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Spinal and bulbar muscular atrophy (SBMA) is an adult-onset
motor neuron disease caused by the expansion of a trinucleotide
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 nucleus in a ligand-
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 antiulcer 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
accumulation 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

E xpansion of a trinucleotide CAG repeat encoding the polyglu-
tamine tract causes inherited neurodegenerative disorders,
including spinal and bulbar muscular atrophy (SBMA), Hunting-
ton’s discase, dentatorubral pallidoluysian atrophy, and several
forms of spinocerebellar ataxia (1, 2). All these polyglutamine
diseases show progressive and refractory neurological symptoms
with selective neuronal cell loss within the susceptive regions of the
nervous system. SBMA is a lower motor neuron disease exclusively
affecting males and characterized by adult-onset proximal muscie
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 disease-causing protein leads to transcriptional dysregula-
tion, a supposed pathway of neurodegeneration in polyglutamine
diseases (10, 11).

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 distinctly toxic property (12-14). Accumulation
of pathogenic protein is, thus, a major target of therapeutic
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strategies for polyglutamine diseases. This view is supported by
animal studies showing that hormonal interventions lowering se-
rum testosterone levels successfully prevents nuclear accumulation
of pathogenic AR and, thereby, rescue the phenotypes of mouse
models of SBMA (8, 15, 16).

Heat-shock proteins (HSPs) are stress-induced molecular chap-
erones that play a crucial role in maintaining correct folding,
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
Hsp40, inhibits toxic accumulation of abnormal polyglutamine
protein and suppresses cell death in a variety of cellular models of
polyglutamine 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 Hsp70 have been verified in studies by using mouse models of
polyglutamine diseases (26, 27). However, 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, myocardium,
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 extremely low toxicity, this compound has been widely
used as an oral antiulcer drug. The aim of the present study is to
investigate whether oral GGA induces HSP expression and thereby
suppresses polyglutamine toxicity in cell culture and mouse models
of SBMA.

Materials 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
CAG 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 freeze—thaw method. Finally, virus titer was deter-
mined by using the BD Adeno-X Rapid Titer kit (Invitrogen).

Cell Culture. The human neuroblastoma cell line (SH-SYSY, Amer-
ican Type Culture Collection No. CRL-2266) was maintained with
DMEM/F12 (Invitrogen) supplemented with 10% FCS. After
neural differentiation in differentiation medium (DMEM/F12
supplemented with 5% FCS and 10 uM retinoic acid) for 4 days,
SH-SY5Y 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 AR97 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 ref. 23.

Immunocytochemistry. Cells were fixed with 4% paraformaldehyde
and incubated with an anti-HSF-1 (HSF-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
pPCAGGS vector as described in 8 and 33. The mouse rotarod task
was performed with an Economex rotarod (Colombus Instruments,
Columbus, OH), and cage activity was measured with the AB
system (Neuroscience, Tokyo) as described in ref. 34. Each cage
contained three mice, which were subjected to a 12-h light/dark
cycle. 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-SY5Y cells, GGA was dissolved 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 weeks 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 Blotting. SH-SYSY cells were lysed 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 1 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 Tris'HCl (pH 7.4), 10 mM NacCl, 3 mM MgCI2, 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 Pharmacia Biotech). Primary antibodies
and concentrations were as follows: AR (H-280, 1:1,000, Santa Cruz
Biotechnology) Hsp70 (1:1,000, Stressgen Biotechnologies, Victo-
ria, Canada), Hsc70 (1:5,000, Stressgen Biotechnologies), Hsp25
(1:5,000, Stressgen Biotechnologies), Hsp40 (1:5,000, Stressgen
Biotechnologies), Hsp60 (1:5,000, Stressgen Biotechnologies),
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Grp78 (1:5,000, Stressgen Biotechnologies), Hsp90 (1:1,000, Stress-
gen Biotechnologies), Hspl05 (1:250, Novocastra Laboratories,
Newcastle, U.K.), 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-
trary units. Membranes were reprobed with anti-a-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 10% phos-
phate-buffered formalin, and processed for paraffin embedding.
Sections to be stained with anti-polyglutamine antibody 1C2 were
treated with formic acid for 5 min at room temperature; 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:
polyglutamine (1:20,000, Chemicon, Temecula, CA), Hsp70 (1:500,
Stressgen Biotechnologies), and anti-HSF-1 (1:5000, Stressgen Bio-
technologies). Primary antibody 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 ref. 27.

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

Results

GGA Suppresses Polyglutamine Toxicity in Cellular Model of SBMA. To
test whether GGA suppresses cellular 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) resulted in the formation of inclusion bodies in
the nucleus and cytoplasm as well as eventual cell death in human
neuroblastoma cell line SH-SYS5Y, whereas expression of AR
containing only 24 CAGs (tAR24Q) showed no such toxicity (Fig.
1 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 1072 M (Fig, 1
B and C). Although GGA failed to decrease the number of the cells
containing inclusion bodies, Western blot analysis using an 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. 1 D and E) (35). Thus,
GGA treatment suppresses cytotoxicity caused by accumulation of
AR with elongated polyglutamine without inhibiting inclusion body
formation.

GGA Induces HSPs in Cellular 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 Hsp105 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

Katsuno et al.
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Fig. 1. Effects of GGA on polyglutamine toxicity in cultured cell. (A) Punc-
tuated aggregates visualized with GFP (arrowhead) are formed in SHSY-5Y
cellsinfected with an adenovirus vector containing truncated AR with 97 CAGs
(tAR97Q-GFP) but not in those bearing tAR24Q. (B) Frequency of cell death 6
days after infection as detected by propidium iodine staining (*, P < 0.05
compared with untreated tAR97Q cells). (C) Suppression of cell death by GGA.
(D) Frequency of cells bearing aggregates. () Anti-AR analysis of Western
blots of extracts from cells infected with tAR97Q. Error bars indicate SD.

Hsp40 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 neuronal dysfunction, 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~1, respectively (Fig. 3 4-F 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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Anti-HSF-1 analysis of Western blots of the cellular nuclear fraction (£) and
that of total cell lysate (F). Upper bands correspond to the hyperphosphory-
lated, active form of HSF-1. (G) Immunocytochemistry for HSF-1. Error bars
indicate SD.

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 SBMA Mice Through HSF-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 Hsp105 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 4 and B, which is
published as supporting information on the PNAS web site). The
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and body weight increased significantly at a dose of 0.5% (P < 0.005 at 0.5%
and P < 0.05 at 1.0%, at 14 weeks). Error bars indicate SD.

induction of HSPs was not clearly observed in the central nervous
system until 3 weeks after treatment initiation, but it continued for
at least 4 weeks thereafter (see Fig. 74, 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-
gated after GGA treatment. In the untreated state, the level of
nuclear accumulated 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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14-week wild-type, AR-24Q, and AR-97Q mice. (C) Immunohistochemistry for
Hsp70 in 14-week wild-type, AR-24Q, and AR-97Q mice. (D) Western blotting
of nuclear fraction from spinal cord and that from muscle using anti-HSF-1
antibody. Upper bands correspond to the hyperphosphorylated active form of
HSF-1.

much higher than in wild-type mice, thus perhaps explaining the
high degree of Hsp70 induction in AR-97Q mice. After GGA
treatment, nuclear translocation of HSF-1 in skeletal muscle 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 af-
fected nervous tissues of AR-97Q mice.

GGA Inhibits Accumulation of Pathogenic AR in 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. 54 and B). Western blot analysis using an antibody against 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 accumulation of abnormal AR, leading to mitigation of
polyglutamine-dependent pathogenesis.

Discussion

GGA 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 alieviated neuronal dysfunction through in-
duction of HSPs in SBMA miice.

GGA was first introduced as a nontoxic inducer of Hsp70 in rat
gastric mucosa (28). Oral GGA has also been reported to induce
Hsp70 in the central nervous system as well as in the small intestine,
liver, heart, and retina of rodents without any adverse effects
(29-32, 36, 37). The present study suggests that the required dose
for HSP induction in the SBMA mouse model is =600
mgkg™!-day~!, whereas 200 mg-kg ™ "-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 long-term treatment.

HSPs as Therapeutics for Polyglutamine Diseases. In the present
study, GGA-mediated HSP induction resulted in inhibiting the
accumulation of abnormal AR in the cellular and transgenic mouse
models of SBMA. Accumulation of abnormal protein has been
considered central to the pathogenesis of polyglutamine diseases,
including SBMA. It has been postulated that expanded polyglu-
tamine confers a monomeric protein conformational change from
random coil to B-sheet, leading to formation of a polyglutamine
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
of neurodegeneration in polyglutamine diseases, the formation of
inclusion bodies or mature amyloid fibrils appears to possess
cytoprotective properties (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 spinocerebellar 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 polyglutamine
aggregation, because it can be explained by several lines of
evidence: (i) HSPs facilitate amyloid fibril formation by stabi-
lizing the conformation of abnormal polyglutamine-expanded
protein (42), and (#) 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 Hsp105
(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
mammalian cells, induction of Hsp70 requires activation and
nuclear localization of HSF-1. In the presence of nonnative
protein, HSF-1 is derepressed, forming a 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
polyglutamine 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 diseases 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®?, Hiroaki Adachil’?, Masahisa Katsuno!, Makoto Minamiyamal, Chen Sangl,
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 (SBMA), is one of the Hsp90
client proteins. We examined the therapeutic effects of 17-allylamino-17-demethoxygeldanamycin (17-AAG), a potent Hsp90
inhibitor, and its ability to degrade polyglutamine-expanded mutant AR. Administration of 17-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!. It functions in a multi-
component complex of chaperone proteins including Hsp70, Hop
(Hsp70 and Hsp90 organizing protein), Cdc37, Hsp40 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?. Geldanamycin, a
classical Hsp90 inhibitor, is known as a potent antitumor agentz;

=, however, it has not been used in clinical trials because of its liver

toxicity®. 17-AAG is a new derivative of geldanamycin that shares its
> important biological activities? but shows less toxicity’.

Hsp90 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 suggested that Hsp90
inhibitors could be applied to nononcological diseases as neuropro-
tective agents based on their induction of Hsps??2,

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 diseases are inherited neurodegenerative disorders
caused by the expansion of a trinucleotide CAG repeat in the causative
genes’!, In SBMA, the number of polymorphic CAG repeats is
normally 14-32, whereas it is expanded to 40-62 CAGs in the AR
gene®2. A correlation exists between CAG repeat size and disease
severity®. The pathologic features of SBMA are motor neuron loss in
the spinal cord and brainstem®, and diffuse nuclear accumulation and
nuclear inclusions of the mutant AR in the residual motor neurons
and certain visceral organs™.

We have already examined several therapeutic approaches in a
mouse model of SBMA% . As a consequence, we confirmed that
castration and leuprorelin, a luteinizing hormone-releasing hormone
agonist that reduces testosterone release from the testis, substantially
rescued motor dysfunction and nuclear accumulation of mutant
AR in male transgenic mice®>¥. 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 SBMA 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.

IDepartment of Neurology, Nagoya University Graduate School of Medicine, 65 Tsurumai-cho, Showa-ku, Nagoya 466-8550, Japan. 2These authors contributed equally
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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 after treatment with 17-AAG was much higher than that of wild-type AR (88.9% versus 45.9%, P = 0.0063). Values are expressed
as mean + s.e.m. (n = 5). (d) Pulse-chase analysis of two forms of AR. Data from one representative experiment for wild-type and mutant AR. (e) 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. Values are expressed as mean * s.e.m. (n = 4). (f) Real-time RT-PCR 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 < 0.025, *P < 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 selectively
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-SY5Y 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. 1a), 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 Hsp70 and Hsp40 were also markedly increased
after treatment with 17-AAG, but Hsp90 was only slightly increased
(Fig. 1a,b). There were no significant differences, however, in the levels

of Hsp70, Hsp40 and Hsp90 induction between the wild-type and
mutant AR (Fig. 1¢).

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 half-lives of 3.5 h and 2 h,
respectively (Fig. 1d,e), 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-
type or mutant AR in SH-SY5Y cells without 17-AAG treatment
(Fig. 2a). Hop and p23 are two essential components of multi-
chaperone Hsp90 complexes!. Without 17-AAG treatment, coimmu-
noprecipitation from 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. 3a,b),
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 (P < 0.005)
than that from the wild-type AR-Hsp90 complex (Fig. 3c). The
degradation of wild-type and mutant AR by 17-AAG was completely
locked by the proteasome inhibitor MG132 (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. Lysates 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 after 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.1L., 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 < 0.005). Values are expressed as means + s.e.m. (n = 5). (d) Effect

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

wild-type AR after 17-AAG treatments; however, this pharmacological
degradation was completely blocked by MG132 in both cases. DM, DMSO.
*P < 0.025, *P < 0.005.

Figure 2 immunoprecipitation of wild-type and mutant AR in cultured-cell
models. (a) Wild-type and mutant AR were immunoprecipitated from cell
lysates with an AR-specific antibody and immunoblotted with antibodies to
the indicated western 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
co-chaperones (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 < 0.01).
This experiment was repeated with five sets of cells with equivalent results.
Values are expressed as mean = s.e.m. {n = 5). *P < 0.05, **P < 0.01.
R.S.1., relative signal intensity.

the pharmacological degradation by 17-AAG was dependent on the
proteasome system, as previously reported!”1%, 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-AAG ameliorates phenotypic expression of SBMA mice

We administered 17-AAG (2.5 or 25 mg/kg) to male transgenic mice
carrying full-length human AR-24Q or AR-97Q. The disease progres-
sion of AR-97Q mice treated with 25 mg/kg 17-AAG (Tg-25) was
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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), (¢} 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-O and Tg-25

(P < 0.005 for all parameters). A Kaplan-Meier plot shows the prolonged survival of Tg-2.5 and Tg-25 compared with Tg-O, which had all died by 25 weeks
of age (P = 0.004, P < 0.001, respectively). (e) 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 Tg-25 (right). (f) Footprints of representative 16-week-old Tg-0, Tg-2.5 and Tg-25
mice. Front paws are indicated in red and hind paws in blue. (g) The length of steps was measured in 16-week-old Tg-0, Tg-2.5 and Tg-25 mice. Each
column shows an average of steps of the hind paw. Values are expressed as means + s.e.m. (n = 6). *P < 0.025, **P < 0.005.

markedly ameliorated, and that of mice treated with the 2.5 mg/kg
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
locomotor cage activity of Tg-0 mice was also markedly decreased at

110 weeks compared with the other two groups, which showed

decreases in activity at 13 (Tg-2.5) and 16 (Tg-25) weeks of age
(Fig. 4b). Tg-0 mice lost weight significantly earlier and more
profoundly than the Tg-2.5 (P < 0.025) and Tg-25 mice (P <
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 (P < 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, Tg-0 mice showed obvious differences in body size,
muscular atrophy and kyphosis compared to Tg-25 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. 4f,g).

When we immunohistochemically 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 Tg-25
compared with Tg-0 mice in the spinal anterior horn (Fig. 5¢). Muscle
histology also showed marked amelioration of neurogenic muscle

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 < 0.01) and skeletal muscle (P < 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-week-old mice treated with 25 mg/kg 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 dysfunc-
tion in the AR-97Q male mice at the dose of 25 mg/kg (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 lysates
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 mutant AR in
the spinal cord and muscle of the AR-97Q 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 64.4% 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 mice (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-97Q mice. (a,b) immunohistochemical staining with 1C2-specific antibody showed marked
differences in diffuse nuclear staining and nuclear inclusions between Tg-O and Tg-25 mice in the spinal anterior horn and skeletal muscle, respectively.

(c) Immunohistochemical staining with GFAP-specific antibody also showed an obvious reduction of reactive astrogliosis in the spinal anterior horn of mice
treated with 17-AAG. (d) Hematoxylin and eosin staining of the muscle in Tg-O 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 < 0.01) and skeletal muscle (P < 0.05) in
Tg-25 as compared to Tg-0 mice. Values are expressed as mean = s.e.m. (n= 6). *P < 0.05, **P < 0.01.

AR in both spinal cord (P < 0.001) and skeletal muscle (P < 0.01; reduction, and were also not as pronounced as those arising from
Fig. 6¢). The levels of wild-type and mutant AR mRNA were similar in ~ genetic manipulation in our previous study®®.
the respective mice treated with 17-AAG (Fig. 6d). We also performed Hsp90 inhibitors nonspecifically activate heat shock responses
filter-trap assays for quantitative analyses of both the large molecular  through a dissociation of the heat-shock transcription factor
aggregated and soluble forms of the mutant AR®. Both forms of (HSF-1) from the Hsp90 complex?”#!, Although the expression 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 gyaeking gel
protein but also the high molecular-weight mutant AR complex, AR
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 29.2% and 24.7%, respectively (Supplementary Fig. 4 ~ Monomere
online) after treatment with 17-AAG. These pharmacological effects of
chaperone induction were statistically significant (P < 0.05 for all
parameters), but not as marked as the 17-AAG-induced mutant AR
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Hsp90 and HSE-1 was not altered after 17-AAG treatment, coimmuno-
precipitation of HSF-1 with Hsp90 in the spinal cord and skeletal
muscle was significantly reduced (P < 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. Elim-
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 from 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-
fold®. 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 from 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'®1216, In
this study, we showed that the mutant AR with an expanded polyQ
had a higher association with p23 than did the wild-type AR. We
onsider 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 complex 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!2.

Hsps, particularly Hsp70, have been shown to suppress aggregate
formation and cellular toxicity in a wide range of polyQ disease
models?1¥6:4546_ Geldanamycin 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 disease??, stroke?”
and autoimmune encephalomyelitis®®. 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 Hsp40 in vivo. Furthermore, our results
suggest that the pathway for mutant AR degradation by 17-AAG
through the Hsp90-client protein complex system is predominant. 17-
AAG 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 much higher sensitivity to Hsp90
inhibitors than does wild-type p53 (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 disease by self-cleaning functions®®. Indeed, one therapeutic
approach, which directly reduced abnormal protein using RNA inter-
ference, proved to be beneficial in a mouse model of SCAT (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
aggregation. 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 pSP64-AR24 or pSP64-AR97 (ref. 46) into the pCR3.1 mamma-
lian expression vector (Invitrogen). We plated SH-SY5Y cells in 6-cm dishes
and transfected each dish with 8 g of the vector containing AR24 or AR97
using Lipofectamine 2000 (Invitrogen) according to the manufacturer’s in-
structions. We cultured the cells for 48 h. In this culture system, 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 AR-24Q and AR-97Q mice as previously 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 pg/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 0.36, 3.6 and 36 uM 48 h after transfection. In the
proteasome-inhibitory study, we exposed cultured cells for 6 h to 36 pM 17-
AAG, and 5, 10 and 20 pM MG132 (Sigma) beginning 48 h after transfection.

For mouse models, we stored 50 mg/ml stock solutions of 17-AAG dissolved
in DMSO at —20 °C. 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 ul intraperitoneal
injections of 2.5 or 25 mg/kg 17-AAG three times a week on alternate days;
control mice received DMSO alone.

Protein expression analysis. We lysed cells in Cellytic-M Mammalian Cell
Lysis/Extraction Reagent (Sigma) and centrifuged them at 15,000g for 15 min at
4 °C. We homogenized the tissues from 16-week-old mice in CelLytic-M
(Sigma) and centrifuged them at 2,500g for 15 min at 4 °C. 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 images and to quantify band intensities,
which we then analyzed with Image Gauge software version 4.22 (Fujifilm).
Densitometric values of AR, Hsp70, Hsp40 and Hsp90 were normalized to
those of endogenous p85 or o-tubulin. Relative signal intensity (R.S.IL) 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 pg total
protein lysate from cells, 10 pl Protein G Sepharose (Amersham) and 5 pi
AR-specific antibody (N-20). For experiments involving coprecipitation of AR,
we lysed cells in molybdate-containing lysis buffer! »1216, Immunoprecipitation
from mouse tissues was performed using 1 mg total protein lysed in CelLytic-M
(Sigma). R.S.I. was computed as the signal intensity of each sample divided by
that of AR-24Q cells, DMSO-treated cells or DMSQO-treated mice.

Pulse-chase labeling assay. We transfected cells as described above, starved
them for 1 h, and then labeled them for I h with 150 uCi of Redivue Pro-Mix
~-[35S] in vitro cell-labeling mix (Amersham) per milliliter. We chased the
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 Taqman PCR by the iCycler system (Bio-Rad) as previously
described®®. R.S.1. was computed as the signal intensity of each sample divided
by that of DMSO-treated cells or DMSO-treated control mice.

Immunohjstdchemistry and histopathology. We prepared tissues as pre-
viously described® 28, 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 pm-~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 log-rank tests for survival rate using Statview software version 5
(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.
Note: Supplementary information is available on the Nature Medicine website.
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Gene Expression Profile of Spinal Motor
Neurons in Sporadic Amyotrophic
Lateral Sclerosis

Yue-Mei Jiang, PhD," Masahiko Yamamoto, MD," Yasushi Kobayashi, MD," Tsuyoshi Yoshihara, PhD,"
Yideng Liang, PhD," Shinichi Terao, MD,* Hideyuki Takeuchi, MD," Shinsuke Ishigaki, MD,"
Masahisa Katsuno, MD,' Hiroaki Adachi, MD," Jun-ichi Niwa, MD," Fumiaki Tanaka, MD,"

Manabu Doy, MD,! Mari Yoshida, MD,? Yoshio Hashizume, MD,®> and Gen Sobue, MD'*

The causative pathomechanism of sporadic amyotrophic lateral sclerosis (ALS) is not clearly understood. Using microar-
ray technology combined with laser-captured microdissection, gene expression profiles of degenerating spinal motor
neurons isolated from autopsied patients with sporadic ALS were examined. Gene expression was quantitatively assessed
by real-time reverse transcription polymerase chain reaction and in situ hybridization. Spinal motor neurons showed a
distinct gene expression profile from the whole spinal ventral horn. Three percent of genes examined were downregu-
lated, and 1% were upregulated in motor neurons. Downregulated genes included those associated with cytoskeleton/
axonal transport, transcription, and cell surface antigens/receptors, such as dynactin, microtubule-associated proteins,
and early growth response 3 (EGR3). In contrast, cell death—associated genes were mostly upregulated. Promoters for cell
death pathway, death receptor 5, cyclins Al and C, and caspases-1, -3, and -9, were upregulated, whereas cell death
inhibitors, acetyl-CoA transporter, and NF-kB were also upregulated. Moreover, neuroprotective neurotrophic factors
such as ciliary neurotrophic factor (CNTEF), Hepatocyte growth factor (HGF), and glial cell line—derived neurotrophic
factor were upregulated. Inflammation-related genes, such as those belonging to the cytokine family, were not, however,
significantly upregulated in either motor neurons or ventral horns. The motor neuron-specific gene expression profile in
sporadic ALS can provide direct information on the genes leading to neurodegeneration and neuronal death and are

helpful for developing new therapeutic strategies.

Ann Neurol 2005;57:236-251

Amyotrophic lateral sclerosis (ALS) is a devastating
neurodegenerative disease characterized by loss of mo-
tor neurons in the spinal cord, brainstem, and motor
cortex.! Initial symptoms include weakness of the
limbs, abnormalities of speech, and difficulties in swal-
lowing. The weakness ultimately progresses to com-
plete paralysis, and half of the patients die within 3
years after the onset of symptoms, mostly because of
respiratory failure. Approximately 10% of all ALS pa-
tients show familial traits, and 20 to 30% of familial
ALS patients are associated with a mutation in the cop-
per/zinc superoxide dismutase 1 gene (SOD1). How-
ever, more than 90% of ALS patients are sporadic, not
showing any familial trait. The presence of Bunina
bodies in the remaining spinal motor neurons is a hall-
mark of sporadic ALS cases.”” So far, several hypoth-
eses about the pathogenesis of sporadic ALS have been

proposed based on extensive research on sporadic ALS:
oxidative stress, glutamate excitotoxicity, impaired ax-
onal transport, mitochondrial dysfunction, neurotro-
phic deprivation, proteasomal dysfunction, neuroin-
flammation, autoimmunity, viral infection, and
others.*!! Nevertheless, the actual pathogenic mecha-
nism of the selective motor neuron degeneration and
ultimate cell death in sporadic ALS remains unknown.
There have been extensive studies using animal models
and culture systems for familial ALS, especially with
SOD1 mutations, but no similar approach is available
for studying sporadic ALS.

Recently advances in DNA microarray technology
make it possible to analyze global gene expression pro-
files of thousands of genes in normal as well as patho-
logical cissues. Global gene expression studies using
DNA microarray technology have generated valuable

From the 'Department of Neurology, Nagoya University Graduate
School of Medicine, Nagoya; 2Department of Internal Medicine,
Aichi Medical University School of Medicine; and *Department of
Neuropathology, Institute for Medical Science of Aging, Aichi Med-
ical University School of Medicine, Nagakute, Aichi, Japan.

Received Sep 7, 2004, and in revised form Oct 22. Accepted for
publication Nov 14, 2004.

236 © 2005 American Neurological Association

Published online Jan 26, 2005, in Wiley InterScience
(www.interscience.wiley.com). DOI: 10.1002/ana.20379

Address correspondence to Dr Sobue, Department of Neurology,
Nagoya University Graduate School of Medicine, Nagoya 466-
8550, Japan. E-mail: sobueg@med.nagoya-u.ac.jp

Published by Wiley-Liss, Inc., through Wiley Subscription Services



information about cell behavior in tissues consisting of
homogeneous cell types, cultured cells, and cancer tis-
sues of monoclonal origin.'*' In the case of neuronal
tissues, particularly those of patients with neurological
diseases, however, the complexity of tissues containing
multiple lineages of cells, such as neurons, glial cells,
and vascular tissues, places limitations on the use of
DNA microarray technology. In the lesions of ALS spi-
nal cords, there are reduced numbers of motor neurons
with glial cell proliferation, making it difficult to ex-
amine motor neuron-specific gene expression.
Laser-captured microdissection (LCM) has been re-
ported to make it possible to isolate single individual
neurons from neural tissues with well-preserved mRNA
quality.'"*"” In addition, RNA amplification tech-
niques preserving the relative amounts of individual
mRNAs have been developed recelltly.16’17 LCM and
RNA amplification combined with DNA microarray
analyses have been reported to enable studies of cell
type—specific gene expression profiles in tissues with
multiple cell lineelges.m’18 Such integrated analysis sys-

Table 1. Details of Patients Examined in This Study

tem provide an effective tool for investigating the cel-
lular events affecting cell type-specific gene expression
profiles in neurodegenerative diseases such as ALS. In-
deed, we and other groups demonstrated that these in-
tegrated systems could be applied successfully to de-
scribe cell-specific gene expression profiles in neuronal
tissues.'>1®

In this study, we applied integrated LCM, RNA am-
plification, and DNA microarray analysis to clarify al-
terations of motor neuron-specific gene expression in
sporadic ALS cases and successfully obrtained expression
gene database in situ from degenerating motor neurons

in sporadic ALS spinal cord.

Patients and Methods

Tissues from Amyotrophic Lateral Sclerosis and

Control Patients

Fresh specimens of lumbar spinal cord (L4 to L5 segment)
from 14 sporadic ALS patients (nine men, five women) and
13 neurologically normal patients (nine men, four women)
were obtained at autopsy (Table 1). Diagnosis of ALS was

Age Duration of Postmortem Spinal Cord Neuropathology
Patients Sex (yr) Ilness (yr) Delay (hr) Diseases Motor Neuron Loss/Gliosis
ALS1 M 72 3.7 6 ALS (B, UL, LL) Moderate/mild
ALS2 M 71 2.3 5 ALS (LL, UL) Moderate/mild
ALS3 M 58 1.8 13 ALS (UL, LL, B) Severe/severe
ALS4 M 43 2.6 5 ALS (LL, B) Moderate/mild
ALS5 M 53 2.8 11 ALS (B, UL, LL) Moderate/severe
ALS6 F 79 4.0 4 ALS (UL, LL, B) Severe/severe
ALS7 F 59 2.5 3 ALS (UL) Mild/mild
ALS8 F 67 2.0 7 ALS (UL, B) Severe/mild
ALS9 M 74 43 10 ALS (LL, B) Severe/mild
ALS10 F 47 1.8 4 ALS (B, UL, LL) Mild/mild
ALS11 M 74 4.5 12 ALS (UL, LL) Moderate/mild
ALS12 M 57 3.5 5 ALS (LL, UL) Severe/mild
ALS13 F 53 3.0 8 ALS (B, UL, LL) Severe/severe
ALS14 M 63 2.2 5 ALS (UL, B) Mild/mild
Controll M 57 — 7 Pneumonia No
Control2 M 78 — 10 Cerebral infarction No
Control3 M 72 — 9 Lung cancer No
Control4 F 52 — 7 Pneumonia No
Control5 F 65 —_ 12 Pneumonia No
Control6 M 75 —_— 10 Heart failure No
Control7 M 42 —_ 5 Heart failure No
Control8 F 76 — 5 Pancreas cancer No
Control9 F 84 — 6 Myocardial infarction No
Control10 M 48 — 13 Heart failure No
Control11 M 77 — 11 Heart failure No
Control12 M 66 — 11 Cerebral infarction No
Control13 M 75 — 4 Pneumonia No

The age, duration of illness, and postmortem delay are indicated for the ALS and control cases. Predominant clinical features of ALS are shown:
UL = upper limbs; LL = lower limbs; B = bulbar. Neuropathological involvement of spinal cords was graded as previously. Ten ALS samples
were used for microarray analysis: five of them (1, 7, 10, 11, and 14) were analyzed using 4.8K array for spinal motor neurons; five (2, 4, 5,
8, and 12) using 1.0K for spinal motor neurons; five (1, 3, 10, 13, and 14} using 4.8K for spinal ventral horn gray matter; and five (1, 2, 4,
5, and 13) and five (1, 2, 7, 8, and 10) control samples using 4.8K and 1.0K. Thirteen ALS (1-13) and 11 (1-11) control samples were used
for TagMan reverse transcription polymerase chain reaction analysis. Five ALS (1, 10, 11, 13, and 14) and four control (1, 3, S, and 12)

samples were used for in situ hybridization and immunohistochemistry.

ALS = amyotrophic lateral sclerosis.
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confirmed by El Escorial diagnostic criteria defined by the
World Federation of Neurology and the histopathological
findings, particularly the presence of the Bunina body.>> All
cases of ALS were sporadic and did not show any heredity.
ALS patients with SODJI mutation were excluded. The col-
lection of tissues and their use for this study were approved
by the ethics committee of Nagoya University Graduate
School of Medicine. Tissues were frozen immediately and
stored at —80°C untdil use. The mean ages and standard de-
viations for ALS and control patients were 62.1 * 11.0 and
66.7 * 13.1 years, and the mean postmortem intervals and
standard deviations were 7.0 £ 3.3 and 8.5 * 3.0 hours,
respectively. The differences between the means of either age
or postmortem interval were not significant between the ALS
and control groups. The cause of death in all ALS patients
was respiratory failure, and the causes in the control patients
were pneumonia, lung cancer, or acute heart failure (see Ta-
ble 1). Parts of the lumbar spinal cord were fixed in 10%
buffered formalin solution, and processed for paraffin sec-
tions. The sections were stained with hematoxylin and eosin
and Kliiver-Barrera and Holzer techniques, and histological
assessment was petformed. The degree of motor neuron loss
and astrogliosis was ranked as mild, moderate or severe ac-
cording to previously reported.'”*

Laser-Captured Microdissection of Spinal Motor
Neurons

Sections (10pum) were cut with a standard cryostat, mounted
on poly-L-lysin coated slides (Zeiss, Thornwood, NY), and
stained with hematoxylin to identify the motor neurons lo-
cated in the medial and laceral nuclei of the ventral horns of
lumber spinal cords. After staining with hematoxylin, the
sections were washed in RNase-free water and dried.*"*> The
PALM Robot-Microbeam  system (P.A.L.M. Mikrolaser
Technology AG, Bernried, Germany) was used for laser cap-
ture. The pulsed laser microbeam cut precisely around the
targeted motor neurons in the spinal ventral horn (LCM; see
Fig 1A-C). The identity of motor neurons was ascertained
by reverse transcription polymerase chain reaction (RT-PCR)
for choline aceryltransferase (ChAT) as described previous-
ly.”> Each laser-isolated specimen subsequently was ejected
from the glass slide with a single or several laser shots and
collected directly into the cap of a PCR tube containing de-
naturing buffer by a process of laser pressure catapulting in
the totally noncontact manner previously described.”® The
LCM-isolated cells (approximately 500 pooled cells) were
dissolved in denaturing buffer (StrataPrep Total RNA Mi-
croprep Kit; Stratagene, San Diego, CA) and stored at
—80°C undl use.

RNA Extraction of Laser-Captured Microdissection
Motor Neuron Samples and Spinal Ventral Horn
Homogenates

LCM-isolated cells in denaturing buffer were thawed and
centrifuged briefly before the RNA was extracted using a
StrataPrep Total RNA Microprep Kit (Stratagene) according
to the manufacturer’s protocol. RNA was extracted as well
from the total homogenates of ventral horn gray matter of
spinal cords,'? which was dissected under a dissecting micro-
scope.
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Reverse Transcription and T7 RINA Polymerase
Amplification of RNA

Ten microliters of purified RNA obtained as described above
was mixed with 1l of 0.5pg/ml T7-oligodT primer .
(5'-TCTAGTCGACGGCCAGTGAATTGTAATACGACT-
CACTATAGGGCGT,;-3') to initiate first-strand synthesis.
The primer and RNA were incubated in 4pl of 5 X first-
strand reaction buffer, 0.1IM DTT (2ul), 10mM dNTPs
(1wl), 1l of RNasin, and 1l of Superscript II reverse tran-
scriptase (Invitrogen, Carlsbad, CA) at 42°C for 1 hour, and
then 30l of 5 X second-strand synthesis buffer, 10mM
dNTPs (3pl), 4pl of DNA polymerase, Ll of Escherichia
coli RNase H, and 1l of E. coli DNA ligase and 91pl of
RNase-free H,O were added, and the mixture was incubated
at 16°C for 2 hours and then ar 16°C for 10 minutes afrer
the addition of 2l of T4 DNA polymerase. Next, an Am-
pliscribe 'T7 Transcription Kit (Epicentre Technologies,
Madison, WI) was used for RNA amplification: 8l double-
stranded ¢DNA, 2l of 10 X Ampliscribe T7 buffer, 1.5l
each of 100mM ATP, CTP, GTP, and UTP, 0.1 M DTT
(2ul), and 2pl of T7 RNA polymerase were incubated at
42°C for 3 hours.

For second-round amplification, 10l of amplified RNA
(aRNA) from first-round amplification was mixed together
with 1pl of Img/ml random hexamers (Invitrogen), and
then first-stranded ¢cDNA was synthesized, followed by
second-stranded cDNA synthesis as described above. The
double-stranded cDNA was subjected to second-round T7 in
vitro transcription as above and then subsequent third-round
aRNA amplification. After third-round amplification, aRNA
was treated with DNase (Wako, Kanagawa, Japan) and
cleaned up using an RNeasy Kit (Qiagen, Valencia, CA) ac-

cording to the manufacturer’s protocol.

DNA Microarray Analysis

Fluorescent ¢cDNA probes were synthesized from aRNA of
laser-captured spinal motor neurons and RNA from ventral
spinal tissue homogenates using an Atlas Glass Fluorescent
Labeling Kit (Clontech, Palo Alto, CA) according to the
manufacturer’s protocol. Cy3-labeled ¢cDNA probes were
synthesized from ALS samples for spinal motor neurons and
homogenates, and Cy5-labeled ¢cDNA probes were synthe-
sized from control samples. BD Atlas Glass Microarray Hu-
man 1.0 and 3.8 (Clontech) slides were hybridized with
these fluorescent labeled probes overnight at 50°C and then
washed four times and dried according to the manufacturer’s
protocol. Individual Cy3-labeled ¢<DNA probes from ALS
RNA samples of spinal motor neurons and homogenates for
each patient were coupled with Cy5-labeled cDNA probes
from control RNA samples of those tissues, which were pre-
pared by mixing equal amounts of RNA samples amplified
from the control patients. The microarrays were scanned in a
laser scanner (GenePix 4000; Axon Instruments, Union City,
CA), and the resulting signals were quantified and stored us-
ing GenePix Pro analysis software (Axon Instruments). The
data for each expressed gene obtained from microarray anal-
ysis were expressed as the ratios of the values of individual
ALS patients or the means of the values of ALS to the values
of the control patients. The values of gene expression levels
were means-calculated from motor neurons of 5 or 10 inde-



pendent individuals with ALS as well as from spinal ventral
horns of 5 individuals with ALS.

Quantitaiive Real-Time Reverse Transcription
Polymerase Chain Reaction

The probe and primers for the real-time PCR were designed
using Primer3’ (S. Rozen and H. J. Skaletsky, available at
hetp:/fwww-genome.wi.mit.edu/genome_software/other/
primer3.html). TagMan PCR was conducted using an iCy-
cler system (Bio-Rad Laboratories, Hercules, CA) with a
QuantiTect Probe PCR Kit (Qiagen) and the cDNA accord-
ing to the manufacturer’s protocol. The reaction conditions
were 95°C for 3 minutes and then 50 cycles of 15 seconds at
95°C followed by 60 seconds at 55°C. All experiments were
performed in quadruplicate, and several negative controls
were included. For an internal standard control, the expres-
sion  of  glyceraldehyde-3-phosphate  dechydrogenase
(GAPDH) was simultaneously quantified. The primers and
probe sequences for the examined genes (acetyl-CoA trans-
porter: D88152; Bak: NM_001188; CRABPI: NM_
004378; cyclin C: M74091; dynactin 1: NM_004082;
EGR3: NM_004430; ephrin Al: MS57730; GAPDH:
NM_002046; KIAA0231: D86984; and TrkC: U05012)
were described in the legends for Figure 3. The threshold
cycles of each gene were determined as the number of PCR
cycles at which the increase in reporter fluorescence reached
10 times above the baseline signal. The weight ratio of the
target gene to GAPDH gives the standardized expression
level.

In Situ Hybridization

Frozen sections (10pm thick) of the spinal cord were prepared
and immediately fixed in 4% paraformaldehyde. Then, they
were treated with 0.1% diethylpyrocarbonate (DEPC) twice
for 15 minutes and prehybridized at 45°C for 1 hour.
Digoxigenin-labeled cRNA probes were generated from linear-
ized plasmids for the genes of interest using SP6 or T7 poly-
merase (Roche Diagnostics, Basel, Switzerland). Gene names,
Genebank accession number, probe position (nucleotide num-
ber), and probe size were as follows: acetyl-CoA transporter,
D88152, nucleotides 397-741, 345bp; Bak, NM_001188, nu-
cleotides 792-2094, 345bp; CRABP1, NM_004378, nucleo-
tides 210545, 336bp; dynactin 1, NM_004082, nucleotides
2392-2774, 383bp; DR5, NM_004082, nucleotides 682—
1070, 389bp; EGR3, NM_004430, nucleotides 14331794,
362bp; KIAAO231, D86984, nucleotides 6981053, 35Gbp;
TrkC, U05012, nucleotides 1412-1721, 310bp. After prehy-
bridization, the sections were hybridized with ecach
digoxigenin-labeled ¢cRNA probe overnight at 45°C. The
washed sections were incubated with alkaline phosphatase-
conjugated anti—digoxigenin antibody (Roche Diagnostics).
The signal was visualized with NBT/BCIP (Roche Diagnos-

tics).

Tmmunobistochemistry

Frozen sections (10pm thick) of the spinal cord were pre-
pared and immediately fixed in 4% paraformaldehyde. Then,
they were blocked with 2% bovine serum albumin (Sigma)
in Tris-buffered saline at room temperature for 20 minutes
and incubated with anti-cydin C (1:200 dilution; Santa

Cruz Biotechnology, Santa Cruz, CA) antibody overnight at
4°C.  Subsequent procedures were performed using
ENVISION++KIT/HRP  (diaminobenzidine tetrahydro-
chloride; DAKO, Carpinteria, CA) according to the manu-

facturer’s protocol.
P

Statistical Analyses

To assess the correlation of intensity values for each labeling
sample, we used scatterplots and measured linear relation-
ships. The correlation coefficient, R?, that was calculated in-
dicates the variability of intensity values between Cy-5— and
Cy-3-labeled samples. To perform cluster analyses of hierar-
chical clustering, self-organizing maps (SOM) and principal
component analysis after logarithmic transformation, we
used Acuity 3.0 software (Axon Instruments). The data mea-
sured by quantitative real-time RT-PCR analysis were ana-
lyzed by Student’s ¢ tests.

Results

17 Amplification Preserves Gene Expression Profiles
Because the amounts of laser-microdissected samples
were extremely low and did not contain enough
mRNA for further analysis, RNA amplificacion was re-
quired. Tt was critical to achieve sufficient RNA ampli-
fication and yet maintain the expression profiles of
mRNAs. We performed experiments to determine how
the expression profiles of mRNAs were affected by the
T7 amplification procedure. RNA samples were ex-
tracted from control spinal cords and a part of RNA
samples was amplified using T7 amplification. One
flourescently labeled probe was synthesized from an in-
dividually amplified RNA (aRNA) or nonamplified
RNA (nRNA) and was hybridized to microarrays. In-
dependent amplification of RNA vyielded quite similar
expression patterns. The correlation of signal intensities
between independent amplifications for the third
aRNA was RZ = 0.9157, p << 0.0001, and on the
other hand, the correlation of signal intensities in
nRNA was % = 0.9157, p < 0.0001 (Fig 1D, E).
Previous reports using similar amplification procedures
as ours also have confirmed the reproducibility of T7
amplification for the preservation of RNA expression
profiles."®">'7 In this study, the third-round amplifi-
cation was performed for the LCM-isolated motor neu-
rons, but for the spinal ventral horn homogenates a
single amplification produced enough RNA for further
analysis, and similar expression patterns were found be-
tween the first and third amplifications (data not
shown).

Gene Expression Database of Spinal Motor Neurons
and Ventral Horn Homogenates of Amyotrophic

Lateral Sclerosis

aRNA samples from the motor neurons and the ventral
horn homogenates from the lumbar spinal cords were
subjected to microarray analysis. The differences of the
gene expression levels between ALS and control sam-
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Fig 1. Verification of laser-captured microdissection (LCM) and RNA amplification. Microdissection of motor neurons in spinal
veniral horn: sections were stained with hematoxylin (A); margins of motor neurons were dissected by the laser beam (B); and mo-
tor neurons were isolated from slides by laser pressure catapulting (C). Scatterplots of nonamplified and amplified RNAs: correlations
between independent amplifications of control spinal cord samples are shown using nonamplified (D) and third amplified RNAs
(E). These RNAs were split into two samples for labeling of Cy5 and Cy3 and hybridized separately to two microarrays. The very
high squared correlations reflecr the high reproducibility of the hybridization results with the same values between nonamplified and

third amplified RNAs.

ples were expressed as ratios of the values of ALS indi-
viduals compared with the mean values of the controls.
One percent (52/4,845) of genes examined were signif-
icantly upregulated in spinal motor neurons of ALS pa-
tients and 3% (144/4,845) were downregulated, as-
suming that che changes of 3.0-fold increase and 0.3-
fold decrease were significant, when the mean levels of
gene expression were calculated. In contrast with motor
neurons, the total spinal ventral horn homogenates
demonstrated 0.7% (37/4,845) and 0.2% (8/4,845)
significant upregulation and downregulation of gene
expression, respectively.

The genes prominently altered in ALS are listed in
Tables 2 to 5 for spinal motor neurons and spinal ven-
tral horn homogenates, respectively. Several upregu-
lated genes listed were overlapping between spinal mo-
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tor neurons {see Table 2) and ventral horns (see Table
4), suggesting that motor neuron overexpression is re-
flected to some extent by gene expression in ventral
horn homogenates. The other genes upregulated in
motor neurons were not present in the list for spinal
ventral horns, because these gene expression changes
were diluted and masked by changes occurring in other
cell types. Because the number of spinal motor neurons
was decreased in ALS spinal cords, most genes that
were listed as downregulated genes in motor neurons
(see Table 3) were not found in spinal ventral horns
(see Table 5) except for three genes (CRABP1, EGR3,
and postmeiotic segregation increased 2-like 11). When
we categorized these altered genes in ALS motor neu-
rons into several functional groups, the genes related to
cell receptors and intracellular signaling, transcription,



