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Expression of NDRG Family Protein in the Brain

Figure 7 Localization of NDRG4 in the
brain. NDRG4 was detected in most cells
in the cerebrum, but especially strongly
in the neurons (arrowhead in A) and
Purkinje cells in the cerebellum (open
arrowhead in B). Strong expression of
NDRG4 (C) was colocalized with a neuron
marker NeuN (D). Merged images are
shown in E. Bar = 10 pm.

"NDRG4

with NDRG2 and NDRG4. Immunohistochemical anal-
ysis, however, could fortunately discriminate NDRG1
from NDRG3: anti-NDRG1 showed a cytoplasmic stain-
ing pattern in particular cells, whereas anti-NDRG3
reacted with the nuclei in most cells of the brain.

We demonstrated here that NDRG1 was mainly
localized in the oligodendrocytes (Figure 4). Another
group (Wakisaka et al. 2003), however, has reported
immunohistochemical data inconsistent with the pres-
ent study. That report demonstrated that the localiza-
tion of NDRGT1 is changed from hippocampal neurons
to astrocytes during postnatal development in the rat
brain. Although the inconsistency may be caused by
the difference in animal species or developmental pro-
cess, the possibility of unexpected cross-reactions of
their antibody to other NDRGs (probably NDRG2)
cannot be ruled out. In fact, our observation of NDRG1
localization in oligodendrocytes is consistent with that
of another report (Berger et al. 2004).

The oligodendrocyte is a glial cell engaged in the
formation of myelin sheaths in the CNS, whereas the
Schwann cell expressing NDRG1 plays an analogous
role in the PNS. NDRG1, therefore, may contribute to
cellular processes in the development or maintenance
of myelin sheaths. Although the loss of NDRG1 in
Schwann cells led to demyelination in the sciatic nerves
(Okuda et al. 2004), the loss in oligodendrocytes had
no effect in the brain (Figure 3). These observations
suggested that other NDRGs may compensate for
the NDRG1 deficiency in oligodendrocytes but cannot
do so in Schwann cells. In fact, all NDRGs except
NDRG1 were less expressed in the sciatic nerve than in
the brain (Okuda et al. 2004).

NDRG2 was localized to the astrocytes in the
cerebrum and to Bergmann glial cells in the cerebellum
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(Figure 5). NDRG3 was expressed in most cells in the
cerebrum and cerebellum, and the subcellular localiza-
tion of NDRG3 was restricted in the nucleus (Figure 6).
These marked differences from NDRGT in the cellular
and subcellular localization suggested that NDRG2 and
NDRG3 may not have a redundant function of NDRG1.
In fact, NDRG2 and NDRG3 were unable to compen-
sate for the NDRG1 deficiency in sciatic nerves despite
their expression in the tissue (Okuda et al. 2004).

In contrast to NDRG2 and NDRG3, NDRG4 may
be a likely candidate of compensators for the NDRG1
deficiency in the brain. NDRG4 was abundantly
expressed in the brain, especially in the neurons and
Purkinje cells (Figure 7), the latter of which were also
rich in NDRG1. NDRG1 was originally identified as
a gene upregulated with homocysteine treatment
(Kokame et al. 1996), and expression of NDRG4 is
also induced by homocysteine (Nishimoto et al. 2003).
These similarities between NDRG1 and NDRG4 may
signify their functional similarity. Failure in compensa-
tion for the loss of NDRG1 in the Ndrg1-deficient PNS
can be explained by the fact that there is little ex-
pression of NDRG# in the sciatic nerves (Okuda et al.

Table 1 Summary of major expression cells of NDRG family
proteins in the brain

NDRG1 NDRG2 NDRG3 NDRG4
Cerebrum  Oligodendrocytes Astrocytes

Most cells Most cells
(nucleus)

Ependymal cells

Cerebellum Purkinje cells Bergmann  Purkinje cells Purkinje
glia (nucleus) cells
Most cells
(nucleus)
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2004). Further analysis, however, will be needed to
clarify the functional specificity and redundancy of
NDRGs in the CNS and also in other physiological
systems. Developing and analyzing knockout mice for
NDRG2, NDRG3, and NDRG4 would be the most
effective approach.
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Abstract

G -gangliosidosis is an autosomal recessive lysosomal lipid storage disorder, caused by mutations of the lysosomal B-galactosidase
(B-gal) and results in the accumulation of Gyy;. The underlying mechanisms of neurodegeneration are poorly understood. Here we dem-
onstrate increased autophagy in -gal-deficient (B-gal~/~) mouse brains as evidenced by elevation of LC3-II 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 B-gal_/ ~ mouse. Mito-
chondria isolated from B-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 mitochondrial dysfunction in the
brain of Gy;-gangliosidosis.
© 2008 Elsevier Inc. All rights reserved.

Keywords: Gyy-gangliosidosis; Lysosome; Autophagy; mTOR; Mitochondria; Astrocyte; Neurodegeneration

Gwm-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 pB-galactosidase (B-gal) due to mutations in the

Abbreviations: 1LC3, microtubule-associated protein 1 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 medium; PBS, phosphate-buffered saline;
BSA, bovine serum albumin.

* Corresponding author. Fax: +81 859 38 6470.
E-mail address: kh4060@grape.med.tottori-u.ac)p (K. Higaki).

0006-291X/$ - see front matter © 2008 Elsevier Inc. All rights reserved.
doi:10.1016/j.bbrc.2007.12.187

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;-gangliosidosis mouse
brain, which might lead to neurodegeneration in this
disease.

Materials and methods

Antibodies and reagents. Monoclonal anti-Gy; (GMB16) was from
Seikagaku Corp. (Tokyo, Japan), polyclonal anti-LC3 (PD014) was from
MBL International Corp. (Woborn, MA, USA), polyclonal anti-beclin-1
(H-300) was from Santa Cruz Biotechnology Inc. (Santa Cruz, CA, USA)
and polyclonal anti-Atk, anti-phospho-Akt (Ser473), anti-mTOR, anti-
phospho-mTOR (Ser2448), anti-S6 ribosomal protein (5G10), and anti-
phospho-S6 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 (St. Louis, MO, USA) and z-VAD-fmk was
from Promega (Madison, WI, USA).

Mice and tissue collection. A C57BL/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 by the committee for animal experiments in Tottori University
and B-ga[’/' 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
performed following the manufacturer’s instruction.

Immunoblot analysis. Mouse brains were lysed by sonication in a
buffer containing 10 mM Tris-HCl (pH 7.4), 150 mM NaCl, 1 mM
EDTA, 1 mM EGTA plus protease inhibitor cocktail (Roche). Protein
was quantified using Color-Producing Solution (Wako). Samples were
separated 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 IgG 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).

Immunofluorescence staining. Brain sections were permiabilized with
0.25% Triton X-100 in PBS for 15 min at room temperature, blocked with
1% BSA in PBS for | 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 1 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.
Hayward, CA, USA) and the enzyme activity of cytochrome ¢ oxidase was
determined 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

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 Atgs,
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-II, a
protein that associate with autophagosomes. Brain levels
of LC3 were assessed by immunoblotting. Although levels
of LC3-I and LC3-II in B-galf/* 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 Gy, in neurons of B-gal™~ mice at 10
months (Fig. IB). Beclin-1 is the mammalian ortholog of
yeast Atg6, and is a part of the Class III 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 p-gal™/~ mice
when compared to WT mice (Fig. IC 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-gal*/ ~ mice at
10 months (Fig. 2A and B).

Mitochondrial alterations in f-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 p-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 B-gal’/ ~ mice were subjected to
Western blotting with anti-LC3 (A) or anti-beclin-1 (C). Immunofluores-
cence of cellular distribution of LC3 (B) and beclin-1 (D) proteins in the
frontal cerebral cortex of WT and B-gal*/ " mice. Scale bar = 80 pm.

B-gal ™~ mice showed lysosomal accumulation of Gy, and
elevated LC3-II and beclin-1 levels (data not shown), and it
had a decreased cytochrome ¢ oxidase activity (Fig. 3A).
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 B-gal’/ -
astrocytes. In WT astrocytes, mitochondria were organized
as extended tubular structures, whereas - 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,

A WT B-gal”
Akt [m1
p-Akt (Sera73) | e |
p-Erk (Tyr204) | = |
MTOR | s s |
p-mTOR (Ser2448) | W s |

s [ |
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Fig. 2. Changes in Akt/mTOR and Erk signals in B-gal’/’ mouse brain.
(A) Cerebellar lysates from postnatal of 10-month-old WT and B-gal™/~
mice were subjected to Western blotting with indicated antibodies. (B)
Cellular distribution of p-mTOR (Ser2448) in the frontal cerebral cortex
of WT and B-gal‘/' mice at 10 months of age. Scale bar = 80 pm.

the intensity of red and green fluorescence was decreased
in B-galﬁ/ ~ astrocytes compared to the WT (Fig. 3D).

Dysfunction of autophagic-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 B-gal™~ astrocytes compared to that
in WT cells (Fig. 4A). We also attempted to characterize
the impairment in autophagy and mitochondria in f-
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-B-gal‘/ ~ astrocytes. Under these
conditions, none of the drugs affected LDH release in
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Fig. 3. Mitochondrial alteration in B-gal~ mouse brain and astrocyte. (A) Levels of cytochrome ¢ oxidase activities in extracts from the brain and
primary astrocytes of WT and B-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 B-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. n = 30 cells and values are means + SEM. (open bars: WT; dark bars: p-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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Fig. 3 (continued)

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 Bgal* ~ mice brain. Immunoblot
analysis revealed an increase in levels of LC3-II, 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 B-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 is a part
of the Class III 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 ITA [20]. Induction of autoph-
agy was also observed in the Niemann-Pick C1 (NPCI)
mouse brain, which contained increased levels of beclin-1
211

The Akt—-mTOR and Erk signaling pathways were also
activated in B-galf/’ 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 m degeneratmg
brain [22], and that might happen in - gal brain.

Decrease in the cytochrome ¢ oxidase activity, the mor-
phologlcal abnormality and high sensitivity to oxidative
stress in the B-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
autO})hagy inhibitor and a pan-caspase inhibitor in -
gal™~ astrocytes as well as in chloroquine-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 II cell death) and apoptotic
cell death (or type I 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.
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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 paraquat
for 24 h and the medium was collected for LDH release assay. Values were
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The integrity of the genome is threatened by DNA damaging events such as radiation, viral infection and

chemicals. Tonizing irradiation is known to cause genotoxic damage through the generation of reactive oxygen
species (ROS) and nitrogen species (RNS) and we have found that a signaling pathway for the nuclear transloca-
tion of Translin is initiated in association and efficiently blocked by a specific inhibitor of nitric oxide synthase
(NOS). This suggests the involvement of inducible nitric oxide synthase (iNOS)-derived nitric oxide (NO) in the
nuclear translocation of Translin. To address the functional significance of Translin in the hematopoietic genera-
tion system after ionizing irradiation, we generated Translin-deficient (Translin™~) mice and examined hematopoi-
etic colony formation after sublethal ionizing irradiation. We thereby confirmed a severe delay of colony forma-
tion in the spleens of Translin™~ as compared with Translin*'* mice. Taken together, the results suggest that
Translin contributes to hematopoietic regeneration by acting as a sensor protein for radiation-induced damage.

Key words

We have previously shown that expression of the octameric
ring protein, Translin, closely parallels the proliferative state
in various cell types, with protein synthesis starting in S
phase and becoming maximal during the G2/M phase.”™
This pattern of periodic expression is most likely associated
with functions in the replication of chromosomal DNA or
cell division control. In addition, stable transfectant cells ex-
pressing inducible Translin under the control of a tetracy-
cline-responsive promoter incorporate BrdU more efficiently
than non-expressing cells. This finding suggests that Translin
may participate in process ensuring the replication of DNA
as well as the acceleration of cell division. Moreover, confo-
cal microscopic analysis has revealed that Translin is local-
ized at the centrosomes at prophase and the mitotic spindle at
metaphase, then shifting to midbodies in late telophase. All
of these results suggest that Translin participates in processes
ensuring the replication of DNA and cytokinesis in mitotic
cell division.

In the present investigation, we generated Translin-defi-
cient mice and addressed the question of whether Translin
contributes to hematopoietic regeneration after exposure fo
ionizing irradiation. Evidence was thereby generated that
Translin acts like a sensor protein when cells are exposed to
various forms of DNA damage such as ionizing irradiation
and oxidative stress.

MATERIALS AND METHODS

Nuclear and Cytosolic Preparations Cells were cen-
trifuged at 1000Xg for 5 min and the pellets washed in ice-
cold PBS and resuspended in Hypotonic Buffer (10mwm
Tris-HCl (pH 7.9), 10mm KCI, 1.5mm MgCl,, 0.5mm
PMSF). After homogenization with 20 strokes in a Dounce
homogenizer, nuclei were pelleted at 2000Xg for 10min,

* To whom correspondence should be addressed.

e-mail: masataka@nih.go.jp

Translin; ionizing irradiation; hematopoietic regeneration

and the supernatant saved as the cytosolic fraction. Nuclear
pellets were washed twice, incubated in Rocking Buffer
(20mm Tris-HCl (pH 7.9), 20% glycerol, 300mm KCl,
1.5 mm MgCl,, 0.5mm dithiothreitol (DDT), 0.5 mM phenyl-
methylsulfonyl fluoride (PMSF)) on ice for 30min and
centrifuged at 13000Xg to remove any precipitate. Nuclear
and cytosolic preparations were precipitated with 10%
trichloroacetic acid (TCA), followed by repeated washing
with acetone.

Immunoblotting For detection of Translin, cell pellets
were dissolved in sodium dodecyl sulfate (SDS) sample
buffer (62.5mm Tris—HCI (pH 6.8), 2% SDS, 5% glycerol,
0.01% bromophenol blue) and run on 10% acrylamide SDS-
polyacrylamide gel electrophoresis (PAGE) under reducing
conditions, transferred to Hybond-polyvinylidene difluoride
membranes (Amersham Pharmacia Biotech), and probed
with affinity-purified rabbit anti-Translin antibody (1:500)
followed by horseradish peroxidase-conjugated goat anti-rab-
bit IgG (1:1500). Antibody binding was detected by en-
hanced chemiluminescence according to the manufacturer’s
instructions (Amersham Pharmacia Biotech).

Generation of Translin-Deficient Mice The coding se-
quence of the mouse Translin gene encoding the functional
protein is composed of six exons. A gene targeting construct
was prepared by deleting an entire exon (10.5 kb). The result-
ing Translin targeting vector, constructed from a strain 129
library (Stratagene) and consisting of a 3.2 kb homology arm
derived from the 5' end of the exon, a PGK-promoter-neo ex-
pression cassette, and a 4.0 kb homology arm from the 3’ end
of the exon, was linearized with EcoRI and introduced into
GSI ES cells (derived from 129/Sv]) by electroporation. Sur-
viving colonies after selection were picked and expanded for
DNA analysis. Targeted ES cells were injected into the blas-
tocoel cavity of C57/BL6 embryos using a Piezo-driven mi-

© 2008 Pharmaceutical Society of Japan
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cromanipulator (PrimeTech, Tsuchiura, Japan) to generate
chimeric mice which were then bred with C57BL/6 females
to obtain heterozygous Translin®’~ mutants. These in turn
were interbred and found to produce homozygous Translin ™/~
mice at the expected Mendelian frequency.

Exposure to Ionizing Irradiation K562 cells were ex-
posed to 20-Gy dose of irradiation using a '*’Cs source, and
then Translin levels in both nuclear and cytoplasmic fractions
were examined by Western immunoblot anaysis. To ask
whether Translin contributes to hematopoietic regeneration
after ionizing irradiation, Translin*’* and Translin™~ mice
(8—10 weeks) were exposed to a 4-Gy dose of irradiation.
At the indicated times, the histological features of hematopoi-
etic regeneration in the spleen were assessed by hematoxylin
and eosin staining,.

RESULTS

Translin Expression Level Is Linked to Cell-Cycle
Checkpoint Control in Hematopoietic Cells One of the
most widely used models for hematopoietic differentiation is
that featuring PMA (phorbol 12-myristate 13-acetate) treat-
ment of the pluripotent K562 human leukemia cell line.”
This results in irreversible cell cycle arrest and induction of
megakaryocytic differentiation in vifro. To determine whether
a link between Translin expression and cell proliferation also
exists for the hematopoietic system, K562 cells were treated
with PMA and the expression levels of Translin protein at
various stages were determined by immunoblotting experi-
ments. After exposure to PMA, in accord with cell cycle
arrest, the expression levels of Translin protein gradually
decreased (Fig. 1A). Since previous studies showed that
megakaryotic differentiation of K562 cells by PMA is in-
duced through the MAPK kinase (MEK)/MAPK pathway,®
we employed a selective inhibitor of the MEK/MAPK path-

A

. m - Translin

0 10 24 48 (hr)

- Translin

Control

PMA (30nM)
PMA+PD98059 (20uM)
PMA+PD98059 (50uM)
PD98059 (50uM)

LRl Bt

Fig. 1. Expression of Translin Is Linked to Cell-Cycle Checkpoint Control
in Hematopoietic Cells

(A) After K562 cells were treated with 10 nm PMA, total cell lysates were assessed at
the indicated times for Translin levels by immunoblotting. (B) K562 cells were treated
with 30 nM PMA for 48 h and total cell lysates were assessed for Translin levels by im-
munoblotting. The cells were pretreated with PD98059 (20, 50 v) for 30 min before
addition of PMA.,
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way, PD98059,” and established that the PMA-induced inhi-
bition of Translin expression was indeed abrogated (Fig. 1B).
A similar result was also obtained with NGF-induced inhibi-
tion of Translin expression in PC12 cells (data not shown).
Ionizing Irradiation and Oxidative Stress Induce Nu-
clear Translocation of Translin We previously showed
that DNA-damaging reagents, mitomycin C and etoposide
initiate a signaling pathway for the nuclear translocation of
Translin.® To test whether Translin is involved in early re-
sponses to irradiation, we examined levels in K562 cells
within several hours after irradiation. As expected, the major-
ity of Translin was found in the cytoplasm, but a significant
amount was also observed in the nucleus after the exposure
(Fig. 2A). Nuclear Translin levels reached a peak at around
6h and then returned to the basal levels within 24h. Al-
though the tumor suppressor gene product p53 also increased
in response to ionizing irradiation, nuclear levels continued

Cytosol Nucleus
A
- Translin
B
0 3 & 24 0 3 6 24
Time after {rradiation (hr)
Irradiation L-NIO + Irradiation
¢ L , R ¥ R
_ ~Translin
Time after irradiation (hr)
D
Translin

120

é 15 30 60
Time after Exposure to H,0, (min)

Fig. 2. lonizing Irradiation and Oxidative Stress Induces Nuclear Trans-
port of Translin

(A) K562 cells were exposed to a 20-Gy dose of irradiation, and then Translin levels
in both nuclear and cytoplasmic fractions were assessed at the indicated times. (B) As a
control, the same samples in (A) were tested for levels of p53. (C) K562 cells pre-
treated with L-NIO (50 pm) for 15 min were exposed to a 20-Gy dose of irradiation, and
then the nuclear Translin levels were assessed at the indicated times by immunoblot-
ting. (D) K562 cells were pretreated with 10 mm H,0, for 15 min at 37 °C, washed with
PBS, further incubated, and assessed at the indicated times for nuclear Translin levels
by immunoblotting analysis.
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Fig. 3. Generation of Translin™'~ Mice

(A) Inactivation of the Translin gene by homologous recombination. The figure shows a restriction map of the mouse Translin gene, the targeting vector, and the structure of the
mutated locus following homologous recombination. The coding exons are depicted by boxes. Restriction enzyme abbreviations: E, EcoRl; H, HindIIl; NeoR, neomycin resistance.
(B) Southern blot analysis of genomic DNA from genotyped embryonic tails. DNA derived from progeny of a Transtin®/~ cross was digested with HindIll and hybridized with
probe A. The wildtype genomic fragment is 8 kb in size, while the targeted gene is 5.6 kb. Genotypes are indicated above each lane. (C) Northern blot analysis showing absence of
Translin transcripts in Translin™~ mice. Total RNA was prepared from testes of wild-type and heterozygous and homozygous mutant mice. Northern blots were probed with a cod-
ing region probe, targeting the 3.4-kb Translin transcript. A probe for B-actin was used as a control for sample loading. (D) Western immunoblot analysis showing lack of Translin
expression in Translin - mice. Total protein was prepared from testes of wild-type and heterozygous and homozygous mutant mice. Protein samples were run on 10% acrylamide
SDS-PAGE under reducing conditions, transferred onto a PVDF membrane, and probed using anti-Translin antibodies.

to rise after the Translin levels returned to normal (Fig. 2B).

It was shown recently that exposure to ionizing irradiation
results in the activation of inducible nitric oxide synthase
(iNOS), which generates nitric oxide (NO), a natural media-
tor involved in a variety of biological processes, including
immune responses, neurotransmission, and vasorelaxation.”
Overproduction of NOS has been shown to cause DNA dam-
age and trigger repair processes.'” To ascertain whether NO
might be responsible for the nuclear translocation of Translin
induced by ionizing radiation, we examined the influence
of N-iminoethyl-L-ornithine (L-NIO), a specific inhibitor of
iNOS.!" As shown in Fig. 2C, L-NIO reduced the nuclear
Translin levels in K562 cells, suggesting the involvement of
iNOS-derived NO in the nuclear translocation of Translin
during acute radiation responses.

Ionizing irradiation is also known to cause oxidative dam-
age to macromolecules such as proteins, membrane lipids
and DNA through the generation of reactive oxygen species
(ROS), including H,0,, hydroxyl radicals and superox-
ide.'>!¥ H,0, itself is thought to cause DNA breaks and base
modifications through generation of hydroxyl radicals. We
therefore tested whether oxidative stress due to H,O, could
induce nuclear translocation of Translin. Surprisingly, the nu-
clear Translin levels in K562 cells started to increase within
30min and reached a peak at around 1 to 2 h after the cells
were exposed to H,O,, much faster than with ionizing irradi-
ation (Fig. 2D).

Generation of Translin-Deficient Mice To address the
functional significance of Translin in the hematopoietic sys-

tem, we generated mice homozygous for an inactivating mu-
tation of the whole Translin gene. As with its human counter-
part, the coding sequence of the mouse Translin gene is as-
sembled from six exons that are spread over a genomic dis-
tance of 10.5kb (Fig. 3A). We prepared a gene targeting con-
struct by deleting entire exons and replacing them with a cas-
sette expressing the neo gene, and the targeted ES clone was
then injected into blastocysts to generate chimeric mice. The
Translin*/~ mice were interbred and found to produce ho-
mozygous Translin™~ mice at the expected Mendelian fre-
quency. We confirmed that the wild-type allele is an 8kb
fragment, while the targeted allele is a 5.6kb fragment by
Southern blot hybridization (Fig. 3B). Northern blot analysis
demonstrated Translin transcripts to be absent in homozy-
gous mutants (Fig. 3C) and this was confirmed by Western
immunoblotting using anti-Translin polyclonal antibodies
(Fig. 3D). Translin™’~ mice were found to be viable and to
have no obvious behavioral abnormalities, while being sig-
nificantly smaller than their wild-type littermate controls
(data not shown).

Translin Contributes to Hematopoietic Regeneration
after Tonizing Irradiation In response to ionizing radia-
tion or other environmental stresses, eukaryotic cells are
thought to activate signal transduction pathways to arrest
cells at specific checkpoints in the cell cycle, to allow repair
of damaged DNA.'® To address the functional significance
of Translin in the hematopoietic generation system with ref-
erence to acute radiation-responses, we examined hematopoi-
etic colony formation in Translin™'~ mice after exposure to
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Fig. 4. Translin Deficiency Results in Delayed Hematopoietic Regeneration after lonizing Irradiation

Translin*/*

assessed by hematoxylin and eosin staining.

a 4-Gy dose of ionizing irradiation. After 1, 2 and 4 weeks
of irradiation, the histological features of extramedullary
hematopoiesis in the spleen of Translin®'~ and Translin™/~
mice were assessed by hematoxylin and eosin staining.
The results illustrated in Fig. 4 clearly indicate that the
hematopoietic colony formation in the spleen of wild mice
started 1 week after irradiation and peaked at 2 weeks. How-
ever, the same hematopoietic colony formation in the spleens
of Translin™'~ mice was delayed more than 2 weeks com-
pared with Translin ™" mice.

DISCUSSION

We have demonstrated that PMA treatment of K562 cells
induced inhibition of Translin expression in accord with cell
cycle arrest. Moreover, a selective inhibitor of MEK/MAPK
pathway, PD98059, abrogated the PMA-induced inhibition of
Translin expression. Given the involvement of the MEK/
MAPK pathway in growth arrest with concomitant induction
of p21WAFVCIPL 3 potent inhibitor of cyclin-dependent kinase
(CDK) activity,' it is conceivable that Translin gene expres-
sion is down-regulated by cell cycle arrest, accompanied by
induction of CDK inhibitory proteins.

In a previous report,” we showed that expression of
Translin is associated with cell cycle checkpoint defects in
lymphoid cells from cases of Ataxia-telangiectasia (AT), a
recessive human genetic disorder resulting from mutations of
the Atm gene,'” characterized by progressive neuro-degener-
ation, immunologic defects, cancer predisposition, and hy-
persensitivity to ionizing irradiation.'®'” While DNA dam-
age responses after ionizing irradiation normally cause cell
cycle arrest to allow cells to carry out DNA repair, AT cells
show an irradiation-induced cell cycle checkpoint defect.'®
In our data, cell cycle checkpoint defects of AT cells are as-
sociated with altered expression of the Translin protein, pro-
viding further support for a general tight link with cell prolif-
eration in acute radiation responses.” In addition, we found
that the nuclear translocation of Translin is induced by ioniz-

and Translin™'~ mice were exposed to a 4-Gy dose of irradiation. At the indicated times, the histological features of extramedullary hematopoiesis in the spleen were

ing irradiation and efficiently blocked by a specific inhibitor
of iNOS. This suggests the involvement of iNOS-derived NO
in the nuclear translocation of Translin during acute radiation
responses.

The free radical generator H,0, has been found to induce
tyrosine phosphorylation of intracellular proteins.'*—2" In
this regard, recent studies have demonstrated that H,0, pro-
motes tyrosine phosphorylation and rapid nuclear transloca-
tion of STAT3.” We found that the nuclear Translin levels
reached a peak at around 1 to 2 h after the cells were exposed
to H,0,, much faster than with ionizing irradiation. While
the precise molecular mechanism remains unclear, it may
be speculated that exogenously added high dose of H,0,
(10 mm) could induce rapid nuclear translocation of Translin
by phosphorylation.

To address the functional significance of Translin in the
hematopoietic generation system after ionizing irradiation,
we generated Translin-deficient mice and examined hematopoi-
etic colony formation after sublethal ionizing irradiation. We
confirmed a severe delay of colony formation in the spleens
of Translin™'~ compared with Translin*'* mice, clearly indi-
cating that Translin contributes the hematopoietic colony
formation for radiation-induced damage. Although a number
of potential molecules linked with stress responses and al-
tered cell cycle regulation have been identified,” we have
shown that Translin is involved in the mechanism by which
hematopoietic cells regenerate after exposure to ionizing
irradiation. Thus, the present results point to opportunities
for translating research findings into clinical application in
the recovery from radiation-induced injury.

Acknowledgment This work was supported by the
Budget for Nuclear Research of the MEXT, awarded to M.K.

REFERENCES

1) Present Address: Laboratory of Experimental Animal Models, Na-
tional Institute of Biomedical Innovation; 7-6-8 Saito-Asagi, Ibaraki,



February 2008

2)
3)
4)
5)
6)
7
8)
9)
10)

1
12)

13)

Osaka 5670085, Japan.

Aoki K., Suzuki K., Sugano T., Tasaka T., Nakahara K., Kuge O.,
Omori A., Kasai M., Nature Genetics, 10, 167—174 (1995).

Aoki K., Ishida R., Kasai M., FEBS Lett., 443, 363—366 (1999).
Ishida R., Aoki K., Kasai M., FEBS Lett., 525, 105110 (2002).
Sutherland J. A., Turner A. R., Mannoni P, McGann L. E., Turc J. M.,
Biol. Response Mod., 5, 250-—262 (1986).

Herrera R., Hubbell S., Decker S., Petruzzelli L., Exp. Cell Res., 238,
407—414 (1998).

Dudley D., Pang L., Decker S., Bridges A., Saltiel A., Proc. Natl.
Acad. Sci. US.A., 92, 7686—7689 (1995).

Kasai M., Matsuzaki T., Katayanagi K., Omori A., Maziarz R. T., Stro-
minger J. L., Aoki K., Suzuki K., J Biol. Chem., 272, 11402—11407
(1997).

Nurse P, Cell, 91, 865—867 (1997).

Weinert T., Cell, 94, 555—558 (1998).

Nathan C., Cell, 82, 873——876 (1995).

Schwarz M. A., Lazo J. S., Yalowich J. C., Allen W. P, Whitmore M.,
Bergonia H. A, Tzeng E., Billiar T. R, Robbins P. D., Lancaster J. R.,
Jr., et al., Proc. Natl. Acad. Sci. U.S.A., 92, 4452—4456 (1995).
McCall T, Feelisch M., Palmer R., Moncada S., Br. J. Pharmacol.,

14)

15)

16)
17)
18)
19)

20)

21

22)

23)

211

102, 234—238 (1991).

Pumiglia K. M., Decker S. I, Proc. Natl. Acad. Sci. US.A., 94, 448—
452 (1997).

Savitsky K., Bar-Shira A., Gilad S., Rotman G., Ziv Y., Vanagaite L.,
Tagle D. A, Smith S., Uziel T, Sfez S., Science, 268, 1749—1753
(1995).

Swift M., Morrell D., Massey R., Chase C., N. Engl. J Med., 325,
1831—1836 (1991).

Thacker J., Int. J. Radiat. Biol., 66, S87—S896 (1994).

Lavin M. F, Shiloh Y., Annu. Rev. Immunol., 15, 177—202 (1997).
Schieven G. L., Kirihara J. M., Burg D. L., Geahlen R. L., Ledbetter J.
A., J. Biol. Chem., 268, 16688-—16692 (1993).

Schieven G. L., Mittler R. S., Nadler S. G., Kirihara J. M., Bolen J. B.,
Kanner S. B, Ledbetter J. A., J Biol. Chem., 269, 20718—20726
(1994).

Nakamura K., Hori T., Sato N., Sugie K., Kawakami T, Yodoi J.,
Oncogene, 8, 3133—3139 (1993).

Carballo M., Conde M., El Bekay R., Martin-Nieto J., Camacho M. ],
Monteseirin L, Conde J., Bedoya F. J., Sobrino E, J Biol. Chem., 274,
17580—17586 (1999).

Bakkenist C. J., Kastan M. B., Cell, 118, 9—17 (2004).



Chemical Chaperone
Therapy: Clinical Effect in
Murine GMl—Gangliosidosis

Yoshiyuki Suzuki, MD,! Satoshi Ichinomiya, MS
Micko Kurosawa, PhD,? \/[asam Oh kubo, MD,?
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Junichiro Matsuda, PhD,* Yoko Noguchi, AS,”
Kazuhiro Takimoro, PhD,’ \/hsavukx Ttoh, MD('
Miho Tabe, BS,” Masamx Tida, PhD,*
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Cerrain low-molecular-weight substrate analogs act both as
in virro competitive inhibitors of lysosomal hydrolases and as
intracellular enhancers (chemical chaperones) by stabiliza-
tion of mutant proteins. In this study, we performed oral
administration of a chaperone compound N-octyl-4-epi-f3-
valienamine to Gy, -gangliosidosis model mice expressing
R201C mutant human B-galactosidase. A newly developed
neurological scoring system was used for clinical assessment.
N-Ocryl-4-epi-B-valienamine was delivered rapidly to the
brain, increased B-galacrosidase activiry, decreased ganglio-
side Gpyy, and prevented neurological deterioration within a
few months. No adverse effect was observed during this ex-
periment. N-Octyl-4-epi-B-valiecnamine will be useful for
chemical chaperone therapy of human Gy, -gangliosidosis.

Ann Neurol 2007;62:671-675

G -gangliosidosis (OMIM 230500) is a hereditary
human disorder wich progressive central nervous sys-
tem damage, visceromegaly, and skeletal dysplasias in
children and adules, caused by murations of the gene
GLBI (3p21.33) coding for lysosomal B-galactosidase
(EC 3.2.1.23) thac catalyzes hydrolysis of ganglioside
G,y and related compounds.'

In 2003, we proposed chemical chaperone therapy

r brain patholoq in Gyp-gangliosidosis.” The firse
origmal studies in this direction had been publmhed on
mutant a- galactosidase A in Fabry’s dlsmse, using galac-
tose’ and 1-deoxygalactonojirimycin.® We then found
N-octyl-4-epi-B-valienamine (NOEV) as a potent stabi-
lizer of mutant P-galactosidase activity in Gy, -gangli-
osidosis.” Tt increased mutant B-galactosidase activity in
culeured fibroblasts from more than 30% of patients.3

On the other hand, we developed a novel method to
assess neurological alterations in Gy, -gangliosidosis
model mice by modifying neurological tests in human
infants and young children.® This technique was ap-
plied to monitor their clinical course under chaperone
treatment. We found that NOEV prevents neurologi-
cal deterioration in this animal model.

Materials and Methods

G oy 1-Gangliosidosis Model Mice

We maintained a C37BL/6-based congenic knock-out (KO)
mouse strain with B-galactosidase deficiency” and a trans-
genic (Tg} mouse stmin overexpressing R201C mutant hu-
man - pl(iuosldase Care of experimental animals was per-
formed in accordance with the Guidelines on Animal
Experimentation of International University of Health and
Welfare (Otawara, Japan). Wild-type (W) mice (C57BL/
6Cr) were purchased from Japan SLC (Shizuoka, Japan).

Newrologival Assessment

Quantitative neurological assessment consisted of 11 test
items.” Each item was scored in four grades (0-3) based on
increasing, severity of abnormality. The rotal scores were pe-
riodically followed. Reliability and reproducibility of this test
method have been established.”

N-Octyl-4-epi-B-valienamine Adminisiration and
Determination

Tg or WT mice were provided 1mM aqueous solution of
NOEV hydrochloride ad libitum. The average daily intake of
NOEV was 75pg/gm (75mglkg) body weight. The NOEV
concentration was determined by combined liquid chroma-
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tography and tandem mass spectromerry system (Fig 1). For
neurological assessment, 16 Tg mice were given NOEV from
2 months of age, and they were compared clinically with the
other 16 Tg mice without NOEV treatment.

General Pathology, Newropathology, and Quantitative
Immunobistochemistry

The mice were perfused chrough the heart with 4%
phosphate-buffered paraformaldehyde, and tissues were used
for pathology and immunohistochemistry.® We further per-
formed immunohistochemical quantitation of ganglioside
Gy in the brain by confocal fluoromertry (Fig 2).

Enzyme Assay

B-Galacrosidase and  a-galactosidase A were assayed with
4-methylumbelliferyl derivacives (Nacalai Tesque, Kyoto) as
substrates” and  galactosylceramidase with 6-hexadecanoyl-
amino-4-methylumbelliferyl = B-galactoside (Erasmus MC,
Rotterdam, the Necherlands).'” Protein was determined with
Micro TP-Test Wako (Wako Pure Chemical Industries,
Osaka, Japan).

Blood Chemistry and Urinalysis

Blood was collected by cardiac puncture and centrifuged.
Plasma was analyzed using FUJI DRI-CHEM 3000V (Fuji
Film, Tokyo, Japan) for 14 test items, including gluramic-
oxalacetic transaminase, glutamic-pyruvic transaminase, and
others, as indicated by this analysis kit. Urine was performed
by collection by external pressure or direct puncture of the
bladder, using Uro-Labstix SG-L (Bayer Medical, Tokyo, Ja-
pan).

ng NOEV / g wet weight
3000

2500

2000 ——— +— | }— b—————

1500 —

1000 1

500 —1

L mllmll

0/0 3/0 710 123/0 714 7T
Days (NOEV / water)

|-

Fig 1. N-Octyl-4-epi-B-valienamine (NOEV) concentrations
in mouse tissues. Black bars indicate brain; gray bars indicate
liver; white bars indicate kidney. Tissue content is measured
in nglgin wet zue{q/}t, 0/0: water (111/)/ (n = 2); 3/0: NOEV
Jor 3 days (n = 2); 7/0: NOEV for 7 days (n = 2); 123/0:
NOEYV for 123 days (n = 1); 7/4: NOEV for 7 days, fol-
lowed by water for 4 days (n = 2); 7/7: NOEV for 7 days,
Jollowed by water for 7 days (n = 2).
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Fig 2. Immunohistochemical analysis of the R201C mouse
brain. (A) Histochemical stain of Gy, and B-galacrosidase.
(B) Quantitative confocal immunohistochemistry of G,y Each
column indicates the mean of relative fluorescence intensity in
the mouse brain (vertical bar = swandard ervor of the mean).
P < 0.05 KO (Ow) = KO mouse; water only (n = 2; age:
7 and 9 wonths). 1g (Ow) = Tg mouse; water only (n = 3;
age = 7, 11, and 15 months). Tg (8w) = 1g mouse;
N-octyl-4-epi-B-valienamine (NOEV) for 8 weeks (n = 2;
age = 10 and 11 months). Tg (16w) = Tg mouse; NOEV

Jor 16 weeks (n = 1; age = 9 months). WIT (Ow) = WT

mouse; water only (n = 1; age = 11 weeks). WT' (16w) =
WT mouse; NOEV for 16 weeks (n = 1; age = 9 months).
KO = lnock-out; 1z = mansgenicc W1 = wild type. See
supplementary material for additional methodology details.

Results

N-Octyl-4-epi-B-valienamine Concentration in Mouse
Tissues

The NOEV concentration increased in the brain, liver,
and kidney of WT mice within 3 days immediately
after starting treatment, remained at the same level for
as long as 123 days of continuous administration, de-
creased rapidly within 4 days after discontinuation of
treatment, and completely disappeared within 7 days
(see Fig 1). The concentration was almost the same in
the liver and kidney, and about 10% to 15% in the
brain compared with the two extraneural tissues. Tissue
concentrations remained the same after 8 to 16 weeks
of NOEV administration in Tg mice (data not shown).



Pathology and Immunobistocheniistiy

There were no specific changes in the liver, spleen, kid-
ney, lung, heart, thymus, pancreas, or skeletal muscle
of NOEV-treated mice, Bleeding, hemostasis, leuko-
cyte infiltration, or cytoplasmic vacuolation was ob-
served in some sporadic WT, Tg, or KO mice with or
without treatment (data not shown). Immunohisto-
chemical stain showed a marked decrease in Gy, stor-
age and increase in the enzyme activity in almost all
areas of the brain after 8 to 16 weeks of NOEV treat-
ment (see Fig 2A). This observation was confirmed
quantitatively by confocal fluorometry, indicating a sig-
nificant decrease of Gy in the NOEV-treated Tg
mouse brain (see Fig 2B).

Enzyme Activities

B-Galactosidase activity increased remarkably during
NOEV treatment for 8 to 16 weeks in Tg mice, par-
ticularly in the liver and spleen (data not shown). In
the brain, the enzyme activity in Tg mice reached 30%
to 40% of rthat in WT mice. Galactosylceramidase and
a-galactosidase A activities did not change in this ex-
periment.

Newrological Assessment

We firse compared the three genotypes without NOEY
treatment (Fig 3A). The total score remained low (<<5)
in the WT mouse until 24 months. Tt was high (almost
10) in the KO mouse already at 5 months (middle
symptomatic stage), and increased to 25 at 9 w 10
months (late stage). The Tg mouse showed slower pro-
gression than the KO mouse. However, even at 2 to 4
months (early symptomatic stage), the mean of total
score was significantly greater than that of the WT
mouse.

NOEV treatment was started at 2 months of age {see
Fig 3B). There was no significant difference for the
first 2 months between the two groups with or without
treatment. Fhen a definite statistical difference was de-
tected at 5 to 7 months of age, although the score in-
creased gradually also in the treatment group. This
clinical benefit was not evident when the treatment was
started at 5 months over the ensuing 5 months (data
not shown).

Bload Chemistry and Urinalysis

Glutamic-oxalacetic transaminase and glutamic-pyruvic
transaminase were high in some WT, Tg, or KO mice
examined. However, they were not related to the ge-
notype, clinical course, age, or NOEV treatment. Uri-
nalysis was normal in all mice examined.

Discussion

In this study, we investigated the clinical effect of the
chemical chaperone NOEV after our first report on
laboratory data in Gy,q-gangliosidosis mouse model.”

Total score

Age (months)

w

Total score
(¥
2

NOEV (+)

1‘
c ¥ ¥ 1 ¥ ¥ L
1 2 3 4 5 6 7
Age (months)

Fig 3. Neurological assessment scores in Gyy-gangliosidosis
maonse wodel. (A) Clinical course in three mouse genorypes
without N-octyl-4-epi-B-valiecnamine (NOEV) treatment. The
quantitative neurological assessment consisted of the following
11 test items: gait, posturelforelimb, posturelhind limb, pos-
tureftruiik, postureltasl, avoidance response, rolling over, body
righting acting on head, parachute reflex, horizontal wire net-
ting (stepping through interstice), and wvertical wire netting
(clinging and holding /;ocly).(’ The mice were scored in four
grades based on increasing severity of abnormality for each test
item: O (normal), | (slightly abmormal), 2 (moderarely abnor-
mal), and 3 (severely abnormal). The bighest score was 33 for
those with the most extensive newrological abnormalities. We
used GraphPad Prism 4 (GraphPad Software, San Diego,
CA) for unpaired Students ¢ test. Black squares indicare
wild-type (WT) mouse; black circles indicate transgenic (Tg)
mouse; black diamonds indicate knock-our (KO) mouse. Ver-
tical bars indicate standard error of the mean (SEM). *p <
0.05 (WT vs Tg, and Tg vs KO). n = 10, 10, 11, 24, 28,
17, 21, 13, 2 for KO (2--10 months); n = 32, 11, 19, 18,
29, 17,17, 18, 18, 17, 11, 6, 4, 2 for 1z (2-15 months):
w= 115 12, 12, 9 18, 21, 21, 16, 19, 18 8, 10, 9.
11, 9 8 9,9 10. 7, 2, 3 for WT (2-24 months). (B)
Clisical effect of NOEV therapy in Tg mice. The experimen-
tal conditions were the same as Figure 3A. Black circles indi-
cate Tg mouse, nontreated; white circles indicare Tg mouse,
treated with NOEV. Vertical bars dudicare SEM. *p < 0.05.
n = 16 for both treated and nontreared mice.
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NV . - . s 11,12
NOEV is an epimer of N-octyl-B-valienamine,'"'” a

potent inhibitor of B-galactosidase in vioro'™'* and a
potent inducer to express mutant B-galacrosidase activ-
fty in human and murine fibroblasts and tissues.”
NOEV was effective in almost all patients with juvenile
Gi-gangliosidosis and in some with infantile G,,,-
gangliosidosis.” Most patients were compound het-
erozygotes. We expect a successful therapeutic effect if
one of the mutant genes is responsive to NOEV, The
efficacy of enhancement varied among different muta-
tions. Eight human mutant enzymes responded posi-
tively to NOEV, including known common murations
(K. Higaki and colleagues, unpublished data). The op-
timal NOEV concentration was 0.2uM for R457Q
and 2uM for R201C and R201H.® We estimarte that
NOEV therapy will be successful in at least one-chird
of patients with Gy,,-gangliosidosis.

This seudy indicates that orally administered NOEV
entered the central nervous system from the blood-
stream across the blood-brain barrier. The compound
did not accumulate in the tissues examined during oral
administration  for 4 months. The
B-galactosidase activity and reduction of Gy, reflected
changes of NOEV concentration in mouse tissues. We
did not analyze urinary oligosaccharides.

In this scudy, we tried two new approaches for quan-
titative evaluation of the NOEV effect in murine
Gy -gangliosidosis: immunohistochemistry and clinical
assessment. Quantitative confocal fluorometry demon-

increase  of

strated a remarkable decrease of Gy, in the mouse
brain after NOEV treatment. The neurological assess-
ment scores corresponded well with laboratory daca.

Early chaperone therapy resulted in a positive clini-
cal effect within a few months, although complete ar-
rest or prevention of disease progression was not
achieved under the current experimental conditions.
The latency before the clinical effect was longer if the
therapy was started in the late symptomatic stage. We
conclude that early treatment ac the early stage of dis-
ease is mandatory for prevention of brain damage. We
do not know the optimal dose of NOEV at present in
murine Gy,,-gangliosidosis.

No significant adverse effect was observed during
NOEV administration up to 6 months. Random in-
creases of plasma glutamic-oxalacetic transaminase and
glutamic-pyruvic transaminase concentrations were not
related to genotype or NOEV trearment. Blood collec-
tion by direct cardiac puncture after echyl ether anes-
thesia and thoracotomy may have partly contributed to
abnormal release of intracellular enzymes into the ex-
tracellular fluid. We did not observe excessive enzyme
enhancement in the course of NOEV treatment, but it
may cause some metabolic derangement in human and
mouse tissues.

So far we demonstrated effectiveness of chemical
chaperone therapy in G,,,-ganglosidosis,”” Gaucher’s
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. 5,16 . . o
disease,'™® and Fabry’s disease.* A short-term effect

was reported on a Fabry's disease patient with galac-
tose,'” and other investigators confirmed the effective-
ness of chaperone therapy in Gaucher's disease fibro-
blasts.'® In addition, the effect of chaperone treatment
has  been reported in  Gy-gangliosidosis'®  and
Pompe’s disease.®” Theoretically, this principle can be
applied to other lysosomal diseases, if a specific chap-
erone compound becomes available for each targer en-
zyme. Furthermore, other neurogenetic diseases may be
considered for chemical chaperone therapy. We expect
that studies in this direction will open a new aspect of
molecular therapy for inherited metabolic diseases with
central nervous system involvement in the near furure.
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Science, Sports, and Technology of Japan (13680918, 14207106,
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Abstract

A large number of genetic disease model mice have been produced by genetic engineering. However, phenotypic analysis is not
sufficient, particularly for brain dysfunction in neurogenetic diseases. We tried to develop a new assessment system mainly for motor
and reflex functions in Gy -gangliosidosis model mice. Two genetically engineered model mouse strains were used for this study: the
B-galactosidase-deficient knockout mouse representing infantile Gyy,-gangliosidosis (severe form), and transgenic mouse represent-
ing juvenile Gy -gangliosidosis (mild form). We modified human child neurology techniques, and selected eleven tests for motor
assessment and reflex testing. The test results were scored in four grades: 0 (normal), 1 (slightly abnormal), 2 (moderately abnormal),
and 3 (severely abnormal). Both disease model mouse strains showed high scores even at the apparently pre-symptomatic stage of
the disease, particularly with abnormal tail and hind limb postures. Individual and total test scores were well correlated with the
progression of the disease. This method is simple, quick, and reproducible. The testing is sensitive enough to detect early neurolog-
ical abnormalities, and will be useful for monitoring the natural clinical course and effect of therapeutic experiments in various neu-

rogenetic disease model mice, such as chemical chaperone therapy for Gy -gangliosidosis model mice.

© 2006 Elsevier B.V. All rights reserved.

Keywords: Gy -gangliosidosis; Genetic engineering; Disease model mouse; Motor assessment; Reflex testing; Mouse neurology

1. Introduction

The recent advance of molecular technology has
made it possible to produce a large number of disease
model animals, particularly genetically engineered mice.
Many of them present with progressive or non-progres-
sive central nervous system manifestations of various
severities. At present the neurological status is assessed
mainly by gross clinical observations or with sophisti-
cated instruments mainly for evaluation of cortical
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functions, such as memory, learning, and behavior.
The past clinical experience taught us that clinical
impression was not always supported by neuropatho-
logic or neurochemical analysis, particularly for rapidly
progressive neurological diseases. Sometimes brain
pathology was far more severe or extensive than expect-
ed by clinically recognizable minimal cerebral dysfunc-
tion. Accordingly the neurological course has not been
well delineated in many neurogenetic diseases in the
mouse species.

For more than 15 years we performed molecular anal-
yses of B-galactosidase deficiency disorders (B-galactosi-
dosis) [1]: cDNA cloning [2], mutation analyses [3,4],



