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transfected with mock, «, A«, 3, or
mf31 were lysed, subjected to SDS-
PAGE, and immunoblotted with
anti-proteasome «-subunit, anti-
proteasome SB-subunit, and anti-His
antibodies. Fig. 1B demonstrates
that the a- and B-subunit antibodies
detected the Mm proteasome
a-subunit at 26 kDa, the Aa-subunit
around 25 kDa, and the 8-subunit at
22 kDa, respectively, and faintly rec-
ognized endogenous human protea-
some subunits. A Ni*"-NTA pull-
down assay showed that the Mm
proteasome «- and Aa-subunits co-
sedimented with the Mm protea-
some f3- and mB1-subunits but not
with mock (Fig. 1C), and protease
activity of the pulled down samples
of the cells lysed 48 h after transfec-
tion showed significantly higher
chymotrypsin-like protease activity
in the Mm proteasome ¢ than in
the ampBl or mock-transfected
samples (Fig. 1D). This protease
activity was confirmed to become
gradually higher after transfection
(Fig. 1D).

Glycerol density gradient centrif-
ugation fractionated the af8, Aaf3,
and ampl complexes of the Mm
proteasome into nearly the same
fractions as those of the human 20 §
proteasome subunits «al and o5
(Fig. 1E, data not shown for Aaf
and ampl). Moreover, of the anti-
His-immunoblotted bands (Fig. 1E),
the density of staining in fractions
20-25 accounts for about 80-90%
of the total anti-His staining. That
these fractions constitute the
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FIGURE 3. M miazei proteasome-accelerated degradation of mutant SODI proteins. A cycloheximide
chase analysis (see “Bxperimental Procedures”) showing that the halflives of various mutant SODI proteins
were reduced i the presence of Mim 20 Sproteasome af3. The graphs represent the percentage of degraded
SODI P34 and SODI FRproteins in three independent experiments. The error barsindicate SD. 13 pulse-chase
analysis (see “Fxperimental Procedures”) showing that the degradation of SOD1“®** was accelerated in the
presence of Min 20 Sproteasome «f. Grcle, mock; triangle, af3; square, amB 1. Bror bars, SD.(n = 3).

majority of the anti-a staining as
well suggests that about 80 -90% of
the B-subunit expression is incor-
porated into the Mm proteasome.
These results suggested that the
Mm proteasome a-, Aa-, B-, and
mp1-subunits could properly assemble to form four stacked sev-
en-membered rings and that an active Mm proteasome could
be reproduced in mammalian cells. The cells expressing Mm
proteasome Aaf3 displayed cellular toxicity, whereas the
cells expressing Mm proteasome «f3 showed little toxicity

mally form a gated channel in the a-ring that regulates sub-
strate entry into the 20 S proteasome (19). We also generated a
mutant B-subunit with T1C (mp1) (Fig. 1A). Thr-1 in the
B-subunit of the archaeal proteasome is essential for proteoly-
sis, and Thr-1 mutants lose their proteolytic activities (20). The
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HGURE4. M mazei proteasome reduces the cellular toxicity of mutant SODI . The dose-dependent rescue effect of Mm proteasome a8 expression on cell
viability in SODIWE (A), SODIPA (1), and SODI P Rtransfected HEK293 cells (O) as shown in MIS-based cell proliferation assays. The box plots show the
median values (center line ofbox), the 25th (lower line ofbox). 75th (upper line of box), 10th (fower Tbar), and 90th (upper Tbar) percentiles in each group (n =
3 X 6wells). The numbers indicate the dose of DINAtransfected in each well ofa 96-well plate (@8, 0.1 pgr o, 0.05 pg; 8,0.05 ng). The expression levels of SODI,
a-subunit, and B-subunit at the analyzed pomts are shown. D relative activities of cleaved caspase-3/7 were analyzed with the fluorescent caspase substrate,
benzyloxycarbonyl-DEMD-RI 10. Production of Mim proteasome a8 prevents activation of caspase-3/7. Positive control value was 32 = 02(SD)(n=3X 4
wells) (1 pMstaurosporin, 24 h).
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(data not shown); thus, further experiments were carried out
with Mm proteasomes «ff and ampl.

M. mazei Proteasome Degrades Specifically Mutant Superox-
ide Dismutase-1—We then assessed whether the Mm protea-
some actually affects mutant SOD1 protein (SODI®%F,
SOD1%%7R SOD1%%34 and SOD174R) expression. In cultured
cells, mutant SOD19%% SOD1%7%, and SOD1%°3*4 are more
likely to form aggregates than is SOD15% (16), and cases of
familial ALS expressing these mutant forms are also more
severe than those expressing SOD17%6%_ Western blot analyses
demonstrated that the levels of mutant SOD1 were markedly
reduced as the expression of Mm proteasome af3 increased
(Fig. 2). However, wild-type SOD1 levels were not affected by
the expression of Mm proteasome af3. Furthermore, mutant
SOD1 levels were not affected by the expression of Mm protea-
some containing the mB31-subunit in all mutant species, indi-
cating that Mm proteasomal activity was important to reduce
the levels of mutant SOD1 proteins. That the expression level of
SOD1"R yas less affected by Mm proteasomal expression
than other mutant SOD1 species may be associated with the
lower toxicity of SOD1746R,

To determine whether the reduced levels of mutant SOD1
protein were due to accelerated degradation of mutant SOD1 or
to the reduction of mutant SOD1 expression, we examined the
stability of mutant SOD1 proteins expressed in Neuro2a cells
co-expressed with Mm proteasome a8, ampl, or mock (Fig. 3,
A and B). Chase experiments with cycloheximide, which halts
all cellular protein synthesis, demonstrated mutant species-de-
pendent acceleration in SOD1 protein degradation, whereas
the expression levels of Mm proteasome - and f-subunits did
not change (Fig. 34). The degree of wild-type SOD1 degrada-
tion was not affected by the expression of Mm proteasome af3.
Pulse-chase experiments further confirmed that **S-labeled
SOD1%%%4 degradation was significantly accelerated when co-
expressed with Mm proteasome «f3 but not with Mm protea-
some amp1 or mock (Fig. 3B). These facts strongly suggest that
the catalytic center in the Mm proteasome -subunit is impor-
tant to accelerate the degradation of mutant SOD1 proteins.

M. mazei Proteasome Reduces Cellular Toxicities of Mutant
Superoxide Dismutase-1—Next, we investigated the viability of
HEK293 cells evoked by SOD1 (wild-type, SOD1%?%4, and
SOD1%%%) when co-expressed with Mm proteasome of3,
amfl, or mock by the MTS-based cell proliferation assay (Fig.
4). We confirmed a linear response between cell number and
optical density at 490 nm between 0.85 and 1.30 (data not
shown). The viability of cells expressing wild-type SOD1 with
Mm proteasome «f3 did not change as the transfected DNA
doses of SOD1 and Mm proteasome «f3 increased (Fig. 4A4).
However, the viability of cells expressing mutant SOD1 was
reduced as the transfected DNA dose of SOD1 increased (Fig. 4,
B and C), and this reduction was prevented by the co-transfec-
tion with Mm proteasome «f3 but not with Mm proteasome
amf1. Toxicities of mutant SOD1 proteins are associated with
the activation of caspase family proteins, especially caspase-3
(21). Using fluorescent substrates of activated caspase-3/7 as
markers, we analyzed caspase-3/7 activities in the cells
co-transfected with SOD1 proteins and with mock, Mm pro-
teasome «f3, and ampBl. Mm proteasome «f3 suppressed the
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FIGURES. Co-localization of mutant SOD! and M mazei proteasomes. A
Neuro2a cells grown on glass coverslips were co-transfected with SOD1 Wi
GFP or SODI P> GFP and Mim proteasome a-and His-tagged B-subunit. 48 h
after transfection, cells were fixed, blocked, and incubated with anti-His anti-
body for 24 h. Aller washing, samples were ncubated with Alexa-546-conju-
gated anti-mouse antibody. SODI *4and the Mm proteasome co-localized
and formed aggregates together. WI, wild-type SODI; (P3A SODI P34 Rthe
percentages of aggregate-positive cells among the GEP-positive cells were
determined. SOD1 " aggregates were significantly reduced when co-ex-
pressed with Mm proteasome af. Iiror bars, SD. (n = 3). Statistical analyses
were carried out by Mann-Whitney's Utest.

activation of caspase-3/7, resulting in reductions of cellular tox-
icities of SOD1 proteins (Fig. 4D). These results show that Mm
proteasome of3 has a protective effect against the decrease in
cellular viability evoked by mutant SOD1.

M. mazei Proteasome Co-localizes with Aggregates Formed by
Mutant SODI—In the assembly process of the archaeal protea-
some, «-subunit assembly is required for 3-subunit incorpora-
tion into the proteasome (20), and since the anti-His-stained
B-subunit is restricted largely to that incorporated into the Mm
proteasome (Fig. 1E), we used anti-His staining to localize the
transfected proteasome in Neuro2a cells. GFP-tagged wild-type
and G93A mutant SOD1 vectors were transfected along with
Mm proteasome o3 into Neuro2a cells, which were then fixed
and immunostained with anti-His antibody. Fig. 54 shows that
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FIGUREG. 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 pg of ARcontaining either normal (24Q) or expanded (97Q) polyglutamine tract vectors and increasing
doses of Min proteasome subunits were analyzed. The levels of AR proteins were reduced as Mm proteasome aff increased. B cycloheximide chase analysis
(see “Bxperimental Procedures”) showing that the halflives of AR72 proteins were decreased in the presence of Mim 20 Sproteasome af. Transfected DNA
dose/6-cm dish was as follows: AR7(1 pg), e-subunit (0.5 pg), B-subunit (0.5 png). G the rescue effect of Mim proteasome «f expression on cell viability in
AR transfected HAR93 cells as shown in an MISassay. The boxplots showthe median values (center line ofbox), the 25th (lower tine ofbox), 75th (upper line
ofbox), 10th (Jower Thar). and 90th (upper Thar)percentiles in each group (n = 3 X 6 wells). The numbers indicate transfected DNAdose ina well ofa 96-well

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

GEP-positive SOD1%%*4 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 SOD1 in the vicinity of the nucleus. The percent-
ages of aggregate-positive cells among the GFP-positive cells
were determined in Fig. 5B. SOD1%9%# aggregates were signif-
icantly reduced when co-expressed with Mm proteasome «f3.
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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
SOD1 proteins, Fig. 64 shows that in Neuro2a cells, the levels of
mutant AR (97Q) were markedly reduced as the expression of
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polyglutamine tract, the expression
levels of all a-synuclein and tau pro-
teins were reduced in the presence of
Mm proteasome «f3 (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
expression levels of a-synuclein
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HGURE 7. M mazei proteasome degrades aggregation-prone but not non-aggregation-prone protems.
Neuro2a cells grown on 6-cmdishes and co-transfected with Mimproteasome subunits vectorsormockand 1 ug of
a-synuclein vectors (wild type, A30P, and AS3THA), Tau vectors (six isofonms: three (31, 3M and 3S)or four (41.4M
and 4S) tubulin binding domains in the Clerminal portion and two (3Land 41}, one (3Mand 4M), or no (3Sand 4S)
mserts o1 29 armino acids each in the Neterminal portion)(83, or enpty FP vector or LacZ-V5 vector (C). Aand Bthe
expression levels ofall of a-synuclem and tau proteins were reduced when co-transfected with the Mim proteasome
afl. C the expression levels of endogenous glyceraldehyde-3-phosphate dehydrogenase (GAPDH), GFP, and

LacZ-V5 proteins were not changed i the presence ofthe Mim proteasome af8.

Mm proteasome «f3 increased, but they were unaffected by the
expression of the Mm proteasome amfl. 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 «f3
(Fig. 6C). These results show that Mm proteasome aff 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 Mim proteasome degrades other aggregation-prone

AUGUST 18, 2006- NOLUVE28] - NUVEER 33 b

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.

Lacd-V8

DISQUSSION

In this study, we showed that the
archaeal Mm proteasome «- 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 i 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 SODI,
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 S
proteasome Aof3 substantially reduced cell viability, but the
Mm proteasome «f3, with the “gate,” had little toxic effect on

23850 JORNALOFBOLOGCALHRVISTRY

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 «f3 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 accunuilation of disease-causing pro-
tein is a commonly observed characteristic in chronic
neurodegenerative disorders such as Alzheimer’s disease,
Parkinson’s disease, and polyglutamine (polyQQ) diseases.
A therapeutic approach that could selectively eliminate
would be a promising remedy for neurodegenerative
disorders. Spinal and bulbar nuscular atrophy (SBMA),
one of the polyQ diseases, is a late-onset motor neuron
disease characterized by proximal nuscle atrophy, weak-
ness, contraction fasciculations, and bulbar mvolvement.
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), anovel 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 m a nmouse model of
SBMA. The administration of 17-AAG significantly
ameliorated polyQ-mediated motor neuron degeneration
by reducing the total amount of nmuttant 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 n vivo as previously reported;
however, its ability to mduce HSPs was limited, suggesting
that the HSP induction might support the degradation of
nutant 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 finction by 17-AAG treatiment, has
emerged as a candidate for molecular-targeted therapies for
newrodegenerative 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 glutaniine in
the causative genes and, to date, nine disorders have been
identified as polyQ diseases [1]. Spinal and bulbar
nmuiscular atrophy (SBMA), also known as Kennedy’s
disease, was the first polyQ disease to be identified [2] and
is characterized by premmature nuscular exhaustion, slow
progressive nmuscular weakness, atrophy, and fasciculation
in bulbar and limb muscles [3]. In SBMA, the pathogenic
gene product is the androgen receptor (AR), which
contains an abnonmally expanded polyQ. The murmber of
polymorphic CAGrepeats 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 [S]. The pathologic features of
SBMA are motor newron loss in the spinal cord and
brainstem [3], and diffuise nuclear accunmlations and
nuclear inclusions (INIs) containing the mutant AR in the
residual motor neuwrons and certain visceral organs [6].

Heat shock protein (Hsp) 90, one of the molecular
chaperones, is essential for fimction and stability of the AR,
the Ctermmus of which has a high affinity for Hsp90,
mnducing the conformational change required for its nuclear
translocation after ligand activation [7-9]. Hsp90 functions
in a nulti-component conplex of chaperone proteins
including Hsp70, Hop (Hsp70 and Hsp90 organizing
protein), Cde37, and p23. In addition, Hsp90 is involved
in the folding, activation, and asseibly of several proteins,
known as Hsp90 client proteins [10]. As numerous
oncoproteins belonging to the Hsp90 client protein family
are selectively degraded in the ubicuitin-proteasoime system
(UPS) by Hsp90 inhibitors, 17-allylamino-17-demethoxy-
geldanamycin (17-AAQG), a first-in-class Hsp90 inhibitor, is
nowunder clinical trials as a novel molecular-targeted agent
for a wide range of malignancies [11]. AR also belongs to
the Hsp%0 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
newron degeneration through degradation of nmtant AR
[15]. This is apparently different from previous strategies
employed against polyQ diseases, which unavoidably
allowed abnomml 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 HspS0 function would be
of value when applied to SBMA and other related
neurodegenerative diseases. In this paper, we review owr
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),
anatural product that was developed as an antifingal 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 overcone this GA-
mduced 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, firther
development of Hsp90 inhibitors is also being pursued
[27-291.

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 Hsp30 ATP-binding site,
thereby modulating Hsp90 function [31, 32] and protea-
sommal degradation of Hsp90 client proteins. As nmumerous
oncoproteins were shown to belong to the family of Hsp90
client proteins [10]. Hsp90 inhibitors are expected to
become a new strategy in anti-turmor therapy [18]. Hsp90
inhibitors including GA and 17-AAG have been shown to
have an advantageously higher selectivity for turmor cells
compared with general anti-ttumor 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
normmal 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 treatiment of neurode-
generative diseases. However, as neuwrodegenerative dis-
eases generally follow a chronic progression and the
medical treatiment 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.

Amodel mouse of SBMAand a potent horrronal 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 abnonmal phenotypes [35]. Other laboratories have
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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 nxetabolism 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 therapeutic agents to
rescue this condition as we previously described [37]. For
further details about the clinical features and our nmouse
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 hutenizing
hormone-releasing hormone agonist that reduces testoster-
one release from the testis, significantly rescued motor
dysfunction and nuclear accunulation of natant AR in our
SBMA mice. Due to its minimal invasiveness established
n human and its powerful efficacy demonstrated in the
above model [37], this hormonal therapy has already been
i 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, 3&].
In contrast to this hormonal therapy, 17-AAG would be a
potential therapeutic agent for SBMA as well as for other
related diseases [135].

Client protein Client protein

cde37{p50)

023

Hspo0 " Hspl0
Stabilizing 1T AAG Proteasome-targeting
Formation § Formation

Fig. 1 Hsp90-inhibitor-induced change in Hsp90 complex. Hsp90
inhibitor (17-AAG) specifically binds ATP-binding site of Hsp90,
resulting in a shift of the Hsp90 complex. To exert its effects on
client proteins, Hsp90 finctions in a nmuilti-component conplex of
co-chaperone proteins including Hsp70, Hop, Cdc37, and p23. Two
main forms of this complex exist. One complex is a proteasome-
targeting form associated with Hsp70 and Hop, and the other is a
stabilizing form with Cdc37 and p23. Hsp%0 inhibitors block the
progression of the Hsp90 complex toward the stabilizing form and
shift it to the proteasomal-targeting form. This figure is modified
from a model proposed by Neckers [14]

637

17-AGalters the form of the Hsp90 conplex, leading
to proteasomal degradation of mutant AR

Hsp90 finctions in a nuilti-component conmplex of
chaperone proteins, including Hsp70, Hop, Cdc37, and
p23, leading to the folding, activation, and assembly of
Hsp90 client proteins [10]. In addition, the HspS0
complexes are thought to exist in two nmmain forns: one
complex is a proteasome-targeting form associated with
Hsp70 and Hop, and the other is a stabilizing form with
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-dependent 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 proteasoral 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 protein of
SBMA, polyQ-expanded nutant AR, we treated SH-SYSY
cells highly expressing the wild-type (AR-24Q)) or mutant
(AR-97QQ) 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 conpletely blocked by the
proteasome inhibitor, MiG132 (Fig. 2a), suggesting that
17-AAGHacilitated 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 nutant AR-expressing cultured
cells after 17-AAG treatmrents. Inmmmoprecipitation with
anti-AR antibody revealed that Hsp90-chaperone-conr
plex-associated Hop was markedly increased, and p23
decreased in a 17-AAG dose-dependent manner, suggest-
ing that 17-AAG resulted in the shifting of the AR-Hsp90
chaperone complex from a mmature 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 [S0, 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 nartant AR is
more prone to be in the nuilti-chaperone complexes of

-84 -



638

2
17-AAL
PR32
AR
DES i Bu saw €I S e s s s gl
b AR-240 AR-97Q
17-AAG
B O 836 46 36 O 038 38 38
¢

v

Parcors AR-240 remalng
Pasrcert AR-B70 rormging

Chgseptingpih)

o

) 3 8
Chaseglimepdhy

Fig. 2 a—c 17-AAG-induced changes in the AR-Hsp90 complex:
comrelation to proteasommal degradation. a 17-AAG  treatment
(36 1M, 6 h) of transfected SHSYSY cells reduced the levels of
mutant AR (AR-97Q)) significantly nore than the wild-type AR
(AR-24Q)); however, both decreases were conmpletely blocked by the
proteasomal inhibitor, MG132. b Inmmmnoblots of lysates from
transfected cells treated for 30 min with 17-AAG and immunopre-
cipitated with AR-specific antibody. The short tine exposure to 17-
AAG did not decrease the amount of nutant 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 presence of 17-AAG (data not shown) ¢ The effects of
17-AAG on the half-life of wild-type and nutant AR assessed from
pulse-chase experiments. The amounts of AR-24Q remmaining in the
absence and presence of 1 7-AAG are indicated by closed circles (o)
and open circles (o), respectively. The amounts of AR-97Q
remmaining in the absence and presence of 17-AAG are indicated
by closed (¢) and open (0) dianonds, respectively. Mittant AR was
degraded more rapidly than the wild-type AR in the presence of 17-
AAG. Values are expressed as meanstSE (n=4)

Hsp90 with p23, which eventually enhances 17-AAG-
dependent proteasormal degradation of nutant AR.

To determine whether the decrease in AR was due to
protein degradation or to changes in RINA expression, the
tumover of wild-type and mutant AR were then assessed
with a pulse-chase labeling assay. In the presence of 17-
AAG, the nmtant 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 nuttant AR were quite
similar [15]. These data indicate that 17-AAG preferen-
tially degrades the martant AR protein without altering

mRNA levels. These in vitro studies indicated that the
nutant AR was a good target protein of 17-AAG. To
determine 1if 1t would also be preferentially degraded mn
vivo, we next examined the effects of 17-AAG in SBMA
transgenic mice.

17-A%Ganeliorates the phenotype in a nouse nodel
of SBMAnuse without detectable toxicity

We administrated 17-AAG at doses of 2.5 or 25 me/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 mg/kg 17-AAG (Tg-2.5) was also
mildly ameliorated (Fig. 3a). The AR-97Q mice treated
with wvehicle 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 impainment in Rotarod perfornmance (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 immmmohistochemically
staned for mutant AR using the 1C2 antibody, which
specifically recognizes expanded polyQ, quantitative anal-
ysis revealed marked reductions in 1C2-positive nuclear
accumuilation in the spinal motor neurons and nmuscles 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
nuscle of AR-97Q mice revealed high molecular weight
nuitant AR protein complex retained in the stacking gel as
well as a band of mononeric mutant AR, whereas only the
band of wild-type monomeric AR was visible in tissue
from the AR-24Q mice (Fig. 3d). 17-AAG treatiments
significantly diminished both the high molecular weight
complex and the monomer of nuatant AR in the spinal cord
and muscle of the AR-97QQ mice but only slightly
diminished the wild-type monoireric AR in AR-24Q
mice (Fig. 3d). 17-AAG treatiments decreased the amount
of monorreric 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 nuscle (P<0.001 and P<0.01
respectively). The levels of wild-type and nutant AR
mRINA were similar in the respective mice treated with 17-
AAG [15]. These observations indicate that 17-AAG
markedly reduces not only the high nolecular weight
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Fig. 3 a-d Effects of 17-AAG on transgenic SBMA mice. a Tg-0,
Teg-2.5, and Tg25 represent AR-97Q) mice treated with vehicle
alone and 2.5 and 25 mg/kg 17-AAG, respectively (each group, n=
27). The Te-25 renmined longer on the Rotarod than the Tg-0 mice
did. A Kaplan-Meier plot shows the prolonged swrvival of Tg-2.5
and Tg-25 mice conpared 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
(left) reveal an obvious difference in size and illustrate nuscular
atrophy and kyphosis compared with an age-matched Tg-25 mouse
(right). c. Immunohistochemical staining with 1C2 antibody showed
marked differences in diffuse nuclear staining and nuclear inclusions
between DMSO-treated mice (Tg-0) and 17-AAG-treated (Tg-25)
mice in the spinal anterior hom and skeletal muscle, respectively.
There was a significant reduction in 1C2-positive cell staining in the
spinal cord (**P<0.01) and skeletal muscle (*P<0.05) in the Tg-25
compared with the Tg-0. Values are expressed as meanstSE (n=0).

mutant AR complex but also the monomeric mutant AR
protein by preferential degradation of nuttant AR

17-AG facilitates the degradation of nonorreric
mutant AR reducing its aggregation; a therapeutic
approach that directly targets the disease-causing
protein

In both cultured cells and transgenic SBMA mice, we have
demonstrated both the efficacy and safety of 17-AAG [15].
Among the other proposed ic approaches 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

d Westemn blot analysis of tissue from AR-24Q and AR-97Q) mice
probed with an AR-specific antibody. In both spinal cord and naiscle
of mice treated with 17-AAG, there was a significant decrease in the
anount of complexed, nutant AR in the stacking gel and
monommeric nutant AR in AR-97Q mice, but only slightly less
mononeric wild-type AR in AR-24Q mice compared with that from
their respective, untreated control mice. Results of a densitonetric
analysis demonstrated that the 17-AAG-induced reduction of
mononeric mutant AR was significantly greater than that of the
wild-type monomeric AR. 17-AAG resulted in a 64.4% decline in
monorreric nutant 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 nmuscle 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
nuscle. Values are expressed as meanstSE (n=5). Statistical
differences are indicated by asterisks (*P<0.05; **P<0.0l;
EP<0.001)

[15]. But, unlike leuprorelin, the Hsp90 inhibitor 17-AAG
holds enormous potential for application to a wide-range of
newrodegenerative diseases in addition to SBMA as
previously reported [52-54]. For development of HspS0
inhibitor treatment in newrological disorders, we regard this
general versatility as very iportant.

In newrodegenerative diseases, recent studies have
shown that disease-causing proteins in the process of
aggregating have more toxic consequences than they do in
etther the nascent state or when in NI [55]. Nis have been
thought to be a beneficial coping response to toxic rutant
protein [56]. We have accurmulated several pieces of data
demonstrating that 17-AAG is capable of reducing
aggregated protein in animal models of SBMA [15]. In
both Westem blot and filter trap analyses in AR-97Q
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models, 17-AAG significantly diminished the msoluble
high nolecular weight conmplex of mutant AR as well as
the soluble monomer. Moreover, in an inmunostaining
study of nervous tissue in AR-97Q mice, 17-AAG also
significantly reduced diffise muclear staining, In SBMA
patients, the extent of diffuse nuclear accunmlation of
mrettant AR in motor and sensory neurons of the spinat cord
was closely related to CAG repeat length [6]. We consider
that 17-AAG had a curative effect on SBMA miice by
reducing these toxic proteins as well as the soluble
mononeric 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 Hsp40 induction. The
pharmacological induction of Hsp70 and Hspd0 using
Hsp90 inhibitors has already been shown to inhibit polyQ-
induced abnonral ageregation 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, mmy be

Birect targeting
tosis mutant protein

sgradation
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Fig. 4 Clinical application of Hsp90 inhibitors in newological
disorders. 17-AAG specifically binds to the Hsp90 ATP-binding site
and distupts 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 proteasonmal degra-
dation of the disease-causing protein, polyQ-expanded AR
However, it is still unclear whether other newrodegenerative
discase-causing proteins are also Hsp90 client proteins. Many
kinases involved in signal transduction do belong to the family of

Modulation of Hsp80 function

due to 17-AAG’s potent ability to degrade the soluble
mononeric form of nutant protein, thereby preventing
aggregation in the first place. There is no doubt that a
reduction of the main culprit protein nust 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 abnomml protein [40, 61].
However, in our hands, mutant AR was markedly
decreased after 17-AAG treatirent 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
nutant 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
mhibitors should be applied against neurodegenerative
diseases in which the causative protein is, like AR, an
HspS0 client protein.

Finass inhubitor

i induction

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 sane mechanism, 17-AAG might also
reduce the abnonmal accunuilation 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 nouse model of SBMA.
The induction of HSPs by Hsp90 inlubitors seens to play a
supplementary role in neurodegenerative disorders
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17-A8G functions with preserved UPS function

As we demonstrated mn an in vitro study, 17-AAG-induced
degradation requires a well-preserved proteasorme fimction
[15]. However, a question concerming the usefulness of this
pharmacological approach to facilitate a self-clearing
system has been raised [62]. It 1s generally accepted that
the ubiquitin-proteasonme system (UPS) is strongly in-
volved in the pathology of polyQ diseases, as many
components of the ubiquitin-proteasome and 1molecular
chaperones are known to co-localize with polyQ-contain-
ing NIs [63, 64]. Previous reports of studies perfonmed n
cultured cell models suggested that an impairment of the
UPS is probably a conmmon pathology in polyQ diseases
[65-67]. If this hypothesis were true, 17-AAG could not
exert its phanmacological 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 proteasone
assays have raised serious questions concerming the inmpaired
UPS hypothesis of polyQ diseases [68-70]. It has been
reported that neuronal dysfimction 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].
Furthenmore, in conditional mouse models of polyQ disease,
genetic loss of the abnonmal gene product led to a rapid
clearance of pre-existing polyQ-mediated NIs and reversible
improvement of the abnonmal phenotypes [71, 72]. If the
UPS were imreversibly damaged in polyQ diseases, then pre-
existing NIs could not be diminished.

‘While it remains unclear what the difference is n
proteasonme 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 treatinent with 17-AAG, which takes advantage of a
self-clearing system to target disease-causing proteins, is a
reasonable therapeutic strategy agamst polyQ-elated and
other neurodegenerative diseases.

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

Among neurodegenerative-disease-causing proteins, only
AR m 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 mfluences on several neurological disorders {73~
73], indicating that the clinical application of Hsp90
inhibitors could expand beyond the treatiment 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).

Using 17-AAG as an inducer of HSPs

Hsp90 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
hurman clinical trials [22]. Murakami et al. were the first to
show that the Hsp90 inhibitor herbinmycin 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 conplex 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 nuimber 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 formmation and cellular toxicity [63, 80, 81].
There is no doubt that HSP induction is beneficial for
various neuwrodegenerative diseases [54]. We have also
demonstrated that both genetic and pharmacological over-
expression of Hsp70 significantly ameliorated expression
of the abnonmal 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 autoimimune encephalomyelitis [93].
In addition, Hsp90 inhibitors thenselves 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 aggregation of mutant huntingtin in a
cultured cell model of HD wia 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 mmuch HspS0 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
i newrodegeneration

Phosphorylated tau is a representative disease-causing
protein associated with tauopathies including fronto-tem-
poral dermentia, progressive supranuclear palsy, corticoba-
sal degeneration, and muitiple system atrophy. It is
mteresting 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 samre lines, LaFevre-Bemnt and Ellerby [102] dem-
onstrated that polyQ-expanded, mutant-AR-mediated neu-
ronal cell death by ERK activation and that selective
mhibition of the ERK pathway reduced polyQ-induced
cell death. Based on this mechanism of inhibiting ERK.
activation, 17-AAG might also ameliorate abnormeal 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 newronal dammge [103-106]. Hsp90
inhibitors are well known to have the ability to inhibit
various kinase activity [10]. This phanmacological effect
of HspS0 inhibitors, to reduce abnormal kinase activity,
could be applied to neurodegenerative diseases as well as
oncological diseases and could have farreaching influ-
ence on the clinical application of Hsp90 inhibitors.

Zoghbi and colleagues demonstrated that Akt/PI3K was
essential for stabilization and accumulation of mutant
ataxin-1 in the polyQ-associated disease SCAl [73, 107].
Akt is also an Hsp%0 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 mgjor 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 mnurkedly attenuates
ischemic brain dammage [91, 92] and IkB kinase (IKK), an
Hsp90 client protein [114], plays an inportant role in
ischemia-induced neuronal death [ 75, 115}, suggesting that
GA may ameliorate ischemia brain damage by reducing
JKK 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 abnorral 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 nduce HSPs {57, 83].
However, a report recently released by Apostol et al
showed that ERK1/2 activation protects against mutant
huntingtin-induced  toxicity [116]. Futhermore, 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 concem 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 Hsp%0 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 perforned, 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 abnonmal proteins or to carry them
to degradation as a part of the system of protein quality
control [54, 119]. Conpared 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, HspS0 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 to facilitate the degradation of
abnonmal 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
becorre a new molecular-targeted therapy against a wide
range of neurodegenerative diseases.

-89 -



Acknowledgements

We thank the National Cancer Institute and

Kosan Biosciences for kindly providing 17-AAG. This work was
supported by a Center-of-Excellence (COE) grant from the Ministry
of Education, Culture, Sports, Science and Technology. Japan, by
grants from the Ministry ot Health, Labur, and Welfare, Japan, by a
grant from the Naito Foundation, and by a grant from the Kanae
Foundation.

References

L.

10.

14

16.
17.

.1a Spada

Di Prospero NA, Fischbeck KH (2005) Therapeutics develop-
ment for triplet repeat expansion diseases. Nat Rev Genet
6:756-765

AR, Wilson EM, Lubahn DB, Harding AE,
Fischbeck KH (1991) Androgen receptor gene nutations in
Klinked spinal and bulbar muscular atrophy. Nature 352:77-79

. Sobue G, Hashizume Y, Mukai E, Hirayana M, Mitsuma T,

Takahashi A (1989) X-linked recessive bulbospinal newrono-
pathy. A clinicopathological study. Brain 112(Pt 1):209-232

. Tanaka F, Doyu M, Ito Y, Matsumoto M, Mitsuma T, Abe K|

Aoki M, Ttoyarma Y, Fischbeck KH, Sobue G (1996) Founder
effect in spinal and bulbar nuscular atrophy (SBMA). Humn
Mol Genet 5:1253-1257

. Doyu M, Sobue G, Mukai E, Kachi T, Yasuda T, Mitsuma T,

Takahashi A (1992) Severity of X-linked recessive bulbospinal
neuronopathy correlates with size of the tandem CAG repeat in
androgen receptor gene. Annt Neurol 32:707-710

. Adachi H, Katsuno M, Minamivama M, Waza M, Sang C,

Nakagomi Y, Kobayashi Y. Tanaka F, Doyu M, Inukai A,
Yoshida M, Hashizume Y, Sobue G (2005) Widespread nuclear
and cytoplasmic accurmuilation of mutant androgen receptor in
SBMA patients. Brain 128:659-670

. Fang Y, Fliss AE, Robins DM, Caplan AJ (1996) Hsp90

regulates androgen receptor hormone binding affinity in vivo.
J Biol Chem 271:28697-28702

. Georget V, Terouanne B, Nicolas JC, Sultan C (2002)

Mechanism of antiandrogen action: key role of hsp90 in
conformational change and transcriptional activity of the
androgen receptor. Biochemistry 41:11824-11831

. Poletti A (2004) The polyglutamine tract of androgen receptor:

from functions to dysfinctions in nwotor newons. Front
Neuroendocrinol 25:1-26

Pratt WB, Toft DO (2003) Regulation of signaling protein
function and trafficking by the hsp90/hsp70-based chaperone
machinery. Exp Biol Med (Maywood) 228:111-133

. Neckers L (2002) Hsp90 inhibitors as novel cancer chemo-

therapeutic agents. Trends Mol Med 8:555-S61

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

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

. Solit DB, Zheng FF, Drobnjak M, Mimster PN, Higgins B,

Verbel D, Heller G, Tong W, Cordon-Cardo C, Agus DB, Scher
HI, Rosen N (2002) 17-Allylamino-17-demethoxygeldanamy-
cin induces the degradation of androgen receptor and HER-2/
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-
allylamino-17- demethoxygeldanamycin: a novel therapeutic
approach for treating hormone-refiactory prostate cancer. Clin
Cancer Res 8:962-966

. Waza M, Adachi H, Katsuno M, Minamiyama M, Sang C,

Tanaka F, Inukai A, Doyu M, Sobue G (2005) 17-AAG, an
Hsp90 inhibitor, ameliorates polyglutamine-mediated motor
newon degeneration. Nat Med 11:1088-1095

DeBoer CMP, Wik R], Peterson DH (1970) Geldanamycin, a
new antibiotic. J Antibiot (Tokyo) 23:442-447

‘Whitesell L, Shifiin SD, Schwab G, Neckers LM (1992)
Benzoquinonoid ansamycins possess  selective  tumoricidal
activity unrelated to src kinase inhibition. Cancer Res 52:
1721-1728

18.

19.

20.

22.

27.

28.

-90 -

643

Neckers L, Schulte TW, Mimmaugh E (1999) Geldanamycin as
a potential anti-cancer agent: its molecular target and
biochenical activity. Invest New Drugs 17:361-373

Supko JG, Hickman RL, Grever MR, Malspeis L. (1995)
Preclinical pharmacologic evaluation of geldananycin as an
antitumor agent. Cancer Chemother Pharmacol 36:305-315
Schulte TW, Neckers 1M (1998) The benzoquinone ansanTycin
17-allylamino- 1 7-demethoxygeldananyein - binds to  HSPS0
and shares important biologic activities with geldanantycin.
Cancer Chemother Pharmacol 42:273-279

. Page J, Heath J, Fulton R, Yalkowsky E, Tabibi E,

Tomaszewski J, Smith A, Rodman L (1997) Conparison of
geldanantycin (NSC-122750) and 17-allylaminogeldanantycin
(NSC-330507D) toxicity in rats. Proc Am Assoc Cancer Res
38:308

Goetz MP, Toft D, Reid J, Ames M, Stensgard B, Safgren S,
Adjei AA, Sloan J, Atherton P, Vasile V, Salazaar S, Adjei A,
Croghan G, Erlichman C (2005) Phase T trial of [ 7-allylamino-
17-demethoxygeldananiycin in patients with advanced cancer.
J Clin Oncol 23:1078-1087

. Banerji U, O'Donnell A, Scuur M, Pacey S, Stapleton S, Asad

Y, Simmons L, Maloney A, Raynaud F, Campbell M, Walton
M, Lakhani S, Kaye S, Workman P, Judson T (2005) Phase 1
pharmacokinetic and pharmacodynamic study of 17-allylami-
no, 17-demethoxygeldananycin in patients with advanced
nmalignancies. J Clin Oncol 23:4152—4161

. Grem JL, Morrison G, Guo XD, Agnew E, Takimoto CH,

Thonus R, Szabo E, Grochow L, Grolhman F, Hamilton JM,
Neckers L, Wilson RH (2005) Phase I and pharmacologic study
of 17-(allylamino)- 1 7-demethoxygeldananmycin in adult patients
with solid turmors. J Clin Oncol 23:1885-1893

5. Ramanathan RK, Trump DL, Eiserman JL, Belani CP. Agarwala

SS, Zuhowski EG, Lan J, Potter DM, Ivy SP, Ramalingam S,
Brufsky AM, Wong MK, Tutchko S, Egorin MJ (2005) Phase |
pharmacokinetic-pharmacodynamic study of 17-(allylaminoy)-
17-demethoxygeldanantycin (17-AAG, NSC 330507), a novel
inhibitor of heat shock protein 90, in patients with refractory
advanced cancers. Clin Cancer Res 11:3385-3391

. Heath ElI, Gaskins M, Pitot HC, Pili R, Tan W, Marschke R, Liu

G, Hillman D, Sarkar F, Sheng S, Erlichiman C, Ivy P (2005) A
phase T trial of 17-allylamino-17-demethoxygeldananmycin in
patients with hormone-refractory metastatic prostate cancer.
Clin Prostate Cancer 4:138-141

Dymock BW, Barril X, Brough PA, Cansfield JE, Massey A,
McDonald E, Hubbard RE, Surgenor A, Roughley SD, Webb P,
Workman B, Wright L, Drysdale MJ (2005) Novel, potent
small-nolecule inhibitors of the molecular chaperone Hsp90
discovered through structure-based design. J Med Chem
48:4212-4215

Dickey CA, Dunimore J, Lu B, Wang JW, Lee WC, Kamal A,
Burrows F, Ecknan C, Hutton M, Petrucelli L (2006) HSP
induction mediates selective clearance of tau phosphorylated at
proline-directed Ser/Thr sites but not KXGS (MARK) sites.
FASEB J 20:753-755

. Avila C, Hadden MK, Ma Z, Komilayev BA, Ye (Z, Blagg BS

(2006) High-throughput screening for Hsp90 ATPase inhibi-
tors. Bioorg Med Chem Lett 16:3005-3008

. Uchara Y, Hori M, Takeuchi T, Umezawa H (1986) Phenotypic

change from transfonmed to normmal induced by benzoquinonoid
ansantycins acconypanies inactivation of p60src in rat kidney
cells infected with Rous sarcoma virus. Mol Cell Biol 6:
2198-2206

. Whitesell L, Mimnaugh EG, De Costa B, Myers CE, Neckers

1M (1994) Inhibition of heat shock protein HSPOO-pp60v—-src
heteroprotein complex formation by benzoquinone ansaniycins:
essential role for stress proteins in oncogenic transformation.
Proc Natl Acad Sci U S A 91:8324-8328

. 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.

36.
37.

38.

39.

41.

45,

47.

49.

50.

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

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

Katsuno M, Adachi H, Kunme A, Li M, Nakagomi Y, Niwa H,
Sang C, Kobayashi Y, Doyu M, Sobue G (2002) Testosterone
reduction prevents phenotypic expression in a transgenic mouse
model of spinal and bulbar nuscular atrophy. Neuron 33:
843-854

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

Katsuno M, Adachi H, Doyu M, Minamiyana M, Sang C,
Kobayashi Y, Inukai A, Sobue G (2003) Leuprorelin rescues
polyglutamine-dependent phenotypes in a transgenic mouse
model of spinal and bulbar muscular atrophy. Nat Med 9:
768-773

Katsuno M, Adachi H, Tanaka F, Sobue G (2004) Spinal and
bulbar nmuscular atrophy: ligand-dependent pathogenesis 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 protem 70 chaperone overexpres-
sion ammeliorates phenotypes of the spinal and bulbar nuscular
atrophy transgenic mouse model by reducing nuclear-localized
mutant androgen receptor protein. J Neurosci 23:2203-2211
Minamiyamma M, Katsuno M, Adachi H, Waza M, Sang C,
Kobayashi Y, Tanaka F, Doyu M, Inukai A, Sobue G (2004)
Sodiim butyrate ameliorates phenotypic expression in a
transgenic mouse model of spinal and bulbar nuscular atrophy.
Hum Mol Genet 13:1183-1192

. Banno H, Adachi H, Katsuno M, Suzuki K, Atsuta N,

Watanabe H, Tanaka F, Doyu M, Sobue G (2006) Mutant
androgen receptor accurmulation 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,

Alnenxi 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 JM,

Eiseman JL. (2001) Plasta phanmacokinetics and  tissue
distribution of 17-(allylamino)-17-demethoxygeldanamycin
(NSC 330507) in CD2F1 micel. Cancer Chemother Pharmacol
47:291-302

McClellan AJ, Scott MD, Frydiman J (2005) Folding and
quality control of the VHL tumor suppressor proceed tlrough
distinct chaperone pathways. Cell 121:739-748

. Felts SJ, Toft DO (2003) p23, a sinple protein with conplex

activities. Cell Stress Chaperones 8:108-113

Mirmmaugh EG, Chavany C, Neckers L (1996) Polyubiquitina-
tion and proteasonal degradation of the p185c-erbB-2 receptor
protein-tyrosine kinase induced by geldananiycin. J Biol Chern
271:22796-22801

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

Ubiquitination and proteasomal degradation of nucleophosmin-
anaplastic lymphoma kinase induced by 17-allylamino-de-
methoxygeldananycin: role of the co-chaperone carboxyl heat
shock protein 70-interacting protein. Cancer Res 64:3256-3264
Smith DF, Whitesell I, Nair SC, Chen S, Prapapanich V,
Rimeman 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
assermbly with the progesterone receptor. Mol Endocrinol
9:670-678

51.

52.

57.

58.

59.

61.

62.
63.

65.

67.

69.

-91 -

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

. Kamal A, Boehm MFE, Bumrows FJ (2004) Therapeutic and

diagnostic implications of Hsp90 activation. Trends Mol Med
10:283-290

. Muchowski PJ, Wacker JL. (2005) Modulation of newrodegen-

eration by molecular chaperones. Nat Rev Newrosci 6:11-22

. Ross CA, Poirier MA (2004) Protein aggregation and newo-

degenerative discase. Nat Med 10:10-17 (Suppl)

. Arrasate M, Mitra S, Schweitzer ES, Segal MR, Finkbeiner S

(2004) Inclusion body fonmation reduces levels of nutant
huntingtin and the risk of newonal death. Nature 431:805-810
Sittler A, Lurz R, Lueder G, Priller J, Lehrach H, Hayer-Hartl
MK, Hartl FU, Wanker EE (2001) Geldanantycin activates a
heat shock response and inhibits huntingtin aggregation in a
cell culture model of Huntington’s disease. Hum Mol Genet
10:1307-1315

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

Harper SQ, Staber PD, He X, Fliason SL., Martins IH, Mao Q,
Yang 1., Kotin RM, Paulson HL, Davidson BL (2005) RNA
interference improves notor and neuropathological abnormal-
ities in a Funtington’s disease mouse nodel. Proc Natl Acad
Sct US A 102:5820-5825

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

Sailc J, Henderson CE, Aebischer P (2005) Lentiviral-
mediated silencing of SODI1 through RNA interference retards
disease onset and progression in a mouse model of ALS. Nat
Med 11:423-428

Bailey CK, Andriola IF, Kanpinga HH, Merry DE (2002)
Molecular chaperones enhance the degradation of expanded
polyglutamine repeat androgen receptor in a cellular model of
spinal and bulbar muscular atrophy. Hum Mol Genet 11:
515-523

Ia Spada AR, Weydt P (2005) Targeting toxic proteins for
turnover. Nat Med 11:1052-1053

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

. Ciechanover A, Brundin P (2003) The ubiquitin proteasome

system in neurodegenerative diseases: sometimes the chicken,
sometimes the egg. Neuron 40:427-446

Bence NF, Sanpat RM, Kopito RR (2001) Impairment of the
ubiquitin—proteasome system by protein aggregation. Science
202:1552~-1555

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

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

Holmberg CI, Staniszewski KE, Mensah KN, Matouschek A,
Morinoto RI (2004) Inefficient degradation of tnmcated
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 fragment
complexes that are promoted by the age-dependent decrease in
proteasome activity. J Cell Biol 163:109-118

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



70.

71.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

Bett JS, Goellner GM, Woodman B, Pratt G, Rechsteiner M,
Bates GP (2006) Proteasome impairment does not contribute to
pathogenesis in R6/2 Huntington’s disease mice: exclusion of
proteasome activator REG{gammma} as a therapeutic target.
Hum Mol Genet 15:33

Yanmanwoto A, Lucas JJ, Hen R (2000) Reversal of neuropa-
thology and motor dysfunction in a conditional model of
Huntington’s disease. Cell 101:57-66

2. Zu T, Duvick LA, Kaytor MD, Berlinger MS, Zoghbi HY,

Clark HB, Or HT (2004) Recovery from polyglutamine-
induced neurodegeneration in conditional SCAl transgenic
mice. J Neurosci 24:8853-8861

Chen HK, Fernandez-Funez P, Acevedo SF, Lam YC, Kaytor
MD, Femandez MH, Aitken A, Skoulakis EM, O HT, Botas J,
Zoghbi HY (2003) Interaction of Akt-phosphorylated ataxin-1
with 14-3-3 nediates neurodegeneration in spinocerebellar
ataxia type 1. Cell 113:457-468

Koprivica V, Cho KS, Park JB, Yiu G, Atwal J, Gore B, Kim
JA, Lin E, Tessier-Lavigne M, Chen DE, He Z (2005) EGFR
activation nediates inhibition of axon regeneration by nyelin
and chondroitin sulfate proteoglycans. Science 310:106-110
Hermmann O, Baurrann B, de Lorenzi R, Muhammad S, Zhang
W, Kleesiek J, Maltertheiner M, Kohrmamm M, Potrovita 1,
Maegele 1, Beyer C, Burke JR, Hasan MT, Bujard H, Wirth T,
Pasparakis M, Schwaninger M (2005) IKK nediates ischenia-
induced newonal death. Nat Med 11:1322-1329

Bagatell R, Pame-Mumicta GD, Taylor CW, Pulcini EI,
Akinaga S, Bemjanin 1J, Whitesell L (2000) Induction of a
heat shock factor I-dependent stress response alters the
cytotoxic activity of hsp90-binding agents. Clin Cancer Res
6:3312-3318

Murakami Y, Uehara Y, Yamamoto C, Fukazawa H, Mizuno S
(1991) Induction of hsp 72/73 by herbimycin A, an inhibitor of
transformmation by tyrosine kinase oncogenes. Exp Cell Res
195:338-344

Zou J, Guo Y, Guettouche T, Smuth DE Voellny R (1998)
Repression of heat shock transcription factor HSF1 activation
by HSP90 (HSP9O conplex) that fomms a stress-sensitive
conmpiex with HSF1. Cell 94:471-480

Rokatan K, Hirakawa T, Teshima S, Nakano Y, Miyoshi M,
Kawai T, Konda E, Morinaga H, Nikawa T, Kishi K (1998)
Implications of heat shock/stress proteins for medicine and
disease. J Med Investig 44:137-147

Warrick JM, Chan HY, Gray-Board GL, Chai Y, Paulson HL,
Bonini NM (1999) Suppression of polyglutamine-mediated
newrodegeneration in Drosophila by the molecular chaperone
HSP70. Nat Genet 23:425-428

Wittenbach A, Carmichael J, Swartz J, Furlong RA, Narain Y,
Rankin J, Rubinsztein DC (2000) Effects of heat shock, heat
shock protein 40 (HDJ-2), and proteasome inhibition on protein
aggregation in cellular models of Huntington’s disease. Proc
Natl Acad Sci U S A 97:2898-2903

Katsuino M, Sang C, Adachi H, Minamiyana M, Waza M,
Tanaka F, Doyu M, Sobue G (2005) Phammacological induction
of heat-shock proteins alleviates polyghitamine-mediated motor
neuron disease. Proc Natl Acad Sci U S A 102:16801-16806
Hay DG, Sathasivam K, Tobaben S, Stahl B, Marber M, Mestril
R, Mahal A, Snmith DI, Woodman B, Bates GP (2004)
Progressive decrease in chaperone protein levels in a mouse
model of Huntington’s disease and induction of stress proteins
as a therapeutic approach. Hum Mol Genet 13:1389-1405

. Agrawal N, Pallos J, Slepko N, Apostol BL, Bodai L, Chang

LW, Chiang AS, Thompson LM, Marsh JL (2005) Identifi-
cation of combinatorial drug regimens for treatment of
Huntington’s disease using Drosophila. Proc Natl Acad Sci
US A 102:3777-3781

. Dou F, Netzer WJ, Tanenura K, Li F, Hartl FU, Takashima A,

Gowras GK, Greengard P, Xu H (2003) Chaperones increase
association of tau protein with microtubules. Proc Natl Acad
Sci US A 100:721-726

86.

87.

88.
89.

93.

95.

97.

98.

101

102.

-92 -

645

Petrucelli L, Dickson D, Kehoe K, Taylor J, Snyder H, Grover
A, De Lucia M, McGowan E, Lewis J, Prhar G, Kim ],
Dillmann WH, Browne SE, Hall A, Voellmy R, Tsuboi Y.
Dawson TM, Wolozin B, Hardy J, Hutton M (2004) CHIP and
Hsp70 regulate tan ubiquitination, degradation and aggregation.
Hum Mol Genet 13:703-714

Benussi [, Ghidoni R, Paterlini A, Nicosia F, Alberici AC,
Signorini S, Barbiero L, Binetti G (2005) Interaction between
tau and alpha-synuclein proteins is inpaired in the presence of
P301L tau nutation. Exp Cell Res 308:78-84

Auluck PK., Bonini NM (2002) Phamwacological prevention of
Parkinson disease in Drosophila. Nat Med 8:1185-1186
Auluck PK. Meulener MC, Bonini NM (2005) Mechanisns of
suppression of {alpha}-synuclein neurotoxicity by geldananty-
cin in Drosophila. J Biol Chem 280:2873-2878

. Flower TR, Chesnokova LS, Froelich CA, Dixon C, Witt SN

(2005) Heat shock prevents alpha-synuclein-induced apoptosis
in a yeast model of Parkinson’s disease. J Mol Biol 351:
1081-1100

. Iun A, Ran R, Pamentier-Batteur S, Nee A, Sharp FR (2002)

Geldananycin induces heat shock proteins in brain and protects
against focal cerebral ischemia. J Neurochem 81:355-364

. Giffard RG, Xu L, Zhao H, Carrico W, Ouyang Y, Qiao Y,

Sapolsky R, Steinberg G, Hu B, Yenari MA (2004) Chaper-
ones, protein ageregation, and brain protection from hypoxic/
ischermic injury. J Exp Biol 207:3213-3220

Muphy P, Shap A, Shin J, Gawilyuk V, Dello Russo C,
Weinberg G, Sharp FR, Lu A, Heneka M, Feinstein DL (2002)
Suppressive effects of ansamycins on inducible nitric oxide
synthase expression and the development of experimental
autoimirime encephalommyelitis. J Neurosci Res 67:461-470

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

(1999) Geldananycin provides posttreatiment protection against
glutamate-induced oxidative toxicity in a mouse hippocarmpal
cell line. J Neurochem 72:95-101

Sano M (2001) Radicicol and geldanantycin prevent neurotoxic
effects of anti-cancer drugs on cultured enbryonic sensory
neurons. Newopharmacology 40:947-953

. Xu L, Ouyang YB, Giffard RG (2003) Geldananycin reduces

necrotic and apoptotic injury due to oxygen-glucose depriva-
tion in astrocytes. Newol Res 25:697-700

Ouyang YB, Xu L, Giffard RG (2005) Geldananycin treatiment
reduces delayed CAl damage in nouse hippocanmpal organo-
typic cultures subjected to oxygen glucose deprivation. Neurosci
Lett 380:229-233

Dou F Yuan LD, Zhu 1J (2005) Heat shock protein 90
indirectly regulates ERK activity by affecting Raf protein
metabolism. Acta Biochim Biophys Sin (Shanghai) 37
501-505

. Stancato LE, 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-fiee system
J Biol Chem 268:21711-21716

. Ferrer 1, Blanco R, Canmona M, Ribera R, Goutan E, Puig B,

Rey M, Cardozo A, Vinals F, Ribalta T (2001) Phosphorylated
map kinase (ERK1, ERK?2) expression is associated with early
tau deposition in neurones and glial cells, but not with
mcreased nuclear DNA vulnerability and cell death, in Alzhei-
mer disease, Pick’s disease, progressive supranuclear palsy and
corticobasal degeneration. Brain Pathol 11:144-158

Pei JJ, Braak H, An WL, Winblad B, Cowbum REF, Igbal K,
Grundke-Igbal T (2002) Up-regulation of mitogen-activated
protein kinases ERK1/2 and MEKI1/2 is associated with the
progression of newrofibrillary  degeneration in Alzheimer’s
disease. Brain Res Mol Brain Res 109:45-55

LaFevre-Bemt MA, Ellerby LM (2003) Kemnedy’s disease.
Phosphorylation of the polyglutamine-expanded form of
androgen receptor regulates its cleavage by -3 and
enhances cell death. J Biol Chem 278:34918-34924



646
103.

104.
10s.

107.

108.

109.

110.
1L

112.

Murray B, Alessandrini A, Cole AJ, Yee AG, Furshpan EJ
(1998) Inhibition of the pd4/42 MAP kinase pathway protects
hippocampal newrons in a cell-culture model of seizure activity.
Proc Natl Acad Sci US A 95:11975-11980

Cheung EC, Slack RS (2004) Errerging role for ERK as a key
regulator of neuronal apoptosis. Sci STKE 2004:PEAS
Subramaniam S, Zirrgiebel U, von Bohlen Und Halbach O,
Strelau J, Laliberte C, Kaplan DR, Unsicker K (2004)
activation pronwotes newonal degeneration predominantly
through plasma nmembrane damage and independently of
caspase-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 pathways in Alzhei-
mer’s disease. NeuroSignals 11:270-281

Kaytor MD, Byam CE, Tousey SK, Stevens SD, Zoghbi HY,
Orr HT (2003) A cell-based screen for modulators of ataxin-1
phosphorylation. Hum Mol Genet 14:1095-1105

Sato S, Fyjita N, Tswruo T (2000) Modulation of Akt kinase
activity by binding to Hsp90. Proc Natl Acad Scit U S A
97:10832-10837

George P, Bali P, Cohen P, Tao J, Guo F, Sigua C, Vishvanath
A, Fiskus W, Scuto A, Annavarapu S, Moscinski L, Bhalla K
(2004) Cotreatment with 17- -allylamino-demethoxygeldanany-
cin and FLT-3 kinase inhibitor PKC412 is highly effective
against human acute nmyelogenous leukerria 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) Geldananwycin specifically
modulates thrombin-mediated morphological changes in mouse
neuwroblasts. J Neurochem 80:713-718

Xu W, Marcu M, Yuan X, Minmaugh E, Patterson C, Neckers L
(2002) Chaperone-dependent E3 ubiquitin ligase CHIP med-
iates a degradative pathway for c-ErbB2/Neu. Proc Natl Acad
Sci US A 99:12847-12852

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 epidenmal growth factor receptor EGFRVIIL J Biol
Chem 278:5292-5299

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

Luedde T, Assnmis U, Wasteteld T, Mever zu Vilsendorf A,
Roskans T, Schmidt-Supprian M, Rajewsky K, Brenner DA,
Manns MP, Pasparakis M, Trautwein C (2005) Deletion of
IKK2 in hepatocytes does not sensitize these cells to TNF-
induced apoptosis but protects from ischemia/reperfusion
injury. J Clin Invest 115:849-859

Apostol BL, Illes K, Pallos J, Bodai L, Wau J, Strand A,
Schweitzer ES, Olson M, Kazantsev A, Marsh JL, Thompson
LM (2006) Mutant huntingtin aliers MAPK signaling pathways
in PCI2 and striatal cells: ERK1/2 protects against nutant
huntingtin-associated toxicity. Fum Mol Genet 15:273-285
Song C, Perides G, Liu YF (2002) Expression of full-length
polyglutamine-expanded Huntingtin disrupts growth factor recep-
tor signaling in rat pheochromocytonma (PC12) cells. J Biol Chem
277:6703-6707

Lievens JC, Rival T, Iche M, Chneiweiss H, Biman S (2005)
Expanded polyglutamine peptides distupt EGF  receptor
signaling and glutamate transporter expression in Drosophila.
Hum Mol Genet 14:713-724

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

Pearl LH, Prodromou C (2001) Structure, function, and
mechanism of the Hsp90 nwolecular chaperone. Adv Protein
Chem 59:157-186



dou 10, 1093 ramyani(96 Hran (20063, 129, 14461455

Natural history of spmal and bulbar nuscular
atrophy (SBMA): a study of 223 Japanese patients

Naoki Atsuta,! Hirohisa Watanabe,! Mizuki fto,' Haruhiko Banno,' Keisuke Suzuki,'
Mhsahisa Katsuno,' Fumiaki Tanaka,! Akiko Tarmakoshi® and Gen Sobue’

Departments of 'Neurology and “Preventive Medicine/Biostatistics and Medical Decision Making,
Nagoya University Graduate School of Medicine, Nagoya, Japan

Correspondence to: Gen Sobue, MD, Departiment of Newrology, Nagoya University Graduate School of Medicine,
Nagoya 466-8550, Japan
Earail: sobuegaomed.nagoya-u.ac,jp

Spinal and bulbar muscular atrophy (SBMA) is an adult-onset motoneuron disease caused by a CAG-repeat
expansion in the androgen receptor (AR) gene and for which no curative therapy cxists. However, since recent
rescarch may provide opportunities for medical treatment, information concerning the natural history of
SBMA would be beneficial in planning future clinical trials. We investigated the natural course of SBMA as
assessed by nine activities of daily living (ADL) milestones in 223 Japanese SBMA patients (mean age at data
collection = 55.2 years; range = 30-87 years) followed from 1 to 20 years. All the patients were diagnosed by
genetic analysis. Hand tremor was an early event that was noticed at a median age of 33 years. Muscular
weakness occurred predominantly in the lower limbs, and was noticed at a median age of44 years, followed by
the requirement ofa handrail to ascend stairs at 49, dysarthria at 50, dysphagia at 54, use of'a cane at 59 and a
wheelchair at 61 years. Twenty-one ofthe patients developed pneumonia at a median age of 62 and 15 ofthem
died at a median age of 65 years. The most common cause of death in these cases was pneumoma and
respiratory failure. The ages at onset of each ADL milestone were strongly correlated with the length of
CAG repeats in the AR gene. However CAG-repeat length did not correlate with the time intervals between
each ADL milestone, suggesting that although the onset age of each ADL milestone depends on the
CAG-repeat length in the AR gene, the rate of disease progression does not. The levels of serum testosterone,
an important triggering factor for polyglutamine-mediated motoneuron degeneration, were maintained at
relatively high levels even at advanced ages. These results provide bencficial information for future clinical
therapeutic trials, although turther detailed prospective studics are also needed.

Keywords: natural history; motonewron disease; SBVIA; Kennedy disease; ADL milestone

Abbreviations: ADL = activities of daily living ALT = alanine aminotransferase; AR = androgen receptor; AST = aspartate
aminotransferase; CK = creatine kinase; HbAlc = hacimoglobin Alc; SBVA = spinal and bulbar nuscular atrophy
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Introduction

Spinal and bulbar muscular atrophy (SBMA) is a neuro-
degenerative disorder of motoneurons characterized by prox-
imal limb muscular atrophy, bulbar mvolvement, marked
contraction fasciculation, hand tremor and gynaecomastia
(Kennedy et al., 1968; Sobue et al.,, 1989). SBMA is caused
by a CAG-repeat expansion in the first exon of the androgen
receptor (AR) gene on the X-chromosome (La Spada et al,,
1991). Similar to other triplet repeat diseases, the age at onset
of discase has been inversely linked to the siz of the
CAG-repeat expansions (Andrew et al., 1993; Sasaki ¢ al,
1996; Rosenblatt et al., 2003). For example, an association

between the age at onset of limb muscle weakness and the
CAG-repeat length has been demonstrated (Doyu et al., 1992;
Igarashi et al., 1992; La Spada et al., 1992; Shimada et al.,
19953; Sinnreich et al., 2004). Nuclear accumulation of mutant
AR with expanded polyglutamines in motoneurons, as well as
in other cells, has been shown to be a major pathogenic
process (Li et al., 1998a, by Adachi et al., 2005). However,
the progression and prognosis of SBMAhas not been assessed
in detail, particularly concerning the influence of CAG-repeat
size, the decline of the activities of daily living (ADL) with
discase progression and the determination of functional
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