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Abstract We have established spontaneously immortal-
ized Schwann cell lines from dorsal root ganglia and
peripheral nerves of Sandhoff mice. One of the cell lines
exhibited genetically and biochemically distinct features
of Sandhoff Schwann cells. The enzyme activities toward
4-methylumbelliferyl N-acetyl-b-D-glucosamine (b-
hexosaminidases A, B, and S) and 4-methylumbelliferyl
N-acetyl-b-D-glucosamine-6-sulfate (b-hexosaminidases
A and S) were decreased, and GM2 ganglioside accu-
mulated in lysosomes of the cells. Incorporation of re-

combinant human b-hexosaminidase isozymes expressed
in Chinese hamster ovary cells into the cultured Sand-
hoff Schwann cells via cation-independent mannose 6-
phosphate receptors was found, and the incorporated b-
hexosaminidase A degraded the accumulated GM2
ganglioside. The established Sandhoff Schwann cell line
is useful for investigation and development of therapies
for Sandhoff disease.
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Introduction

b-Hexosaminidase (Hex; EC 3. 2. 1. 52) is a lysosomal
glycosyl hydrolase that catalyzes the hydrolysis of b-1,4-
linked N-acetyl hexosamine residues at the nonreducing
ends of glycoconjugates. The human HEXA and HEXB
genes code for the a-subunit and b-subunit of Hex,
which dimerize to produce two major isozymes—
b-hexosaminidase A (Hex A, ab heterodimer) and
b-hexosaminidase B (Hex B, bb homodimer)—and a
minor, unstable isozyme, b-hexosaminidase S (Hex S, aa
homodimer). All of the Hex isozymes basically degrade
terminal N-acetylgalactosamine (GalNAc) and N-acet-
ylglucosamine (GlcNAc) residues while Hex A and Hex
S cleave off terminal N-acetylglucosamine-6-sulfate res-
idues, and only Hex A among the three isozymes can
degrade GM2 ganglioside by acting on a complex of
GM2 ganglioside and the GM2 activator encoded by
GM2A (Gravel et al. 2001). The 4-methylumbelliferyl N-
acetyl-b-D-glucosamine (MUG) and 4-methylumbellife-
ryl N-acetyl-b-D-glucosamine-6-sulfate (MUGS) are
usually used as artificial substrates for enzyme assaying
of the total Hex isozymes and for that of Hex A and Hex
S, respectively. The defect of the HEXB gene causes
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Sandhoff disease with simultaneous deficiencies of both
Hex A and Hex B, which result in storage of GM2
ganglioside in the nervous system and accumulation of
oligosaccharides and glycoproteins with GlcNAc resi-
dues at the nonreducing ends of the sugar chains in the
extraneuronal tissues. Sandhoff disease involves pro-
gressive neurological disorders and exhibits a wide
clinical spectrum from the severe infantile form (classical
Sandhoff disease), which is of early onset and fatal be-
fore the age of 4 years, to the late onset and less severe
form, which allows survival into childhood or adulthood
(subacute and chronic forms and atypical Sandhoff
disease). Patients with the severe infantile form of
Sandhoff disease develop progressive psychomotor de-
lay, muscular weakness, hypotonia, visual disturbance,
cherry-red spots, seizures, macrocephaly, and hepato-
splenomegaly. Patients with the milder, late-onset form
of Sandhoff disease develop dystonia, ataxia, incoordi-
nation, muscle wasting, and weakness. However, the
common pathological and biochemical changes in the
various clinical forms of Sandhoff disease are ultra-
structurally identified membranous cytoplasmic inclu-
sion bodies and accumulation of GM2 ganglioside,
respectively, in the central and peripheral nervous sys-
tems (Gravel et al. 2001).

Recently, a mouse model of Sandhoff disease was
created through the targeted disruption of the Hexb
gene, which encodes mouse Hex b-subunit (Sango et al.
1995; Phaneuf et al. 1996). Sandhoff mice exhibit pro-
gressive neurological disorders consistent with the cor-
responding human disease, and morphological changes
specific for this disease are found in neurons of the
cerebrum, cerebellum, spinal cord, dorsal root ganglia
(DRG) and visceral organs, satellite cells, and Schwann
cells (Sango et al. 1995, 2002), suggesting storage of
GM2 ganglioside in these neuronal cells.

Enzyme replacement therapy (ERT) has been intro-
duced for lysosomal diseases, including Gaucher disease
(Barton et al. 1991), Fabry disease (Schiffmann et al.
2000; Eng et al. 2001), andmucopolysaccharidosis (MPS)
I (Wraith et al. 2004); clinical trials for Pompe disease
(Van den Hout et al. 2004; Klinge et al. 2005), MPS II
(Muenzer et al. 2002), and MPS VI (Harmatz et al. 2004)
are underway. Furthermore, therapeutic experiments
have also been performed for other lysosomal diseases
associated with neurological disorders, including Sand-
hoff disease (Dobrenis et al. 1992). In these experiments,
cell lines possessing distinct phenotypes of the nervous
system are required to detect cleavage of the accumulated
substances from the neuronal cells after treatment.
However, such kinds of cell lines had not been established
yet for Sandhoff disease. They would be useful for clar-
ification of the pathogenesis of Sandhoff disease and the
development of therapies for the disease.

In this study, we established spontaneously immor-
talized Schwann cell lines from DRG and peripheral
nerves of Sandhoff mice and examined their uptake of
the recombinant Hex isozymes produced by Chinese
hamster ovary (CHO) cell lines simultaneously express-

ing the humanHEXA andHEXB genes and degradation
of the accumulated GM2 ganglioside. The effects of the
recombinant Hex isozymes on the cultured Sandhoff
Schwann cells were compared with those on cultured
fibroblasts from a patient with Sandhoff disease.

Materials and methods

Animals and cell culture

C57BL/6 Sandhoff mice homozygous for the disrupted
Hexb gene (Sango et al. 1995) were used in this experi-
ment according to the rules drawn up by the Animal
Care Committee of our institute. Primary and long-term
cultures of DRG and adjacent peripheral nerves col-
lected from 8-week-old Sandhoff mice were performed
and spontaneously immortalized Schwann cells were
obtained, as previously described (Watabe et al. 1990,
1994, 1995, 2001). Among them, an established Schwann
cell line from a Sandhoff mouse (1113C1) was cultured
in Iscove’s modified Dulbecco’s minimum essential
medium supplemented with 5% fetal calf serum (FCS),
50 units/ml penicillin, and 50 lg/ml streptomycin at
37�C under a 5% CO2–95% air mixture. Spontaneously
immortalized Schwann cells were obtained from CD-1
(ICR) wild-type mice, and an established cell line
(IMS32) was used as a control (Watabe et al. 1995).

Cultured skin fibroblasts from a patient with Sand-
hoff disease and a normal subject were established and
maintained in our laboratory. The study involving the
cultured fibroblasts was approved by the Ethical Com-
mittee of our institution. The cells were cultured in
Ham’s F-10 medium supplemented with 10% FCS and
antibiotics at 37�C in a humidified incubator flushed
continuously with a 5% CO2–95% air mixture.

Polymerase chain reaction

Confirmation of the genotype of the established cultured
Schwann cells was performed by means of polymerase
chain reaction (PCR), as previously described (Sango
et al. 2002). Reverse transcription followed by PCR (RT-
PCR) was performed to identify Schwann-cell-associated
molecules, i.e., S100, p75NTR, L1, peripheral myelin pro-
tein zero (P0), peripheral myelin protein-22 (PMP-22),
and growth-associated protein-43 (GAP-43), as described
elsewhere (Mirsky and Jessen 1999; Watabe et al. 2001,
2003).

Immunocytochemical analysis of
Schwann-cell-associated markers

To characterize the established cultured Schwann cells,
immunocytochemical analysis of S100, laminin, and glial
fibrillary acidic protein (GFAP) was performed, as de-
scribed previously (Watabe et al. 1995, 2003).
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Enzyme assays and protein determination

Total Hex (Hex A, Hex B, and Hex S) activity in cul-
tured cells was determined with MUG (Nacalai Tesque,
Kyoto, Japan) as a substrate (Suzuki 1987). Enzyme
activity for Hex A and Hex S was determined with
MUGS (HSC Research Development Co., Toronto,
Canada) as a substrate, according to the manufacturer’s
method. Protein determination was performed with a
Bio-Rad dye-binding assay kit (Bio-Rad, Hercules, CA,
USA) using bovine serum albumin as a standard.

Preparation of the recombinant human Hex isozymes
produced in CHO cells

A CHO cell line simultaneously expressing the human
Hex a-subunit and b-subunit were established by means
of cointroduction of the human HEXA and HEXB
cDNAs, as described elsewhere (Sakuraba et al. 2005).
The CHO cells stably expressing Hex isozymes, includ-
ing Hex A, Hex B, and Hex S, were cultured in serum-
free Ham’s F-10 medium. After 3 days of incubation, the
culture medium was harvested and used as the condi-
tioned medium.

Administration of the Hex isozymes to cultured mouse
Sandhoff Schwann cells and cultured human Sandhoff
fibroblasts

To examine the uptake of the Hex isozymes and cleav-
age of the accumulated GM2 ganglioside by the incor-
porated Hex A, cultured mouse Sandhoff Schwann cells
and cultured human Sandhoff fibroblasts were cultured
on 6-well plates in the conditioned medium containing
Hex isozymes in the presence or absence of 5 mM
mannose 6-phosphate (M6P). Because Hex A is heat-
labile, a half volume of the culture medium was replaced
daily by the same volume of fresh medium containing
the same levels of MUG-degrading and MUGS-
degrading activities, and then the cultured cells were
harvested for enzyme assays or fixed with 4.5% para-
formaldehyde for an immunocytochemical analysis of
intracellular GM2 ganglioside, as described below.

Immunocytochemical analysis of intracellular GM2
ganglioside

To examine the accumulation and localization of GM2
ganglioside in the cultured cells, double immunostaining
with a monoclonal anti-GM2 ganglioside antibody (IgM
isotype; Kotani et al. 1992) and affinity-purified goat
polyclonal antibodies against lysosome-associated
membrane protein-1 (LAMP-1) (IgG isotype; Santa
Cruz Biochemistry, Santa Cruz, CA, USA) was per-
formed, as described previously (Sakuraba et al. 2002).

The stained cells were examined under a microscope
(Axiovert 100M; Carl Zeiss, Oberkochen, Germany)
equipped with a confocal laser scanning imaging system
(LSM510; Carl Zeiss).

Results

Characterization of the established Schwann cells
derived from a Sandhoff mouse

The Schwann cell lines established from Sandhoff mice
were spindle-shaped and not contact-inhibited. One of
the cell lines, designated as 1113C1, was used in this
study. To determine the genotype of the established
Schwann cells, a genomic DNA fragment of 114-bp in
the Hexb wild-type locus and a 219-bp DNA fragment
in the targeted locus were amplified by means of PCR,
according to the method described previously (Sango
et al. 1995). As shown in Fig. 1, a 219-bp DNA fragment
in the targeted locus was detected for 1113C1 while a
114-bp band in the wild-type locus was observed for
IMS32. The results confirmed that 1113C1 is genetically
homozygous for the disrupted Hexb gene.

Fig. 1 Genomic PCR analysis of Hexb in IMS32 and 1113C1 cells.
PCR amplification from IMS32 cells results in a 114-bp fragment
and that from 1113C1 cells in a 219-bp fragment

Fig. 2 RT-PCR analysis of 1113C1 cells. The 100-bp DNA size
markers (M) and amplified PCR fragments of S100, p75NTR, L1,
P0, PMP22, and GAP43
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RT-PCR demonstrated mRNA expression of S100,
p75NTR, L1, P0, PMP22, and GAP43 (Fig. 2), and
immunocytochemical analysis also revealed protein
expression of S100, laminin, and GFAP in 1113C1
(Fig. 3). These results indicate the distinct Schwann cell
phenotype of 1113C1.

To investigate the localization and accumulation of
GM2 ganglioside in the cultured Sandhoff Schwann
cells, double staining was performed with a monoclonal
antibody for GM2 ganglioside and polyclonal antibod-
ies for LAMP-1 as a lysosomal marker. Intense granular
immunofluorescence for GM2 ganglioside was observed
in 1113C1 while only faint fluorescence was found in
IMS32, and the localization was coincident with that of
LAMP-1 (Fig. 4a). Enhanced immunofluorescence for
LAMP-1 was also observed in 1113C1. These results
suggested increased and enlarged lysosomes containing
abundant gangliosides in Schwann cells derived from a
Sandhoff mouse. The intensity of the immunofluores-
cence for GM2 ganglioside in 1113C1 was almost the
same as that in cultured human Sandhoff fibroblasts
(Fig. 4b). The MUGS-degrading and MUG-degrading
activities in 1113C1 were 19% and 5% of the control
values, respectively (Table 1). The MUGS-degrading
and MUG-degrading activities are slightly higher than
those for cultured human Sandhoff fibroblasts (Table 1).

Enzyme replacement effect of recombinant human
Hex isozymes on the intracellular Hex activities and
cleavage of GM2 ganglioside in cultured mouse
Sandhoff Schwann cells

We investigated the uptake of the recombinant human
Hex isozymes bymouse Sandhoff Schwann cells in culture

and compared it with that in the case of cultured human
Sandhoff fibroblasts. The conditioned medium from the
CHO transformants expressing the human a-subunit and
b-subunit cDNAs was administered to mouse Sandhoff
Schwann cells and human Sandhoff fibroblasts. The
MUGS-degrading and MUG-degrading activities in the
conditioned medium were 299 and 758 nmol/h per milli-
liter, respectively. As shown in Table 1, the intracellular
MUGS-degrading and MUG-degrading activities in the
mouse Sandhoff Schwann cells were increased by 30%
and 33% compared with the normal control values after 3
days of culture in the conditioned medium while those in
the humanSandhofffibroblasts were restored by 66%and
99%, respectively. The uptake of the recombinant Hex
isozymes was inhibited in the presence of 5 mM M6P in
the culture medium.

We also investigated the effect of incorporated Hex A
on the degradation of GM2 ganglioside accumulated in
the mouse Sandhoff Schwann cells (Fig. 5a) and human
Sandhoff fibroblasts (Fig. 5b). The GM2 ganglioside
accumulated in the mouse Sandhoff Schwann cells was
cleaved on 3 days of culture with the conditioned med-
ium containing Hex A as well as in the human Sandhoff
fibroblasts. The enhanced immunofluorescence for
LAMP-1 was also normalized by this procedure. The
effect was inhibited by the addition of M6P to the cul-
ture medium.

Discussion

In this study, we established a spontaneously immor-
talized Schwann cell line, 1113C1, from DRG and
peripheral nerves of Sandhoff mice. The 1113C1 cells
possess the disrupted Hexb gene allele and exhibit a

Fig. 3 Phase-contrast and
immunofluorescence
microscopy of 1113C1 cells.
Phase-contrast microscopy of
living cells (a), and
immunofluorescence for S100
(b), laminin (c), and GFAP (d).
Bars, 50 lm

463



distinct Schwann cell morphology and biochemical
phenotypes such as S100, p75NTR, L1, P0, PMP-22,
GAP-43, laminin, and GFAP, as shown on RT-PCR
and/or immunocytochemical analysis. Moreover,
immunocytochemical analysis revealed the accumula-
tion of GM2 ganglioside in lysosomes of 1113C1 cells as
well as in those of cultured human Sandhoff fibroblasts.
The reason the 1113C1 cells have residual MUGS-
degrading and MUG-degrading activities has not been
clarified yet. However, as the disruption of themouseHex
b-subunit gene and the accumulation of GM2 ganglioside
due to decreased Hex A activity are characterized in this
cell line, the residual activitymust bemainly resulted from

Hex S (aa homodimer). Culture condition and/or tissue
specificity might influence the formation of aa homodi-
mer. Considering the analytical data, the 1113C1 cell lines
are thought to be useful for clarifying the pathophysiol-
ogy of Sandhoff disease and for examining effects in the
therapeutic experiments on this disease.

We obtained the recombinant Hex isozymes from the
CHO cell line coexpressing the humanHex a-subunit and
b-subunit cDNAs. The MUGS-degrading and MUG-
degrading activities increased in 1113C1 cells on culturing
them in conditioned medium containing the expressed
Hex isozymes although the degrees of the increases of the
enzyme activities were lower than that in the cultured

Fig. 4 Immunocytochemical analysis of intracellular GM2 gangli-
oside. Double staining of cultured mouse Schwann cells (a) and
human fibroblasts (b) was carried out using a monoclonal antibody
for GM2 ganglioside (GM2, green) and polyclonal antibodies for

LAMP-1 (LAMP-1, red). Overlapped images with these two
fluorescent probes are shown in yellow (Merge). Fluorescence/
Phase contrast shows overlapped Merge and phase-contrast
images. Bars, 50 lm
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Table 1 Restoration of MUGS-degrading and MUG-degrading activities in cultured mouse Sandhoff Schwann cells and cultured human
Sandhoff fibroblasts after addition of conditioned media from the transformed Chinese hamster ovary (CHO) cell lines

Conditioned medium 5 mM M6P MUGS-degrading activity MUG-degrading activity

(nmol/h/mg) (%) (nmol/h/mg) (%)

Cultured mouse Schwann cells
Wild type (IMS32) � � 992 100 2491 100
Sandhoff (1113C1) � � 188 19 177 5

+ � 300 30 811 33
+ + 203 20 316 13

Cultured human fibroblasts
Normal � � 981 100 4248 100
Sandhoff � � 52 5 63 1

+ � 649 66 4201 99
+ + 92 9 381 9

Cultured mouse Sandhoff Schwann cells (1113C1) and cultured human Sandhoff fibroblasts were cultured with conditioned media
containing Hex isozymes from CHO transformants, as described in Materials and methods. Some experiments were performed in the
presence of 5 mMM6P. After 3 days, the cells were harvested, and MUGS-degrading and MUG-degrading activities were measured. As a
control, IMS32 cells from a wild-type mouse and human cultured fibroblasts from a normal subject were used. (n=2)

Fig. 5 Administration of the recombinant human Hex isozymes
to mouse Sandhoff Schwann cells and human Sandhoff
fibroblasts. Cultured mouse Schwann cells (a) and human
fibroblasts (b) with Sandhoff disease were stimulated with the
conditioned media containing Hex isozymes from Chinese
hamster ovary (CHO) transformants for 3 days. Double staining

of these cells was carried out with a monoclonal antibody for
GM2 ganglioside (GM2, green) and polyclonal antibodies for
LAMP-1 (LAMP-1, red). Fluorescence/Phase contrast images
with these two fluorescent probes are shown in yellow. Some
experiments were performed in the presence of 5 mM M6P.
Bars, 50 lm
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human Sandhoff fibroblasts. Incorporation of the Hex
isozymes was inhibited in the presence of 5 mM M6P in
the culture medium, indicating that these Hex isozymes
are taken up via cation-independentM6P receptors on the
surface of cultured Schwann cells and cultured fibroblasts.
Hex isozymes are known to be synthesized in the rough
endoplasmic reticulum and are modified through the
addition of high-mannose oligosaccharides. The Hex
isozymes are transferred to the Golgi apparatus where
further modification, including the addition of M6P res-
idues to the nonreducing ends of the sugar chains and
binding to the cation-independentM6P receptors, occurs.
Then, the enzymes are transported to endosomes/lyso-
somes. In cultured fibroblasts, Hex isozymes are thought
to be transported from the extracellular milieu to lyso-
somes through cation-independent M6P-receptor-medi-
ated endocytosis (Kornfeld and Sly 2001). The
recombinant Hex isozymes could also be incorporated
into the cultured Schwann cells via cation-independent
M6P receptors although the total number of cation-
independent M6P receptors on the surface of cultured
Schwann cells might be less than that on cultured fibro-
blasts.

The incorporated recombinant human Hex A de-
graded the accumulated GM2 ganglioside in the cultured
mouse Sandhoff Schwann cells as well as in the cultured
human Sandhoff fibroblasts. The enhanced immunoflu-
orescence for LAMP-1 in these cells was normalized after
the administration of Hex isozymes although an addition
of M6P inhibited that. It suggests that the increased and
enlarged lysosomes caused by the accumulation of GM2
ganglioside could be normalized by the uptake of Hex
isozymes through cation-independent M6P receptors.
This encourages us to develop ERT for Sandhoff disease
although the problem of the blood–brain barrier and
blood–nerve barrier must be solved in the near future.

In conclusion, we established immortalized Schwann
cells from Sandhoff mice. The cells are useful for investi-
gation and development of therapies for Sandhoffdisease,
i.e., wewill be able to examine incorporation of amodified
enzyme developed for therapy into neuronal cells using
this cell line before performing an experiment with
Sandhoff mice.
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