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FIGURE 6. M. mazei proteasome degrades mutant androgen receptor with expanded polyglutamine tract and reduces its cellular toxicity. A, Neuro2a
cells grown on 6-cm dishes and co-transfected with 1 g of AR containing either normal (24Q) or expanded (97Q) polyglutamine tract vectors and increasing
doses of Mm proteasome subunits were analyzed. The levels of AR’ proteins were reduced as Mm proteasome af increased. 8, cycloheximide chase analysis
(see “Experimental Procedures”) showing that the half-lives of AR*’9 proteins were decreased in the presence of Mm 20 S proteasome af. Transfected DNA
dose/6-cm dish was as follows: AR®’? (1 ug), a-subunit (0.5 ug), B-subunit (0.5 ug). C, the rescue effect of Mm p «fl expression on cell viability in
AR"9-transfected HEK293 cells as shown in an MTS assay. The box plots show the median values (center line of box), the 25th (lower line of box), 75th (upper line

of bax), 10th (lower T bar), and 90th (upper T bar) percentiles in each group (n = 3 X 6 wells). The

bers indicate fected DNA dose in a well of a 96-well

plate (B, 0.1 pg; a, 0.05 pg; B, 0.05 ug). The expression levels of AR, a-subunit, and B-subunit at analyzed points are shown.

GFP-positive SOD19%** aggregates are also anti-His positive,
whereas the cells expressing wild-type SOD1-GFP are diffusely
stained with anti-His antibody. There were no GFP-negative
inclusion bodies stained with anti-His antibody, indicating that
Mm proteasome co-localizes with the inclusion bodies consist-
ing of mutant SODI in the vicinity of the nucleus. The percent-
ages of aggregate-positive cells among the GFP-positive cells
were determined in Fig. 5B. SOD1%%3 aggregates were signif-
icantly reduced when co-expressed with Mm proteasome afi.
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M. mazei Proteasome Degrades Specifically Mutant Andro-
gen Receptor with Expanded Polyglutamine Tract and Reduces
Its Cellular Toxicity—To demonstrate the ability of the Mm
proteasome to degrade aggregation-prone proteins, we exam-
ined the AR with expanded polyglutamine tract (97-repeated
glutamine; 97Q) protein, the causative protein of spinal and
bulbar muscular atrophy. Similar to the results obtained with
SODI1 proteins, Fig. 6A shows that in Neuro2a cells, the levels of
mutant AR (97Q) were markedly reduced as the expression of
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levels of all a-synuclein and tau pro-
teins were reduced in the presence of
Mm proteasome af3 (Fig. 7, A and B).
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Although the degradations of wild-
type SOD1 and AR proteins were not
accelerated by Mm proteasome, the
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FIGURE 7. M. mazei

proteasome degrades aggregation-prone but not non-aggregation-prone proteins.
Neuro2a cells grown on 6-cm dishes and co-transfected with Mm proteasome subunits vectors or mock and 1 ug of
a-synuclein vectors (wild type, A30P, and A53T) (4), Tau vectors (six isoforms: three (3L, 3M, and 35) or four (4L, 4M,
and 45) tubulin binding domains in the C-terminal portion and two (3L and 4L), one (3M and 4M), or no (35 and 4S)
inserts of 29 amino acids each in the N-terminal portion) (B), or empty GFP vector or LacZ-V5 vector (C). A and 8, the
expression levels of all of a-synuclein and tau proteins were reduced when co-transfected with the Mm proteasome
glyceraldehyde-3-phosphate dehydrogenase (GAPDH), GFP, and

aff. C, the expression levels of endog
LacZ-V5 proteins were not changed in the presence of the Mm proteasome af.

Mm proteasome af increased, but they were unaffected by the
expression of the Mm proteasome ampl. On the other hand,
wild-type AR (24-repeated glutamine; 24Q) levels were not
affected by the expression of Mm proteasome af3. Cyclohexim-
ide-chasing analysis demonstrated that the half-life of mutant
AR (97Q) was reduced in the presence of the Mm proteasome
but not in the presence of the mutant Mm proteasome (Fig. 6B).
The viability of cells expressing mutant AR (97Q) was reduced
compared with wild-type AR (24Q), and this reduction was
attenuated by the co-transfection with Mm proteasome aff
(Fig. 6C). These results show that Mm proteasome af3 can
accelerate the degradation of the aggregation-prone mutant AR
with expanded polyglutamine tract and possibly protect the
cells from its toxicities.

M. mazei Proteasome Degrades Other Aggregation-prone Pro-
teins but Not Non-aggregation-prone Proteins—To determine
whether the Mm proteasome degrades other aggregation-prone
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including wild-type and all of the six
forms of wild-type tau were reduced.

We also examined whether Mm
proteasomes degrade non-aggrega-
tion-prone proteins such as GFP or
LacZ. Fig. 7C shows that the Mm
proteasome does not affect the
degradation of the exogenously
expressed proteins, GFP and LacZ.

LacZ-V5

o 05 05

DISCUSSION

In this study, we showed that the
archaeal Mm proteasome a- and
B-subunits properly assembled to
have proteolytic activity and acceler-
ate the degradation of aggregation-
prone, neurodegeneration-associ-
ated proteins in mammalian cells.
Archaeal proteasomes contain 14
identical active sites that, although
originally classified as chymotrypsin-like, were later shown to
cleave after acidic and basic residues (22), and they consist of only
one type of each of the a- and B-subunits (6). A comparison
between archaeal and eukaryotic proteasomes in vitro showed that
archaeal proteasomes are far more active in degrading poly(Q)
peptides than are eukaryotic proteasomes (9). We utilized this
potential power and manageability of archaeal proteasomes to
degrade abnormal proteins that could not be effectively degraded
by eukaryotic proteasomes. This is the first report showing that
archaeal proteasomes can work to accelerate degradation of aggre-
gation-prone proteins in mammalian cells.

Mm proteasomes promoted degradation of mutant SOD1,
AR with an expanded polyglutamine tract, wild-type and
mutant a-synuclein, and six isoforms of wild-type tau. The first
two proteins, mutant SOD1 and AR with an expanded polyglu-
tamine tract, exhibit toxicity in cell culture models. Mice over-
expressing these mutant proteins display abnormal aggrega-
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tions in their motor neurons and significant loss of motor
functions, and they have been used as disease models (23, 24).
Mm proteasomes accelerated the degradation of only the
mutant forms of these two proteins and not that of the nonag-
gregating wild-type forms. Furthermore, chasing studies (Fig. 3,
A and B) confirmed our belief that Mm proteasomes directly
accelerate the degradation of mutant proteins.

However, both the wild-type and two mutants of a-synuclein
as well as six isoforms of wild-type tau were also degraded by
Mm proteasomes (Fig. 7). a-Synuclein and tau are pathogeni-
cally different proteins from SOD1 and AR, since they are
known to accumulate as wild-type proteins in the affected
lesions of PD and AD, respectively. Aggregation of the presyn-
aptic protein, a-synuclein, has been implicated in synucle-
inopathies, such as sporadic and familial PD, diffuse Lewy body
disease, and multiple-system atrophy (25). In sporadic PD
patients, wild-type a-synuclein is accumulated, and increased
expression of wild-type a-synuclein is also observed (26). Pro-
teasomal dysfunction has been thought to impair a-synuclein
degradation and thereby to facilitate its aggregation (27).
Three- and four-repeat wild-type tau are among the proteins
characteristically detected in neurofibrillary tangles formed by
paired helical filaments in sporadic AD (28). Decreased protea-
somal activity has been also reported in the AD brain (29).
a-Synuclein and tau are both relatively easily misfolded, which
leads to the formation of aggregates, even in their wild-type
forms (30, 31), thus possibly explaining why the Mm protea-
somes degraded wild-type a-synuclein and tau. Mm protea-
somes might be able to recognize a wide range of aggregation-
prone proteins, whereas they do not affect the degradation of
exogenously expressed nonaggregating proteins, such as GFP
and LacZ, or abundant endogenous proteins, such as a-tubulin
and glyceraldehyde-3-phosphate dehydrogenase (Fig. 7).

The question raised here is what is the molecular mechanism
of such selective, mutant species-dependant degradation.
Archaeal 20 S proteasomes contain proteasome-activating
nucleotidase, PAN, enabling substrates to enter the protea-
somes easily and effectively (8). PAN has a chaperone-like
activity to unfold aggregated proteins (32) and is thought to be
an evolutionary precursor to the 19 S base in eukaryotic cells
(8). Archaeal recognition tags (like ubiquitin tags in eukaryotic
cells) have not been identified yet. However, archaeal 20 S pro-
teasomes have been reported to rapidly degrade polyglutamine
aggregates in vitro, without the help of PAN (9). Here we con-
firmed that this PAN-independent degradation by Mm 20 §
proteasomes could occur in mammalian cells. Since the pore
diameter of the closed gate in 20 S proteasomes is estimated to
be much smaller than that of aggregated proteins (33), the ques-
tion is, how do the unfolded substrate proteins enter the 20 S
proteasomes? One hypothesis might be that the a-ring in Mm
proteasomes has chaperone-like activity to recognize and
unfold the aggregation-prone proteins or misfolded proteins.
The gated channel in the a-ring of the archaeal 20 S protea-
somes is thought to regulate substrate entry into the protea-
somes and is assumed to be in either an open (34) or a closed
state (2, 33) in vitro. In our experiments, the gate-free Mm 20 §
proteasome Aap substantially reduced cell viability, but the
Mm proteasome «af, with the “gate,” had little toxic effect on
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the cells and, furthermore, accelerated the degradation of
mutant proteins. This would be hard to explain if the gate is
always in the closed state. There is a possibility that when Mm
proteasomes gather, actively or passively, near aggregation-
prone proteins, the a-ring opens its gate and unfolds the aggre-
gated proteins, enabling them to enter the proteasomes to be
degraded.

Some kinds of molecular chaperones, such as Hsp90, -70, and
-27, have been reported to assist in the selective degradation of
mutant SOD1 and AR proteins in proteasome degradation
pathways (35, 17). However, neither the protein levels of molec-
ular chaperones (Hsp90, -70, -40, and -27) nor the ubiquityla-
tion levels of mutant SOD1 and AR were changed in the pres-
ence of Mm proteasome aff expression (data not shown), thus
supporting the idea that endogenous ubiquitin-proteasome
degradation pathways possibly did not play an important role in
the accelerated degradation of mutant proteins. Further study
is needed to elucidate the molecular mechanisms of selective
recognition of misfolded aggregation-prone proteins by Mm
proteasomes.

In this paper, we demonstrated that Mm proteasomes could
effectively degrade neurodegenerative disease-related aggrega-
tion-prone proteins in vivo. Further studies are needed to deter-
mine whether archaeal proteasomes can be available to treat
diseases in which toxic gain of proteins is causative.
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Abstract Abnormal accumulation of disease-causing pro-
tein is a commonly observed characteristic in chronic
neurodegenerative disorders such as Alzheimer’s disease,
Parkinson’s disease, and polyglutamine (polyQ) diseases.
A therapeutic approach that could selectively eliminate
would be a promising remedy for neurodegenerative
disorders. Spinal and bulbar muscular atrophy (SBMA),
one of the polyQ diseases, is a late-onset motor neuron
disease characterized by proximal muscle atrophy, weak-
ness, contraction fasciculations, and bulbar involvement.
The pathogenic gene product is polyQ-expanded androgen
receptor (AR), which belongs to the heat shock protein
(Hsp) 90 client protein family. 17-Allylamino-17-de-
methoxygeldanamycin (17-AAG), a novel Hsp90 inhibitor,
is a new derivative of geldanamycin that shares its
important biological activities but shows less toxicity. 17-
AAG is now in phase II clinical trials as a potential anti-
cancer agent because of its ability to selectively degrade
several oncoproteins. We have recently demonstrated the
efficacy and safety of 17-AAG in a mouse model of
SBMA. The administration of 17-AAG significantly
ameliorated polyQ-mediated motor neuron degeneration
by reducing the total amount of mutant AR. 17-AAG
accomplished the preferential reduction of mutant AR
mainly through Hsp90 chaperone complex formation and
subsequent proteasome-dependent degradation. 17-AAG
induced Hsp70 and Hsp40 in vivo as previously reported;
however, its ability to induce HSPs was limited, suggesting
that the HSP induction might support the degradation of
mutant protein. The ability of 17-AAG to preferentially
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degrade mutant protein would be directly applicable to
SBMA and other neurodegenerative diseases in which the
disease-causing proteins also belong to the Hsp90 client
protein family. Our proposed therapeutic approach, mod-
ulation of Hsp90 function by 17-AAG treatment, has
emerged as a candidate for molecular-targeted therapies for
neurodegenerative diseases. This review will consider our
research findings and discuss the possibility of a clinical
application of 17-AAG to SBMA and other neurodegen-
erative diseases.

Keywords Hsp90 inhibitor - Hsp90—client protein
complex - Proteasomal degradation - Polyglutamine -
Neurodegenerative diseases
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Introduction

Polyglutamine (polyQ) diseases are caused by the expan-
sion of a trinucleotide CAG repeat encoding glutamine in
the causative genes and, to date, nine disorders have been
identified as polyQ diseases [I1]. Spinal and bulbar
muscular atrophy (SBMA), also known as Kennedy's
disease, was the first polyQ disease to be identified [2] and
is characterized by premature muscular exhaustion, slow
progressive muscular weakness, atrophy, and fasciculation
in bulbar and limb muscles [3]. In SBMA, the pathogenic
gene product is the androgen receptor (AR), which
contains an abnormally expanded polyQ. The number of
polymorphic CAG repeats in the AR gene is normally 14 to
32, but it is expanded to 40 to 62 CAGs in SBMA patients
[4]. A correlation exists between the number of CAG
repeats and disease severity [5]. The pathologic features of
SBMA are motor neuron loss in the spinal cord and
brainstem [3], and diffuse nuclear accumulations and
nuclear inclusions (NIs) containing the mutant AR in the
residual motor neurons and certain visceral organs [6].

Heat shock protein (Hsp) 90, one of the molecular
chaperones, is essential for function and stability of the AR,
the C-terminus of which has a high affinity for Hsp90,
inducing the conformational change required for its nuclear
translocation after ligand activation [7-9]. Hsp90 functions
in a multi-component complex of chaperone proteins
including Hsp70, Hop (Hsp70 and Hsp90 organizing
protein), Cdc37, and p23. In addition, Hsp90 is involved
in the folding, activation, and assembly of several proteins,
known as Hsp90 client proteins [10]. As numerous
oncoproteins belonging to the Hsp90 client protein family
are selectively degraded in the ubiquitin—proteasome system
(UPS) by Hsp90 inhibitors, 17-allylamino-17-demethoxy-
geldanamycin (17-AAG), a first-in~class Hsp90 inhibitor, is
now under clinical trials as a novel molecular-targeted agent
for a wide range of malignancies [11]. AR also belongs to
the Hsp90 client protein family and is degraded in the
presence of Hsp90 inhibitors [12-14].

In view of this ability of Hsp90 inhibitors to degrade
Hsp90 client proteins, we have recently demonstrated that
17-AAG markedly ameliorated polyQ-mediated motor
neuron degeneration through degradation of mutant AR
[15]). This is apparently different from previous strategies
employed against polyQ diseases, which unavoidably
allowed abnormal protein to remain and placed much
value mainly on the inhibition of protein aggregation. We
consider that the ability to facilitate degradation of disease-
causing protein by modulation of Hsp90 function would be
of value when applied to SBMA and other related
neurodegenerative diseases. In this paper, we review our
research findings compared with previous studies and
discuss the clinical application of Hsp90 inhibitors to
neurodegenerative diseases.

Development of Hsp90 inhibitors

The most classical Hsp90 inhibitor is geldanamycin (GA),
a natural product that was developed as an antifungal agent
[16]. Later, GA was also found to have a potent and
selective anti-tumor effect against a wide range of
malignancies [17]. Although GA showed potential as a
novel anti-cancer agent [18], this agent was also found to
have intolerable liver toxicity [19]. To overcome this GA-
induced liver toxicity, scientists at the US National Cancer
Institute succeeded in developing a new derivative of GA,
17-AAG, that shares its important biological activities [20]
but shows less toxicity [21]. Owing to this promising
derivative 17-AAG, Hsp90 inhibitors have taken a major
developmental leap in their clinical applications, and 17-
AAG is now in phase clinical trials with encouraging
results as an anti-cancer agent [22-26]. To generate more
selective and less toxic derivatives than 17-AAG, further
development of Hsp90 inhibitors is also being pursued
[27-29].

The anti-tumor effect of Hsp90 inhibitors was previously
thought to be due to the inhibition of tyrosine kinase [30].
The mechanism subsequently proved to be based on their
ability to specifically bind to the Hsp90 ATP-binding site,
thereby modulating Hsp90 function [31, 32] and protea-
somal degradation of Hsp90 client proteins. As numerous
oncoproteins were shown to belong to the family of Hsp90
client proteins [10]. Hsp90 inhibitors are expected to
become a new strategy in anti-tumor therapy [18]. Hsp90
inhibitors including GA and 17-AAG have been shown to
have an advantageously higher selectivity for tumor cells
compared with general anti-tumor agents [17]. Studies by
Kamal et al. suggest a mechanism for this selectivity;
Hsp90 in tumor cells is more likely to be incorporated in
the Hsp90 multi-chaperone complex than the Hsp90 in
normal cells is, thereby increasing their binding affinity to
17-AAG by more than 100-fold [33, 34].

We thought that this selectivity of Hsp90 inhibitors
would also be advantageous for the treatment of neurode-
generative diseases. However, as neurodegenerative dis-
cases generally follow a chronic progression and the
medical treatment is long compared with that for malig-
nancy, the toxic side effects of the treatments would need to
be extensively suppressed. Therefore, we decided to
explore the possibility of using 17-AAG as a therapeutic
agent for neurodegenerative diseases by examining its
effects on mutant AR in cultured cells and in a mouse
model of SBMA.

A model mouse of SBMA and a potent hormonal therapy

We had previously generated transgenic mice expressing
the full-length human AR containing either 24 or 97 CAG
repeats under the control of a cytomegalovirus enhancer
and a chicken actin promoter [35]. The mice with 97 CAG
repeats (AR-97Q) exhibited progressive motor impairment,
while none of those with 24 CAG repeats (AR-24Q)
showed abnormal phenotypes [35]. Other laboratories have



also generated various animal models of SBMA, almost all
of which display phenotypic expressions of motor dys-
function [36]. For researching a truly effective molecular-
targeted therapy, it is imperative to do so in a model that
approximates the native state and metabolism of the
disease-causing protein in vivo. We therefore consider
that our SBMA mice carrying full-length AR are more
beneficial for investigating therapeutic agents than those
carrying the truncated one. Our transgenic mice indeed
have a very severe phenotype, which is different to some
extent from the human form of the disease, but they
demonstrate polyQ-induced motor neuron degeneration
and provide a beneficial tool to screen tic agents to
rescue this condition as we previously described [37]. For
further details about the clinical features and our mouse
model of SBMA, please refer to Katsuno et al. [38, 39].

We have already experimentally demonstrated several
therapeutic approaches using this model [35, 37, 40, 41]
and consequently confirmed that leuprorelin, a lutenizing
hormone-releasing hormone agonist that reduces testoster-
one release from the testis, significantly rescued motor
dysfunction and nuclear accumulation of mutant AR in our
SBMA mice. Due to its minimal invasiveness established
in human and its powerful efficacy demonstrated in the
above model [37), this hormonal therapy has already been
in human clinical trials with encouraging results [42].
However, it is an extremely specialized therapy for SBMA
and cannot be applied to other polyQ diseases [35, 37, 38].
In contrast to this hormonal therapy, 17-AAG would be a
potential therapeutic agent for SBMA as well as for other
related diseases [15].
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Hsp90 functions in a multi-component complex of
chaperone proteins, including Hsp70, Hop, Cdc37, and
p23, leading to the folding, activation, and assembly of
Hsp90 client proteins [10]. In addition, the Hsp90
complexes are thought to exist in two main forms: one
complex is a proteasome-targeting form associated with
Hsp?Odeop.andﬁzeothumambﬂxmgfomwith
Cdc37 and p23 [14, 43-45] (Fig. 1). Hop is known to
independently bind to both Hsp90 and Hsp70, which
promotes the Hsp90/Hsp70 linkage, and is thought to direct
the triage decision for client proteins by bridging the
Hsp90-Hsp70 interaction [45]. On the other hand, p23 is
thought to modulate Hsp90 activity in the last stages of the
chaperoning pathway, leading to the stabilization of Hsp90
client proteins in an ATP-d manner [46]. Hsp90
inhibitors, including 17-AAG, inhibit the ATP-dependent
progression of the Hsp90 complex toward the stabilizing
form and shift it to the proteasomal-targeting form,
resulting in proteasomal degradation of the Hsp90 client
protein [47, 48]. Steroid receptors, including the proges-
terone receptor and the glucocorticoid receptor, were the
first Hsp90 client proteins to be identified (49, 50]. As for
AR, Hsp90 is essential to maintain its high ligand-binding
affinity and its stabilization [7, 12]. In practice, Hsp90
inhibitors reduce androgen ligand-binding affinity and
induce the degradation of AR [12, 13].

To address the question of whether 17-AAG also pro-
motes the degradation of the disease-causing in of
SBMA, polyQ-expanded mutant AR, we treated SH-SY5Y
cells highly expressing the wild-type (AR-24Q) or mutant
(AR-97Q) AR for 6 h with 36 uM 17-AAG or with
dimethyl sulfoxide (DMSO) as control, in the absence or
presence of the proteasome inhibitor, MG132. Immunoblot
analysis demonstrated that the monomeric mutant AR
decreased significantly more than the wild type did, sug-
gesting that the mutant AR is more sensitive to 17-AAG
than the wild type is. The degradation of wild-type and
mutant AR by 17-AAG was completely blocked by the
proteasome inhibitor, MG132 (Fig. 2a), suggesting that
17-AAG-facilitated degradation was dependent on the
proteasome system as previously reported [47, 48].

Next, we examined changes in the Hsp90 chaperone
complex in wild-type and mutant AR-expressing cultured
cells after 17-AAG treatments. Immunoprecipitation with
anti-AR antibody revealed that Hsp90-chaperone-com-
plex-associated Hop was markedly increased, and p23
decreased in a 17-AAG ent manner, suggest-
ing that 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. This
chaperone complex shift appears to be very rapid as has
been suggested previously [50, 51]. The loss of p23 from
the mutant AR-Hsp90 complex was significantly greater
than that from the wild-type one (Fig. 2b). Furthermore,
these studies also strongly suggested that the mutant AR is
more prone to be in the multi-chaperone complexes of
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Fig. 2 a—c 17-AAG-induced changes in the AR-Hsp90 complex:
correlation to Fruteasomnl degradation. a 17-AAG treatment
(36 uM, 6 h) of transfected SHSYSY cells reduced the levels of
mutant AR (AR-97Q) significantly more than the wild-type AR
(AR-24Q); however, both decreases were completely blocked by the
proteasomal inhibitor, MG132. b Immunoblots of lysates from
transfected cells treated for 30 min with 17-AAG and immunopre-
cipitated with AR-specific antibody. The short time exposure to 17-
AAG did not decrease the amount of mutant AR, but there were
dose-dependent changes in both Hop and p23. There were no
changes in the amounts of Hsp90 complexed with mutant AR. There
were no changes in the expression of Hop, p23, and Hsp90 in whole
lysates in the of 17-AAG (data not shown) ¢ The effects of
17-AAG on the half-life of wild-type and mutant AR assessed from
pulse-chase experiments. The amounts of AR-24Q remaining in the
absence and presence of 17-AAG are indicated by closed circles (w)
and open circles (©), respectively. The amounts of AR-97Q
remaining in the absence and presence of 17-AAG are indicated
by cx';g (#) and open (0) diamonds, respectively. Mutant AR was
degraded more rapidly than the wild-type AR in the presence of 17-
AAG. Values are expressed as means+SE (n=4)

Hsp90 with p23, which eventually enhances 17-AAG-
dependent proteasomal degradation of mutant AR.

To determine whether the decrease in AR was due to
protein degradation or to changes in RNA expression, the
turnover of wild-type and mutant AR were then assessed
with a pulse-chase labeling assay. In the presence of 17-
AAG, the mutant AR and the wild-type AR had half-lives
of 2 h and 3.5 h, respectively (Fig. 2¢), while the mRNA
levels for both the wild-type and mutant AR were quite
similar [15]. These data indicate that 17-AAG preferen-
tially degrades the mutant AR protein without altering

mRNA levels. These in vitro studies indicated that the
mutant AR was a good target protein of 17-AAG. To
determine if it would also be preferentially degraded in
vivo, we next examined the effects of 17-AAG in SBMA
transgenic mice.

17-AAG ameliorates the phenotype in a mouse model
of SBMA mouse without detectable toxicity

We administrated 17-AAG at doses of 2.5 or 25 mg/kg to
males of the transgenic mouse model carrying full-length
human AR with either 24Q or 97Q. The disease progres-
sion of AR-97Q mice treated with 25 mgkg 17-AAG
(Tg-25) was significantly ameliorated, and that of mice
treated with the 2.5 mgkg 17-AAG (Tg-2.5) was also
mildly ameliorated (Fig. 3a). The AR-97Q mice treated
with vehicle only (Tg-0) showed motor impairment
assessed by the Rotarod task as early as 9 weeks after
birth while the Tg-25 mice showed initial impairment only
18 weeks after birth and with less deterioration than the Tg-
0 mice (P<0.005; Fig. 3a). Tg-2.5 mice showed interme-
diate levels of impairment in Rotarod performance (Fig.
3a). 17-AAG also significantly prolonged the survival rate
of the Tg-2.5 and Tg-25 mice compared with the Tg-0 mice
(P=0.004 and P<0.001, respectively; Fig. 3a). No lines
were distinguishable in terms of body weight at birth;
however, by 16 weeks, the Tg-0 mice showed obvious
differences in body size, muscular atrophy, and kyphosis
compared with the Tg-25 mice (Fig. 3b).

When mouse tissues were immunohistochemically
stained for mutant AR using the 1C2 antibody, which
specifically recognizes expanded polyQ, quantitative anal-
ysis revealed marked reductions in 1C2-positive nuclear
accumulation in the spinal motor neurons and muscles of
the Tg-25 mice compared with those of the Tg-0 mice
(Fig. 3c).

Western blot analysis from lysates of the spinal cord and
muscle of AR-97Q mice revealed high molecular 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 tissue
from the AR-24Q mice (Fig. 3d). 17-AAG treatments
significantly 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. 3d). 17-AAG treatments decreased the amount
of monomeric AR in AR-97Q mice by 64.4% in the spinal
cord and 45.0% in the skeletal muscle, but only 25.9 and
12.5%, respectively, in AR-24Q mice (Fig. 3d). Thus, the
reduction rate of the monomeric mutant AR was
significantly higher than that of the wild-type AR in both
spinal cord and skeletal muscle (P<0.001 and P<0.01
respectively). The levels of wild-type and mutant AR
mRNA were similar in the respective mice treated with 17-
AAG [15]. These observations indicate that 17-AAG
markedly reduces not only the high molecular weight
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Fig. 3 a-d Effects of 17-AAG on transgenic SBMA mice. a Tg-0,
Tg-2.5, and Tg-25 represent AR-97Q mice treated with vehicle
alone and 2.5 and 25 mg/kg 17-AAG, respectively (each group, n=
27). The Tg-25 remained longer on the Rotarod than the Tg-0 mice
did. A Kaplan—-Meier plot shows the prolonged survival of Tg-2.5
and Tg-25 mice compared with the Tg-0 mice, which were all dead
by 25 weeks of age (P=0.004, P<0.001, respectively). 17-AAG was
less effective at the dose of 2.5 than 25 mg/kg in all parameters
tested. b Representative photographs of a 16-week-old Tg-0 mouse
(leff) reveal an obvious difference in size and illustrate muscular

y and kyphosis compared with an age-matched Tg-25 mouse
(right). c.hmuunuhuwchu:ﬁcalmmﬂ: 1C2 antibody showed
marked differences md:ﬁnenmlwmmgmdnuclw inclusions
between DMSO-treated mice (Tg-O) and 17-AAG-treated (Tg-25)
mice in the spinal anterior hom and skeletal muscle, respectively.
There was a reduction in 1C2 tive cell in the
e o e sy e T
compared with the Tg-0. Values are expressed as means+SE (n=6).
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mutant AR complex but also the monomeric mutant AR
protein by preferential degradation of mutant AR.

17-AAG facilitates the degradation of monomeric
mutant AR, reducing its aggregation; a therapeutic
approach that directly targets the disease-causing

In both cultured cells and transgenic SBMA mice, we have
demonstrated both the efficacy and safety of 17-AAG [15].
Among the other proposed therapeutic we have
previously examined [35, 37, 40, 41], the efficacy of 17-
AAG most closely approximated the very successful
hormonal therapy using the LH-RH analog, leuprolein

Tg0 Tg2s

Spinal cord

Skeletal muscie

Tg0 Tgas Tga Tgas

d Westemn blot analysis of tissue from AR-24Q and AR-97Q mice
probed with an AR-specific antibody. In both spinal cord and muscle
of mice treated with 17-AAG, there was a significant decrease in the
amount of complexed, mutant AR in the

analysis demonstrated that the I?AAGmdueed 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 only a 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 in the reduction rate
between wild-type and mutant AR in both spinal cord and skeletal
muscle. Values are expressed as means<SE (n=5). Statistical
differences are indicated by asterisks (*P<005; **P<0.01;
**2p<0.001)

[15]. But, unlike leuprorelin, the Hsp90 inhibitor 17-AAG
holds enormous potential for application to a wide-range of
neurodegenerative diseases in addition to SBMA as
previously reported [52-54]. For development of Hsp90
inhibitor treatment in neurological disorders, we regard this
general versatility as very important,

In neurodegenerative discases, recent studies have
shown that disease-causing proteins in the process of
aggregating have more toxic than they do in
either the nascent state or when in NI [55]. Nls have been
thought to be a beneficial coping response to toxic mutant
protein [56]. We have accumulated several pieces of data
demonstrating that 17-AAG is capable of reducing
aggregated protein in animal models of SBMA [15]. In
both Western blot and filter trap analyses in AR-97Q
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models, 17-AAG significantly diminished the insoluble
high molecular weight complex of mutant AR as well as
the soluble monomer. Moreover, in an immunostaining
study of nervous tissue in AR-97Q mice, 17-AAG also
significantly reduced diffuse nuclear staining. In SBMA
patients, the extent of diffuse nuclear accumulation of
mutant AR in motor and sensory neurons of the spinal cord
was closely related to CAG repeat length [6]. We consider
that 17-AAG had a curative effect on SBMA mice by
reducing these toxic proteins as well as the soluble
monomeric form.

It is difficult to determine whether 17-AGG facilitates
the degradation of, specifically, these toxic intermediate
proteins, as 17-AAG has the potent ability to also degrade
their precursors (i.e., the monomers). One possible mode of
17-AAG action is that it may inhibit the aggregation of
mutant AR via Hsp70 and induction. The
pharmacological induction of Hsp70 and 0 using
Hsp90 inhibitors has already been shown to inhibit polyQ-
induced abnormal aggregation of the huntingtin protein
[57]. However, as 17-AAG displayed only a limited ability
to induce Hsp70 and Hsp40 in mouse tissue [15], we think
that the large decrease in AR seen in the insoluble fraction
in vivo, rather than being a result of HSP induction, may be

Direct targeting
toxic mutant protein
- -
Protessomal degradation

' |
L]
H
Al

Medulation of Hsp30 function

due to 17-AAG’s potent ability to degrade the soluble
monomeric form of mutant protein, thereby preventing
aggregation in the first place. There is no doubt that a
reduction of the main culprit protein must have curative
properties against various neurodegenerative diseases. In
fact, one therapeutic approach that directly reduced abnor-
mal protein using RNA interference has already proved
beneficial in various mouse models of polyQ diseases and
amyotrophic lateral sclerosis [58-60].

Hsp70 is also known to accelerate proteasome-depen-
dent degradation of polyQ abnormal protein [40, 61].
However, in our hands, mutant AR was markedly
decreased after 17-AAG treatment even when Hsp70 and
Hsp40 induction was completely blocked in the presence of
a protein synthesis inhibitor [15], strongly suggesting that
17-AAG contributes to the preferential degradation of
mutant AR mainly through Hsp90 chaperone complex
formation and subsequent proteasome-dependent degrada-
tion rather than via Hsp70 and Hsp40 induction. Therefore,
we think that, to reap the most therapeutic benefits, Hsp90
inhibitors should be applied against neurodegenerative
diseases in which the causative protein is, like AR, an
Hsp90 client protein.

@

Abnormal accumulation

Nonspecific induction

of stress response

Fig. 4 Clinical application of Hsp90 inhibitors in neurological
disorders. 17-AAG specifically binds to the Hsp%0 ATP-binding site
and disrupts its ATP-dependent function, resulting in inactivation
and degradation of Hsp90 client proteins, Therapeutic approaches
using Hsp90 inhibitors have now emerged that are unrelated to their
role in inducing HSPs. In SBMA, where it may have its most
effective potential, 17-AAG directly accelerates proteasomal degra-
dation of the diseasecausing protein, polyQ-expanded AR.
However, it is still unclear whether other neurodegenerative
discase-causing proteins are also Hsp90 client proteins. Many
kinases involved in signal transduction do belong to the family of

Hsp90 client proteins targeted by 17-AAG. ERK is associated with
stabilizing phosphorylated tau. 17-AAG reduces the total amount of
phosphorylated tau and its abnormal aggregation by inhibiting ERK
activation. Following this same mechanism, 17-AAG might also
reduce the abnormal accumulation of ataxin-1 by inhibiting Akt
activation or alleviate cerebral infarction by inhibiting IKK activa-
tion, which is also an Hsp90 client protein, as well as by inducing
HSPs. Hsp90 inhibitors are known to nonspecifically induce HSPs,
although this effect was quite limited in our mouse model of SBMA.
The induction of HSPs by Hsp90 inhibitors seems to play a
supplementary role in neurodegenerative disorders
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17-AAG functions with preserved UPS function

As we demonstrated in an in vitro study, 17-AAG-induced
degradation requires a well-preserved proteasome function
[15]. However, a question ing the usefulness of this
pharmacological h to facilitate a self-clearing
system has been raised [62]. It is generally accepted that
the ubiquitin—proteasome system (UPS) is strongly in-
volved in the pathology of polyQ diseases, as many
eomponents of the ubiquitin—proteasome and molecular

areknowntooolocnhzzcmthpnlyQ-oonum
mgNIs[63 64]. Previous reports of studies performed in
cultured cell models suggested that an impairment of the
UPS is probably a common pathology in polyQ diseases
[65-67]. If this hypothesis were true, 17-AAG could not
exert its pharmacological effect on polyQ diseases; its
therapeutic effects are dependent on a preserved protea-
some function [15, 47, 48, 62].

In this regard, recent studies using in vivo proteasome
assays have raised serious questions concerning the impaired
UPS hypothesis of polyQ diseases [68-70]. It has been
reported that neuronal dysfunction developed without
significant impairment of the UPS in a mouse model of
SCA7 [69]. Consistent with this, it was also demonstrated
that proteasome impairment did not contribute to pathogen-
esis in a mouse model of Huntington’s disease (HD) [70].
Furthermore, in conditional mouse models of polyQ disease,
genetic loss of the abnormal gene product led to a rapid
clearance of pre-existing polyQ-mediated NIs and reversible
improvement of the abnormal phenotypes [71, 72). If the
UPS were imreversibly damaged in polyQ diseases, then pre-
existing Nls could not be diminished.

While it remains unclear what the difference is in
proteasome function in in vitro and in vivo models, our
research in a mouse model of SBMA indicates that
impairment of the UPS is not a major etiology, at least in
in vivo models of polyQ diseases. We therefore consider
that treatment with 17-AAG, which takes advantage of a
self-clearing system to target disease-causing proteins, is a
reasonable therapeutic strategy against polyQ-related and
other neurodegenerative diseases.

The expected beneficial effects of 17-AAG
against other neurodegenerative diseases

Among neurodegenerative-disease-causing proteins, only
AR in SBMA is established as an Hsp90 client protein at
this time. It will be interesting to assess whether other
neurodegenerative-disease-causing proteins also belong to
the family of Hsp90 client proteins. Recent studies have
already revealed that some Hsp90 client proteins exerted
adverse influences on several neurological disorders [73—
75), indicating that the clinical application of Hsp90
inhibitors could expand beyond the treatment of oncolog-
ical diseases. With reference to previous reports, we now
discuss the possibility that 17-AAG could be applicable to
neurodegeneration other than SBMA (Fig. 4).

641
Using 17-AAG as an inducer of HSPs

Hsp?0 inhibitors are known to possess the unique
pharmacological effect of inducing a stress response and,
in addition to their use as anti-cancer agents, have also been
developed as pharmacological HSP inducers [52, 76). This
pharmacological effect has already been confirmed in
human clinical trials [22]. Murakami et al. were the first to
show that the Hsp90 inhibitor herbimycin had the ability to
induce Hsp70 in various cultured cell models [77].
Thereafter, Hsp90 proved to be a repressor of heat
transcription factor (HSF-1) [78]. Hsp90 inhibitors cause
a disassociation of HSF-1 from the Hsp90 complex and a
trimerization of HSF-1, thereby resulting in HSP activa-
tion. Based on the ability to induce HSPs, Hsp90 inhibitors
have also been applied to non-oncological diseases [52].

A great number of reports revealed that forced overex-
pression of Hsp70 resulted in acquisition of tolerance
against various types of stresses and protection against
apoptosis in various disease models [79]. In a wide range of
polyQ disease models, both genetic and pharmacological
overexpression of HSPs has been shown to suppress
aggregate formation and cellular toxicity [63, 80, 81].
There is no doubt that HSP induction is beneficial for
various neurodegenerative diseases [54]. We have also
demonstrated that both genetic and pharmacological over-
expression of Hsp70 significantly ameliorated expression
of the abnormal phenotype in a transgenic mouse model of
SBMA [40, 82].

Taking advantage of HSP induction, many studies have
already showed that Hsp90 inhibitors exerted potential
neuroprotective effects in: a model of HD [57, 83, 84],
tauopathies [28, 85-87], Parkinson's disease [88-90],
stroke [91, 92], and autoimmune encephalomyelitis [93].
In addition, Hsp90 inhibitors themselves have been shown
to have some neuroprotective effects against various
stresses, such as drug-induced toxicity, oxidative stress,
and oxygen-glucose deprivation [94-97]. As for polyQ
diseases, Sittler et al. [57] first showed that GA signif-
icantly suppressed ation of mutant huntingtin in a
cultured cell model of HD via induction of the Hsp70 and
Hsp40 heat shock response. Thus, the enhancement of
cellular defenses using Hsp90 inhibitors is a very reason-
able clinical application for neurodegenerative diseases.

In polyQ diseases, Bates and his colleagues [83] showed
a progressive decrease in the expression of Hsp70 and
Hsp40 in a mouse model of HD, which was also observed
in our SBMA model [82]. The ability of Hsp90 inhibitors
to significantly induce HSPs has been demonstrated only in
cultured cell models and in the fly model, but not in
mammals. Therefore, further investigation should be
performed to address how much Hsp90 inhibitors can
induce HSPs in mouse models of neurodegenerative
disorders other than SBMA. Although it appears to be
obvious that it would be advantageous for the treatment of
neurodegeneration, in inducing HSPs by Hsp90 inhibitors,
in view of our research finding in in vivo models, it would
be unadvisable to rely only on the induction of nonspecific
HSPs for human clinical trials.
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Using 17-AAG as a kinase inhibitor
in neurodegeneration

Phosphorylated tau is a representative disease-causing
protein associated with tauopathies including fronto-tem-
poral dementia, progressive supranuclear palsy, corticoba-
sal degeneration, and multiple system atrophy. It is
interesting to note that phosphorylated tau is a targeted
protein of Hsp90 inhibitors [28, 85, 86]. Dou et al. recently
showed that GA and 17-AAG indirectly blocked abnormal
tau phosphorylation by inhibition of the Raf~-MEK-
extracellular signal-regulated kinase (ERK) pathway [98],
of which upstream kinase Raf is also an Hsp90 client
protein [10, 99]. ERK is known to mediate the activation
and stabilization of phosphorylated tau [100, 101]. Along
these same lines, LaFevre-Bernt and Ellerby [102] dem-
onstrated that polyQ-expanded, mutant-AR-mediated neu-
ronal cell death by ERK activation and that selective
inhibition of the ERK pathway reduced polyQ-induced
cell death. Based on this mechanism of inhibiting ERK
activation, 17-AAG might also ameliorate abnormal phe-
notypic expression in the mouse model of SBMA. Further-
more, in other neurodegenerative disorders, evidence has
accumulated suggesting that ERK activation is an impor-
tant executor of neuronal damage [103-106). Hsp90
inhibitors are well known to have the ability to inhibit
various kinase activity [10]. This pharmacological effect
of Hsp90 inhibitors, to reduce abnormal kinase activity,
could be applied to neurodegenerative diseases as well as
oncological diseases and could have far-reaching influ-
ence on the clinical application of Hsp90 inhibitors.

Zoghbi and colleagues demonstrated that AkUPI3K was
essential for stabilization and accumulation of mutant
ataxin-1 in the polyQ-associated disease SCA1 [73, 107].
Akt is also an Hsp90 client protein, whose activity is
significantly reduced by Hsp90 inhibition [108, 109].
Thus, reduction of Akt kinases activity by Hsp90 inhibition
might be a therapeutic approach for SCA1. Although Akt
PI3K is believed to be a major pathway mediating survival
signals in neuronal cells [110], their finding raises an issue
about this hypothesis.

Hsp90 inhibitors have been found to have some
neuroprotective effects such as on axonal regeneration in
cultured cell models [94, 111]. Koprivica et al. demonstrat-
ed that epidermal growth factor receptor (EGFR) activation
mediates inhibition of axon regeneration [74]. That EGFR
is also an Hsp90 client protein [112, 113] might help
explain how Hsp90 inhibition is related to axonal regen-
eration. In another example, GA markedly attenuates
ischemic brain damage [91, 92] and IkB kinase (IKK), an
Hsp90 client protein [114], plays an important role in
ischemia-induced neuronal death [75, 115], suggesting that
GA may ameliorate ischemia brain damage by reducing
IKK activity as well as by inducing HSPs.

There is a caveat to this suggestion, however. If 17-AAG
is to be applied clinically to treat neurodegenerative
diseases with the expectation of reducing abnormal kinase
activity, we should also keep in mind the possibility that
17-AAG might also inhibit some kinase activation that

exerts cytoprotective effects against neuron degeneration.
Taking HD as an example, the efficacy of GA has already
been shown based on its ability to induce HSPs [57, 83].
However, a report recently released by Apostol et al.
showed that ERK1/2 activation protects against mutant
huntingtin-induced toxicity [116]. Furthermore, in a
cultured cell model of HD carrying full-length huntingtin,
various kinase activities were inhibited by mutant polyQ-
expanded huntingtin, but not by normal huntingtin [117,
118]. If ERK activation plays a major role in protecting
against HD phenotype expression, there is concern that 17-
AAG might exert an adverse affect on HD by inhibiting
ERK activation. Before applying 17-AAG to a neurologi-
cal disorder, we should assess whether the kinase targeted
by Hsp90 inhibitor is a true exacerbating factor for the
pathology. While there may be some debate over whether
17-AAG should be used as a kinase inhibitor in
neurodegeneration, if the application of 17-AAG is
suitably performed, this agent would be expected to
effectively inhibit abnormal kinase activity in several
neurological disorders, possibly leading to cures for these
diseases. Hence, this strategy is also of value to extend the
versatility of Hsp90 inhibitors as therapeutic agents for
neurological disorders.

Conclusion

When considering a role for molecular chaperones in
neurological disorders, it should be said that Hsp70 and
Hsp40 have received most of the attention, especially in
neurodegenerative diseases, as these chaperones have the
desirable ability to refold abnormal proteins or to carry them
to degradation as a part of the system of protein quality
control [54, 119]. Compared with this, Hsp90 is not known
to directly fold non-native proteins but rather to bind to
substrate proteins only at a late stage of folding [120].
Considering our research findings and those of the other
above-mentioned reports, in addition to its role in malig-
nancies, Hsp90 exerts an adverse influence on the nervous
system in some situations. In this case, it is reasonable to
consider modulating Hsp90 function appropriately.

The ability of 17-AAG 1o facilitate the degradation of
abnormal toxic protein through the modulation of Hsp90
function would be directly applicable to SBMA and
probably other neurodegenerative disorders as well. But
we should keep in mind that 17-AAG is not a panacea for
neurological disorders because it has only limited ability to
induce Hsp70 and Hsp40 in vivo. 17-AAG is expected to
exert the most effective therapeutic potential against
diseases in which the main etiological factor is mediated
by Hsp90 client proteins, like AR in SBMA. We believe
that more research should be invested in examining the
effects of Hsp90 inhibitors on neurodegeneration and that
suitably modulating Hsp90 function has great potential to
become a new molecular-targeted therapy against a wide
range of neurodegenerative diseases.

-248 -




ts We thank the National Cancer Institute and

Acknowledgemen
Kosan Biosciences for kindly providing 17-AAG. This work was

of Education, Culture, Sports,

bleeuMof—Excellﬂ!ce(COE)pmﬂ'omﬂanm

ScicwedewhmIo‘y apan, by
grants from the Ministry of Health, Labur, and Welfare, J by
grant from the Naito Foundation, and by a grant from the Kmnc
Foundation.

References
1. Di Prospero NA, Fischbeck KH (2005) develop-

. Fang

W!
. Solit

repeal expansion diseases. Nat Rev Genet

A (1989 X-I.inkedmvehubupm;lm

i« )lopclldndynrlm"?.(?l 1):209-232

anaka F, Doyu M, lto Y, Matsumoto M, Mitsuma T, Abe K,
M.lmy:un‘x’.Fi:chbkaH.Scme(lM}andu

bulbar muscular atrophy (SBMA). Hum

Mol Genet 5:1253-1257

MuhlE.,Kl:luT Yllule Mmman

mhbs:vnﬂumofﬂ:cundemCAth)ulm

receptor . Ann Neurol 32:707-710
}LKammoM.MmmymM.WmM.SwsC.

Nakagomi Y, Kobayashi Y, Tanaka F, Doyu M, Inukai A,
Yoshida M, Hashizume Y, Sobue G (2005) Widespread nuclear
and cytoplasmic accumulation of mutant androgen receptor in
SBMA patients. Brain 128:659-670
, Fliss AE, Robins DM, Caplan AJ (1996) Hsp90
rotl.llllesmdmm hormone binding affinity in vivo.
J Biol Chem 271:28697-28702
V Terouanne B, Nicolas JC, Sultan C (2002)

androgen receptor. Biochemistry 41:11824-11831

Poletti A (2004) The polyglutamine tract of androgen receptor:
from functions to dysfunctions in motor neurons. Front
Neuroendocrinol 25:1-26

. Pratt WB, Toft DO (2003) Regulation of sism!.i.ng protein

ﬂmqonmdmamgby ased chaperone

ed (Maywood) 228 111-133

.NmkﬂnggOZ)HﬁOmhibmquchm

therapeutic agents. Trends Mol Med 8:555-S61

. Vanaja DK, Mitchell SH, Toft DO, Young CY (2002) Effect of

on androgen receptor function and stability. Cell
7:55-64

B, Zheng FF, Drobnjak M, Munster PN, Higgins B,
Va‘hel , Heller G, Tong W, Cordon-Cardo C, Agus DB, Scher
HI, Rosen N (2002) lT-AIlylmmno-lT-dmhaxygekhmmy-
cinm&m!hedegndmonofmdmmmﬂmw
neu and inhibits the growth of prostate cancer xenografts. Clin
Cancer Res 8:986-993

. Neckers L (2002) Heat shock protein 90 inhibition by 17-

nllyhmmo—l?- demethoxygeldanamycin: a novel therapeutic
approach for treating hormone-refractory prostate cancer. Clin
CamRnsB-Q&—%G

. Waza M, Adachi H, Katsuno M,

Mmlmzy!mlM,SmsC
Tanaka F, Inukai A, Doyu M, Sobue G (2005) 17-AAG, an
Hsp90 inhibitor, ameliorates poly motor
neuron degeneration. Nat Med 11:1088-1095

. DeBoer CMP, Wnuk RJ, Peterson DH (1970) Geldanamycin, a

new antibiotic. J Antibiot (Tokyo) 23:442-447

. Whitesell L, Shifrin SD, Schwab G, Neckers LM (1992)

Benzoquinonoid ansamycins possess selective tumoricidal
activity unrelated to src kinase inhibition. Cancer Res 52:
1721-1728

19.

20.

21.

25

26.

27.

28,

29.

30.

3L

32

- 249 -

643

. Neckers L, Schulte TW, Mn-mmgh E (1999) Geldanamycin as
a potential anti-cancer agent: molecular and
biochemical activity. Invest New Drup 17:361-373
SuphoJG I-hchman...GrevalLM:hme(l??!)
linical pharmacologic evaluation of geldanamycin as an
mtium agent. Cancer Chemother Pharmacol 36:305-315
Schulte TW Neckers LM (1998) The ansamycin
17 17-demethox: to HSP90
and important biologic activities with i
Cancer Chemother Pharmacol 42:273-279
Page J, Heath J, FullonR.Ynlkow'kyE.TabﬂnE,
Tomaszewski J, Smith A, Rogm_;l:d(l;”?)
geldanamycin (NSC-122750) and 1
(NSC—BMSO?D}micininmu.hncAmAmCmaRu
38:308

. Goetz MP, Toft D, Reid J, Ames M, Stensgard B, Safgren S,

Adjei AA, Sloan J, Aﬂ)mmPmGV Salazaar S, Adjei A,
CmghmG ErhclumnC(‘lOOS)Phuelu‘ulofl?-lﬂyhmm

in patients with advanced cancer.
JChnOnooIZJlM&—lOB?

. Banerji U, O"Donnell A, Scurr M, P‘weys Stapleton S, Asad

Y, Simmons L, Maloney A, Raynaud F, CmeeII M, Walton

M' . Shumwdyn:m{: study (%uij‘;-)nﬂyhm:
o

W”"‘“""mw in patients with advanced

with
. J Clin Oncol 23:4152—4161
GmILMommOGmXDA E, Takimoto CH,
Thomull.SuboE.Gmd:owL,GmllmF,l-hmilmnIM,
Neckers L, Wilson RH (2005) Phase | and pharmacologic study
of 17-(allylamino)-1 7-demethoxygeldanamycin in adult patients
with solid tumors. J Clin Oncol 23:1885-1893

. Ramanathan RK, Trump DL, Eiseman JL, Belani CP, Agarwala

SS, Zuhowski EG, Lan J, Potter DM, Ivy SP, Ramalingam S,
Brufsky AM, Wi MKdexl:o’S.Egm'inMJ(ZOOS)MI
??-demedmxy ;
mmbmofhﬂuhockpmm pﬂmmﬁm&wwry
advanced cancers. CImCmechulI3385—339I
Heath EI, Gaskins M, Pitot HC, Pili R, Tan W, Marschke R, Liu
G, Hillman D, Sarkar F, Sheng S, Erlichman C, le(ZOOS)A
phmﬂmofl?-d]ylmn

Clin Prostate Cancer 4:138-141

Dymock BW, Barril X, Brough PA, Cansfield JE, Massey A,
McDonald E, Hubbard RE, Surgenor A, SD, Webb P,
Workman P, Wright L, Drysdale MJ (2005) Novel, potent
small-molecule inhibitors of the molecular chaperone
discovered structure-based design. J Med Chem

meumucpmmeuneer

48:4212-4215
Dickey CA, Dunmore J, Lu B, Wang JW, Lec WC, Kamal A,
Burrows F, Eckman C, Hutton M, Petrucelli L (2006) HSP
induction mediates selective clearance of tau lated at

proline-directed Ser/Thr sites but not KXGS ) sites.
FASEB J 20:753-755
Avila C, !-htimienMK,h-‘an,l(:wmllye\-rl!A,Y‘eQZ,BLsﬁ.I
(2006) High-throughput screening for Hsp90 ATPase inhibi-
tors. Bioorg Med Chem Lett 16:3005-3008
Uehara Y, Hori M, Takeuchi T, Umezawa H (1986) Phenotypic
change from transformed to normal induced
ansamycins accompanies inactivation of in rat kidney
cells infected with Rous sarcoma virus. Mol Cell Biol 6:
2198-2206
Whitesell L, EG, De Costa B, MyenCF..Neckm
bduoptwmm“m) hx‘;'fm bybenzoqul:liu

complex formation

essential role for stress proteins in mfmnm
Proc Natl Acad Sci U S A 91:8324-832
Prodromou C, Roe SM, O'Brien R, Ladbury JE, Piper PW,
Pearl LH (1997) Identification and structural characterization of
the ATP/ADP-binding site in the Hsp90 molecular chaperone.
Cell 90:65-75




644
33,

34.
35. Katsuno

36.
37.

8.

39.

40.

41.

42.

43,

45.

47.

49,

Kamal A, Thao L, Sensintaffar J, Zhang L, Boehm MF, Fritz
LC, Burrows FJ (2003) A high-affinity conformation of Hsp90
confers tumour selectivity on Hsp90 inhibitors, Nature
425:407-410

Neckers L, Lee YS (2003) Cancer: the rules of attraction.
Nature 425:357-359

M, Adachi H, Kume A, Li M, Nakagomi Y, Niwa H,
Sang C, Kobayashi Y, Doyu M, Sobue G (2002) Testosterone
reduction prevents ic expression in a transgenic mouse
model of spinal and bulbar muscular atrophy. Neuron 35:
843-854

Merry DE (2005) Animal models of Kennedy disease.
NeuroRx 2:471-479

Katsuno M, Adachi H, Doyu M, Minamiyama M, Sang C,
Kobayashi Y, Inukai A, Sobue G (2003) Leuprorelin rem.m
polyglutamine-dependent phenotypes in a trans;

madc-}?gf spinal and bulbar muscular atrophy. Med 9:
768~

Katsuno M, Adachi H, Tanaka F, Sobue G (2004) Spinal and
bulbar muscular atrophy: ligand patho; is and
therapeutic perspectives, J] Mol Med 82:298-307

Katsuno M, Adachi H, Waza M, Banno H, Suzuki K, Tanaka F,
Doyu M, Sobue G (2006) Pathogenesis, animal models and
therapeutics in Spinal and bulbar muscular atrophy (SBMA).
Exp Neurol (In press)

Adachi H, Katsuno M, Minamiyama M, Sang C, Pagoulatos G,
Angelidis C, Kusakabe M, Yoshiki A, Kobayashi Y, Doyu M,
Sobue G (2003) Heat shock protein 70 chaperone overexpres-
sion ameliorates phenotypes of the spinal and bulbar muscular
atrophy transgenic mouse model by reducing nuclear-localized
mutant androgen receptor protein. J Neurosci 23:2203-2211
Minamiyama M, Katsuno M, Adachi H, Waza M, Sang C,
Kobayashi Y, Tanaka F, DoyuM,InukmA Sobue G (2004)
Sodium ameliorates phenotypic expression in a
transgenic mouse model of spinal and bulbar muscular atrophy.
Hum Mol Genet 13:1183-1192

Banno H, Adachi H, Katsuno M, Suzuki K, Atsuta N,
Watanabe H, Tanaka F, DoyuM,SohuG(ZOOG)Mmmt
androgen receptor accumulation in spinal and bulbar muscular
atrophy scrotal skin: a pathogenic marker. Ann Neurol 59:
520-526

Sullivan W, Stensgard B, Caucutt G, Bartha B, McMahon N,
Alnemr ES, Litwack G, Toft D (1997) Nucleotides and two
functional states of hsp90. J Biol Chem 272:8007-8012

. Egorin MJ, Zuhowski EG, Rosen DM, Sentz DL, Covey M,

Eiseman JL (2001) Plasma pharmacokinetics and tissue

distribution of I?-(l]lyllmm)-l‘!-d:rnctlmxygeldannmy\:m

(NSC 330507) in CD2F1 micel. Cancer Chemother Pharmaco

47:291-302

McClellan AJ, Scott MD, Frydman J (2005) Foldlng and

uality control of the VHL tumor through
chaperone pathways. Cell 121:739-748

. Felts 8J, Toft DO (2003) p23, a simple protein with complex

activities. Cell Stress Chaperones 8:108-113

Mimnaugh EG, Chavany C, Neckers L (1996) Polyubiquitina-
tion and proteasomal degradation of the p185c-erbB-2 receptor
protein ine kinase induced by geldanamyein. J Biol Chem
271:22796-22801

. Bonvini P, Dalla Rosa H, Vignes N, Rosolen A (2004)

Ublqmuur:mun and proteasomal dcgrldalwn of nucleophosmin-
anap! lymphoma kinase induced by 17-allylamino-de-
methoxygeldanamycin: role of the co-chaperone carboxyl heat
shock protein 70-interacting protein. Cancer Res 64:3256-3264
Smith DF, Whitesell L, Nair SC, Chen S, Prapapanich V,
Rimerman RA (1995) Progesterone receptor structure and
function altered by geldanamycin, an hsp90-binding agent. Mol
Cell Biol 15:6804-6812

. Johnson JL, Toft DO (1995) Binding of p23 and hsp90 during

assembly with the progesterone receptor. Mol Endocrinol
9:670-678

51.

52,

53.

54,
55.
56.

57.

58.

59.

61.

62.
63,

65.

67.

68.

69.

-250 -

Whitesell L, Cook P (1996) Stable and specific binding of heat
shock protein 90 by geldanamycin disrupts glucocorticoid
receptor function in intact cells. Mol Endocrmnl 10:705-712
Whitesell L, Bagatell R, Falsey R (2003) The stress response:
implications for the clinical deve]o;mt of hsp90 inhibitors.
Curr Cancer Drug Targets 3:349-358

Kamal A, Bochm MF, Burrows FJ (2004) Therapeutic and
dasm!mc implications of Hsp90 activation. Trends Mol Med
10:283-290

Muchowski PJ, Wacker JL (2005) Modulation of nmuodeg;»—
eration by molecular . Nat Rev Neurosci 6:11-

Ross CA, Poirier MA (2004) Pruum and neuro-
e disease. Nat Med 10:10-17 (S
Arrasate M, Mitra S, Schweitzer ES, Segal kahei.ners

(2004) Inclusion body formation reduces levels of mutant
huntingtin and the risk of neuronal death. Nature 431:805-810
Sittler A, Lurz R, Lueder G, Priller J, Lehrach H, Hayer-Hartl
MK, Harl FU, kauEE(ZOOIJGeIdmycinmma
heat shock response and inhibits

cell culture model of Huntington's disease. Hum Mol Genet
10:1307-1315

Xia H, Mao Q, Eliason SL, Harper SQ, Martins IH, Orr HT,
Paulson HL, Yang L, Kotin RM, Davidson BL (2004) RNAi
suppresses  polyglutamine-induced eneration in a
model of spinocerebellar ataxia. Nat Med 10:816-820

Harper SQ, Staber PD, He X, Eliason SL, Martins [H, Mao Q,
Yang L, Kotin RM, Paulson HL, Davidson BL (2005) RNA
interference improves motor and neuropathological abnormal-
ities in a Huntingtons disease mouse model. Proc Natl Acad
Sci U S A 102:5820-5825

. Raoul C, Abbas-Terki T, Bensadoun JC, Guillot S, Haase G,

Szule J, Henderson CE, Aebischer P (2005) Lent:lvu'll
mediated silencing of SOD! through RNA interference retards
disease onset and progression in a mouse model of ALS. Nat
Med 11:423-428

Bailey CK, Andriola IF, Kampm,gn HH, Merry DE (2002)

Molecular chaperones enhance the degradation of expanded
polyglutamine repeat androgen mrmleelluin-modelof
tpn;izgnd bulbar muscular atrophy. Hum Mol Genet 11:
51

La Spada AR, Weydt P (2005) Targeting toxic proteins for

turnover. Nat Med 11:1052-1053

Cummings CJ, Mancini MA, Antalffy B, DeFranco DB, Omr
HT, Zoghbi HY (1998) Chaperone suppression of aggregation
and altered subcellular proteasome localization imply protein
misfolding in SCA1. Nat Genet 19:148-154

- Ciechanover A, Brundin P (2003) The ubiquitin proteasome
ve diseases:

system in sometimes the chicken,
sometimes the egg. Naﬂon40427—¢46
chcNF Sampat RM, Kopito RR (2001) h'rlpln'mcnt of the

ubi system by protein aggregation. Science
292:1552-1555

. Jana NR, Zemskov EA, Wang G, Nukina N (2001) Altered

proteasomal function due to the expression of polyglutamine-
expanded truncated N-terminal huntingtin induces apoptosis by
caspase activation through mitochondnal cytochrome ¢ release.
Hum Mol Genet 10:1049-1059

Holmberg CI, Staniszewski KE, Mensah KN, Matouschek A,
Morimoto RI (2004) Inefficient degradation of truncated
polyglutamine proteins by the proteasome. EMBO J 23:
4307-4318

Zhou H, Cao F, Wang Z, Yu ZX, Nguyen HP, Evans J, Li SH,
Li XJ (2003) Huntingtin forms toxic NH2-terminal ﬁ'am:nem
complexes that are promoted by the t decrease in
proteasome activity. J Cell Biol 163:109-118

Bowman AB, Yoo SY, Dantuma NP, Zoghbi HY (2005)
Neuronal dysﬁmchon in a polyglutamine disease model occurs
in the absence of ubiquitin—proteasome system impairment and
inversely correlates with the degree of nuclear inclusion
formation. Hum Mol Genet 14:679-691




70.

71

72. Zu T, Duvick LA,

74,

75.

76.

77.

78.

79.

80,

82.

B3,

85.

does not contribute to
pathogenesis in R6/2 Huntington's disease mice: exclusion of
proteasome activator REG{gamma} as a therapeutic target.
Hum Mol Genet 15:33-44
Yamamoto A, Lucas JJ, Hen R (2000) Reversal of neuropa-
thology and motor ion in a conditional model of
Huntington's discase. Cell 101:57-66
Kaytor MD, Berlinger MS, Zoghbi HY,
GnkP[B,&THT(ZON)Rmvu’yﬁumpoly;htlmme—
in

Bett JS, Goellner GM, Woodman B, Pratt G, Rechsteiner M,
impairment

ataxia type 1. Cell 113:457-468
V, Cho KS, Park JB, Yiu G, Atwal J, Gore B, Kim
JA.Lu:E..Tmcr-La\n M, Chen DF, He Z (2005) EGFR

activation mediates inhibition of axon regeneration by myelin
and chondroitin sulfate Science 310:106-110

Herrmann O, Baumann B, de i R, Muhammad S, Zhang
W, J, Malfertheiner M, Kohrmann M, Potrovia I,

M,
Maegele I, cherC Burke JR, Hasan MT, Bujard H, Wirth T,
Pasparakis M, Schwaninger M (2005) IKK mediates ischemia-
induced neuronal death. Nat Med 11:1322-1329
BIFE" R, Paine-Murrieta GD, Taylor CW, Pulcimi EJ,
Ahmps Bex'qml.l WhmullL(ZOOO)[nducuonoh
heat shock factor t stress response alters the
cytotoxic activity of hq;m-bmdms agents. Clin Cancer Res
6:3312-3318
Murakami Y, Uehara Y, Yamamoto C, Fukazawa H, Mizuno S
(l”l)lnducumofhlp?m3byherbmycmA,mmhibﬂornf

Zou J, Guo Y, Guettouche T, Smith DF, Voellmy R (1998)
Repression of heat shock i factor HSF1 activation
by HSP90 (HSP90 complex) forms a stress-sensitive
complex with HSF1. Cell 94:471-480

Rokutan K, Hirakawa T, Teshima S, Nakano Y, Miyoshi M,
Kawai T, Konda E, T H, Nikawa T, Kishi K (1998)
Implications of heat stress ins for medicine and
disease. ] Med Investig 44:137-14
WmctMChmH‘?&ly-BoudGL.Chd‘ﬂPlubouHL.
Bonini NM (1999) Suppression of polyglutamine-mediated
neurodegeneration in Drosophila by I.E: molecular chaperone
HSP70. Nat Genet 23:425-428

Wyttenbach A, Carmichael J, Swartz J, F RA, Narain Y,
Rankin J, Rubinsztein DC (2000) Effects of heat shock, heat
plnuinwﬂ{DJ-Z},mdminhibiﬁmmm
Au.d scllll cellular models of Huntington’s disease. Proc

us A 9‘?289&—2903
Katsuno M, Sang Adachi H, Minamiyama M, Waza M,
Tanaka F.Do M SobueG(ZOOS} thmmlog:calmduchon
ofhed-lhockpmtemslllm polyglutamine-mediated motor
neuron disease. Proc Natl Acad Sci S A 102:16801-16806
Hay DG, Sathasivam K, Tobaben S, Stahl B, Marber M, Mestril
R, Mahal A, Smith DL, Woodman B, Bates GP (2004)
Progressive decrease in chaperone protein levels in a mouse
mdelofﬂummnsdmmdmdmonofmpmm
Hum Mol Genet 13:1389-1405

Natl

a therapeutic approach.
.AgnmlN Pallos J, Slepko N, Apostol BL, Bodai L, Chang

LW, Chiang AS, LMMJL(ZUOS)[demﬁ-
cation of i ial drug regimens for treatment of
Huntington's disease using Drosophila. Proc Natl Acad Sci
U S A 102:3777-3781

Dou F, Netzer WJ, Tanemura K, Li F, Hartl FU, Takashima A,
Gouras GK, Greengard P, Xu H (2003) Chaperones increase
association of tau protein with microtubules. Proc Natl Acad
Sci U S A 100:721-726

87.

88,
89.

91.

92.

93.

95.

97.

98. 1

101.

102.

- 251 -

lc'smks-um'. e

AMPLN;WMC B'o::nNM(ZOﬂS)Me:hmnmof
{alpha) neurotoxicity by geldanamy-
cin in Drosophila. J BmiChmm.ZBTJ—ZSTBby

Flower TR, Chesnokova LS, Froelich CA, Dixon C, Witt SN
(2005) Heat shock prevents alpha-synuclein-induced apoptosis
inmllmmodel of Parkinson's disease. J Mol Biol 351:
Lu A, Ran R, Parmentier-Batteur S, Nee A, Sharp FR (2002)
Geldanamycin induces heat shock proteins in brain and
cerebral ischemia. J Neurochem 81:355-364

u L, Zhao H, Camrico W, Ouyang Y, Qiao Y,
bu; , Hu B, YmmMA(ZW)Chipﬂ'
nndlnm from hypoxic/
Biol 207:3213-3220

Slurp A, Shin J, Gavri V, Dello Russo C,

, Sharp FR, Lu A, Heneka , Feinstein DL (2002)
ve effects fmumycwonmduc'blenmuoxldc
expression and the d t of exper 1
autoimmune encephalomyelitis, J Neurosci Res 67:461-470

meetg

. Xiao N, Callaway CW, Lipinski CA, Hicks SD, Dannoo DB

(1999) Geldanlmym pmvtdu postireatment

Xu L, Ouyang YB, Giffard RG (2003) Geldanamycin reduces
necrotic and apoptotic injury due to oxygen-glucose depriva-
tion in Neurol Res 25:697-700

Ouyang YB, Xu L, Giffard RG (2005) Geldanamycin treatment

mdLmdehyodCAldnmgemmunhxppoumpdmo—
c cultures iwctedwoxyeu lucose deprivation, Neurosci

m380229— ey -

Stancato LF, Chow YH, Hutchison KA, Perdew GH, Jove R,
Pratt WB (1993) Raf exists in a native heterocomplex with
hsp90 and p50 that can be reconstituted in a cell-free system.
J Biol Chem 268:21711-21716

mused mclw DNA vn.l.netnbthty and cell death, in Alzhei-
mer disease, Pick’s disease, progressive supranuclear palsy and
corticobasal n. Brain Pathol 11:144-158
Pei JJ, Braak H, An WL, Winblad B, Cowburn RF, Igbal K,
Gnmdko-lqbal l (2002) Up-regulation of mitogen-activated
kinases ERK1/2 and MEK1/2 is associated with the
progression of neurofibrillary degeneration in Alzheimer's
disease. Brain Res Mol Brain Res 109:45-55
LaFevre-Bernt MA, Ellerby LM (2003) Kennedy's disease.
Phosphorylation of the pol form of
androgen receptor its clea 3 and
enhances cell death. J Biol Chem 278:34918-34924




107.

108.

109.

110.
111,

112.

. Murray B, Alessandrini A, Cole AJ, Yee AG, Furshpan EJ

(1998) Inhibition of the p44!42 MAP kinase pnl.hway protects
neurons in a cell-culture model of seizure activity.
Pchull Acad Sci U S A 95:11975-11980

. Cheung EC, Slack RS (2004) Emerging role for ERK as a key

regulator of neuronal apoptosis. Sci STKE 2004:PE45

. Subramaniam S, Zirrgicbel U, von Bohlen Und Halbach O,

Strelau J, Laliberte C, Kaplan DR, Unsicker K (2004) ERK
activation promotes neuronal degeneration predominantly
through plasma membrane damage and independently of
-3. J Cell Biol 165:357-369

. Zhu X, Lee HG, Raina AK, Perry G, Smith MA (2002) The

role of mitogen-activated protein kinase
?:r s disease. chsi;sm]s “'257]2,_2581 =
MD, Ti tevens 5D, Zo,
OrrYt!‘i’rT (20053)::" oell-basedouwyscrem for modulators o
phosphorylation. Hum Mol Genet 14:1095-1105
Sato S, Fujita N, Tsuruo T (2000) Modulation of Akt kinase
activity by binding to Hsp90. Proc Natl Acad Sci U S A
97:10832-10837
George P, Bali P, Cohen P, Tao J, Guo F, Sigua C, Vishvanath
A, Fiskus W, ScumA,A.nnavanpuS Moscinski L, Bhalla K
(2004) Cotreatment with 17-:].!ylammo—dan=thoxygcldmnmy—
cin and FLT-3 kinase inhibitor PKC412 is highly effective
against human acute myelogenous leukemia cells with mutant
FLT-3. Cancer Res 64:3645-3652
Datta SR, Brunet A, Greenberg ME (1999) Cellular survival: a
play in three Akts. Genes Dev 13:2905-2927
Pai KS, Cunningham DD (2002) Geldanamycin specifically
modulntm thrombin-mediated morphological changes in mouse
neuroblasts. J Neurochem 80:715-718
Xu W, Marcu M, Yuan X, Mimnaugh E, Patterson C, Neckers L
(2002) Chaperone-dependent E3 ubiquitin ligase CHIP med-
iates a ive pathway for c-ErbB2/Neu. Proc Natl Acad
Sci U S A 99:12847-12852

pathways in Alzhei-

bi HY,
ataxin-1

113.

114.

115,

116.

117.

118,

119.
120.

Lavictoire SJ, Parolin DA, Klimowicz AC, Kelly JF, Lorimer
IA (2003) Interaction of Hsp90 with the nascent form of the
mutant egldetmal growth factor receptor EGFRvIIL. J Biol
Chem 278:5292-5299

Chen G, Cao P, Goeddel DV (2002) TNF-induced recruitment
and activation of the KK complex require Cde37 and Hsp90.
Mol Cell 9:401-410

Luedde T, Assmus U, Wustefeld T, Meyer zu Vilsendorf A,
Roskams T. Schmidt-Supprian M, Rajewsky K, Brenner DA,
Manns MP, Pasparakis M, Trautwein C (2005) Deletion of
sl spops st Tt feoiis om’ Sianiispetioin
in 15 but tects from i ion
injury. J Invest 115: &?459

Apostol BL, Illes K, Pallos J, Bodai L, Wu J, Strand A,
Schweitzer ES, Olson JM, Kazantsev A, Marsh JL, Thompson
LM (2006) Mutant huntingtin alters MAPK signaling pathways
in PC12 and striatal cells: ERK1/2 protects against mutant
h\mnghn-anocmed toxicity. Hum Mol Genet 15:273-285
Song C, Perides G, Liu YF (2002) Expression of full-length
polyghmmwexpmded Huntingtin disrupts growth factor recep-
WNpﬂmxmmpbmchomm(PCIZ)ceﬂzJBmIChem
277:6703-6707

Lievens JC, Rival T, Iche M, Chneiweiss H, Birman S (2005)
Expanded polyglnumme peptides dm'upt EGF receptor
signaling and glutamate transporter expression in Drosophila.
Hum Mol Genet 14:713-724

Levy Y, Gorshtein A (2005) Chaperones and disease. N Engl J
Med 353:2821-2822

Pearl LH, Prodromou C (2001) Structure, function, and
mechanism of the Hsp20 molecular chaperone. Adv Protein
Chem 59:157-186



Available online at www.sciencedirect.com

.c!lﬂﬁl@olllc'r' Exmml
Neurology
Experimental Neurology 200 (2006) 8 - 18 PO

www. clsevier.com locale'yexnr
Review
Pathogenesis, animal models and therapeutics in
Spinal and bulbar muscular atrophy (SBMA)

Masahisa Katsuno, Hiroaki Adachi, Masahiro Waza, Haruhiko Banno, Keisuke Suzuki,
Fumiaki Tanaka, Manabu Doyu, Gen Sobue *

Department of Neurology. Nagoya University Graduate School of Medicine, 65 Tsurumai-cho. Showa-ku, Nagoya 466-8550, Japan

Received 12 December 2005; revised 18 January 2006, accepted 20 January 2006
Available online 2 March 2006

Abstract

Spinal and bulbar muscular arophy (SBMA) is a hereditary neurodegenerative disease charactenized by slowly progressive muscle weakness
and atrophy of bulbar, facial, and limb muscles. The cause of SBMA is expansion of a tinucleotide CAG repeat, which encodes the polyglutamine
tract, in the first exon of the androgen receptor (AR) gene. SBMA chiefly occurs in adult males, whereas neurological symptoms are rarely
detected in females having mutant AR gene. The cardinal histopathological finding of SBMA is loss of lower motor neurons in the anterior hom of
spinal cord as well as in brainstem motor nuclei. Amimal models carrying human mutant AR gene recapitulate polyglutamine-mediated motor
neuron degencration, providing clues to the pathogenesis of SBMA. There is increasing evidence that testosterone, the ligand of AR, plays a
pivotal role in the pathogenesis of neurodegenceration in SBMA. The striking success of androgen deprivation therapy in SBMA mouse models has
been translated into clinical trials. In addition, elucidation of pathophysiology using animal models leads to emergence of candidate drugs to treat
this devastatng disease: HSP inducer, Hsp90 inhibitor, and histone deacetylase inhibitor, Utilizing biomarkers such as scrotal skin biopsy would
improve efficacy of clinical trials to verify the results from animal studies. Advances in basic and clinical researches on SBMA are now paving the
way for clinical application of potential therapeutics.
€ 2006 Elsevier Inc. All nghts reserved
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History and nomenclature

More than a hundred years have elapsed since the first
description of spinal and bulbar muscular atrophy (SBMA)
from Hiroshi Kawahara, who descnbed the clinical and
hereditary charactenistics of two Japanese brothers with
progressive bulbar palsy (Kawahara, 1897). This work was
followed by several reports on similar cases with or without X-
linked pattern of inheritance (Katsuno et al., 2004). SBMA is
also known as Kennedy disease (KD), named after William R.
Kennedy, whose study on 11 patients from 2 families depicted
the clinical, genetical, and pathological features of this disorder
(Kennedy et al., 1968). Other names for this disease are
bulbospinal neuronopathy and bulbospinal muscular atrophy.

In 1991, the cause of SBMA was identified as the expansion
of a mnucleotide CAG repeat in the androgen receptor (AR)
gene (La Spada et al., 1991). This was the first discovery of
polyglutamine-mediated neurodegenerative diseases, and sub-
sequent studies using transgenic animal models opened the door
to development of pathogenesis-based therapies for this
devastating disease.

Clinical features

SBMA exclusively affects adult males. The prevalence of
this disease is estimated to be 1-2 per 100,000, whereas a
considerable number of patients may have been misdiagnosed
as other neuromuscular diseases including amyotrophic lateral
sclerosis (Fischbeck, 1997). Patients of vanious ethnic back-
grounds have been reported around the world,

Major symptoms of SBMA are weakness, atrophy, and
fasciculations of bulbar, facial and limb muscles (Sperfeld et al.,
2002: Katsuno et al., 2004). In extremities, involvement 1s
usually predominant in proximal musculature, The onset of
weakness is usually between 30 and 60 years but is often
preceded by nonspecific symptoms such as postural tremor and
muscle cramps. Although fasciculations in the extremities are
rarely present at rest, they are easily induced when patients hold
their arms honzontally or bend their legs while lying on their
backs. These contraction fasciculations are especially noticeable
in the face, neck, and tongue and are usually present in the early
stage. Fatigability after exercise might also be accompanied.
Bilateral facial and masseter muscle weakness, poor uvula and
soft palatal movements, and atrophy of the tongue with
fasciculations are often encountered. Speech has a nasal quality
in most cases due to reduced velopharyngeal closure. Advanced
cases often develop dysphagia, eventually resulting in aspiration
or choking. Muscle tone is usually hypotonic, and no pyramidal
signs are detected. Deep tendon reflex is diminished or absent
with no pathological reflex. Sensory involvement is largely
restricted to vibration sense which is affected distally in the legs.
Cerebellar symptoms, dysautonomia, and cognitive impairment
are absent. Patients occasionally demonstrate signs of androgen
insensitivity such as gynecomastia, testicular atrophy, dyserec-
tion, and decreased fertility, some of which are detected before
the onset of motor symptoms. Abdominal obesity is common,
whereas male pattern baldness is rare in patients with SBMA.

Electromyogram shows neurogenic abnormalities, and distal
motor latencies are often prolonged in nerve conduction study.
Both sensory nerve action potential and sensory evoked
potential are reduced or absent. Endocrinological examinations
frequently reveal partial androgen resistance with elevated
serum testosterone level. Serum creatine kinase level is elevated
in the majority of patients. Hyperlipidemia, liver dysfunction,
and glucose intolerance are also detected in some patients.
Profound facial fasciculations, bulbar signs, gynecomastia, and
sensory disturbance are the main clinical features distinguishing
SBMA from other motor neuron diseases, although gene
analysis is indispensable for diagnosis. Female patients are
usually asymptomatic, but some express subclinical phenotypes
including high amplitude motor unit potentials on electromy-
ography (Sobue et al., 1993).

The progression of SBMA is usually slow, but a considerable
number of patients need assistance to walk in their fifties or
sixties. Life-threatening respiratory tract infection often occurs
in the advanced stage of the disease, resulting in early death in
some patients. No specific therapy for SBMA has been
established. Testosterone has been used in some patients,
although it has no effects on the progression of SBMA.

Etiology

The cause of SBMA is expansion of a tnnucleotide CAG
repeat, which encodes the polyglutamine tract, in the first exon
of the androgen receptor (AR) gene (La Spada et al., 1991). The
CAG repeat within AR ranges in size from 9 to 36 in normal
subjects but from 38 to 62 in SBMA patients. Expanded poly-
glutamine tracts have been found to cause several neurodegen-
erative diseases including SBMA, Huntington's disease, several
forms of spinocerebellar ataxia, and dentatorubral-pallidoluy-
sian atrophy (Gatchel and Zoghbi, 2005). These disorders,
known as polyglutamine diseases, share salient clinical features
including anticipation and somatic mosaicism, as well as select-
ive neuronal and nonneuronal involvement despite widespread
expression of the mutant gene. There is an inverse correlation
between the CAG repeat size and the age at onset or the discase
severity adjusted by the age at examination in SBMA as
documented in other polyglutamine diseases (Doyu et al., 1992).
These observations explicitly suggest that common mechanisms
underlie the pathogenesis of polyglutamine diseases.

AR, the causative protein of SBMA, is an 110-kDa nuclear
receptor which belongs to the steroid/thyroid hormone receptor
family (Poletti, 2004). AR mediates the effects of androgens,
testosterone, and dihydrotestosterone, through binding to an
androgen response element in the target gene to regulate its
expression. AR is essential for major androgen effects including
normal male sexual differentiation and pubertal sexual devel-
opment, although AR-independent nongenomic function of
androgen has been reported. AR is expressed not only in pnimary
and secondary sexual organs but also in nonreproductive organs
including the kidney, skeletal muscle, adrenal gland, skin, and
nervous system, suggesting its far-reaching influence on a
variety of mammalian tissues. In the central nervous system, the
expression level of AR 1s relatively high in spinal and brainstem

-254 -




10 M Katsuno et al / Experimental Newrology 200 (2006) 8-18

motor neurons, the same cells which are vulnerable in SBMA.
The AR gene is located on chromosome Xql1-12. This 90-kb
DNA contains eight exons coding for the functional domains
specific to the nuclear receptor family. The first exon codes for
the N-terminal transactivating domain. Exons 2 and 3 code for
the DNA-binding domain, whereas exons 4 through 8 code for
the ligand-binding domain. The N-terminal transactivating
domain, in which a CAG trinucleotide repeat locates, possesses
a major transactivation function maintained by interaction with
general transcriptional coactivators such as c-AMP response
element binding protein-binding protein (CBP), TAFII130, and
steroid receptor coactivator-1 (SRC-1). The CAG repeat
beginning at codon 58 in the first exon of AR encodes
polyglutamine tract. The length of this repeat is highly vaniable
because of the slippage of DNA polymerase upon DNA
replication. Whereas its abnormal elongation causes SBMA,
the shorter CAG repeat is likely to increase the risk of prostate
cancer (Clark et al., 2003). Transcriptional coactivators also
possess glutamine-rich regions modulating protein—protein
interaction with the N-terminal transactivating domain of AR.
The expansion of a polyglutamine tract in AR has been
implicated in the pathogenesis of SBMA in two different, but
not mutually exclusive, ways: loss of normal AR function
induces neuronal degeneration; and the pathogenic AR acquires
toxic property damaging motor neurons. Since AR possesses
trophic effects on neuronal cells, one can assume that loss of AR
function may play a role in the pathogenesis of SBMA.
Expansion of the polyglutamine tract mildly suppresses the
transcriptional activities of AR, probably because it disrupts
interaction between the N-terminal transactivating domain of
AR and transcriptional coactivators (Poletti, 2004). Although
this loss of function of AR may contribute to the androgen
insensitivity in SBMA, the pivotal cause of neurodegeneration
in SBMA has been believed to be a gain of toxic function of the

Fig. 1. Histopathology of SBMA. (A) A transverse section of spinal cord d

pathogenic AR due to expansion of the polyglutamine tract.
This hypothesis is supported by the observation that motor
impairment has never been observed in severe testicular
feminization (Tfm) patients lacking AR function or in AR
knockout mice. Moreover, a transgenic mouse model camrying
an elongated CAG repeat driven by human AR promoter
demonstrated motor impairment, suggesting that the expanded
polyglutamine tract is sufficient to induce the pathogenic
process of SBMA (Adachi et al., 2001).

Aggregation of abnormal protein has been considered to be
central to the pathogenesis of neurodegenerative diseases such
as Alzheimer disease, Parkinson disease, amyotrophic lateral
sclerosis, and prion disease. An expanded polyglutamine stretch
alters conformation of causative proteins, resulting in aggrega-
tion of the proteins. It is now widely accepted that aggregation
of these abnormal proteins in neurons is the primary event in the
pathogenesis of polyglutamine diseases. The rate-limiting step
of aggregation has been proposed to be the formation of
oligomeric nucleus, which may occur form afier a repeat length-
dependent conformational change of polyglutamine monomer
from a random coil to a parallel, helical p-sheet (Wyttenbach,
2004). Several experimental observations indicate that forma-
tion of toxic oligomers, or intermediates, of abnormal
polyglutamine-containing protein instigates a series of cellular
events which lead to neurodegeneration (Muchowski and
Wacker, 2005). This hypothesis is likely to be the case in
SBMA.

Pathology

Histopathological studies provide important information on
the pathogenesis of polyglutamine-mediated neurodegenera-
tion. The fundamental histopathological finding of SBMA is
loss of lower motor neurons in the anterior horn of spinal cord
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as well as in brainstem motor nucler except for the third, fourth
and sixth cranial nerves (Fig. 1A) (Sobue et al., 1989). The
number of nerve fibers is reduced in the ventral spinal nerve
root, reflecting motor neuronopathy. Sensory neurons in the
dorsal root ganglia were less severely affected, and large
myelinated fibers demonstrate a distally accentuated sensory
axonopathy in the peripheral nervous system. Neurons in the
Onufrowicz nuclei, intermediolateral columns, and Clarke's
columns of the spinal cord are generally well preserved. Muscle
histopathology includes both neurogenic and myogenic find-
ings: there are groups of atrophic fibers with a number of small
angular fibers, fiber type grouping and clamps of pyknotic
nuclei as well as vanability in fiber size, hypertrophic fibers,
scattered basophilic regenerating fibers, and central nuclei
(Figs. 1B and C).

A pathologic hallmark of polyglutamine diseases is the
presence of nuclear inclusions (Nls). In SBMA, Nls containing
the pathogenic AR are found in the residual motor neurons in
the brainstem and spinal cord as well as in nonneuronal tissues
including prostate, testis, and skin (Li et al, 1998). These
inclusions are detectable using antibodies recognizing a small
portion of the N-terminus of the AR protein, but not by those
against the C-terminus of the protein. This observation implies
that the C-terminus of AR is truncated or masked upon
formation of NI A full-length AR protein with expanded
polyglutamine tract is cleaved by caspase-3, liberating a
polyglutamine-containing toxic fragment, and the susceptibility
to cleavage is polyglutamine repeat length-dependent (Kobaya-
shi et al., 1998). Thus, proteolytic cleavage is likely to enhance
the toxicity of the pathogenic AR protein. Electron microscopic
immunohistochemistry shows dense aggregates of AR-positive
granular material without limiting membrane, both in the neural
and nonneural inclusions, in contrast to the other polyglutamine
diseases in which Nls take the form of filamentous structures.
Although NI is a disease-specific histopathological finding, its
role in pathogenesis has been heavily debated. Several studies
have suggested that NI may indicate cellular response coping
with the toxicity of abnormal polyglutamine protein (Arrasate et
al., 2004). Instead, the diffuse nuclear accumulation of the
mutant protein has been considered essential for inducing
neurodegeneration in polyglutamine diseases including SBMA.

An immunohistochemical study on autopsied SBMA
patients using an anti-polyglutamine antibody demonstrates
that diffuse nuclear accumulation of the pathogenic AR is more
frequently observed than Nls in the anterior homn of spinal cord
(Adachi et al., 2005). Intriguingly, the frequency of diffuse
nuclear accumulation of the pathogenic AR in spinal motor
neurons strongly correlates with the length of the CAG repeat in
the AR gene. No such correlation has been found between NI
occurrence and the CAG repeat length. Similar findings have
also been reported on other polyglutamine diseases. Taken
together, it appears that the pathogenic AR containing an
elongated polyglutamine tract principally accumulates within
the nucler of motor neurons in a diffusible form, leading to
neuronal dysfunction and eventual cell death. In support of this
hypothesis, neuronal dysfunction is halted by genetic modula-
tion preventing nuclear import of the pathogenic polygluta-

mine-containing protein in cellular and animal models of
polyglutamine diseases (Gatchel and Zoghbi, 2005).

Since human AR is widely expressed in various organs,
nuclear accumulation of the pathogenic AR protein is detected
not only in the central nervous system but also in nonneuronal
tissues such as scrotal skin (Figs. 1D and E). The degree of
pathogenic AR accumulation in scrotal skin epithelial cells
tends to be correlated with that in the spinal motor neurons in
autopsy specimens, and it is well correlated with CAG repeat
length and inversely correlated with the motor functional scale
(Banno et al., in press). These findings indicate that scrotal skin
biopsy with anti-polyglutamine immunostaining is a potent
biomarker with which to monitor SBMA pathogenic processes.
Since SBMA is a slowly progressive disorder, appropriate
biomarkers would help improve the power and cost effective-
ness of longitudinal clinical treatment tnals,

Molecular pathogenesis and therapeutic strategies
Ligand-dependent pathogenesis in animal models of SBMA

SBMA is umque among polyglutamine diseases in that the
pathogenic protein, AR, has a specific ligand, testosterone,
which alters the subcellular localization of the protein by
favoring its nuclear uptake. AR is normally confined to a mulu-
heteromeric inactive complex in the cell cytoplasm and
translocates into the nucleus in a ligand-dependent manner.
This ligand-dependent intracellular trafficking of AR appears to
play important roles in the pathogenesis of SBMA.

In order to investigate ligand effect in SBMA, we generated
transgenic mice expressing the full-length human AR contain-
ing 24 or 97 CAGs under the control of a cytomegalovirus
enhancer and a chicken [3-actin promoter (Katsuno et al., 2002).
This model recapitulated not only the neurologic disorder but
also the phenotypic difference with gender which is a specific
feature of SBMA. The mice with 97CAGs (AR-97Q) exhibited
progressive motor impairment, although those with 24 CAGs
did not show any manifested phenotypes. Affected AR-97Q
mice demonstrated small body size, short life span, progressive
muscle atrophy, and weakness as well as reduced cage activity,
all of which were markedly pronounced and accelerated in the
male AR-970Q mice, but either not observed or far less severe in
the female AR-97Q mice. The onset of motor impairment
detected by the rotarod task was at 8 to 9 weeks of age in the
male AR-97Q) mice while 16 weeks or more in the females. The
50% mortality ranged from 66 to 132 days of age in the male
AR-97Q mice, whereas mortality of the female AR-97Q mice
remained only 10 to 30% at more than 210 days. Western blot
analysis revealed the transgenic AR protein smearing from the
top of the gel in the spinal cord, cerebrum, heart, muscle, and
pancreas. Although the male AR-97Q mice had more smearing
protein than their female counterparts, the female AR-97Q mice
had more monomeric AR protein. The nuclear fraction
contained the most of smearing pathogenic AR protein. Diffuse
nuclear staining and less frequent Nls detected by 1C2, an
antibody specifically recognizing the expanded polyglutamine
tract, were demonstrated in the neurons of spinal cord,



