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Abstract

We report a 69-year-old man who developed paralytic polionyelitis in childhood and then decades later suffered from fatal respiratory
failure. Six months before this event, he had progressive weight loss and shortness of breath. He had severe nuscular atrophy of the entire
right leg as a sequela of the paralytic poliomyelitis. He showed mild weakness of the facial muscle and tongue, dysarthria, and severe nuscle
atrophy from the neck to proximal upper extrernities and trurk, but no obvious pyramidal signs. Electromyogramrevealed newrogenic changes
in the right leg, and in the paraspinal, stemocleidomastoid, and lingual muscles. There was a slight increase in central motor conduction time
from the motor cortex to the lumbar anterior horn. Pulmonary function showed restrictive ventilation dysfunction, which was the eventual
cause of death. Some neuropathological features were suggestive of amyotrophic lateral sclerosis (ALS), namely Bunina bodies. In patients
with a history of paralytic polionyelitis who present after a long stable period with advanced fatal respiratory failure, one nay consider not

only respiratory impairment from post-polio syndrome but also the onset of ALS.

© 2005 Elsevier B.V. All rights reserved.
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1. Introduction

Amyotrophic lateral sclerosis (ALS) is a neurodegen-
erative disease with selective and systematic irvolverment
of the cortical and spinal motor neurons, causing systeimic
muscle atrophy including of the respiratory muscle [1-6].
Acute paralytic poliomyelitis is caused by infection with the
poliovirus in childhood, which produces spinal motor neurcn
damage. This disease affects mainly the proximal muscles
of the legs, and leads to asymmetric flaccid paralysis and
atrophy. With the spread of the polio vaccine in the modem
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era, poliomyelitis has become uncommon. However, inacute
paralytic poliomyelitis patients, various fimctional disorders
sometimes appear decades after the initial disease. These dis-
orders exacerbate motor, sensory, and respiratory dysfunction
and are known collectively as post-polio syndrome (PPS) or
post-polio muscular atrophy (PPMA) [7-10], which often
mirmics ALS symptoms. Conversely, ALS israrely associated
with antecedent paralytic polio, and mimics PPS [11-13].
About 1% of paralytic polio patients have been reported
to develop ALS [14]. This rate is extremely high com-
pared with the general prevalence of ALS. It is not yet clear
whether the development of ALS is linked to paralytic polio
[15-17].

We report a patient with severe residual paralysis in one
leg from paralytic polio in childhood, who suffered fatal res-
piratory impairment in old age.
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2. Case report

The patient was a 69-year-old man. His history included
febrile-associated acute motor palsy at the age of 4 years,
and subsequent 1muscle atrophy and right leg paralysis. These
conditions were arrested after the initial disease, with no
relapse or progression. Other limb weakness and atrophy was
not present. This clinical history strongly suggests that the
patient suffered from poliomyelitis. His early acute anterior
poliomyelitis did not seem to involve respiratory rmuscles. At
20 years of age his right upper lung was partially resected
because of tuberculosis. He had a 40-year history of smok-
ing. There was no history of neuromuscular disease in his
family.

For 6 months before presentation, the patient had gradually
progressing loss of weight and appetite, and noticed shortness
of breath upon walking or exertion. For 3 months, he had
gradually progressing general malaise, difficulty speaking,
and a weak voice. He had difficulty in sleeping, but no snoring
or apnea during sleep. He lost 10kg in weight in 6 months,
and visited our hospital because of breathing difficulty.

At the initial examination, he was alert and intelli-
gent. His height was 158 cm, weight 37 kg, blood pressure
100/70nmmHg, body temperature 36.7°C, and pulse rate
62 beats/min. He had no arrhythimia. Movement of the thorax
was extremely limited on breathing. Severe muscle atrophy
was seen from the right hip through the entire leg, and the
right leg was 5 cmshorter than the left. There was mild weake-
ness in the facial muscles, dysarthria, and mild paralysis and
fasciculation of the tongue, but no dysphagia. Muscles from
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the neck through the proximal anns and trunk were severely
atrophied, but there was no fasciculation. Grip strength was
27 kg in the right hand and 25 kg in the left. Limb weakness
was minimal except for the right leg. Deep tendon reflexes
in the limbs were decreased overall. Neither spasticity nor
Babinski’s sign were present. He had no sensory impairment.

Blood tests revealed no anemia, and there were no abnor-
mmalities in biochemical test results. Thyroid function was
normal, but tests were positive for HBs antigen and HCV anti-
body. There were no findings of pneumonia on chest radio-
graph, and no paresis of the diaphragm Arterial blood gas
analysis (room air) findings were PH 7.368, PaO, 89.8 Torr,
PaCO, 59.2 Torr, HOO; 33.3 mEg/L, and Sa0, 97.0% There
werenoabnonmalities on electrocardiogram Clinical respira-
tory symptoms showed no improverment with edrophonium
Motor, sensory and F-wave conduction velocities in the limbs
were all within the normal range. Electromyogram revealed
marked neurogenic changes in the right quadriceps femoris
and tibialis anterior muscles. In addition, polyphasic and high
amplitude potentials were observed in the paraspinal, stern-
ocleidomastoid and lingual nwmiscles. Repetitive stimulation
was not performed with this patient. Measurement of central
motor conduction was done using the technique of percuta-
neous magnetic stimulation of the brain and spinal cord. Cen-
tral motor conduction time from the cerebral motor cortex to
the cervical segment of the spinal cord (C-CMCT) was mea-
sured by subtracting the latency to onset of EMG activity of
the thenar muscle after cervical stimulation from the latency
to onset of EMG activity to the saime muscle after scalp stim-
ulation. The latencies to onset of the action potential of the

Fig. 1. CT findings. (A) Shows a full body image. (B) Shows transverse sections at the levels of the inferior pelvis (a), mid-thigh (b), and mid-calf (c). The
right leg is shorter. Severe atrophy and fatty degeneration are seen from the right hip through the leg.
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abductor hallucis muscle after scalp stimulation and to onset
of the action potential of the same muscle after lumbar stim-
ulation were also measured, and the difference between the
two latencies was estimated as central motor conduction time
from the cortex to the lumbar segment of the spinal cord (I~
CMCT). The C-CMCT for the right thenar nuiscle was 9.4 1ms
(normral: upto 101s). The L-CMCT for the abductor hatlucis
muscle was 15.8 s, showing a slight increase (normmal: up
to 15ms). On spirometry, forced vital capacity (FVC) was
1.87L, % predicted value (2%6VC) was 59.8%, and forced
expiratory volume (FEV) 1.0% was 81.7%, showing restric-
tive ventilation dysfunction. There were no abnormmalities in
cerebrospinal fluid, which tested negative for type I poliovirus
antibodies. CT showed diffuse severe muscular atrophy and
fatty degeneration from the right hip through the entire leg
(Fig. 1A and B). Atrophy of the paraspinal and intercostal
muscles was also seen. Brain MRI showed mild atrophy, but
no abnormal signals were seen along the corticospinal tract.

Two months after admission he required non-invasive pos-
itive pressure ventilation by nasal mask for his sleep disorder.
After 4 months he could not orally ingest food sufficiently
because of his breathing difficulty. After 5 months his pul-
monary function showed an FVC of 0.99L, %VC of 38.1%
and FEV 1.0%o0f 41.3% In arterial blood gas analysis (room
air), both Pa0» and PaCO, continued to be about 60 Tomr.
After 6 months the patient died from respiratory failure. The
clinical diagnosis was a residue of paralytic polio and ALS
presenting as respiratory failure. An autopsy was perforimed
about 8h after death.

Brain weight was 1370 g. No marked changes were seen
inthe brain grossly, but there was atrophy of the spinal ventral
roots. Histologically, motor neuron loss in the spinal ventral
hom was seen. In the anterior horn of the left lumbar cord,
active degeneration was seen, including atrophied motor neu-
rons with Bunina bodies, appearance of imacrophages, axonal
spheroids, and hypertrophic astrocytes (Figs. 2-4). On the
right side, atrophy of the ventral homn, extensive neuronal
loss, and gliosis were seen, but there were few findings of
active degeneration (Fig. 3). At the cervical and thoracic
levels, there was not a clear difference between motor neu-
ron lesions on the right and left sides. Mild cell loss in the
hypoglossal nuclei was present. Bunina bodies were also seen
in remaining motor neurons of the cervical anterior horm and
the hypoglossal nuclei. There was mild loss of Betz cells
in the motor cortex. In the spinal cord, the lateral column
demonstrated a slight pallor bilaterally with Kliiver-Barrera
stain (Fig. 2), and the presence of macrophages. Glial bundles
were seen on the right side, particularly in the lumbar ventral
roots. Neurogenic atrophy was also seen in the intercostal
muscles and diaphragm.

3. Discussion

The present patient had a history of paralytic polioin child-
hood. After a stable period of about 65 years, he suffered

Fig. 2. Spinal cord findings. Transverse section at the spinal level ((a) cervi-
cal. (b) thoracic, and (c) lumbar). Mild pallor is seen in the lateral columns
at the lumbar level. Klitver—Barrera stain (x 3).

severe weight loss and a respiratory disorder. This was a rare
case in which the lower motor neuron symptoms and signs
were in the foreground, and the condition rapidly progressed
to fatal respiratory failure. The findings included some atypi-
cal features for ALS, namely, absence of the obvious clinical
pyramidal signs.

Typical syrmptorms of PPS and PPMA include new deteri-
oration of muscle strength, general fatigue, speech and vocal
impairment, dysphagia, and depression.

Rather than a reinfection or reactivation of the poliovirus
or a new progressive degenerative process, PPS may be a sec-
ondary functional disorder from the addition of age-related
changes to existing finctional failure [7-10]. Among PPS
cases, progressive ventilation failure such as chronic alveo-
lar hypoventilation, progressive respiratory failure, and sleep
apnea syndroime have been reported [18,19]. The clinico-
pathological diagnosis of our patient was more likely ALS
presenting as respiratory failure or dyspnea-fasciculation
syndrorme [20], rather than respiratory disorder due to PPS
or PPMA.

- 180 -



4 S.-i. Terao et al. / Clinical Newrology and Neurosurgery xxx (2003) xxx—xxx
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Fig. 3. Spinal vental horn findings. Transverse sections of the lumbar ventral
horn. Mild to moderate loss of motor neurons is seen on the left side (a). On
the right side (b), ventral hom atrophy, severe motor neuron loss, and gliosis
are seen. Kliiver—Barrera stain (x 10).

Recently, Truffert et al. [21] have reported that a 56-
year-old man with prior paralytic poliomyelitis developed
progressive respiratory failure caused by endplate dysfunc-
tion. Repetitive stimulation studies showed a marked decre-

ment of the trapezius nmuscle response, which was reversible
with edrophonium In the absence of biological evidence for
autoimmune myasthenia gravis, it may be that some kind
of endplate dysfunction mechanism is related to postpolio
syndrome. The repetitive stinuilation procedure should be
considered in postpolio syndrome patients as some of them
may benefit from anticholineesterase treatment. In our patient
the negative result from the edrophonium test was rather
unsuggestive of significant endplate dysfunction. Truffert et
al. reported a patient whose presentation was quite similar to
the present case, but who improved with anticholinesterase
therapy, contrary to our patient.

Neuropathological reports on ALS patients with
antecedent paralytic polio are rare. Roos et al. [12] reported
an ALS patient who had contracted poliomyelitis at the age
of 15 years. This patient had weakness of the right hand at
the age of 45, and died 3 years later. These authors noted
that, neuropathologically, this case presented a classical
picture of ALS. Shimada et al. [13] reported a woman who
had leg paralysis from acute poliomyelitis at the age of 2
years, onset of progressive weakness of the left hand at the
age of 75, and respiratory failure causing death at the age of
80.

Neuropathologically, there were findings of old
poliomyelitis in the lumbar ventral hom, together with
ALS pathology presenting cortical and spinal motor neuron
damage. However, they described several atypical find-
ings that differed from classical ALS [22], including the
preservation of the hypoglossal nucleus, no Bunina bodies
in the remaining motor neurons, and no ubiquitin-positive
mclusions. Pezeshkpour et al. [23] reported local, asynmimet-
ric spinal anterior hom motor neuron degeneration and a
well-preserved corticospinal tract. Miller [24] indicated that
PPMA patients presented spinal motor neuron loss and axon
spheroids, and mild spinal lateral funiculus damage and loss
of Betz cells in the motor cortex.

In the present case, there was atrophy in the right lum-
bar anterior horn, and severe loss of cells of all sizes, from
large alpha motor neurons to small intemeurons. This was
quite different from the size-dependent selective pattern of

(A)

®

Fig. 4. Bunina body findings. (A) Shows Bunina bodies (arrows) in motor neurons of the lumbar ventral horn with hematoxylin-eosin stain (x 100). (B) Shows

cystacin-C stain (x 100).
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motor neuron loss in ALS [25-28]. The glial bundles present
predominantly in the right lurnbar spinal roots were those
from paralytic polio [29]. Otherwise, the pathophysiological
findings were indistinguishable from those of sporadic ALS.
The extremrely rapid progression of motor neurondysfumnction
resulting in respiratory failure may reflect the underlying dor-
mant pathophysiological process due toantecedent poliovirus
infection, since antecedent poliovirus infection would have
spread far beyond the lesions of apparent motor neuron loss
[18,19].

In patients with a history of paralytic poliomiyelitis who
present progressive respiratory failure after a long and stable
course, one may consider not only respiratory disorder due
to PPS but also, in rare cases, the development of ALS.
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Spinal and bulbar muscular atrophy (SBMA) is an aduli-onset
motor neuron disease caused by the expansion of a (rinucleotide
CAG repeat encoding the polyglutamine tract in the first exon of
the androgen receptor gene (AR). The pathogenic, polyglutamine-
expanded AR protein accumulates in the cell nudleus in a lgand-
dependent manner and inhibits transcription by interfering with
transcriptional factors and coactivators. Heat-shock proteins (HSPs)
are stress-induced chaperones that facilitate the refolding and,
thus, the degradation of abnormal proteins. Geranylgeranylac-
etone (GGA), a nontoxic antiuleer drug, has been shown to po-
tently induce HSP expression in various tissues. including the
central nervous system. in a cell model of SBMA, GGA increased the
levels of Hsp70, Hsp90, and Hsp 105 and inhibited cell death and the
accunulation of pathogenic AR Oral administration of GGA also
up-regulated the expression of HSPs in the central nervous system
of SBMA-transgenic mice and suppressed nuclear accumulation of
the pathogenic AR protein, resulting in amelioration of polyglu-
tamine-dependent neuromuscular phenotypes. These observa-
tions suggest that, although a high dose appears to be needed for
clinical effects, oral GGA administration is a safe and promising
therapeutic candidate for polyglutamine-mediated neurodegen-
erative diseases, including SBMA.

spinal and bulbar muscular atrophy | geranylgeranylacetone | androgen

receptor | heat-shock factor-1

Epansion of a trinucleotide CAG repeat encoding the polyglu-
amine tract causes inherited ncurodegenerative disorders,
including spinal and bulbar muscular atrophy (SBMA), Hunting-
ton’s disease, dentatorubral pallidoluysian atrophy, and several
forms of spinocerebellar ataxia (1, 2). All these polyglutamine
diseases show progressive and refractory neurological symptons
with selective neuronal cell loss within the susceptive regions of the
nervous systerm. SBMA is a lower motor neuron disease exclusively
affecting males and characterized by adult-onset proximal muscle
atrophy. weakness, fasciculations. and bulbar involvement (3, 4).
The molecular basis of this disease is elongation of a polyglutamine
tract in the androgen receptor (AR) protein (5), the toxicity of
which is considered a major cause of neurodegeneration in SBMA
(6, 7). It has been postulated that pathogenesis in SBMA results
from testosterone-dependent accumulation of pathogenic, polyglu-
tamine-expanded AR in the cell nucleus (8, 9). This hypothesis is
strongly supported by the observation that intranuclear accumula-
tion of discase-causing protein leads to transcriptional dysregula-
tion, a supposed pathway of neurodegeneration in polyglutamine
diseases (10, I1).

Accumulated polyglutamine-containing protein is commonly
seen as diffuse nuclear staining or as inclusion bodies, the his-
topathological hallmarks of polyglutamine diseases. Although in-
clusion bodies appear to represent a cellular defensive response,
diffusely accumulated polyglutamine-containing protein in the
nucleus possesses a distinctlytoxic property (12-14). Acannulation
of pathogenic protein is, thus, a major target of therapeutic

www.pnas.org/cgi/doif 10.1073/pnas.0506249102

strategics for polyglutamine diseases. This view is supported by
animal studies showing that hormonal interventions lowering se-
rum testosterone levels successtully prevents nuclear accumulation
of pathogenic AR and, thereby, rescue the phenotypes of mouse
models of SBMA (8, 13, 16).

Heat-shock proteins (HSPs) are stress-induced molecular chap-
erones that play a crucial role in maintaining correct tolding,
assembly, and intracellular transport of proteins (17, 18). Under
toxic conditions, HSP synthesis is rapidly up-regulated and nonna-
tive proteins are refolded. There is increasing evidence that HSPs
abrogate polyglutamine toxicity by refolding and solubilizing patho-
genic proteins (19-21). Overexpression of Hsp70, together with
Hspd0, inhibits toxic accumulation of abnormal polyglutamine
protein and suppresses cell death in a variety of cellular models of
polyelutamine diseases including SBMA (22-24). Hsp70 has also
been shown to facilitate proteasomal degradation of abnormal AR
protein in a cell culture model of SBMA (25). The salutary effects
of Hgp70 have been verified in studics by using mouse modcls of
polyglutamine discases (26, 27). Howevwer, clinical applications
based on these studies have certain limitations because they used
genetic overexpression of Hsp70.

Geranylgeranylacetone (GGA) is an acyclic isoprenoid com-
pound with a retinoid skeleton that induces HSP synthesis in various
tissues including the gastric mucosa. intestine, liver, nyyocardium,
retina, and central nervous system (28-32). Oral administration of
GGA rapidly up-regulates HSP expression in response to a variety
of stresses, although this effect is weak under nonstress conditions
(29). With an extremelylowtoxicity, this compound has been widely
used as an oral antiuleer drug The aim of the present study is to
imvestigate whether oral GGA induces HSP expression and thereby
suppresses polyglutamine toxicity in cell culture and mouse models
of SBMA.

Mhterials and Methods

Adenovirus Vector. Adenovirus vectors were constructed with the
BD Adeno-X Expression system according to the manufacturer’s
protocol (Invitrogen). Briefly, truncated AR constructs containing
GFP (24 CAG repeats, 215 N-terminal amino acids of AR or 97
CAQG repeats, and 442 N-terminal amino acids of AR) (23) were
cloned into the pShuttle vector between the Nhel and Xbal sites.
pShuttle vectors with truncated AR24 or AR97 were digested with
I-Ceul and PI-Scel. After in vitro ligation, recombinant adenovirus
vector constructs containing the respective transgenic fragments
were used to transfect HEK293 cells, and the vectors were isolated
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by using the fireeze~thaw miethod. Finally, virus titer was deter-
mined by using the BD Adeno-X Rapid Titer kit (Invitrogen).

Cell Gulture. The human neuroblastoma cell line (SH-SYSY, Amer-
ican Type Culture Collection No. CRL-2266) was maintained with
DMEM/F12 (Invitrogen) supplemented with 1084 FCS. After
neural differentiation in differentiation medium (DMEM/F12
supplemented with 5% FCS and 10 uM retinoic acid) for 4 days,
SH-SYSY cells were infected with the recombinant adenovirus
vectors containing truncated AR24 or AR97 at a multiplicity of
infection of 20 for 1 h and then treated with GGA. At each time
point (0, 2. 4, and 6 days) after infection, cells were fixed with 4%
paraformaldehyde for 10 min at room temperature, counterstained
with propidium iodide (Molecular Probes). and mounted in Gel-
vatol. A confocal laser scanning microscope (MRC1024, Bio-Rad)
and a conventional fluorescent microscope were used to determine
the degree of neuronal cell death and the presence of GFP-labeled
AR24 or ARY7 protein in diffuse nuclear aggregates or in inclusion
bodies. Quantitative analyses were made from triplicate determi-
nations. Duplicate slides were graded blindly in two independent
trials as described in refl 23.

Immunocytochemistry. Cells were fixed with 4% paraformaldehyde
and incubated with an anti-HSF-1 (FISF-1, heat-shock factor-1)
antibody (1:5.000, Stressgen, Victoria, Canada) and anti-rabbit
Alexa Fluor 568 antibody (1:1.000, Molecular Probes), then coun-
terstained with Hoechst 33342 (Molecular Probes).

Animals. AR-24Q and AR-97Q mice were generated by using the
pCAGGS vector as described in 8 and 33. The mouse rotarod task
was performed with an Economexrotarod (Colombus Instruments,
Columbus. OH), and cage activity was measured with the AB
system (Neuroscience, Tokyo) as described in refl 34. Each cage
contained three mice, which were subjected to a 12-h light/dark
cwele. All animal experiments were approved by the Animal Care
Committee of Nagoya University Graduate School of Medicine.

GGA Treatment. GGA was a gift from Eisai, Inc. (Tokyo). For
treating cultured SH-SY3Y cells. GGA was dissobved in absolute
ethanol supplemented with 0.2% a-tocopherol, and ethanol with
a-tocopherol alone was used as vehicle. For oral administration to
mice, GGA granules were mixed with powdered rodent chow at
concentrations of 0.25%., 0.5%. 1%, and 2%. GGA was adminis-
trated to mice from 6 wecks of age until the end of the analysis
without withdrawal or dose reduction. All mice had unlimited
access to food and water. Net consumption of GGA was deter-
mined based on the amount of food consumed in each cage.

Western Hotting, SH-SY3SY cells were Iysed in CellLytic lysis buffer
(Sigma—Aldrich) containing a protease inhibitor mixture (Roche
Diagnostics). Mouse tissues were homogenized in buffer containing
50 mM Tris (pH 8.0), 150 mM NaCl, 1% Nonidet P-40, 0.5%
deoxycholate, 0.1% SDS, and 1 mM 2-mercaptoethanol with | mM
PMSF, and 6 pg/ml aprotinine and then centrifuged at 2,500 X g
for 15 min. To extract the nuclear and cytoplasmic fractions, mouse
tissues were treated with NE-PER nuclear and cytoplasmic extrac-
tion reagents (Pierce); cultured cells were lysed in buffer containing
10 mM TrisHCI (pH 7.4), 10 mM NaCl, 3 mM Mg(l12, and 0.5%
Nonidet P-40 and then suspended in buffer containing 50 mM
TrisHCI (pH 6.8), 2% SDS, 6% glycerol, and protease inhibitor
mixture (Roche Diagnostics). Equal amounts of protein were
separated by 5-20% SDS/PAGE and transferred to Hybond-P
membranes (Amersham Pharnmacia Biotech). Primary antibodies
and concentrations were as follows: AR (H-280, 1:1,000, Santa Cruz
Biotechnology) Fsp70 (1:1,000, Stressgen Biotechnologies, Victo-
ria. Canada), Hsc70 (1:5,000, Stressgen Biotechnologies), Hsp25
(1:5.000, Stressgen Biotechnologies), Hspd0 (1:5,000, Stressgen
Biotechnologies), Hsp60 (1:5,000, Stressgen Biotechnologies),
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Grp78 (1:3,000, Stressgen Biotechnologies), Hsp90 (1:1,000, Stress-
gen Biotechnologies), Hspl05 (1:250, Novocastra Laboratories,
Newcastle, ULKL), HSF-1 (1:5,000, Stressgen Biotechnologies), and
thioredoxin (1:2,000, Redox Bioscience, Kyoto, Japan). Primary
antibody binding was probed with horseradish peroxidase-
conjugated secondary antibodies at a dilution of 1:5.000, and bands
were detected by using immunoreaction enhance solution (Can Get
Signal. Toyobo, Japan) and enhanced chemiluminescence (ECL
Plus, Amersham Biosciences, which is now GE Healthcare). An
LAS-3000 imaging system {Fuji) was used to produce digital images.
Signal intensities of three independent blots were quantified with
IMAGE GAUGE software version 4.22 (Fuji) and expressed in arbi-
traryunits. Membranes were reprobed with anti-e-tubulin (1:5,000,
Santa Cruz Biotechnology), or anti-histone H3 (1:500, Upstate
Biotechnology, Lake Placid, NY) antibodies for normalization.

Immunohistochemistry. Mice anesthetized with ketamine-xylazine
were perfused with 4% paraformaldehyde fixative in phosphate
buffer (pH 7.4). Tissues were dissected, postfixed in 10846 phos-
phate-buffered formalin, and processed for paraffin embedding,
Sections to be stained with anti-polyglutamine antibody 1C2 were
treated with formic acid for 3 min at roomtemperature: those to be
incubated with anti-HSF-1 antibody were boiled in 10 mM citrate
buffer for 15 min. Primary antibodies and dilutions were as follows:
polyalutamine (1:20,000, Chemicon, Temecula, CA), Hsp70 (1:500,
Stressgen Biotechnologies)., and anti-HSF-1 (1:5000, Stressgen Bio-
technologies). Primaryantibody binding was probed with a labeled
polymer of secondary antibody as part of the Envision+ system
containing horseradish peroxidase (DakoCytomation, Gostrup,
Denmark). The number of 1C2-positive cells in the spinal cord and
muscle were determined as described in refl 27.

Statistical Analyses. We analyzed data by using the Kaplan-Meier
and logrank test for survival rate, ANOVA with Dunnett’s post hoc
test for multiple comparisons, and an unpaired ttest from STATVIEW
software version 5 (Hulinks, Tokyo).

Results

GGASuppresses Polyglutamine Toxicity in Gellular Model of SBMA To
test whether GGA suppresses celludar toxicity induced by expanded
polyglutamine, we generated a cultured cell model of SBMA.
Adenovirus vector-mediated expression of a truncated AR with 97
CAGs (tAR97Q) resuited in the formation of inclusion bodies in
the nucleus and cytoplasm as well as eventual cell death in human
neuroblastoma cell line SH-8YSY, whereas expression of AR
containing only 24 CAGs (tAR24Q) showed no such toxicity (Fig,
I A and B). GGA administration reduced neuronal cell death as
detected by propidium iodide staining in the cells expressing
tAR97Q, the strongest effect occurring at a dose of 1079 M (Fig, 1
Band C). Although GGA failed to decrease the number of the cells
containing inclusion bodies, Western blot analysis usingan anti-AR
N terminus antibody demonstrated that GGA significantly dimin-
ished the amount of a high-molecular-weight complex, which likely
corresponds to oligomers of tAR97Q (Fig | D and E) (35). Thus,
GGA treatment suppresses cytotoxicity caused by accumulation of
AR with elongated polyelutamine without inhibiting inclusion body
formation.

GGA Induces HSPs in Celiular Model of SBMA. To determine whether
the GGA-mediated mitigation of polyglutamine toxicity is due to
HSP expression, we determined HSP levels in the cell culture model
of SBMA after GGA treatment. GGA up-regulated expression of
Hsp70, Hsp90, and Hspl05 in the cells with tAR97Q but did not in
those with tAR24Q (Fig 2 A and B). Cycloheximide treatment
eliminated GGA-mediated HSP induction and suppression of cell
death (Fig. 2 C and D). Expression of Hsc70, a constitutively
expressed HSP, was not increased by GGA treatment; no GGA-
mediated up-regulation was detected for other HSPs tested, such as
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Fig. 1. Effects of GGA on polvglutamine toxicity in cultured cell. (A) Punc-
tuated aggregates visualized with GIP (arrowhead) are formed in SHSY-3Y
cellsinfected with an adenovirus vector containing truncated ARwith 97 CAGs
(tARO7Q-GFPy but not in those bearing 1AR24Q. (B Frequency of cell death 6
days after infection as detected by propidium iodine staining (%, P < 0.05
compared with untreated tARS7Q cells). (O Suppression of cell death by GGA.
(D) Frequency of cells bearing aggregates. () Anti-AR analysis of Western
blots of extracts from cells infected with tARY7Q. Error bars indicate SD.

Hspd0 and Hsp60, or for thioredoxin, a redox-regulating protein
(data not shown). Western blotting (Fig 2 E and F) and immuno-
cytochemistry (Fig 2G) revealed that GGA increased the nuclear
uptake of hyperphosphorylated HSF-1, a transcription factor reg-
ulating HSP expression in the nucleus. Given that activated HSF-1
forms a hyperphosphorylated trimer and translocates into the
nucleus, these findings suggest that GGA activates HSF-1, leading
to HSP up-regulation.

GGA Ameliorates Symptomatic Phenotypes of SBMA Mouse. To
examine whether pharmacological induction of HSPs alleviates
polyglutamine-dependent neuwronal dysflinction, oral GGA was
administrated to transgenic mice bearing human AR with 97 CAGs
(AR-97Q)). The actual amount of GGA was constant in each
treatment group during the treatment period (see Table 1, which is
published as supporting information on the PNAS web site). Oral
GGA ameliorated muscle atrophy, gait disturbance, rotarod dis-
ability, and body weight loss in AR-97Q mice at both doses of 0.5
and 1% of food, which correspond to =600 and 1,200
mgkg ™ day™, respectively (Fig. 3 A-E and Table 1). The life span
of AR-97Q) mice treated orally with 0.5 or 1% GGA was signifi-
cantly extended compared with that of untreated AR-97Q mice.
(P < 0.001) (Fig 3F). GGA failed to alleviate motor dysfunction in
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AR-97Q mice at a dose of 0.25%. A higher dose of GGA, 2% of
food, inhibited body growth and had no beneficial effects on the
neurological phenotypes of the AR-97Q) mice. Although no hepatic
or renal toxicity was demonstrated at other doses, this high dose
caused liver enlargement and dysfunction in wild-type and trans-
genic mice (see Table 2, which is published as supporting informa-
tion on the PNAS web site).

GGA Induces HSP Expression in SBVIA Mice Through HSE-1 Activation.
To examine whether the GGA-induced improvement in the phe-
notypes of AR-97Q mice was due to induction of HSPs, the
expression levels of HSPs were determined. Oral GGA increased
the expression of Hsp70, Hsp90, and Hsp 105 in the central nervous
system and in the skeletal muscle of AR-97Q mice at the doses (0.5
and 1% of food) that were shown to improve symptomatic pheno-
types of AR-97Q mice (Fig 4 A-C and Fig. 6 A and B, which is
published as supporting information on the PNAS web site). The
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1.0% (P < 0.0001 at both doses compared with nontreated mice at 20 weeks),
and body weight increased significantly at a dose o1 0.5% (P < 0.005 at 0.3%
and P < 0.05 at 1.0%, at 14 weeks). Frror bars indicate SD.

induction of HSPs was not clearly observed in the central nervous
system until 3 weeks after treatiment initiation, but it continued for
at least 4 weeks thereafier (see Fig. 7A, which is published as
supporting information on the PNAS web site). HSP induction by
GGA was undetectable at a dose of 0.25% and was not significant
at 2%. in agreement with the lack of therapeutic effect on motor
function at these doses. Grp78. Hsp25, Hsp40, Hsp60, and thiore-
doxin were not induced by GGA administration (see
Fig 7B).

To examine whether GGA induced HSP expression through
HSF-1 activation, the nuclear translocation of HSF-1 was investi-
epted after GGA treatment. In the untreated state, the level of
nuclear accunmlated hyperphosphorylated HSF-1 in the central
nervous systems of AR-97Q mice was lower than in the wild-type
mice. However, when AR-97Q mice received 0.5% oral GGA,
nuclear translocation of HSF-1 was higher than in the nontreated
mice (Fig. 4D and Fig 8. which is published as supporting infor-
mation on the PNAS web site). In contrast, nuclear translocation of
HSF-1 in skeletal muscle of untreated AR-97Q) mice is already
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much higher than in wild-type mice, thus perhaps explaining the
high degree of Hsp70 induction in AR-97Q mice. After GGA
treatiment, nuclear translocation of HSF-1 in skeletal nuscle of
AR-97Q mice was even higher than it was in untreated AR-97Q
mice, contributing to a higher induction of Hsp70 (Figs. 4D and 8).
These experiments suggest that oral GGA restores activation of
HSF-1, which is inhibited by expanded polyglutamine in the aft
fected nervous tissues of AR-97(Q mice.

GGA Inhibits Accumulation of Pathogenic ARin Nucleus. With the aim

of evaluating the effect of GGA on the nuclear accumulation of
abnormal AR, immunohistochemistry with anti-polyglutamine an-
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tibody 1C2 was performed on tissues from GGA-administrated and
untreated AR-97Q mice. Oral 0.5% GGA decreased the number of
1C2-positive cells in nervous tissues and, to a lesser extent, in muscle
(Fig. 5 Aand B). Western blot analysis using an antibodyagainst AR
demonstrated that 0.5% oral GGA reduced the amount of the
high-molecular-weight complex of abnormal AR (Fig. 5C). These
findings suggest that oral GGA-mediated HSP induction inhibits
nuclear accunwilation of abnormal AR, leading to mitigation of
polyglutamine-dependent pathogenesis.

Discussion

A Induces HSP Expression. In the present study, GGA induced
Hsp70, Hsp90, and Hspl05 in a cultured cell model of SBMA,
leading to abrogation of polyglutamine-mediated cytotoxicity. Fur-
thermore, oral GGA alleviated neuronal dysfunction through in-
duction of HSPs in SBMA mice.

GGA was first introduced as a nontoxic inducer of Hsp70 in rat
gastric mucosa (28). Oral GGA has also been reported to induce
Hsp70in the central nervous system as well as in the small intestine,
liver, heart, and retina of rodents without any adwerse effects
(29-32, 36, 37). The present study suggests that the required dose
for HSP induction in the SBMA mouse model is ~600
mgke™ day ™!, whereas 200 mgkg™ day™ ! induces HSP expression
in nonneuronal tissues of rodents under stress (28, 36). Several
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studies have verified that Hsp70 induction is due to GGA-mediated
activation of HSF-1, a transcription factor that regulates expression
of Hsp70 (28, 37). In the SBMA mice, GGA facilitated nuclear
translocation of HSF-1, leading to induction of Hsp70, in the
affected tissues.

GGA showed no adverse effects at the salutary doses used in the
present study, although hepatic toxicity was detected at a higher
dose. Low toxicity of GGA is advantageous. because continuous
administration of GGA at a high dose is required for treating slowly
progressive neurodegenerative disease (6, 7). Pharmacological in-
duction of HSP by using GGA thus appears to be an applicable
therapeutic strategy for SBMA. although careful attention should
be paid to adverse effects during longterm treatment.

HSPs as Therapeutics for Polyglutamine Discases. In the present
study, GGA-mediated HSP induction resulted in inhibiting the
accurmulation of abnormal AR in the cellular and transgenic mouse
models of SBMA. Accumulation of abnormal protein has been
considered central to the pathogencesis of polyulutamine diseases,
including SBMA. Tt has been postulated that expanded polyghu-
tamine confers a mononeric protein conformational change from
random coil to B-sheet, leading to formation of a polyelutamine
oligomer (38, 39). The misfolded monomer and oligomer exercise
their toxic effects by interacting with normal cellular proteins.
Direct inhibition of polyglutamine oligomerization by Congo red
has been demonstrated to exert therapeutic effects in a mouse
model of Huntington’s disease (40). Whereas oligomerization of
causative proteins has been implicated in the pathogenic processes
ot neurodegeneration in polyelutamine diseases, the formation of
inclusion bodies or mature anwloid fibrils appears to possess
eytoprotective propertics (13, 41). Based on this hypothesis, HSPs
have been drawing a great deal of attention because they inhibit
oligomer assembly and thereby mitigate polyglutamine toxicity (20,
21. 38). This view is supported by the fact that overexpression of
Hsp70 attenuates the accumulation of polyglutamine-containing
protein, resulting in amelioration of neurodegeneration in animal
models of spinocercbellar ataxias or SBMA (26, 27).

GGA treatment significantly suppressed nuclear accumula-
tion of abnormal AR in SBMA mice but did not inhibit inclusion
body formation in cultured cells. This inconsistency does not
necessarily deny a beneficial effect of GGA on polyghutamine
aggregation, because it can be explained by seweral lines of
evidence: (1) HSPs facilitate amyloid fibril formation by stabi-
lizing the conformation of abnormal polyehutamine-expanded
protein (42), and (ii} HSPs biochemically alter the structure of
inclusion bodies (43, 44).

Hsp70 overexpression, however, fails to alleviate neurodegen-
eration or aggregate formation in the R6/2 mouse model of
Huntington’s disease (45, 46). This discord appears to indicate
that higher levels of Hsp70 or the concomitant induction of other
HSPs is required to alleviate Huntington's disease pathology. In
addition to Hsp70, various molecular chaperones that colocalize
with aggregates have also been shown to suppress polyglutamine
toxicity: Hsp40-associated Hsp70 (23, 43), Hsp90, and Hspl03
(47, 48). Oral GGA induced Hsp90 and Hspl05 in the mouse
model of SBMA and such diverse HSP up-regulation might
contribute to the beneficial effects of GGA in the SBMA mice.

HSP in Pathogenesis of polyQ Diseases. Not only are HSPs consid-
ered potent suppressors of polyglutamine toxicity, but they are
also implicated in the pathogenesis of neurodegeneration (20).
There are several lines of evidence that polyglutamine elonga-
tion weakens the protective responses for coping with cellular
stress. Truncated AR with expanded polyglutamine delays the
induction of Hsp70 after heat shock (49). In the SBMA mice we
examined, the level of Hsp70 in spinal cord was decreased before
the onset of motor dysfunction. A similar finding has also been
reported in the R6/2 mouse model of Huntington’s disease (46).
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In our SBMA mice, abnormal, polyglutamine-expanded AR
seems to inhibit nuclear translocation of HSF-1 in the central
nervous system, leading to a decrease in the level of Hsp70. In
nammalian cells, induction of Hsp70 requires activation and
nuclear localization of HSF-1. In the presence of nonnative
protein, HSF-1 is derepressed, forminga trimer that translocates
into the nucleus and binds to heat-shock elements within the
gene encoding Hsp70 (50). In cellular models. this stress-induced
nuclear accumulation of HSF-1 has been designated nuclear
granules (51). Aggregates of abnormal ataxin-1, the causative
protein in spinocerebellar ataxia 1, have been shown to hinder
induction of nuclear granules in response to heat shock (52).
Therefore, failure of HSF-1 activation appears to enhance
polyelutamine toxicity. In this context. it is intriguing that
inhibition of the nuclear accumulation of HSF-1 was detected in
spinal cord but not in muscle of SBMA transgenic mice. Given
that the threshold for HSP induction is relatively high in motor
neurons (53), motor-neuron-specific inactivation of HSP tran-
scription might partially explain why the central nervous system
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is selectively affected in polyglutamine discases including
SBMA.

HSP-Based Therapy for Neurodegeneration. Both genetic and phar-
macological manipulations of HSPs have been demonstrated to
mitigate the pathogenesis of neurodegeneration (54-57). These
observations suggest that GGA-mediated HSP induction may
provide a therapeutic strategy for diverse neurodegenerative

“disorders, because these diseases share common pathogenic

mechanisms such as abnormal protein aggregation, disruption of
the ubiquitin-proteasome system and activation of the apoptotic
pathway.

In summary, our observations indicate that GGA is a safe and
promising therapeutic approach for treating many devastating
neurodegenerative diseases, including SBMA.
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17-AAG, an Hsp90 inhibitor, ameliorates polyglutamine-
mediated motor neuron degeneration

Masahiro Waza!-2, Hiroaki Adachi!?, Masahisa Katsuno!, Makoto Minamiyama!, Chen Sang,
Fumiaki Tanaka!, Akira Inukai', Manabu Doyu! & Gen Sobue!

Heat-shock protein 90 (Hsp90) functions as part of a multichaperone complex that folds, activates and assembles its client
proteins. Androgen receptor (AR), a pathogenic gene product in spinal and bulbar muscular atrophy (SBMWA), is one of the Hsp90
client proteins. We examined the therapeutic effects of 1 7-allylamino-1 7-demethoxygeldanamycin (17-AAG), a potent Hsp90
inhibitor, and its ability to degrade polyglutamine-expanded mutant AR. Administration of 1 7-AAG markedly ameliorated motor
impairments in the SBMA transgenic mouse model without detectable toxicity, by reducing amounts of monomeric and aggregated
mutant AR The mutant AR showed a higher affinity for Hsp90-p23 and preferentially formed an Hsp90 chaperone complex as
compared to wild-type AR; mutant AR was preferentially degraded in the presence of 17-AAG in both cells and transgenic mice
as compared to wild-type AR. 17-AAG also mildly induced Hsp70 and Hsp40. 17-AAG would thus provide a new therapeutic
approach to SBMA and probably to other related neurodegenerative diseases.

Hsp90, which accounts for 1-2% of cytosolic protein, is one of the
most abundant cellular chaperone proteins!. Tt functions in a multi-
component commplex of chaperone proteins including Hsp70, Hop
(Hsp70 and Hsp90 organizing protein), Cde37, Hspd0 and p23.
Hsp90 is involved in the folding, activation and assembly of several
proteins, known as Hsp90 client proteins'. As numerous oncoproteins
have been shown to be Hsp90 client proteins!, Hsp90 inhibitors have
become a new strategy in antitumor therapy’. Geldananmycin, a
classical Hsp90 inhibitor, is known as a potent antitumor agent;

%howc—:vm; it has not been used in clinical trials because of its liver
, ,%i%toﬁcity". 17-AAG is a new derivative of geldananycin that shares its
S5 important biological activities* but shows less toxicity.

HspQ0 requires several interacting, co-chaperone proteins to exert its
function on Hsp90 client proteins in Hsp90 complexes!, of which two
main forms exist®. One complex is a proteasome-targeting  form
associated with Hsp70 and Hop, and the other is a stabilizing form
with Cdc37 and p23 (refs. 7,8). Particularly, p23 is thought to modulate
Hsp90 activity in the last stages of the chaperoning pathway; leading to
stabilized Hsp90 client proteins”. Hsp90 inhibitors, including 17-AAG,
inhibit the progression of the Hsp90 complex toward the stabilizing
form'>12, and shift it to the proteasome-targeting form’, resulting in
enhanced proteasomal degradation of the Hsp90 client protein”!13-18,

Because 17-AAG has less toxicity and higher selectivity for client
oncoproteins'®, 17-AAG is now in clinical trials for a wide range of
malignancies®’. Additionally, Hsp90 inhibitors also function as Hsp
inducers®?!. Several previous studies have sugsested that Hsp90
inhibitors could be applied to nononcological diseases as neuropro-

tective agents based on their induction of Hsps®>23,

Androgen receptor (AR) is one of the Hsp90 client proteins'®, and
is a pathogenic gene product of spinal and bulbar muscular atrophy
(SBMA), one of the polyglutamine (polyQ) diseases?. This disease is
characterized by premature muscular exhaustion, slow progressive
muscular weakness, atrophy and fasciculation in bulbar and limb
muscles®. PolyQ discases are inherited neurodegenerative disorders
caused by the expansion of a trinucleotide CAG repeat in the causative
genes’!. In SBVIA, the number of polymorphic CAG repeats is
normally 14-32, whereas it is expanded to 40-62 CACk in the AR
gene®. A correlation exists between CAG repeat size and discase
severity®. The pathologic features of SBMA are motor neuron loss in
the spinal cord and brainstent™®, and diffuse nuclear accumulation and
nuclear inclusions of the mutant AR in the residual motor neurons
and certain visceral organs>*,

We hawe already examined several therapeutic approaches in a
mouse model of SBMA™ 38, As a consequence, we confirmed that
castration and leuprorelin, a luteinizing hormone-releasing hormone
agonist that reduces testosterone release fiom the testis, substantially
rescued motor dysfunction and nuclear accumulation of mutant
AR in male transgenic mice®>37. Although this hormonal therapy
was effective, it poses the unavoidable difficulty of severe sexual
dysfunction®’. In addition, this therapy cannot be applied to other
polyQ diseases.

Here, we present a new and potent strategy for SBVA therapy with
17-AAG, an Hsp90 inhibitor. Given that Hsp90 inhibitors have two
major activities, preferential client protein degradation and Hsp
induction, we hypothesized that 17-AAG would degrade mutant AR
more effectively than wild-type AR

'Department of Neurology, Nagoya University Graduate School of Medicine, 65 Burumai-cho, Showa-ku, Nagoya 466-8550, Japan.
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Figure 1 Effect of 17-AAG on the AR or chaperones in cultured-cell models. (a,b) Although the immunoblot and densitometric analysis showed a dose-
dependent decline in both wild-type (AR-24Q) and mutant (AR-97Q) AR expression in response to 17-AAG, the mutant AR decreased more than did the
wild-type. 17-AAG markedly increased the expression of Hsp70 and Hsp40, especially for Hsp70, but only slightly increased Hsp90 expression. (c) The
decrease in mutant AR afier treatment with 17-AAG was much higher than that of wild-type AR (88.9% versus 45.9%, P = 0.0063). \lues are expressed
as mean £ s.e.m. (n = 35). (d) Pulse-chase analysis of two forms of AR. Data fiom one representative experiment for wild-type and mutant AR. () Pulse-
chase assessment of the half-life of wild-type and mutant AR. The amounts of AR-24Q and AR-97Q remaining in the absence and presence of 17-AAG
are indicated. Malues are expressed as mean + s.e.m. (n = 4). (f) Real-time RFPCR of wild-type and mutant AR mRNA Quantities are shown as the ratio
to GAPDH mRNA The wild-type and mutant AR mRNA levels were similar under 17-AAG treatments. Values are expressed as mean  s.e.m. (n = 4).

*P o 0.025, *P o 0.005.

In this study, we examine the effects of 17-AAG on a cultured-cell
model and the transgenic mouse model of SBMA We show that the
mutant AR exists more frequently as a stabilized Hsp90 chaperone
complex than does the wild-type AR, and that 17-AAG sclectively
degrades the mutant AR Administration of 17-AAG inhibits neuronal
nuclear accumulation of the mutant AR and considerably ameliorates
motor phenotypes of the SBMA model mouse.

RESULTS

Effect of 17-AAG on expression of AR and Hsps in vitro

To address the question of whether 17-AAG promotes the degradation
of polyQ-expanded AR, we treated SH-SYSY cells highly expressing
the wild-type (AR-24Q) or mutant (AR-97Q) AR for 48 h with the
indicated doses of 17-AAG or with DMSO as control. Although
immunoblot analysis showed a dose-dependent decline in both
wild-type and mutant AR expression after treatment with 17-AAG
(Fig. la), the monomeric mutant AR decreased significantly more
than did the wild-type (P = 0.0063; Fig. 1b.c), suggesting that the
mutant AR is more sensitive to 17-AAG than is the wild-type. The
expression of Hgp70 and Hspd0 were also markedly increased
after treatment with 17-AAG, but Hsp90 was only slightly increased
(Fig. la,b). There were no significant differences, however, in the levels

of Hsp70, Hsp40 and Hsp90 induction between the wild-type and
mutant AR (Fig. Ic).

To determine whether the decrease in AR resulted from protein de-
gradation or from changes in RNA expression, we assessed the turn-
over of wild-type and mutant AR with a pulse-chase labeling assay.
Without treatment, the wild-type and mutant AR were degraded in a
similar manner, as previously reported®. In the presence of 17-AAG,
however, the wild-type and mutant AR had halflives of 3.5h and 2 h,
respectively (Fig, 1d,¢), whereas levels of mRNA encoding the wild-type
and mutant AR were quite similar (Fig. 1f). Cell viability did not differ
between wild-type and mutant AR transfected cells (data not shown).
These data indicate that 17-AAG preferentially degrades the mutant
AR protein without cellular toxicity or alteration of mRNA levels.

To address why 17-AAG preferentially degrades mutant AR, we
determined the levels of Hsp90, Hop and p23 associated with wild-
fype or mutant AR in SH-SY3Y cells without 17-AAG treatment
(Fig. 2a). Hop and p23 are two essential components of multi-
chaperone Hsp90 complexes'. Without 17-AAG treatment, coirmmu-
noprecipitation fiom the cell lysates with antibodies to AR showed
that p23 was more highly associated with mutant than with wild-type
AR (Fig. 2a,b). The total levels of Hsp90, Hop and p23 were similar in
the cells transfected with either wild-type or mutant AR (Fig. 2a).
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We next examined the status of the Hsp90 chaperone complex in
wild-type and mutant AR-expressing cultured cells treated with 17-
AAG. Immunoprecipitation with AR-specific antibody showed that
Hsp90 chaperone complex-associated Hop was markedly increased,
and p23 decreased depending on the dose of 17-AAG (Fig. 3ab),
suggesting that treatment with 17-AAG resulted in the shifting of the
AR-Hsp90 chaperone complex from a mature stabilizing form with
p23 to a proteasome-targeting form with Hop. The loss of p23 from
the mutant AR-Hsp90 complex was significantly higher (Po 0.005)
than that from the wild-type AR-Hsp90 complex (Fig. 3¢). The

gﬁ% degradation of wild-type and mutant AR by 17-AAG was completely

% %

~§@§;block®d by the proteasome inhibitor MGI132 (Fig. 3d), suggesting that

Figure 3 Pharmacological change in the AR-Hsp90 complex, and the
correlation to proteasomal degradation. (a) Immunoblots of lysates of
transfected cells treated with 17-AAG, 1ysates were immunoprecipitated
with AR-specific antibody: The short time exposure to 17-AAG did not
decrease the amount of mutant AR. There were dose-dependent changes in
both Hop and p23 afier treatment with 17-AAG, however, no dissociation of
Hsp90 from the mutant AR complex was seen. There were no changes in
the expression of Hop, p23 and Hsp90 in whole lysates in the presence of
17-AAG (b) Densitometric analysis of Hop and p23 in the bound fractions.
There was a marked increase in the amount of Hop, and a marked decrease
in p23 in both wild-type and mutant AR-bound Hsp90 complexes after
treatment with 17-AAG. R.S.1, relative signal intensity. (c) Comparisons of
induction rate of Hop and reduction rate of p23 in the Hsp90 complexes of
wild-type and mutant AR. Although there was no significant difference in the
induction rate of Hop between the wild-type and mutant AR complexes, the
reduction rate of p23 was significantly higher in the mutant AR complex
compared with that in the wild-type complex (43.8% versus 79.0%,

P o 0.005). \alues are expressed as means + s.e.m, (n = 3). (d) Effect

of 17-AAG on AR expression under the inhibition of proteasonal
degradation. The mutant AR was more markedly reduced than

wild-type AR after 1 7-AAG treatments; however, this phamacological
degradation was completely blocked by MGL32 in both cases. DM, DVSO,
*P o 0.025,*Po 0.005.

Figure 2 Immunoprecipitation of wild-type and mutant AR in cultured-cell
models. (a) Wid-type and mutant AR were immunoprecipitated from cell
lysates with an AR-specific antibody and immunoblotted with antibodies to
the indicated westem blot proteins. There was more mutant AR present in
multichaperone complexes with p23 than there was wild-type AR. There
were no differences in total expression levels of AR, Hsp90, Hsp70, Hop
and p23 between wild-type and mutant AR-expressing cells. Control
immunoprecipitations without antibodies did not immunoprecipitate any
cochaperones (data not shown). (b) The densitometric analysis of p23 in
the bound and unbound fractions shows there was 1.6 times as much p23
associated with mutant AR than there was with the wild-type (P o 0.01).
This experiment was repeated with five sets of cells with equivalent results.
Mlues are expressed as mean + s.e.m. (n = 3). *P o 0.05, *#Po 0.01.
RS.L, relative signal intensity:

the pharmacological degradation by 17-AAG was dependent on the
proteasome system, as previously reported!”!®. Furthermore, these
results strongly suggest that mutant AR is more likely to be in the
Hsp90-p23 multichaperone complexes, which eventually enhances 17-
AAG-dependent proteasomal degradation of mutant AR,

Moreover, mutant AR was markedly decreased after treatment with
17-AAG even when induction of Hsp70 and Hsp40 was blocked by the
protein-synthesis inhibitor cycloheximide (Supplementary Fig. 1
online), suggesting that 17-AAG contributes to the preferential degra-
dation of mutant AR mainly through Hsp90 chaperone complex
formation and subsequent proteasome-dependent degradation rather
than through induction of Hsp70 and Hsp40.

17-AANG ameliorates phenotypic expression of SBMA mice

We administered [7-AAG (2.5 or 25 mg/kg) to male transgenic mice
carrying filll-length human AR-24Q or AR-97Q. The discase progres-
sion of AR-97Q mice treated with 25 mg/kg 17-AAG (Tg-25) was
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markedly ameliorated, and that of mice treated with the 2.5 mgkg
17-AAG (Tg-2.5) was mildly ameliorated (Fig. 4a~d). The untreated
transgenic male mice (Tg-0) showed motor impairment assessed by
the rotarod task as early as 9 weeks after birth, whereas Tg-25 mice
showed initial impairment only 18 weeks after birth and with less
deterioration than Tg-0 mice (Fig. 4a). Tg-2.5 mice showed inter-
mediate levels of impairment in rotarod performance (Fig. 4a). The

s, locomotor cage activity of Tg-0 mice was also markedly decreased at
%@%IO weeks compared with the other two groups, which showed

decreases in activity at 13 (Te2.5) and 16 (Tg25) weeks of age
(Fig. 4b). Tg-0 mice lost weight significantly earlier and more
profoundly than the Te2.5 (P o 0025) and Tg25 mice (P o
0.005; Fig. 4c). Treatment with 17-AAG also significantly prolonged
the survival rate of Tg-2.5 (P = 0.004) and Tg-25 mice (Po  0.001) as
compared to Tg-0 mice (Fig 4d). 17-AAG was less effective at the
close of 2.5 mg/kg than 25 mg/kg in all parameters tested. The lines
were not distinguishable in terms of body weight at birth; however, by
16 weeks, Te-0 mice showed obvious differences in body size,
muscular atrophy and kyphosis compared to Tg25 mice (Fig. 4e).
Additionally, Tg-0 mice showed motor weakness, with short steps and
dragging of the legs, whereas Tg-25 mice showed almost normal
ambulation (Fig. 4£g).

When we immunochistochemically examined mouse tissues for
mutant AR using the 1C2 antibody, which specifically recognizes
expanded polyQ, we observed a marked reduction in 1C2-positve
nuclear accumulation in the spinal motor neurons (Fig. 5a) and
muscles (Fig. 5b) of Tg-25 mice compared with those of Tg-0 mice.
Glial fibrillary acidic protein (GFAP)-specific antibody staining
showed an apparent reduction of reactive astrogliosis in Tg25
compared with Tg-0 mice in the spinal anterior horn (Fig. 5c). Muscle
histology also showed marked amelioration of neurogenic muscle

© 2005 Nature Publishing Group htip:/www.nature.com/maturemedicine

Figure 4 Effects of 17-AAG on behavioral and visible phenotypes in male AR-97Q mice. (a) Rotarod task (n = 27), (b) cage activity (n = 18), (c) body
weight (n = 27) and (d) survival rate (n = 27) of Tg-0, Tg-2.5 and Tg-25 mice. All parameters were significantly different between the Tg-0 and Tg-25

(P o 0.005 for all parameters). A Kaplan-Meier plot shows the prolonged survival of Tg-2.5 and Tg-25 compared with Tg-0, which had all died by 25 weeks
of age (P = 0.004, P o 0.001, respectively). (¢) Representative photographs of a 16-week-old Tg-0 (left) shows an obvious difference in size, and
illustrates muscular atrophy and kyphosis compared with an age-matched Te-25 (right). (f) Footprints of representative 16-week-old Tg-0, Tz2.5 and Tg-25
mice. Front paws are indicated in red and hind paws in blue. (¢) The length of steps was measured in 1 6-week-old Te0, Te-2.5 and Tg-25 mice. Each
column shows an average of steps of the hind paw: Values are expressed as means * s.e.n. (n = 6). *P o 0.025, **P o 0.005.

atrophy in the AR-97Q mice treated with 17-AAG (Fig. 5d). We
confirmed a significant reduction of 1C2-positive nuclear accumula-
tion in both spinal cord (P o 0.01) and skeletal nuscle (Po  0.05) by
quantitative assessment (Fig. 5e). AR-24Q mice and normal litter-
mates treated with 17-AAG showed no altered phenotypes (data
not shown).

To evaluate the toxic effects of 17-AAG, we examined blood samples
from 25-weck-old mice treated with 25 mgkg 17-AAG for 20 weeks.
Measurements of aspartate aminotransferase, alanine aminotransfer-
ase, blood urea nitrogen and serum creatinine showed that treatment
with 17-AAG resulted in neither infertility nor liver or renal dysfinc-
tion in the AR-97Q male mice at the dose of 25 mgkg (Supplemen-
tary Fig. 2 online).

Mutant AR is preferentially degraded by 17-AAG in vivo

As the mutant AR was preferentially degraded as compared to the

wild-type AR in the presence of 17-AAG in vitro, we also examined the

level of AR in the SBMA mouse model. Western blot analysis of Tysates

of the spinal cord and muscle of AR-97Q mice showed high mole-

cular-weight mutant AR protein complex retained in the stacking gel

as well as a band of monomeric mutant AR, whereas only the band of
wild-type monomeric AR was visible in tissues from the AR-24Q mice

(Fig. 6a,b). Treatment with 17-AAG notably diminished both the high

molecular—weight complex and the monomer of nutant AR in

the spinal cord and muscle of the AR97Q mice, but only slightly
diminished the wild-type monomeric AR in AR-24Q mice (Fig. 6a,b).

Treatment with 17-AAG decreased the amount of the monomeric
AR in AR-97Q mice by 644% in the spinal cord and 45.0% in the
skeletal muscle, whereas these amounts were only 25.9% and 12.5%,
respectively, in AR-24Q miice (Fig, 6a,b). Thus, the reduction rate of
the monomeric mutant AR was significantly higher than the wild-type
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Figure 5 Effects of 17-AAG on the histopathology of male AR-97Qmice. (a.b) Immunchistochemical staining with 1 2-specific antibody showed marked
differences in diffuse nuclear staining and nuclear inclusions between Te-0 and Tg-25 mice in the spinal anterior hom and skeletal muscle, respectively.

(¢) Immunohistochemical staining with GFAP-specific antibody also showed an obvious reduction of reactive astrogliosis in the spinal anterior hom of mice
treated with 17-AAG. (d) Hematoxylin and eosin staining of the muscle in Te-0 mice showed obvious grouped atrophy and small angulated fibers, which were
not seen in Tg-25 mice. (e) There was a significant reduction in 1C2-positive cell staining in the spinal cord (P o 0.01) and skeletal muscle (P o 0.05) in
Tg25 as compared to T-0 mice. Values are expressed as mean + s.e.m. (n = 6). *P o 0.05, **P o 0.01.

AR in both spinal cord (P o 0.001) and skeletal muscle (P o 0.01;
Fig. 6¢). The levels of wild-type and mutant AR mRNA were similar in
the respective mice treated with 17-AAG (Fig. 6d). We also performed
filter-trap assays for quantitative analyses of both the large molecular
aggregated and soluble forms of the mutant AR, Both forms of
trapped AR-97Q) protein were markedly reduced in the spinal cord
and muscle of Tg-25 mice, whereas those from the AR-24Q were not
(Supplementary Fig. 3 online). These observations strongly indicate
that 17-AAG markedly reduces not only the monomeric mutant AR
protein but also the high molecular-weight mutant AR complex,
because of the preferential degradation of the mutant AR,

Western blot analysis showed that the levels of Hsp70 and Hsp40 in
spinal cord were increased by 47.1% and 29.5%, respectively, and in
: muscle by 292% and 2474 respectively (Supplementary Fig. 4

~" online) affer treatment with 17-AAG. These pharmacological effects of

chaperone induction were statistically significant (P o 005 for all
parameters), but not as marked as the 17-AAG-induced rmutant AR

Figure 6 Effects of 17-AAG on AR expression in male AR-24Q or 97Q mice.
(a,b) Western blot analysis of the spinal cord and muscle of AR-24Qand
AR-97Q mice probed with AR-specific antibody. In both spinal cord and
muscle of mice treated with 17-AAG there was a significant decrease in

the amount of mutant AR in the stacking gel and monomeric mutant AR in
AR-97Qmice, but only slightly less monomeric wild-type AR in AR-24Q
mice compared with that fiom untreated control mice. (c) Comparison of
reduction rate of wild-type and mutant AR Densitometric analysis showed
that the 17-AAG-induced reduction of monomeric mutant AR was
significantly greater than that of the wild-type monomeric AR 17-AAG
resulted in a 64.4% decline in monomeric mutant AR in the spinal cord,
and a 45.0% decline in the skeletal muscle, whereas there was onlya
25.9% decline in the spinal cord and a 12.5% decline in the skeletal
muscle of AR-24Q mice. These results show significant differences of

the reduction rate between wild-type and mutant AR in both spinal cord

and skeletal muscle. Values are expressed as mean # s.e.m. (n = 5).

*P o 0.05, **Po 0.01, **P o 0.001. (d) Real-time REPCR of wild-type
and mutant AR mRNA in vivo. The expression levels of wild-type and mutant
AR mRNAin transgenic mouse spinal cord and skeletal muscle were similar
under 17-AAG treatments. Values are expressed as mean + s.e.m. (n=3).

reduction, and were also not as pronounced as those arising from
genetic manipulation in our previous study?®.

Hsp90 inhibitors nonspecifically activate heat shock responses
through a dissociation of the heat-shock transcription factor
(HSF-1) from the Hsp90 complex®”#!. Although the expression of
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Hsp90 and HSF-1 was not altered after 17-AAG treatment, coimmuno-
precipitation of HS-1 with Hsp90 in the spinal cord and skeletal
muscle was significantly reduced (P o 0.01 for both) after 17-AAG
treatment (Supplementary Fig. 4 online), indicating that this drug
induces Hsps through activation of HSF-1.

DISCUSSION

Our study showed that the polyQ-expanded mutant AR present in
SBMA was preferentially degraded by treatment with 17-AAG. Him-
ination of mutant AR was mediated through its preferential incor-
poration into the Hsp90-chaperone complex, where it is then prone to
proteasomal degradation. Owing to this mechanism, 17-AAG mark-
edly ameliorated motor phenotypes of the SBMA mouse model
without toxicity. Our present data firom the mouse model also
confirmed that 17-AAG passes through the blood-brain barrier as
previously reported®, and that it reaches a concentration high enough
to have effects in the central nervous system.

Recently, some antitumor agents have been therapeutically applied
to neurodegenerative diseases™*. Most antitumor agents have some
cytotoxic effects on normal cells, which must be overcome in any
clinical application against neurodegeneration. Because neurodegen-
erative diseases generally follow a chronic progression and the medical
treatment is, thus, long-standing compared to that for malignancy, the
toxic side effects should be extensively suppressed. In contrast to
general antitumor agents, the effects of 17-AAG have been known to
have a high selectivity for tumor cells. This selectivity results from the
high affinity of 17-AAG for the Hsp90 client oncoproteins when they
are incorporated in the Hsp90-dependent multichaperone complex,
thereby increasing their binding affinity for 17-AAG more than 100-
old!®. This high selectivity of 17-AAG for the incorporated Hsp90
client protein eventually minimizes its toxic side effects and renders it
very feasible for clinical applications, especially for neurodegenerative
diseases. In fact, our transgenic mice were free fiom obvious side
effects after the consecutive administration of 17-AAG for 20 weeks.

The major pharmacological effect of 17-AAG is to promote the
dissociation of p23 from Hsp90 client protein complexes'™'%16, Tn
this study, we showed that the nutant AR with an expanded polyQ

s, Nad a higher association with p23 than did the wild-type AR We
__consider this significantly higher association between the mutant AR

and p23, particularly compared with the wild-type AR, to be the
essential basis for preferential degradation of the polyQ-
expanded mutant AR after 17-AAG treatment. Furthermore, the
increase in Hop and decrease in p23 in the mutant AR-bound
Hsp90 conplex after 17-AAG treatment strongly supports the view
that Hsp90 complexes were shifted to the proteasome-targeting form
by 17-AAG, leading to proteasomal degradation of mutant AR. Given
that the increase in Hop proteins in Hsp90 complexes and the decrease
in p23 were only detected after the higher concentration of 17-AAG
and after a very short period of incubation, this chaperone complex
shift seems to be very rapid, as has been suggested previously'Z.
Hsps, particularly Hsp70, have been shown to suppress aggregate
formation and cellular toxicity in a wide range of polyQ disease
models? 364546 Geldananycin has been considered a neuroprotective
agent because of its ability to induce Hsp70 (refs. 22-24,27), and in
polyQ diseases, has been proven to suppress aggregation of mutant
huntingtin protein in a cultured-cell model through the induction of
Hsp70 and Hsp40 (refs. 22,23). Hsp90 inhibitors have also been
shown to be effective in animal models of Parkinson discase®, stroke?’
and autoinmmune encephalommyelitis™. It was thought that these effects
were based only on the ability of the Hsp90 inhibitors to induce Hsps.
As shown in this study, however, 17-AAG induced only limited
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amounts of Hsp70 and Hspd0 in viva Furthermore, our results
suggest that the pathway for mutant AR degradation by [7-AAG
through the Hsp90-client protein complex system is predominant. 17-
AA is expected to exert the most effective therapeutic potential for
diseases in which the disease-causing protein belongs to the Hsp90
client protein family.

Mutant p53, which is present in nearly half of all malignancies and
is an Hsp90 client protein, shows a nmuch higher sensitivity to Hsp90
inhibitors than does wild-type p353 (ref. 47), just as AR, in its polyQ-
expanded mutant form, acquired higher sensitivity to the Hsp90
inhibitor. In the case of neurodegenerative diseases, phosphorylated
tau would be one of the target proteins of Hsp90 inhibitors, because
geldanamycin substantially reduces the total amount of phosphory-
lated tau®>%, and also inhibits tau aggregation®. According to these
previous reports, our data suggest that 17-AAG would also be a
candidate for a therapeutic approach to a wide range of tauopathies.
The successful application of 17-AAG to polyQ diseases other than
SBMA remains to be seen. But, as a previous report showed, the
blockage of pathogenetic gene expression could reversibly reduce
nuclear inclusions and reactive gliosis in a mouse model of Hunting-
ton discase by selfcleaning functions™. Indeed, one therapeutic
approach, which directly reduced abnormal protein using RINA inter-
ference, proved to be beneficial in a mouse model of SCA1 (ref. 49).
There is no doubt that the reduction of disease-causing protein would
be beneficial in polyQ diseases. Therefore, once it is proven that the
disease-causing proteins belong to the Hsp90 client protein family and
have high affinities to Hsp90 inhibitors, 17-AAG is expected to
preferentially degrade the expanded polyQ-containing disease proteins
and, thus, would be a good candidate for clinical therapeutics.

In conclusion, we have shown the efficacy and safety of 17-AAG ina
model mouse of SBMA, a neurodegenerative disease, and considerably
extended the therapeutic application of 17-AAG beyond oncological
diseases. In addition, we have documented the differential degradation
efficacy of a polyQ-expanded mutant protein compared with its wild-
type form. This strategy is apparently different from the previous stra-
tegy for polyQ diseases, which unavoidably allowed abnormal protein
to remain and placed much value mainly on the inhibition of protein
ageregation. 17-AAG, directly reducing disease-causing protein itself,
presents a new therapeutic avenue for SBMA, and has potentially
widespread application for other neurodegenerative diseases.

METHODS

DNA transfection. We constructed full-length ARs by subcloning AR inserts
derived from pP64-AR24 or pSPE4-ARI7 (ref. 46) into the pCR3.1 mamma-
lian expression vector (Invitrogen). We plated SH-SYSY cells in 6-cm dishes
and transfected each dish with 8 ng of the vector containing AR24 or ARS7
using Lipofectamine 2000 (Invitrogen) according to the manufacturer’s in-
structions. We cultured the cells for 48 h. In this culture systerm, we detected a
band of monomeric mutant AR in the separating gel, but could hardly detect
the high molecular—weight mutant AR protein complex, which was retained in
the stacking gel.

Neurological and behavioral assessment of SBMA model mice. We generated
and maintained the AR24Q and AR-97Q mice as previousty described®
(Supplementary Methods online). All animal experiments were performed
in accordance with the National Institutes of Health Guide for the Care and Use
of Laboratory Animals and under the approval of the Nagoya University
Animal Experiment Committee. We performed the mouse rotarod task and
cage activity as described previously™. The investigators in the behavioral
assessment were blinded to the treatments.

Therapeutic agents and protocol for administration. We obtained 17-AAG
also known as NSC 330507, from the Regulatory Affairs Branch, Division of
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Cancer Treatment and Diagnosis, National Cancer Institute and Kosan Bio-
sciences. For cultured-cell models, we diluted a 1.8 mM stock solution of 17-
AAG in DMSO into fresh medium to give final concentrations of 18-360 nM.
In the cycloheximide study, we treated cells for 48 h with 17-AAG in the
presence of 5 ng'ml cycloheximide (Sigma). To show pharmacological changes
in the AR-Hsp90 complex, we exposed cultured cells for 30 min to 17-AAG at
concentrations of 036, 3.6 and 36 nM 48 h affer transfection. In the
proteasome-inhibitory study, we exposed cultured cells for 6 h to 36 nM 17-
AAG, and 5, 10 and 20 nM MG132 (Sigima) beginning 48 h after transfection.

For mouse models, we stored 50 mg/ml stock solutions of 17- AAG dissolved
in DMSO at -20 1C. We began 17-AAG treatments when mice attained the age
of 5 weeks, and continued them until mice were 25 weeks old. Normal male
littermates, AR-24Q mice and AR-97Q mice received 50 ni intraperitoneal
injections of 2.5 or 25 mg’kg 17-AAG three times a week on alternate days;
control mice received DIMSO alone.

Protein expression analysis. We Iysed cells in Cellytic-M Mammalian Cell
Lysis/Extraction Reagent (Sigrmat) and centrifuged them at 15,000g for 15 min at
4 1C. We homogenized the tissues from 16-week-old mice in Cellytic-M
(Sigma) and centrifuged them at 2,500¢ for 15 min at 4 1C. Primary antibodies
were as follows: AR-specific antibody (N-20 or H280; Santa Cruz); Hsp70-
specific antibody (SPA-810; Stressgen); Hsp40-specific antibody (SPA-400;
Stressgen); Hsp90-specific antibody (SPA-835; Stressgen); Hop-specific anti-
body (SRA-1500; Stressgen); p23-specific antibody (MA3-414; Affinity Bio-
Reagents); HSF-1-specific antibody (SPA-901; Stressgen); p85-specific antibody
(Upstate); and a-tubulin-specific antibody (T9026; Sigma). We used the LAS-
3000 imaging system to produce digital inages and to quantify band intensities,
which we then analyzed with Image Gauge software version 4.22 (Fujifilm).
Densitometric values of AR, Hsp70, Hspd0 and Hsp90 were normalized to
those of endogenous p85 or a-tubulin. Relative signal intensity (RS1.) was
computed as the signal intensity of each sample divided by that of DMSO-
treated cells or DMSO-treated mice.

WE performed immunoprecipitation from cultured cells using 300 ng total
protein lysate from cells, 10 mi Protein G Sepharose (Amersham) and 5 ni
AR-specific antibody (N-20). For experiments involving coprecipitation of AR,
we Iysed cells in molybdate-containing lysis buffer' 1216, Immunoprecipitation
from mouse tissiies was performed using 1 mgtotal protein Iysed in Cellytic-M
(Sgma). RSI. was computed as the signal intensity of each sample divided by
that of AR-24Q) cells, DMSO-treated cells or DMO-treated mice.
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Pulse-chase labeling assay. We transfected cells as described above, starved
w, them for 1 h, and then labeled them for 1 hwith 150 n€i of Redivue Pro-Mix
—sﬁ%]_ [355] in vitro cell-labeling mix (Amersham) per milliliter. We chased the

G cells for the indicated time intervals in complete medium with DMSO or

360 nM 17-AAG. We performed  immunoprecipitation using equivalent
amounts of protein lysates as described above, and analyzed by phosphorima-
ging (Typhoon 8600 phosphorimager; Amersham) and Image Gauge software,
version 4.22 (Fujifilm).

Quantitative real-time RT-PCR. We determined the levels of AR mRNA by
real-time Tagman PCR by the iCyler system (Bio-Rad) as previously
described™. RSI. was computed as the signal intensity of each sample divided
by that of DMSO-treated cells or DMSO-treated control mice.

Immunohistochemistry and histopathology. We prepared tissues as pre-
viously described®> 3. We incubated the tissue sections with expanded
polyQ-specific antibody (1:10,000, 1C2; Chemicon) and GFAP-specific anti-
body (1:1,000, Boehringer Manheim). We air-dried 6 nm-thick paraffin-
embedded sections of the gastrocnemius muscles and stained them with
hematoxylin and eosin. For quantification of 1C2-positive cells, we counted
the number of 1C2-positive cells of the thoracic spinal cord and gastrocnemius
muscle in each individual mouse as previously described™.

Statistical analysis. We analyzed data by unpaired t-tests and Kaplan-Meier
and logrank tests for survival rate using Statview software version S
(HULINKS). We examined statistical significance of the drug-dose dependency
by the Williams test for multiple comparisons using Microsoft Excel
2004 (Microsoft).

Accession codes. BIND identifiers (http://bind.ca): 316918,
Noter Supplementary infonmation is available on the Nature Medicine website:
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Abstract

Deficient RNA editing of the AMPA receptor subunit GIuR2 at the Q/R site is a primary cause of neuronal death and recently has been reported
to be a tightly linked etiological cause of motor neuron death in sporadic anyotrophic lateral sclerosis (ALS). We quantified the RNA editing
efficiency of the GluR2 QR site in single motor neurons of rats transgenic for mutant human Cu/Zn-superoxide dismutase (SODI) as well as
patients with spinal and bulbar muscular atrophy (SBMA), and found that GluR2 mRNAwas conpletely edited in all the motor neurons examined.
It seers likely that the death cascade is different among the dying motor neurons in sporadic ALS, familial ALS with mutant SODI and SBMA.
# 2005 Elsevier Ireland Ltd and the Japan Neuroscience Society. All rights reserved.
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1. Introduction

Amyotrophic lateral sclerosis (ALS) is a progressive
newrodegenerative disease with selective loss of both upper
and lower motor newrons, and familial cases are rare, The
etiology of sporadic ALS remains elusive but recently deficient
RINA editing of AMPA receptor subunit GluR2 at the /R site is
reported in motor neurons in ALS that occurs in a disease-
specific and motor neuron-selective mamner (Kawahara et al.,
2004; Kwak and Kawahara, 2005). Moreover, underediting of
the GluR2 (/R site greatly increases the Ca®" permeability of
AMPA receptors (Hume et al., 1991; Verdoorn et al., 1991;
Burnashev et al., 1992), which rmay cause neuronal death due to
increased Ca®" influx through the receptor channel, hence mice
with RNA editing deficiencies at the GIluR2 (YR site die young
(Brusa et al., 1995) and mice transgenic for an artificial Ca®*-
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penmeable GIuR2 develop motor neuron disease 12 months
after birth (Kuner et al., 2005). Such evidence lends strong
support to the close relevance of deficient RNA editing of the
GluR?2 at the Q'R site to death of motor neurons in sporadic
ALS. However, although we and other researchers have
demonstrated that dying neurons in several neurodegenerative
diseases exhibit edited GluR2 (Kwak and Kawahara, 2005), it
has not yet been demonstrated whether the underediting of
GluR2 occurs in dying motor neurons in motor neuron diseases
other than ALS. Such investigation is of particular importance
since it will help clarify whether the molecular mechanism of
motor newrons death is common among various subtypes of
motor neurons.

ALS associated with the SOD1 nutation (ALS1) is the most
frequent familial ALS (Rosen et al., 1993), and mutated human
SODI transgenic animals have been studied extensively as a
disease model of ALS]1, yet the etiology of neuronal death in
the animals has not been elucidated. Another example of non-
ALS motor neuron disease is spinal and bulbar muscular
atrophy (SBMA), which predominantly affects lower motor
neurons with a relatively slow clinical course. Since the CAG
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