genomic DNA sequencing for all four patients.

2.3. Cell culture and NOEV treatment

For one healthy subject and patients 1, 2, and 4, skin
fibroblasts were grown to 80–90% confluence in 3.5-cm
dishes on the day prior to NOEV treatment in standard
culture medium of Dulbecco’s Modified Eagle Medium
(Life Technologies Co., Carlsbad, CA) with 10% fetal
al activitya Neuraminidase activityb Mutationc

SF) 2 (SF) [SpDEx7];[SpDEx7]

SF) 0 (SF) p.[Q49R;Y395C]

LYM) 2 (LYM) [SpDEx7];[SpDEx7]

SF) 0.03 (SF) c.[478_480delTTC];[?]

YM, respectively.
and LYM, respectively.

tes a novel mutation.
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calf serum. NOEV treatment was performed for 96 h at
37 �C as previously reported [18].

2.4. Measurement of lysosomal enzyme activities

b-Gal and neuraminidase activities were measured as
previously reported [21]. In short, cultured skin
fibroblasts were washed with phosphate-buffered saline
and trypsinized. After centrifugation, cell pellets were
sonicated in deionized distilled water. Protein concentra-
tions were measured by Lowry’s method [22]. Cell
lysates were incubated with 4 MU substrates at 37 �C
for 30 min. Fluorescence (excitation at 365 nm/emission
at 450 nm) was measured with a microplate reader.
Enzyme activities were calculated as nmol/h/mg protein.

2.5. Stabilization of b-gal in vitro with NOEV

Heat stabilization of b-gal in vitro with NOEV was
performed as previously reported [23]. In short, skin
fibroblast cell lysates from the healthy subject and
patients 1, 2, and 4 were incubated in citrate phosphate
buffer (pH 7.0) at 48 �C for specified times with increas-
ing concentrations of NOEV and then placed on ice to
terminate incubation. b-Gal activity was measured as
described above.

2.6. Western blotting for PPCA protein

Western blotting was performed as previously
reported [23]. In short, cell lysates from patients 1 and
2 (skin fibroblasts) and patients 3 and 4 (lymphocytes)
were mixed with sample buffer containing protease inhi-
bitor and SDS. Samples (20–30 lg protein per lane) were
applied to a 16% polyacrylamide gel. After SDS–PAGE,
protein was transferred to a 0.45-lm PVDF membrane
(Merck-Millipore) followed by blocking with 5% skim
milk solution. Rabbit polyclonal anti-CTSA antibody
(cat. No. AP10476a, Abgent.com) was used at 1:1000
dilution as the primary antibody followed by the sec-
ondary antibody conjugated with horse radish
PPCA

β-Actin 

Skin fibroblasts 
Normal Pt. 1 Pt. 2 Norm

Fig. 1. PPCA expression. Cell lysates of skin fibroblasts or lymphocytes w
SDS–PAGE. Anti-rabbit polyclonal antibody was used as first antibody at 1:
and the mature protein (32 kDa) is only observed in cells for a normal cont
peroxidase at 1:5000 dilution. Detection was performed
by chemical luminescence (SuperSignal West Dura;
Thermo Fisher Scientific Inc., Tokyo, Japan).

2.7. Statistical analysis

Experiments were performed three times each in
duplicate. Data are presented as mean ± standard error
(SEM). Comparisons was conducted using the Student’s
t-test. Results were considered significant for P < 0.05.

2.8. Ethical approval

Ethical approval for this study was obtained from the
Institutional Review Board of Osaka University School
of Medicine.

3. Results

3.1. Mutation analysis for galactosialidosis patients

Seven mutant alleles were detected among the four
Japanese patients with galactosialidosis. Patients 1 and
3 had a splice mutation IVS7ds + 3A > G (SpDEx7) in
a homozygous state, which has been reported as a com-
mon late-onset mutation [5]. Patient 2 had two com-
pound heterozygous mutations c.146 A > G (p.Q49R)
and c.1184 A > G (p.Y395C), which have been reported
as infantile mutations [6,8]. We could detect only one
mutant allele for patient 1, which was
c.478_480delTTC, a novel mutation (Table 1).

3.2. PPCA expression for galactosialidosis patients

To determine PPCA expression whole cells lysates
from lymphocytes or skin fibroblasts were used for
Western blotting. We found very thin or no PPCA pre-
cursor (54 kDa) for samples from the healthy subject or
the patients. However, the mature fragment (32 kDa)
was only detected for the sample from the healthy
subject (Fig. 1). We could not detect 20 kDa fragments
Precursor 
(P; 54 kDa) 

Mature 
(M; 32 kDa) 

al Pt. 3 Pt. 4 

Lymphocytes 

ere subjected to Western blotting (20–30 lg protein per lane) in 16%
1000 dilution. The precursor form of PPCA (54 kDa) is faint or absent
rol subject.



178 M.A. Hossain et al. / Brain & Development 38 (2016) 175–180
as the antibody we used is an N-terminal antibody that
cannot recognize 20 kDa fragments.

3.3. In vitro NOEV effects on b-gal stabilization

To evaluate the in vitro effects of NOEV on enzyme
stabilization, skin fibroblast whole cells lysates from
the healthy subject and patients 1, 2, and 4 were incu-
bated with increasing concentrations of NOEV and were
subjected to heat inactivation (48 �C) at pH 7.0. In the
absence of NOEV, the activities from both the healthy
subjects and the patients decreased to 0–10%. After
15 min incubation, NOEV induced effective stabilization
for normal and patients’ b-gal proteins in a
dose-dependent manner (Fig. 2). This also showed that
b-gal stability in adult galactosialidosis (patient 1) was
better than infantile galactosialidosis (patients 2 and
4), with statistical significance for incubation with
2 lM NOEV. We did not have skin fibroblasts for
patient 3 SF to determine the effects of NOEV.

3.4. Chaperone effects of NOEV in cultured human skin
fibroblasts

To determine the chaperone effect of NOEV in cul-
tured human skin fibroblasts, cells were cultured with
increasing concentrations of NOEV for 96 h. Then,
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Fig. 2. Heat stabilization of b-gal with NOEV. Cell lysates were incubate
measured. Each point represents means of triplicates obtained in at least thre
the absence of NOEV.
b-gal and neuraminidase activities were measured with
4 MU substrates and PPCA expression was determined
by Western blotting using cell lysates. We found a
chaperone effect with NOEV for b-gal in all three
patients. b-Gal activity was measured as 172–284
nmol/h/mg protein with 0.2 lM or 2 lM concentrations
of NOEV (Fig. 3). However, neuraminidase activity and
PPCA expression remained unchanged (data not
shown).

4. Discussion

With respect to the diagnosis of juvenile/adult galac-
tosialidosis, bilateral cherry-red spots are a common
sign [2,5]. Patients 1, 3, and 4 all had this sign at presen-
tation. Major neurologic signs for adult galactosialidosis
include cerebellar ataxia and myoclonus [5,24], which
were present in patients 1 and 4. Fetal hydrops has been
reported in many cases of early infantile galactosialido-
sis [6,7,25,26]. This was detected by ultrasonography in
patient 2 at 26 weeks of gestation. We diagnosed all four
patients with low b-gal and neuraminidase activities and
low PPCA expression.

When the p.Q49R or p.Y395C mutation is present in
a homozygous form in a patient, the phenotype becomes
the early infantile subtype of the disease [6,8]. In patient
2 both mutations were present in a compound
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Fig. 3. b-Gal activity of NOEV-treated skin fibroblasts. Skin
fibroblasts were incubated in the absence or presence of NOEV for
96 h and b-gal activity was measured in lysates. Each bar represents the
mean ± SEM of three determinations each done in duplicate.
*P < 0.001 (Student t-test) compared to values in the absence of
NOEV.
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heterozygous state and showed a very severe phenotype.
Patients 1 and 3 had the homozygous mutation
SpDEx7, which is reported as an adult mutation [9]
and shows a very mild phenotype.

Several lysosomal diseases such as
GM1-gangliosidosis [16–20], GM2-gangliosidosis [27],
Gaucher disease [28], and Fabry disease [29] are treated
with small molecules to impact conformational folding
of mutant enzymes and prevent their early degradation
by endoplasmic reticulum-associated degradation.
These small molecules are known as proteostasis regula-
tors [30]. In a recent study, we evaluated the proteostatic
effect of NOEV for GALC protein in vitro and found the
strong stabilization of GALC protein in Krabbe disease
[23]. In the current study, we also determined the pro-
teostatic effect of NOEV for b-gal and found the strong
stabilization of b-gal protein in PPCA-deficient skin
fibroblasts in vitro. This suggests that NOEV binds to
b-gal protein in neutral medium and prevents endoplas-
mic reticulum-associated degradation. When we deter-
mined the intracellular effects of NOEV, we found
normal b-gal activity for NOEV-treated skin fibroblasts.
This suggests that NOEV transports the b-gal precursor
to lysosomes and helps multimerization in the absence
of matured PPCA. Effectively matured b-gal proteins
have normal activities.

Due to absence of functional PPCA, b-gal activity is
partially affected in galactosialidosis patients and in
murine models [15]. Previous studies also identified sev-
eral substrates that accumulate in galactosialidosis
including sialyloligosaccharides, GM1, GM2, GM3,
GD1a-ganglioside [31–34]. The clinical relevance of
b-gal deficiency with respect to galactosialidosis
phenotype is still controversial. All of our experiments
should be performed in vitro to determine the effect on
b-gal activity and accumulation of GM1 in astrocyte or
brain tissue. To examine the effect of NOEV as a treat-
ment for galactosialidosis, experiments are warranted in
a murine model of galactosialidosis for our next study
[20]. It might be possible to obtain additive chaperone
effects on both b-gal and neuraminidase deficiencies in
galactosialidosis using combination therapy with a neu-
raminidase inhibitor [35] and NOEV.

In conclusion, this is the first report regarding galac-
tosialidosis treatment using a low molecular weight
chemical chaperone. NOEV may be considered as a
potential therapy for galactosialidosis for partial
improvement of the phenotype.
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