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Abstract. We have proposed a chemical chaperone
therapy for lysosomal diseases, based on a paradoxical
phenomenon that an exogenous competitive inhibitor
of low molecular weight stabilizes the target mutant
molecule and restores its catalytic activity as a molec-
ular chaperone intracellularly. After Fabry disease
experiments, we investigated a new synthetic chaper-
one compound N-octyl-4-epi-f-valienamine (NOEV)

in a Gy,-gangliosidosis model mice. Orally adminis-
tered NOEV entered the brain through the blood-brain
barrier, enhanced fi-galactosidase activity, reduced the
substrate storage, and clinically improved neurological
deterioration. We hope that chemical chaperone ther-
apy will prove useful for some patients with Gy,-
gangliosidosis and potentially other lysosomal storage
diseases with central nervous system involvement.

Keywords. Chemical chaperone therapy, Gy,-gangliosidosis, fi-galactosidase, N-octyl-4-epi--valienamine,

neurogenetic disease,

Introduction

For more than 15 years we performed molecular
analyses of two genetic diseases: Gy-gangliosidosis
(OMIM 230500) with generalized neurosomatic dys-
functions and Morquio B disease (OMIM 253010)
with generalized skeletal dysplasias without neuro-
logical involvement [1]. Both arc caused by allelic
mutations of the gene GLBI (3p21.33) coding for
lysosomal [B-galactosidase (EC 3.2.1.23) catalyzing
hydrolysis of ganglioside G,,, and related glycoconju-
gates. Ganglioside G, accumulates in the Gy,-
gangliosidosis-affected brain. Oligosaccharides de-
rived from keratan sulfate or glycoproteins are
detected in visceral organs and urine from G-
gangliosidosis and Morquio B patients.

At present only symptomatic therapy is available for
the brain lesion in human Gy,,-gangliosidosis patients.
Enzyme replacement therapy is not possible. In 2003,
we proposed chemical chaperone therapy for brain
pathology in Gy,-gangliosidosis, using N-Octyl-4-epi-

fi-valicnamine (NOEV) as a potent stabilizer of
mutant fi-galactosidase [2].

Concept of chemical chaperone therapy

In general, molecular events in genetic diseases are
affected by various molecular processes [3]. Three
possible molecular abnormalities can be listed in genetic
diseases: (1) biosynthetic defect; (2) deficient catalytic
activity of a mutant protein; and (3) unstable mutant
protein with normal or near-normal biological activity.
We tested these possibilities first in Fabry disease, and
found some mutant enzyme proleins were unstable at
neutral pH in the endoplasmic reticulum (ER)/Golgi
apparatus, and rapidly degraded because of inappro-
priate molecular folding [4]. Galactose surprisingly
induced a high expression of a-galactosidase A
activity in cultured fibroblasts from Fabry patients
[5]. We then found a commercially available com-
pound 1-deoxygalactonojirimycin (DGJ) for stabili-
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zation of the enzyme [6]. After extensive molecular
analysis we came to the following conclusion.

A competitive inhibitor, a substrate of transition state
analog, binds to misfolded mutant protein as a molec-
ular chaperone in the ER/Golgi compartment of the
cell, resulting in formation of a stable molecular
complex at neutral pH. The protein-chaperone com-
plex is safely transported to the lysosome, where it
dissociates under the acidic conditions, the mutant
enzyme remains stabilized, and its catalytic function is
expressed.

NOEV: Physicochemical and biological
characteristics

After using galactose and DGJ for «-galactosidase A,
I came across two synthetic compounds: f-galactosi-
dase inhibitor N-octyl-4-¢pi-f-valienamine (NOEV)
and P-glucosidase inhibitor N-octyl-B-valienamine
(NOV). NOV was the first compound synthesized as
a glucocerebrosidase inhibitor, and NOEV was sub-
sequently synthesized by epimerization of NOV [7].
NOEV experiments moved faster than NOV simply
because of more experimental data and materials for
f-galactosidase and Gyy,-gangliosidosis.

NOEV is a potent inhibitor of lysosomal B-galactosi-
dase in vitro. It 1s stable and freely soluble in methanol
or DMSO. The hydrochloride salt is freely soluble in
water. Its molecular weight 1s 287.40, and it has an 1Cs,
of 0.125 pM toward human p-galactosidase [2].
NOEYV 1s 50-fold more efficient than DGI for expres-
sion of mutant B-galactosidase activity in Gyy,-ganglio-
sidosis. Our calculations suggest that at least 10% of
normal enzyme aclivity is necessary for catalytic
digestion of the storage substrate below the patholog-
ical level in lysosomal diseases. Theoretically the
discase will not occur in patients expressing enzyme
activity above this level during his or her lifetime. We
anticipate that the effective NOEV concentrations in
human cells and animal tissues are much lower than the
I1Cg, for this agent in vitro. In fact, NOEV is effective at
the 1Cg, concentration in the culture medium for
enhancement of mutant enzyme activity [8]. Under
the current experimental conditions, the NOEV con-
tent in the lysosomal compartment must be much lower
than that in the extracellular environment.

NOEYV effect on human and mouse fibroblasts
expressing mutant human enzyme

About one-third of cultured fibroblasts from Gy,-
gangliosidosis patients, mainly with the juvenile and
some of the infantile forms, responded to NOEV. The

Chemical chaperone therapy for Gy -gangliosidosis

effect was mutation specific [8]. The R4570 mutant
cells responded to NOEV maximally at 0.2 pM, and
the R201C/R201H mutant cells at 2 pM. The knock-
out (KO) mouse fibroblasts expressing mutant human
[-galactosidase [9] showed essentially the same results
[2]. Addition of ganglioside mixture in the culture
medium increased intracellular Gy, in the R201C cells
causing juvenile Gy -gangliosidosis. This storage was
almost completely prevented by NOEV,

Chemical chaperone therapy on genetically
engineered Gy, -gangliosidosis model mice

For animal studies, we developed a KO mouse strain
with complete deficiency of f-galactosidase [10], and
then a transgenic (Tg) strain based on KO, expressing
the human R201C mutation (4 % normal p-galactosi-
dase activity in the brain). Both strains showed
neurological deterioration that differed in severity.
Life-span was 7-10 months for KO and 12-18 months
for Tg. Neuropathology corresponded to the clinical
severity [2]. Short-term oral NOEV administration
resulted in significant enhancement of the enzyme
activity in all the R201C mouse tissues examined,
including the brain [2]. Immunohistochemistry re-
vealed an increase in [-galactosidase activity and
decrease in Gy, and G, storage.

An early NOEV treatment study with the R201C
mouse showed an increase of the NOEV content in
the brain after starting oral administration, its rapid
disappearance after withdrawal, parallel increase of p-
galactosidase activity, and decrease of Gy storage
[11]. In this study we tried a new scoring system for
neurological assessment [12]. Treatment at the very
carly clinical stage (2 months) resulted in a positive
clinical effect within a few months, although complete
arrest or prevention of disease progression was not
achieved under this experimental condition. The
latency before a clinical effect was longer if the
therapy was started in the late symptomatic stage
(6 months). We concluded that NOEV treatment at
the early stage of disease is mandatory for prevention
of the brain damage.

This result indicated the following sequence of events
in the brain (Fig. 1). After oral administration, NOEV
goes directly into the bloodstream without intestinal
breakdown, 1s delivered to the mouse brain through
the blood-brain barrier, and enhances the mutant p-
galactosidase activity, resulting in substrate digestion
and clinical improvement. No specific adverse effects
have been observed for at least 6 months of continu-
ous oral administration.
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Figure 1. N-octyl-d-epi-f-valicnamine (NOEV) gocs directly I’rum
the gastrointestinal tract into the blood without i
digestion, and into the brain through the blood-brain barrier. The
catalytic activity of the murami fi-galaciosidase is enhanced and the
substrates are digested to improve phenotypic manifestations.

Future prospects

This new therapeutic strategy is in principle applicable
to all lysosomal storage diseases if a specific com-
pound is developed for each enzyme in question. We
have already confirmed the effect in Fabry disease [5,
6], Gyy-gangliosidosis [2, 11], and Gaucher’s disease
|13, 14]. Our study started with a lysosomal disease,
and is currently being expanded to a few related
diseases. Further, there may be other genetic diseases
that could be considered, provided that the molecular
pathology in somatic cells has been studied and is
understood in detail. T hope that studies in this
direction will disclose a new aspect of molecular
therapy for inherited metabolic discases with central
nervous system involvement in future.
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Abstract

Gy p-gangliosidosis is an autosomal recessive lysosomal lipid storage disorder, caused by mutations of the lysosomal p-galactosidase
(B-gal) and results in the accumulation of Gy The underlying mechanisms of neurodegeneration are poorly understood. Here we dem-
onstrate increased autophagy in p-gal-deficient (B-gal /") mouse brains as evidenced by elevation of LC3-11 and beclin-1 levels. Activa-
tion of autophagy in the B-gal ™/~ brain was found to be accompanied with enhanced Akt-mTOR and Erk signaling. In addition, the
mitochondrial cytochrome ¢ oxidase activity was significantly decreased in brains and cultured astrocytes from p- gal™/~ mouse. Mito-
chondria isolated from P-gal™'~ astrocytes were morphologically abnormal and had a decreased membrane potential, These cells were
more sensitive to oxidative stress than wild type cells and this sensitivity was suppressed by ATP, an autophagy inhibitor 3-methylad-
enine and a pan-caspase inhibitor z-VAD-fmk. These results suggest activation of autophagy leading to mitochondnal dysfunction in the

brain of Gy, -gangliosidosis.
® 2008 Elsevier Inc. All rights reserved.

Keywords: Ghy,-gangliosidosis; Lysosome; Autophagy; mTOR; Mitochondria; Astrocyte; Neurodegeneration

Gpi-gangliosidosis (OMIM 230500) is an autosomal
recessive lysosomal lipid storage disorder with progressive
central nervous system dysfunction, visceromegaly, and
skeletal dysplasias. It is caused by deficiency of lysosomal
acid P-galactosidase (P-gal) due to mutations in the

Abbreviations: LC3, microtubule-associated protein | light chain 3;
mTOR, mammalian target of rapamycin; PI3K, phosphatidylinositol 3
kinase;, LDH, lactate dehydrogenase; 3-MA, 3-methyladenine; DMEM,
Dulbecco’s modified Eagle's dium; PBS, phosphate-buffered saline;
BSA, bovine serum albumin.
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GLBI gene [1). Three clinical forms (infantile, juvenile,
and adult/chronic) have been distinguished according to
the age of onset and severity, mainly due to different resid-
ual activities of the mutant enzymes and hence different lev-
els of the substrate accumulation in tissues, especially in the
brain. Pathologically, typical lamellar inclusions or mem-
branous cytoplasmic bodies are found in neurons of
human, mouse, and other animal models of Gy,-gangliosi-
dosis [2-4]. Neurons are the primary target of storage, but
astrocytes may also appear abnormally vacuolated [5].
Recently, we have developed chemical chaperone therapy
for brain pathology in Gy,-gangliosidosis [6,7]. However,
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underlying biological mechanisms responsible for neurode-
generation still remain uncertain (8],

Macroautophagy (hereafter referred to as autophagy)
involves bulk degradation of complete regions of the cyto-
sol [9]. The target regions are initially sequestered in multi-
membrane vacuoles, known as autophagosome which
eventually fused with lysosomes for degradation. Autoph-
agy plays a cytoprotective role in low-nutrient conditions
and disease states by catabolizing intracellular substrates
for energy supply and by removing failing mitochondria
and other factors that trigger cell death [10]. Dysfunction
of autophagy can disrupt neuronal function and ultimately
lead to neurodegeneration [11].

In this study, we demonstrate enhanced autophagy and
mitochondrial alterations in the Gy -ganglosidosis mouse
brain, which might lead to neurodegeneration in this
disease.

Materials and methods

Antibadies and reagents Monoclonal anti-Gyyy (GMBI6) was from
Seikagaku Corp. (Tokyo, Japan), polyclonal anti-LC3 (PD014) was from
MBL International Corp. (Woborn, MA, USA), polyclonal anti-beclin-|
(H-300) was from Santa Cruz Biotechnology Inc. (Santa Cruz, CA, USA)
and polyclonal anti-Atk, anti-phospho-Akt (Serd73), anti-mTOR, anti-
phospho-mTOR (Ser2448), anti-56 ribosomal protein (5G10), and anti-
phospho-56 ribosomal protein (Ser235/236) were from Cell Signaling
Technology {Boston, MA, USA). Paraquat, ATP and chloroquine were
purchased from Wako (Tokyo, Japan), 3-methyladenine (3-MA), and
rapamycin were from Sigma (5t. Lows, MO, USA) and z-VAD-fmk was
from Promega (Madison, W1, USA).

Mice and tissue collection. A C5TBL/6-based congenic mouse strain
with B-gal-deficiency (B-gal™/") was established as reported previously
[3,6] All animal procedures were carried out following the protocols
approved b; the committee for animal experiments in Toitori Liniversity
and f-gal™’" mice was obtained by cross bleeding. For tissue staining,
mice were anesthesized and perfused with 4% paraformaldehyde (PFA) in
sodium phosphate, pH 7.4. Brains were embedded in OTC compound
(Sakura Finetechnical Co., Tokyo, Japan) and 8 um sections were cut
using a cryostat. For protein extractions, tissues were removed and frozen
in liquid nitrogen.

Primary culture of astrocytes. For astrocyte preparation, brains from
postnatal day four mice were removed under anesthesia. The cerebral
cortex was dissociated and cells were seeded on plastic dishes in DMEM-
F12 supplemented with 15% fetal bovine serum (FBS). They were cultured
for 7 days, trypsinized, and seeded on dishes with DMEM-F12 with 10°%
FBS. They were confirmed to be GFAP-positive astrocytes at 3 weeks by
immunostaining with polyclonal anti-GFAP (data not shown)., Lactate
dehydrogenase (LDH) cytotoxicity assay (Wako, Tokyo, Japan) was
perl’urrned followmg the manufacturer’s instruction.

lysis, M brains were lysed by sonication in a
buffer containing 10mM Tris-HCl (pH 7.4), 150mM NaCl, I mM
EDTA, | mM EGTA plus protease inhibitor cocktail (Roche). Protein
was quantified using Color-Producing Solution (Wako), Samples were
scparated on 10% SDS-PAGE and transferred on a nylon membrane
(Millipore) using a semi-dry transfer blotter (BioRad). Membranes
were incubated in a polyclonal antibody followed by a horseradish
peroxidase-linked donkey anti-rabbit 1gG antibody (Amersham),
Detection was performed using ECL (Amersham Pharmacia Biotech)
and images were captured in X-ray film or a LAS-1000 plus imager
{Fujifilm).

fi ence ing, Brain sections were permiabilized with
0.25% Trton X-100 in PBS for 15 min at room temperature, blocked with
1% BSA in PBS for 1 h at room temperature, and incubated with the first

antibody at 4 °C overnight. Bind antibodies were detected with Alexa-
fluor-conjugated secondary antibody for | h at room temperature. Fluo-
rescence images were obtained using confocal microscopy (Leica, TCS-
SP2; Wetzler, Germany).

Mitochondrial assay. Mitochondria were isolated from the mouse brain
and cultured astrocytes using mitochondrial isolation kit (BioChain Ins
Hayumd CA USM and the enzyme activity of cytochrome ¢ oxidase was

d using mitochondrial activity kit (BioChain Ins.) following the
manufacturer’s instruction. For mitochondrial labeling, cultured astro-
cytes were seeded on sterile cover slips or glass base dishes (Iwaki, Tokyo,
Japan) and incubated in Hanks' balanced salt solution containing 100 nM
MitoTracker Red CMXRos or 3 uM Mitotracker JC-1 (MolecularProbes
Inc., Eugene, OR, USA) for 20 min at 37 °C. Cells were then washed with
Hanks' balanced salt solution and fluorescent images were obtained using
confocal microscopy.

Results

G gy accumulation and sequestration of autophagosomes
proteins in the f-gal™'~ mice brain

Microtubule-associated protein 1 light chain 3 (LC3), a
mammalian homolog of the yeast autophagic protein Atg§,
has been used as an autophagosomal marker [9]. Cleavage
of LC3 in its carboxy terminal gives rise to a cytosolic sol-
uble form LC3-1 which is further modified into LC3-11, a
protein that associate with autophagosomes. Brain levels
of LC3 were assessed by immunoblotting. Although levels
of LC3-1 and LC3-11 in P-gal™’~ mice did not significantly
differ from those in wild type (WT) mice at 10-day-old, the
level of LC3-II were significantly higher in mutant mice at
10 months of age (Fig. 1A). Gy and LC3 double immuno-
fluorescence showed co-localization of LC3-immunoposi-
tive-granules with Gyy, in neurons of B-gal ™/~ mice at 10
months (Fig. 1B). Beclin-1 is the mammalian ortholog of
yeast Atg6, and is a part of the Class 111 phosphatidylino-
sitol 3 kinase (PI3K) complex that participate in auto-
phagosome formation [9]. The level of beclin-1 was
increased in brain lysates from 10-month-old B-gal 1~ mice
when compared to WT mice (Fig. 1C and D). The Akt/
mammalian target of rapamycin (mTOR) and the extracel-
lular signal kinase (Erk) are two major pathways that reg-
ulate autophagy [10,12]. Phsphorylation of Akt, Erk, and
mTOR were increased, whereas no obvious alteration of
S6 was detected in the brain lysates of B—gaI“"“ mice at
10 months (Fig. 2A and B).

Mitochondrial alterations in fi-gal™'~ mice

Autophagy is a highly regulated process that is involved
in the turnover of long-lived proteins and whole organelles.
It can specifically target distinct organelles, such as mito-
chondria in mitopathy and the endoplasmic reticulam in
reticulopathy [9]. We next sought to examine whether
sequestration in autophagic vacuoles affects mitochondrial
function in this mouse model. The level of mitochondrial
cytochrome ¢ oxidase activity was significantly decreased
in the brain of f-gal~/~ mice than that of WT mice at 10
months (Fig. 3A). Similarly, cultured astrocytes from
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Fig. 1. Elevation of LC3-II and beclin-1 expression in B-gal mouse
brain. Cerebellar lysates from WT and p-gal™'" mice were subjected to
Western blotting with anti-LC3 (A) or anti-beclin-1 (C). Immunofiuores-
cence of cellular distribution of LC3 (B) and beclin-1 (D) proteins in the
frontal cerebral cortex of WT and f-gal™™ mice. Scale bar = 80 ym

B-gal™~ mice showed lysosomal accumulation of Gy and
elevated LC3-11I and beclin-1 levels (data not shown), and it
had a decreased cytochrome ¢ oxidase activity (Fig. 3JA).
Next, the morphology and the membrane potential of
mitochondria were examined in cultured astrocytes using
confocal microscopy. There were obvious differences in
mitochondrial morphology between WT and p-gal™

astrocytes. In WT astrocytes, mitochondria were organized
as extended tubular structures, whereas f-gal™'~ astrocytes
contained smaller, fragmented or circulated mitochondria
(Fig. 3B and C). When cells were stained with Mitotracker
JC-1, a marker of the mitochondrial membrane potential,
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Fig. 2. Changes in Akt/mTOR and Erk signals in B-gal™’~ mouse brain
{ \\ Cerebellar lysates from postnatal of 10-month-old WT and p-gal™

mice were subjected to Western blotting with indicated antibodies. (B)
Cellular distibution of p-mTOR (Ser2448) in the frontal cerebral cortex
of WT and [i-gal '~ mice at 10 months of age. Scale bar = B0 yum.

the intensity of red and green fluorescence was decreased
in f-gal /= astrocytes compared to the WT (Fig. 3D).

Dysfunction of aurophagic-lysosomal pathways and
mitochondria

To examine functional relevance of mitochondrial dys-
function to cell death, we treated cultured astrocytes with
oxidative stress reagent paraquat. LDH release assay
revealed a significant increase of the percentage of dead
cells was noted in fi-gal™/~ astrocytes compared to that
in WT cells (Fig. 4A). We also attempted to characterize
the impairment in autophagy and mitochondria in B-
gal™'~ astrocytes. LDH release in paraquat (250 pM)-trea-
ted-B-gal ™'~ astrocytes was significantly suppressed by
addition of 0.5mM ATP in the medium for 24h
(Fig. 4B). We next examined effects of 3-MA and rapamy-
cin, which inhibit or induce autophagy, respectively [13], 3-
MA at 10 mM reduced paraquat-induced-LDH release in
B-gal astrocytes, whereas, rapamycin (2 pg/ml) had no
effects on cell death. We also examined a cell-permeable
pan-caspase inhibitor, z-VAD-fmk, since autophagic cell
death was partly mediated by caspase activation [10]. z-
VAD-fmk (100 uM) significantly decreased cell death in
paraquat-treated-f-gal ™ astrocytes. Under  these

conditions, none of the drugs affected LDH release in
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Fig. 3. Mitochondrial alteration in f-gal™’~ mouse brain and astrocyte. (A) Levels of cytochrome ¢ oxidase activities in extracts from the brain and
primary astrocytes of WT and p-gal™'~ mice. Values are means + SEM from three independent experiments, “p < 0.01 significantly differ from the value of
WT cells. (B) Primary astrocytes from neonatal WT and f-gal™ " cortex were cultured for 3 weeks and labeled with MitoTracker Red. Morphological
analysis of mitochondria was obtained using confocal microscopy. (C) The number of cells with each morphology of mitochondria was computed. Values
for the percent of total cell number from three independent experiments. i = 30 cells and values are means + SEM. (open bars: WT, dark bars: fl-gal™"")
(D) Primary-cultured astrocytes were labeled with JC-1. Shown are the representative images obtained by confocal microscopy using red and green

channels. Scale bar = 25 um. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this paper.)
WT astrocytes. Chloroquine, an inhibitor of autophago- Discussion

some—lysosome fusion, induced cell death in WT astrocytes

after treatment with paraquat, and this cell death was sup- One of the most important functions of autophagy is to

pressed by ATP, 3-MA and z-VAD-fmk (Fig. 4B). maintain cellular energy subjected to nutrient deprivation
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and potentially other forms of stress. Autophagy is a highly
regulated process that is involved in the turnover of long-
lived proteins and cytoplasmic constituents including mito-
chondria, endoplasmic reticulum, and ribosomes [10]
Molecular mechanisms that regulated autophagy in yeast
and mammalian have recently been identified [9). Knock-
out of autophagy genes causes abnormal accumulation in
ubiquitinated inclusions and neurodegeneration in mice
and that implicates in mechanisms of neurodegeneration
[14,15].

In the present study, we showed increased levels of auto-
phagic proteins in the B-gal™'~ mice brain. Immunoblot
analysis revealed an increase in levels of LC3-I1, a widely
used marker for autophagy, in all brain areas examined
at 10 months of age. Levels were particularly high in cere-
bellum and brain stem, where severe neuronal death occurs
in the p-gal-deficient human and mouse brain [1,3,4].
Increased autophagic stress was further confirmed by the
presence of LC3-positive structures in cells with intracellu-
lar Gy, accumulations. This induction of autophagy was
associated with increased expression of beclin-1. Beclin-1
is the mammalian ortholog of yeast Atg6, and 1s a part
of the Class 111 PI3K machinery that participates in auto-
phagosome formation [9]

Enhanced autophagy was recently reported in human
skin fibroblasts and mice models of other types of lyso-
somal storage diseases, such as Danon disease [16], neuro-
nal ceroid lipofuscinosis 2 [17], Pompe disease [18],
mucolipidosis type IV [19] multiple sulfatase deficiency,
mucopolysaccharidosis type [IA [20]. Induction of autoph-
agy was also observed in the Niemann-Pick C1 (NPC1)
mouse brain, which contained increased levels of beclin-1
[21].

The Akt-mTOR and Erk signaling pathways were also
activated in [P-gal "~ mice. Insulin signaling stimulates
phosphorylation and activity of mTOR via Akt/PBK path-
way and thereby represses autophagy in response to insu-
lin-like and other growth factor signals [9] Activation of

these pathways is known to induce autophagy, although
detailed mechanisms are still unknown. [12]. Previous stud-
ies have demonstrated localization of the active form of
Erk in autophagosomes and mitochondria in degenerating
brain [22], and that might happen in p-gal /= brain.

Decrease in the cytochrome ¢ oxidase activity, the mor-
phological abnormality and high sensitivity to oxidative
stress in the P-gal™/~ astrocytes suggest mitochondrial
abbreviations in this mouse. Inefficient autophagic-lyso-
somal fusion may cause accumulation of fragmented mito-
chondria. It is also possible that enhanced autophagy
disrupted mitochondrial function. We showed that oxida-
tive stress-induced cell death was suppressed by ATP, an
autophagy inhibitor and a pan-caspase inhibitor in pB-
gal™’~ astrocytes as well as in chloroguine-treated WT
astrocytes, supporting the idea that enhanced autophagy
induces mitochondrial dysfunction that leads to cell death
Mechanisms leading to cell death in astrocytes remain
unclear, since functional relationship between autophagic
cell death (also known as type Il cell death) and apoptotic
cell death (or type | cell death) is complex [10]. Autophagy
and apoptosis may be triggered by common signals.

Autophagy has emerged as the major pathway involved
in a number of neurodegenerative diseases, including Alz-
heimer disease [23], Parkinson disease [24], Huntington dis-
ease [25)], and lysosomal storage diseases [16-21]. In each
case, autophagic vacuoles accumulate in the affected neu-
rons, indicating that activation of autophagy is a common
feature of these diseases. However, the precise mechanisms
leading to activation of autophagy remain elusive. Further
investigation is warranted to clarify the mechanisms of
enhanced autophagy in these disorders.

In summary, we provided evidence for abnormal activa-
tion of autophagy accompanied with mitochondrial altera-
tions in the murine model of Gy -gangliosidosis.
Modulation of activity of autophagy and restoring mito-
chondrial functions may be of therapeutic benefit for this
disease.




A. Tokamura et al | Biochemical and Biophysical Research Communications 367 (2008) 616-622 621

A
@
@
[
K
[]
T
9
B
&
0 250 500 1000 Paraquat {uM)
B WT fi-gal” WT+ chloroquine
3
s
2
x
=
B
&
paaqual | + 4+ + 4 4 + T EEEEEE
ATP - e = T LT e,
3MA . . * - - = e o= | = s ..
rapamyen | « - - 4 . Sl ST
TVADAmk | = = = - & e T

Fig. 4. Effects of ATP, 3-MA, rapamycin and a pan-caspase inhibitor on
oxidative stress-induced cell death of astrocyte. (A) Lactate dehydrogenase
(LDH) release assay. Astrocytes were cultured with or without paraguat
for 24 h and the medium was collected for LDH release assay. Values were
expressed as relative to the values from cells treated wath 1% Tween 20.
Each bar represents the mean (SEM) from three independent experiments
“p <0.01 significantly differ from the value of WT cells. (B) Both WT,
f-gal”’~ and chloroquine-treated WT astrocytes were treated with
indicated drugs. LDH release assay were performed after 24 h
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The patient is a 24-year-old woman who first came for
consultation at age 10 years. Based on clinical phenotype
and thin-layer chromatography of urinary oligosaccharides,
peripheral leukocytes were sent for B-galactosidase assay.
This testing showed a deficiency in enzyme activity, and
gene mutation analysis identified a previously reported
mutation p.H281Y (875C > T) and a novel mutation p. W273R
(817T > C). Unlike previously reported patients, mutant

enzymes in this patient’s culured skin fibroblasts did
not respond to treatment with a chaperone compound,
N-octyl-4-epi-B-valienamine. © 2008 Wiley-Liss, Inc
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INTRODUCTION

Mucopolysaccharidosis (MPS) IVB (OMIM# 253010)
is a rare autosomal recessive disease [Suzuki et al.,
2001] characterized by shon-trunk dwarfism, and
progressive and generalized skeletal dysplasia. Life
threatening atlanto-axial subluxation may occur as a
result of the instability of the odontoid process
and ligamentous laxity. Genu valgus and kyphosis
with short trunk and short neck are early signs of the
disease. Fine corneal deposits, hepatomegaly, small
teeth with thin enamel, frequent caries formation
and cardiac valvular lesions are extra-skeletal abnor-
malities. Intelligence is preserved. The disease is
caused by B-galactosidase deficiency, resulting in
keratin sulphate and oligosaccharide storage in the
skeletal system and connective tissue, with normal
catalytic activity for ganglioside Gy,

Several mutations of the B-galactosidase gene have
been found in Morquio B patients. However, less
than 30 Morquio B patients have been characterized

for their respective DNA mutations [Santamaria etal.,
006].

CLINICAL REPORT

The patient is a 24-year-old Macedonian girl who
first came for consultation for growth delay at the
age of 10 years. Her intelligence was normal. Her
final height was 138 cm. She progressively devel-
oped distinctive facial features with a broad mouth
and a short nose with anteverted nares. Hearing was
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normal. Both corneas were cloudy, with more
prominent sight impairment in the left eye. Teeth
were widely spaced, and enamel was brittle and
greyish. She had a gait disturbance and walked
slowly. Range of motion of her hips, knees and
spine were limited, and movements were painful.
In contrast, her wrists and small joints were lax
and hyperextensible. She had a short neck and
kyphoscoliosis, coxa valga and genu vera with
medial spurs of the tibial metaphyses (Fig. 1).

Radiographs atage 24 years showed platyspondyly
with ovoid vertebrae and anterior projection
(Fig. 2a). Her sternum was bulging and her ribs
were flared. Long bones were short with irregular
tabulation, and metaphyses were widened. Her
femoral head was flauened and her acetabulum
was dysplastic and wave-like (Fig. 2b). Pseudocysts
and arthrotic alterations were present, and her
metacarpals had conical bases.

Fia 1. Photo of the patient. Shon neck and kyphosis

Neither cardiac abnormalities nor hepatomegaly
were observed. Her hip dysplasia was treated with
Salter's osteotomy, and corrective surgical interven-
tions were performed on both femurs at the age of
12 years. However, progressive bone dysplasia
severely impaired her gait. At present, she is able to
walk in the house and for short distances only with
assistance.

LABORATORY ANALYSIS

Total excretion of mucopolysaccharides in her urine
(DMB assay) [de Jong et al,, 1989] was within normal
range. Thin-layer chromatography of urinary oligo-
saccharides showed an abnormal pattern similar to
that for Morquio B or adult Gy-gangliosidosis
[Humbel and Collart, 1975). Galactose G-sulphatase
(deficient in Morquio A) in leukocytes [Van Diggelen
et al., 1990] was within the range of the control
values, However, leukocyte B-galactosidase activity
was 9.8 nmol 4-methylumbelliferone/h/mg protein,
which was 5.9% of the control mean enzyme activity
(range 90—320; N = 270) [Sinigerska et al., 20006]

PCR amplification of the entire B-galactosidase
coding sequence and their flanking intronic regions
was carried out on genomic DNA. The PCR products
were then subjected to denaturing high performance
liquidchromatography using a WAVE DNA fragment
analysis system (Transgenomic, Omaha, NE). Briefly,
the PCR products were denatured at 95°C for 5 min,
followed by gradual annealing to 50°C. Samples
were automatically loaded on a DNAsep column
(Transgenomic) and eluted with a linear acetonitrile
gradient at the temperarture for heteroduplex detec-
tion. The eluted DNA fragments were detected by an
UV-C detector (Transgenomic). An abnormal heter-
oduplex pattern was detected on the amplification
product spanning exon 8, which was re-amplified for
direct sequencing (ABI3130x], Applied Biosystems,
CA). Two mutations were identified: a previously
reported p.H281Y (¢.841C >T) reported in G-
gangliosidosis [Paschke et al., 2001], and a novel
mutation p.W273R (c.817T > C).

We performed a chaperone experiment for
cultured skin fibroblasts, using the compound
N-octyl-4-epi-p-valienamine (NOEV) [Iwasaki et al.,
2006]. The cells were cultured for 4 days with 0.2 or
2 UM NOEV in the culture medium, and subjected to
p-galactosidase assay. The residual enzyme activity
in this patient’s cells before trearment was 3% of the
control mean. After culture with NOEV for 4 days,
the enzyme activity did not change significantly
under the experimental conditions in this study. As
a control, a skin fibroblast culture with the homo-
zygous R201C mutation for juvenile Gy-gangliosi-
dosis responded positively to NOEV, resulting in
4.5-5-fold enhancement of the enzyme acuvity, as
reported in a previous study [Matsuda et al., 2003].
Immunostain of the enzyme with a B-galactosidase
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monoclonal antibody clone, H-80 (Santa Cruz
Biotech, Santa Cruz, CA), did not show enzyme
molecules either before or after the NOEV treatment
in this patient’s cells (data not shown)

DISCUSSION

This is a case repor of a rare lysosomal disease,
Morquio B, with phenotypic expression of systemic
bone disease caused by f-galactosidase deficiency
The central nervous system was not involved
Gene analysis identified two abnormalities, a com-
mon disease-causing sequence variant, p.H281Y
(c.841C>T), and a new mutation, p.W273R. The
p-H281Y varnant is a common mutation among
Caucasian patients [Oshima et al., 1991], and it was
found to have high frequency (79%) in unrelated
European patients [Paschke et al., 2001]

Bagshaw et al. [2002] described three new muta-
tions in patients with a mild form of Morquio B.
p.N484K and p.T500A mutations were found in male
and female twins, and p.G438E was found in the third
case without identification of the second mutant
allele. The p.TS00A mutation had been described
previously by Hinek et al. [2000] in a report on

veriebrae and al

wojection; and end-plares have imegular and
snate bones; Madelung deformity of the radiocarp

intracellular assembly with elastic fibers in Guy-
gangliosidosis and MorquioB. This mutation was
also in a report on & more pauents [Santamaria
et al., 2006]. Paschke et al. [2001] described a novel
missense mutation, p.Q408P, together with a known
mutation p.T500A in a French patient, and hetero
zygous mutations p.Y270D and p.H281Y located in
the vicinity of p.W273L in a German patient with
neurological and skeletal abnormalities of early
onset (possibly juvenile Gyy,-gangliosidosis).
Analysis of five Spanish Morquio B patients
[Santamaria et al., 2006] identified p.Y83C/p.D441N
in one patient. However, an infantile Gyy;-gangliosi-
dosis patient was homozygous for p.D441IN. The
p.R201H mutation, originally reported by Ishii
et al. [Santamaria et al., 2006] was homozygous in a
Morquio B patient, and it was associated also with
juvenile and adult G,; phenotypes. The patient
reported by Paschke et al. [2001] had been initially
diagnosed as presenting with the Morquio pheno-
type with the p.TB2M/p.Y270D genotype, but sub-
sequently developed neurological manifestations.
Caciotti et al, [2005] reported a juvenile GM1-
gangliosidosis patient with p.R201H. Santamaria
et al. [2006] concluded that a continuum is present




