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17-DMAG ameliorates polyglutamine-mediated
motor neuron degeneration through well-preserved
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The ubiquitin—proteasome system (UPS) is the principal protein degradation system that tags and targets
short-lived proteins, as well as damaged or misfolded proteins, for destruction. In spinal and bulbar muscular
atrophy (SBMA), the androgen receptor (AR), an Hsp90 client protein, is such a misfolded protein that
tends to aggregate in neurons. Hsp90 inhibitors promote the degradation of Hsp90 client proteins via the
UPS. In a transgenic mouse model of SBMA, we examined whether a functioning UPS Is preserved, if it
was capable of degrading polyglutamine-expanded mutant AR, and what might be the therapeutic effects
of 17-(dimethylaminoethylamino)-17-demethoxygeldanamycin (17-DMAG), an oral Hsp90 inhibitor.
Ubiquitin-proteasomal function was well preserved in SBMA mice and was even increased during advanced
stages when the mice developed severe phenotypes. Administration of 17-DMAG markedly ameliorated
motor impairments in SBMA mice without detectable toxicity and reduced amounts of monomeric and
nuclear-accumulated mutant AR. Mutant AR was preferentially degraded in the presence of 17-DMAG in
both SBMA cell and mouse models when compared with wild-type AR. 17-DMAG also significantly induced
Hsp70 and Hsp40. Thus, 17-DMAG would exert a therapeutic effect on SBMA via preserved proteasome
function.

INTRODUCTION

Polyglutamine (polyQ) discases are inherited neurodegenera-
tive disorders caused by the expansion of trinucleotide
repeats in the causative genes (1). One of these is spinal and
bulbar muscular atrophy (SBMA), characterized by premature
muscular exhaustion, progressive muscular weakness, atrophy
and fasciculation in bulbar and limb muscles (2). In SBMA, a
CAG repeat with 14-32 CAGs expands to 4062 CAGs in the
first exon of the androgen receptor (AR) gene (3). Pathological

findings of SBMA are lower motor neuronal loss (4) and
diffuse nuclear accumulations and nuclear inclusions (Nls)
of polyQ-expanded mutant AR in the residual motor neurons
in the brainstem and spinal cord as well as in some other visc-
eral organs (5).

Heat shock protein 90 (Hsp90). a cytosolic molecular chaper-
one, is involved in the maturation and activation of a number of
proteins, known as client proteins. Hsp20 client proteins comprise
numerous oncoproteins (6) and steroid receptors, including AR
(7). Hsp90 inhibitors enhance the proteasomal degradation of
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the Hsp90 client proteins, particularly of their mutant versions
(8). Additionally, Hsp90 inhibitors also function as Hsp inducers
(9). Therefore, numerous oncoproteins belonging to the
Hsp90 client protein family are selectively degraded in the
ubiquitin—proteasome system (UPS) by Hsp90 inhibitors. 17-
(dimethylaminoethylamino)-17-demethoxy-geldanamycin (17-
DMAG; NSC707545), a potent Hsp90 inhibitor, is now under
clinical trials as a novel molecular-targeted agent for a wide
range of malignancies (10). Recently, we explored the possibility
of using 17-allylamino-17-demethoxygeldanamycin (17-AAG;
NSC-330507), another Hsp90 inhibitor, as a therapeutic agent
for SBMA and found that 17-AAG inhibits nuclear accurnulation
of the mutant AR protein, leading to marked amelioration of the
motor phenotype of the transgenic mouse model of SBMA
(AR-97Q mice) without detectable toxicity (11). 17-DMAG is a
more potent derivative of 17-AAG (12,13), is more water
soluble than 17-AAG and can be administered orally (14), thus
possibly making it a more feasible long-term therapeutic agent
for treating SBMA.

Hsp90 inhibitor-induced client protein degradation requires a
well-preserved proteasome function; however, the question of
whether the UPS is impaired in patients with polyQ diseases
has been raised with respect to this UPS-dependent therapy
(15). It is generally considered that the UPS is involved
in polyQ discases, as many components of the UPS and
molecular chaperones are known to co-localize with polyQ-
containing Nls (16,17). Nevertheless, previous studies using pro-
teasome assays performed in cultured cell and mouse models of
polyQ diseases have not shown consistent results; the UPS was
impaired in some (18-24) and preserved in others (25-29). If
the UPS is irreversibly damaged in patients and animal models
of poly() diseases, Hsp90 inhibitors cannot exert their pharmaco-
logical effects. Thus, it is important to assess whether the UPS is
impaired, particularly in in vivo models of polyQ diseases with
advanced phenotypic expressions. In this study, we employed
multiple assessments to investigate whether the UPS function
is preserved in transgenic AR-97Q SBMA mice and examined
the effects of 17-DMAG on the phenotypic expression of
SBMA in these mice.

gradation of 355-labeled cIAP1 in AR-24Q (wild-type) and AR-97Q mice. Data are mean + SE from triplicate experiments. *P < 0.005.

RESULTS

Proteasomal proteolytic activity is preserved in AR-97Q
mice with advanced phenotypes

To investigate proteasome functions, the chymotryptic activity
of the proteasome was examined in AR-24Q (wild-type AR)
and AR-97Q (mutant AR) mice at an advanced stage (16
weeks) (30). Most |6-week-old AR-97Q mice developed the
severe phenotype. Chymotryptic activities of the 26S protea-
somes in the AR-97Q mice were similar to wild-type in the
spinal cord (Fig. 1A, left) and increased with respect to wild-
type in skeletal muscle (Fig. 1A, right). We also examined
ubiquitin-dependent proteolytic activity using 35S-labeled
ubiquitinated cIAP1, a ubiquitin ligase that catalyzes its own
ubiquitination for degradation. The levels of ubiquitin-
dependent degradation in spinal cord of AR-97Q mice were
not significantly different from wild-type (Fig. 1B, left); in
skeletal muscle, however, degradation was higher in the
AR-97Q mice than in the wild-type mice (Fig. 1B, right).
These assays indicate that proteasomal function in AR-97Q
mice with severe phenotypes was preserved in the spinal
cord and was enhanced in skeletal muscle.

Proteasomal function in Ub“"*Y-GFP/AR-97Q reporter
mice is preserved

The Ub“*V-GFP mouse was developed as an in vivo reporter of
UPS function ‘131) They express an N-terminal ubiquitin
mutant (Ub9"®Y) in frame with enhanced green fluorescent
protein (32). As the reporter is rapidly gmcessed and degraded
by the UPS, steady-state levels of Ub" *¥-GFP are very low
under wild-type conditions, but accumulate when the UPS is
impaired. We evaluated levels of UbS7Y.GFP in spinal cord
and _ skeletal muscle lysates of double transgenic,
UbS7*Y.GFP/AR-97Q and Ub®"®Y.GFP/AR-24Q mice (see
Su%glemenwry Material). Immunoblot analyses showed that

V.GFP in the AR-97Q mice was increased in the spinal
cord (30%) and skeletal muscle (85%) compared with
AR-24Q mice (Fig. 2A). These results were well correlated
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Figure 2. Ub“"*Y.GFP reporter expression levels in the spinal cord and skel-
ctal muscle of 16-weck-0ld AR-240Q and AR-97Q mice. (A) Quantification of
UL*Y_GFP protein levels by western blot relative 1o a-tubulin in the spinal
cord and skeletal muscle of Ub®™Y.GFP/AR-24Q and Ub“"*Y.GFP/AR-970Q
mice. (B) Quantification of Ub“"*Y.GFP mRNA levels relative to GAPDH by
real-time RT-PCR analysis in the spinal cord and skeletal muscle of
Ub“"-GFP/AR-24Q and Ub“"*V_GFP/AR-97Q mice. Values in (A) and
(B) arc expressed as mean + SE, n=6; *P < 0.05; **P < 0.0005. (C) The
relative increases in Ub®"*V-GFP protein and mRNA levels in Ub“*V.GFP,
AR-24Q and Ub“"Y.GFP/IAR-970 mice. n=6

with those of anti-GFP immunohistochemical-stained tissue
sections (compare with Supplementary Material, Fig. S1A
and C),

To assess whether the increases in reporter levels reflect
UPS function or reporter mRNA expression levels, we quanti-
fied mRNA levels of Ub“"*Y-GFP by real-time RT—PCR and
noted increases in Ub%"*Y-GFP mRNA levels in Ub%"*V-GFP/
AR-97Q mice compared with those in Ub®"*V-GFP/AR-24Q
mice (Fig. 2B). The increases in protein levels were very
similar to those in mRNA levels (Fig. 2C), strongly indicating
that the increases in reporter proteins in the spinal cord and
muscle were due to increased expressions of reporter protein
mRNAs and that UPS function is well preserved in AR-97Q
mice even in their advanced stage. Furthermore, in situ hybrid-
ization (Supplementary Material) also demonstrated an
increase in Ub“"*Y-GFP reporter mRNA levels in the spinal
motor neurons and skeletal muscle of AR-97Q mice compared
with those of AR-24Q mice (Supplementary Material,
Fig. SIB and D). This increase was comparable to that seen
in anti-GFP immunohistochemical staining (Supplementary
Material, Fig, S1A and E), indicating again that the increased
protein is due to increased reporter mRNA and that UPS func-
tion in the motor neurons of AR-97Q mice is well preserved.

Expression of proteasomal mRNAs and proteins
are preserved in AR-97Q mice

To verify the protein expression levels of proteasomal subunits
in advanced stage AR-24Q and AR-97() mice, immunoblot
analyses with various anti-proteasomal subunit antibodies
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Figure 3. The protein expression levels of proteasome subunits in
I6-week-old AR-97Q and AR-24Q mice. (A) Immunoblot analyses of
various proteasome subunits in spinal cord and skeletal muscle. (B) Quantifi-
cation of the ratios of subunit levels in AR-97Q versus AR-240Q mice.

were conducted in spinal cord and muscle lysates (Supplemen-
tary Material). The levels of all proteasome subunits, including
those in the 208 proteasome («1-7, B1-7), the 198 regulatory
particles (Rpt1-6, Rpnl1,2,7,8) and the proteasome activators
(PA28aB,y) in the spinal cord of AR-97Q mice, were
similar to those in the AR-24Q mice (Fig. 3A and B). On
the other hand, protein levels of all proteasomal subunits in
the skeletal muscle of the AR-97Q mice were higher than
those in the AR-24Q mice (Fig. 3A and B). Representative
immunohistochemical analyses also revealed the elevated
expression levels of proteasomal subunits 20S al, ad, S,
a7, B2 and 19S5 Rpt3 in the skeletal muscle of AR-97Q
versus AR-240Q mice (Supplementary Material, Fig. $2) and
no differences in the patterns of proteasomal subunit stainings
in the spinal anterior horn cells of the AR-24Q and AR-970Q)
mice (Supplementary Material, Fig. 82). Likewise, quantitat-
ive real-time RT-PCR analysis showed that levels of
mRNA encoding representative proteasomal subunits in the
spinal cords of AR-97Q mice were similar to those in
AR-24Q) mice (Supplementary Material, Fig. S3A), whereas
mRNA levels of the same proteasomal subunits were

-R80-




increased in AR-97Q skeletal muscle compared with AR-24Q
(Supplementary Material, Fig. S3B). Thus, the increases in
proteasomal subunit mRNAs were well correlated to those in
proteasomal subunit proteins, to increased chymotrypric
activity and to ubiquitin-dependent degradation of °S-
labeled clAP1 in AR-97Q skeletal muscle. Furthermore,
there was no difference in the proteasomal subunit expression
levels in the spinal anterior homn cells of the AR-240) and
AR-97Q mice. Next we evaluated the co-localization of pro-
teasomal subunits and mutant AR in AR-97Q mice. Double-
immunofluorescence staining with anti-20S proteasome al
or a7 subunit and mouse anti-expanded polyQ (1C2) anti-
bodies revealed that the 20S proteasome al or a7 subunits
(Supplementary Material, Fig. S4A, D, G and J) and mutant
AR (Supplementary Material, Fig. S4B, E, H and K) were par-
tially co-localized in the nuclei (Supplementary Material,
Fig. S4C, F, I and L) of the spinal anterior horn neurons and
skeletal muscle cells of the AR-97Q mice, suggesting that
the proteasomal subunits co-exist with mutant AR and exert
their function in the AR-97Q mice. Moreover, the expression
levels of 208 proteasome «l and a7 subunits appeared to be
elevated in the 1C2-positive muscle fibers (Supplementary
Material, Fig. S41 and L), and those signals were unchanged
in spinal motor neurons (Supplementary Matenal,
Fig. S4A—-F), indicating that the increase observed in the skel-
etal muscle is due to direct effects of the mutant AR on the
skeletal muscle. Taken together, the results demonstrate
there was no significant impairment of UPS activity in the
AR-970Q mice with severe phenotypes.

17-DMAG preferentially reduces the amount of the
polyQ-expanded mutant AR by integrating into
the Hsp20 chaperone complex

To examine the efficacy of 17-DMAG to degrade mutant
polyQ-expanded AR, we treated SH-SYSY cells highly
expressing either AR-24Q or AR-97Q with 17-DMAG or
vehicle (DMSO). Although the anti-AR immunoblot showed
a dose-dependent decline in both wild-type and mutant AR
expression in response to 17-DMAG (Fig. 4A), the decrease
in monomeric mutant AR (70% at 100 nm 17-DMAG) was sig-
nificantly more than in wild-type (29%; Fig. 4B), suggesting
that mutant AR is more selectively degraded by 17-DMAG
than is wild-type. In addition, the pharmacological effect of
17-DMAG was three times as strong as that of 17-AAG
(Fig. 4C and D). 17-DMAG also significantly increased the
expression of both Hsp70 and Hsp40, but only slightly
increased Hsp90 expression (Fig. 4A and B). There were no
significant differences, however, in the levels of Hsp70 and
Hsp40 induction in cells transfected with the wild-type or
mutant AR (Fig. 4B). There was also no difference in cell via-
bility between wild-type- and mutant AR-transfected cells
(data not shown). These data indicate that 17-DMAG preferen-
tially degrades the mutant AR protein without cellular toxicity.

We next examined the status of the Hsp90 chaperone
complex in mutant AR-expressing cultured cells treated with
17-DMAG. After 30 min of 17-DMAG treatment, immunopre-
cipitation with an AR-specific antibody showed that Hsp90
chaperone complex-associated Hop was markedly increased
and p23 decreased in a dose-dependent manner (Fig. 4E),

Human Molecular Genetics, 2009, Vol. 18, No. § 901

suggesting that treatment with 17-DMAG shifted the AR-
Hsp90 chaperone complex from a mature stabilizing form
with p23 to a proteasome-targeting form with Hop (33).
This finding is consistent with our previous report using
17-AAG (11). Immunoprecipitation with the AR-specific anti-
body showed that the mutant AR was more strongly ubiquiti-
nated in cells treated with 17-DMAG in the presence of the
proteasome inhibitor MG132 than those treated with DMSO
alone (Fig. 4F). In addition, the degradation of mutant AR-
97Q by 17-DMAG was completely suppressed by MG132
(Fig. 4F, bottom row). These results suggest that following
treatment with 17-DMAG, the Hsp90 chaperone complex
and client proteins are targeted for degradation via the UPS
as previously reported (34,35).

The mutant AR was shown to be degraded only when
Hsp70 was induced (36). However, mutant AR was markedly
decreased following treatment with 17-DMAG, even when the
induction of Hsp70 was blocked by a small interfering RNA
(Fig. 4G and H). This suggests that 17-DMAG contributes 1o
the preferential degradation of mutant AR through Hsp90 cha-
perone complex formation and subsequent proteasome-
dependent degradation, even without induction of Hsp70.

17-DMAG ameliorates phenotypic expression
of the SBMA transgenic mouse

We administrated 17-DMAG from age 5 to 25 weeks at doses
of 1.0 or 10 mg/kg to male AR-97Q or AR-24Q mice and
examined various neurological and behavioral parameters.
The disease progression of AR-970Q mice treated with
10 mg/kg 17-DMAG (Tg-10) was significantly ameliorated
and that of mice treated with 1.0 mg/kg 17-DMAG (Tg-1)
mildly ameliorated (Fig. SA-D). The untreated male mice
(Tg-0) showed motor impairment assessed by the Rotarod
task as early as 9 weeks after birth, whereas the Tg-10 mice
showed initial impairment only 16 weeks after birth and
with less deterioration than the Tg-0 mice (P<0.005,
Fig. 5A). The locomotor cage activity of the Tg-0 mice was
also significantly decreased at 10 weeks compared with the
Tg-10 mice (P < 0.005, Fig. 5B). The Tg-0 mice lost weight
significantly earlier and more profoundly than the Tg-10
mice (P < 0.003, Fig. 5C). 17-DMAG also significantly pro-
longed the survival rate of both the Tg-1 (P < 0.05) and
Tg-10 (P <0.0001) mice compared with the Tg-0 mice
(Fig. 5D). Although both the Tg-10 and Tg-1 mice showed
ameliorated phenotypic expressions, the Tg-10 mice were
better than the Tg-1 mice in all parameters, suggesting that
the improved motor phenotype depended on drug efficacy.
In addition, the Tg-0 mice showed motor weakness, taking
shorter steps and dragging their legs, whereas the Tg-10
mice showed almost normal ambulation (Fig. SE and F).

To evaluate the toxicity of 17-DMAG, we examined blood
samples from 25-week-old mice treated with 10 mg/kg
17-DMAG for 20 weeks (Supplementary Material), Measure-
ments of aspartate aminotransferase, alanine aminotransferase,
blood urea nitrogen and serum creatinine demonstrated that
17-DMAG resulted in neither liver nor renal dysfunction in
the AR-97Q mice at the dose of 10 mgkg (Supplementary
Material, Fig. $5). Additionally, no treated mice were infertile
(data not shown).
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(100 nm) treated SH-SYSY cells expressing AR-24Q or AR-97Q. The decreases in both ARs and the induction of Hsp70 expression following 17-AAG or
17-DMAG were similar, but the concentration of 17-AAG was more than three times that of 17-DMAG. Values are expressed as mean + SE, 1 = 5. (E) Pharma-
cological changes in the AR-Hsp®0 complex. Transfected cells ing mutant AR were treated with the indicated doses of 17-DMAG or DMSO (DM) for
30 min, immunoprecipitated with an anti-AR antibody and then immunoblotted with antibodies against the indicated Hsp®0 chaperone complex proteins and
client proteins. Note that the short time exposure o 17-DMAG did not decrease the amount of mutant AR, (F) Effect of 17-DMAG, in the presence of the
proteasome inhibitor MG132, on ubiquitination and AR exy (G blot showing the effects of 17-DMAG or DMSO (DM) on the expression of
mutant AR when Hsp70 induction was inhibited by siRNA. (H) Western blot analysis of endogenous Hsp70 protein expression from SH-SYSY cells
exposed to the control olig leatide or ind d ions of siRNA for 48 h.

17-DMAG preferentially degrades mutant AR protein and
significantly increases Hsp70 and Hsp40 in SBMA mice

Treatment with 17-DMAG significantly diminished both the
high-molecular-weight complex and the monomeric mutant
AR in the spinal cord and muscle of AR-97Q mice (P <
0.05), but only slightly diminished the wild-type monomeric
AR in AR-24Q mice (Fig. 6A and B). In the AR-97Q mice,
monomeric AR decreased by 71% in the spinal cord and
70% in the skeletal muscle, but only by 37 and 27%, respect-
ively, in the AR-24Q mice (Fig. 6A and B). RT-PCR in both

AR-24Q and AR-97Q mice showed that the levels of AR
mRNA were similar in the treated (Tg-10) and untreated
(Tg-0) mice (Supplementary Material, Fig. S6), implying
that the decreased protein was due to degradation and not to
lower mRNA levels. We also conducted filter-trap assays
(Supplementary Material) for both the large molecular
weight aggregated and the soluble forms of mutant AR
Both forms of trapped AR-97Q protein were markedly
reduced in the spinal cord and muscle of treated mice
(Supplementary Material, Fig. S7). These observations
indicate that 17-DMAG preferentially degrades not only the

<82




180 !-lnouluiu
i ) s,

Body weight (g} € Time on rotarod (s) 2>

Tg0 Tg10 9 Te0 Tg10

Figure 5. Effects of 17-DMAG on behavioral phenotypes in male AR-970
mice. (A=D) Untreated mice (Tg-0) or those administered 1 (Tg-1) or
10 mg/kg (Tg-10) 17-DMAG from age 5 to 25 weeks were tested on the
Rotarod task (A) for cage activity (B) and body weight (C). All parameters
were significantly different between the Tg-0 and Tg-10 mice (P < 0.005
for all parameters, n = 16), (D) A Kaplan-Meier plot shows the prolonged sur-
vival of the Tg-1 and Tg-10 mice compared with the Tg-0 mice; P < 0.05;
P < 0.0001, respectively. (E) Footprints of representative 16-week-old Tg-0
and Tg-10 mice. Front paws are indicated in red, and hind paws are in blue,
(F) The length of steps was measured in 16-week-old Tg-0 and Tg-10 mice.
Each column shows the average length of steps of the hind paw. Values are
expressed as mean + SE, n=5§; *P < 0.0001.

high-molecular-weight mutant AR complex but also the
monomeric mutant AR protein.

17-DMAG treatment of transgenic mice was also
accompanied by marked chaperone induction. The levels of
Hsp70 and Hsp40 in the spinal cord were increased by 367
(P < 0.005) and 105% (P < 0.0001), respectively, and in the
muscle by 235 (P < 0.05) and 195% (P < 0.0001), respect-
ively (Fig. 6C and D) following 17-DMAG treatment. These
pharmacological effects of 17-DMAG on chaperone induction
were more pronounced than those of 17-AAG in our previous
study (11). The enhanced chaperone induction accompanying
17-DMAG treatment might be responsible for its enhanced
pharmacological effect of reducing mutant AR.

Immunchistochemical staining for mutant AR showed a sig-
nificant reduction in 1C2-positve diffuse nuclear staining and
Nls in the spinal anterior horn (Fig. 6E) and skeletal muscle
(Fig. 6F) in the Tg-10 mice (Fig. 6G). Anti-glial fibrillary
acidic protein (GFAP) staining showed an apparent reduction
in reactive astrogliosis in the Tg-10 mice in the spinal anterior
horn (Fig. 6H). Muscle histology also demonstrated marked
amelioration of muscle atrophy in the Tg-10 mice (Fig. 6l).
AR-24Q mice and normal littermates treated with 17-DMAG
displayed no altered phenotypes (data not shown).
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DISCUSSION

The UPS is responsible for the turnover of most soluble pro-
teins and plays an essential role in degrading short-lived regu-
latory proteins and damaged or misfolded proteins (37). We
demonstrated that UPS activity during the advanced stage of
SBMA model mice, assessed by chymotryptic activity and
ubiquitin-dependent protein-degradation activity, was very
well preserved in the spinal cord and even increased in the
skeletal muscle. More importantly, the expression levels of
20S proteasome ol and a7 subunits appeared to be elevated
in the 1C2-positive muscle fibers (Supplementary Material,
Fig. $4). In addition, UPS function semi-quantitatively evalu-
ated in the GFP-based (Ub®"*Y-GFP) reporter mouse (31) was
also not impaired, data that are concordant with a previous
study of an ataxia model of polyQ) disease (25). Further evi-
dence of preserved proteasomal function in the AR-97Q
mice exhibiting advanced SBMA phenotypes is the data
showing that protein levels of proteasome subunits in
AR-97Q) mice were similar to those in the AR-24Q mice in
the spinal motor neurons and increased in skeletal muscle.
Earlier studies of polyQ)-mediated degeneration in cultured
cell models (16,18,38), transgenic mice (39) and human post-
mortem samples (40) showed that components of the UPS are
sequestrated in cellular aggregates or Nls, suggesting involve-
ment of the UPS in polyQ diseases. The function of the UPS
was evaluated in various assays that provided divergent
results, ranging from impaired (19-21,24) to preserved
(28,29) UPS function. It is possible that mutant polyQ-
expanded proteins may directly affect proteasome function
within the specific subcellular compartment of synaptic UPS
activities (23), although it has been demonstrated that neuronal
dysfunction can develop without significant impairment of the
UPS in a mouse model of SCA7 (25). Consistent with this is
data showing that proteasome impairment did not contribute
to the pathogenesis of Huntington's disease in a mouse
model (26). Furthermore, in conditional knockout mouse
models of polyQ disease, genetic diminution of the abnormal
gene led to rapid clearance of pre-existing polyQ aggregates
and reversible improvement of abnormal phenotypes (41,42).
If the UPS were irreversibly damaged in patients and animal
models of polyQ diseases, then the aggregates of pathogenic
proteins could not have been eliminated. Taking these data
together, we considered that UPS function is well preserved
in polyQ diseases, particularly in SBMA, and treatment with
17-DMAG, which enhances a self-clearing system of target
disease-causing proteins via the UPS, is a reasonable thera-
peutic strategy against polyQ-related diseases. On the other
hand, it is known that an age-dependent decrease in protea-
some activity exists that may reduce the clearance of the
misfolded proteins, resulting in their accumulation and contri-
buting to late-onset polyQ-expanded toxicity. UPS-related
genes were suppressed at the transcriptional level in the
aged brain (43), and proteasome activity was also decreased
in the aged brain (27,44), although brain proteasome activity
was not specifically altered in the brains of Huntington's
disease knock-in mice when compared with age-matched
wild-type mice (27). As proleasome activity generally
decreases in the central nervous system in aged animals
(27,44), such an age-dependent decrease in UPS function is
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Flgure 6. Effects of 17-DMAG on AR expression and histopathology in male AR-24Q and AE-97Q mice. (A and B) Western blot analyses (left) and image
analysis quantification (right) of high-molecular-weight complex AR (in stacking gel) and ic mutant AR in the spinal cord (A) and muscle (B) of
AR-24Q and AR-97Q mice probed with an AR-specific amtibody. Values are expressed as mean +SE, n=$; *£ < 0.05. (C and D) Western blot analyses
(left) and image analysis quantification (right) in the spinal cord (C) and muscle (D) of AR-24Q and AR-97Q mice probed with antibodies specific for the
expression levels of Hsp70 and Hsp40. Values are expressed as mean + SE, n=5. Statistical differences are indicated by asterisks; *P < 0.05; **P < 0.005;
"**P < 0.0001. (E and F) Effects of 17-DMAG on the histopathology of male AR-97Q mice. | histochemical staining with the 1C2 antibody, specific
for mutant AR, showed marked differences in diffuse nuclear staining and Nis between Tg-D and Tg-10 mice in the spinal anterior hom (E) and skeletal
muscle (F). (G) Quantification of the number of 1C2-positive cells in the spinal cord and skeletal muscle in Tg-0 and Tg-10 mice. Values are expressed as

mean + SE, n=35;*P < 0,005; **P < 0,0005. (H) I

ing with a GFAP-specific antibody shows reactive astrogliosis in the spinal amerior

hormn of untreated (Tg-0) mice and those treated with 17-DMAG. (I) H
atrophy and small angulated fibers, not seen in Tg-10 mice.

unlikely to critically contribute to the region-specific neuro-
pathology seen in different types of polyQ diseases.

We present a potent strategy for SBMA therapy, with
17-DMAG acting via a preserved or elevated proteasome activity.
17-DMAG has two major activities, preferential client protein
degradation and Hsp induction; the present study revealed that
polyQ-expanded mutant AR was preferentially degraded by treat-
ment with 17-DMAG. Mutant AR elimination was mediated
through its preferential incorporation into the Hsp90-chaperone
complex (11,45), where it is prone to proteasomal degradation.
Our present results in a transgenic mouse model also confirmed
that 17-DMAG passes through the blood-brain barrier as pre-
viously reported (46) and that it demonstrates sufficient pharma-
cological effects in the central nervous system. We have already
examined the effectiveness of 17-AAG in a mouse model of
SBMA (11). 17-AAG has less toxicity (47) and higher selectivity
(45) for client oncoproteins than does geldanamycin (48).
17-DMAG has a potential advantage over 17-AAG because its
aqueous solubility eliminates the need for complicated formu-
lations used to administer 17-AAG, and 17-DMAG induced the
up-regulation of Hsp70 more than 17-AAG did (49). In a
mouse study, the bioavailability of 17-DMAG by oral adminis-
tration was twice that of orally delivered 17-AAG (46). Data

ylin and eosin

ing of the skeletal muscle in Tg-0 mice shows obvious grouped

from preclinical toxicity studies for 17-DMAG in animal
models have recently become available (50) and phase 1 clinical
trials for cancer are currently being performed (51,52). In
addition, 17-DMAG is not metabolized to the potentially toxic
metabolites that arise from CYP3A-mediated metabolism of the
17-allyl side chain of 17-AAG (14.46,53), indicating that
17-DMAG has less toxic side effects than 17-AAG. In fact,
17-DMAG shows greater oral bioavailability than 17-AAG, the
pharmacological effect of 17-DMAG for mutant AR degradation
was three times that of 17-AAG (Fig. 4C and D), and the induc-
tions of Hsp70 and Hsp40 with 17-DMAG were more pro-
nounced than with 17-AAG in the SBMA mouse model
(Fig. 6C and D) (11). Moreover, the concentration necessary to
obtain a similar therapeutic efficacy using 17-DMAG (10 mg/
kg) was much lower than that using 17-AAG (25 mgkg)
(Fig. 5A-D) (11). Although 17-DMAG passes through the
blood-brain barrier less than 17-AAG in vive (14,46), these
data show that 17-DMAG has more potent effects than 17-AAG.

Hsp90 inhibitors also function as Hsp inducers (54,55),
resulting in the dissociation of HSF-1 from the Hsp90
complex and subsequent HSF-1 trimerization, thereby leading
to Hsp activation (11). In this study, the inductions of Hsp70
and Hsp40 with 17-DMAG were more pronounced than with
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17-AAG in our previous study (11). Hsps, particularly Hsp70,
were shown to suppress aggregate formation and cellular toxi-
city in polyQ) disease models (9,16,56). Hsp70 over-expression
also enhanced degradation of polyQ-expanded proteins via its
interaction with the UPS (36,57). CHIP (carboxyl terminus of
Hsc70-interacting protein) might be one such coupling factor
between the Hsp70 chaperone system and the machinery
responsible for degrading mutant proteins (58,59). Thus,
enhancement of chaperone expression using Hsp90 inhibitors
under preserved UPS function is a further reasonable clinical
approach for the treatment of pathogenic mutant or modified
protein-mediated neurodegenerative diseases.

In conclusion, we have demonstrated that UPS function was
well preserved or even enhanced in an SBMA model mouse
and that 17-DMAG exerted potent therapeutic effects on the
SBMA phenotype. In the case of other neurodegenerative dis-
cases, phosphorylated tau would be one of the target proteins
of Hsp20 inhibitors (60). Hsp90 inhibitors have also been
shown to be effective in animal models of Parkinson's
disease (61), stroke (62) and autoimmune encephalomyelitis
(63). The combined therapy of 17-DMAG and leuprorelin
would be expected to be more effective than the monotherapy
with either 17-DMAG or leuprorelin (64), because the target
sites of the agents are different and thus the therapeutic
effect of the combined therapy would theoretically be additive
or synergistic. 17-DMAG, by directly reducing disease-
causing protein, presents a new therapeutic avenue for
SBMA and has potentially widespread applications for other
neurodegenerative diseases, particularly if the disease-causing
protein belongs to the Hsp90 client protein family.

MATERIALS AND METHODS
DNA transfection

Full-length AR ¢DNAs were constructed by subcloning AR
inserts into the pCR3. 1 mammalian expression vector (Invitro-
gen) (11). SH-SYSY cells were plated in 6 ¢m dishes in 5 ml
of DMEM/F12 containing 10% fetal bovine serum with peni-
cillin and streptomycin, and cach dish was transfected with
8 ug of vector containing AR24, AR97 or mock (negative
control) constructs using OPTI-MEM (Invitrogen) and Lipo-
fectamine 2000 (Invitrogen) according to the manufacturer’s
instructions. The cells were cultured for 48 h at 37°C under
5% COa Transfection efficiency was 60-70% in both
AR-240Q and AR-970 transfected cells, and no difference in
transfection efficiencies was found. In this culture system,
we detected a band of monomeric mutant AR in the separating
gel, but barely detected the high-molecular-weight mutant AR
protein complex, which was retained in the stacking gel.
Therefore, this cultured cell model is better suited for estimat-
ing changes in monomeric mutant AR expression.

Therapeutic agents and protocol for administration

17-DMAG (NSC707545) was obtained from the Regulatory
Affairs Branch, Division of Cancer Treatment and Diagnosis,
National Cancer Institute (Bethesda, MD, USA) and Kosan Bio-
sciences (Hayward, CA, USA). For cultured cell models, a | mm
stock solution of 17-DMAG in DMSO was diluted into fresh
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medium to give final concentrations of 12.5- 100 nm and added
to the washed cells 24 h after transfection, Control cells were
treated with DMSO alone. To show obvious pharmacological
changes in the AR-Hsp90 complex, as demonstrated in a previous
report (11), we exposed cultured cells to 1 7-DMAG for 30 min at
concentrations of 0.1, 1.0 and 10 pm, 48 h after transfection.
For transgenic mice, the dosing solutions of 17-DMAG in
saline were freshly prepared weekly. 17-DMAG treatments
were started when mice were 5 weeks old and were continued
until they were 16 weeks (or 25 weeks for toxicity studies).
An optimal dose of 17-DMAG was determined based on a
previous study in mice (50). Male AR-24Q and AR-97Q
mice received 0.2 ml oral administration of | or 10 mg/kg
17-DMAG three times a week on altemmate days; control mice
received saline alone. Members of the same litter were distrib-
uted among the three treatment groups and homogeneities of
body weight variances and means among the three groups
were confirmed using Bartlett's test and onc-way ANOVA.

Assay of proteasome activity

Mouse tissue homogenates from the spinal cord and muscle of
16-week-old AR-240Q) and AR-97() mice were clarified by cen-
trifugation at 15000 g and subjected to 8-32% (v/v) lincar
glycerol density gradient centrifugation (22 h, 83 000g). Pro-
teasome chymotrypsin-like peptidase activity was measured
using the peptide substrate, succinyl-Leu-Leu-Val-Tyr-7-
amino-4-methyl-coumarin in the absence (i.¢. 265 proteasome)
of 0.025% sodium dodecyl sulfate (SDS) as described pre-
viously (65). For the assay of cIAPI1 (inhibitor of apoptosis-1)
degradation, ¢cDNAs encoding Flag-cIAP1 subcloned into
pecDNA3.1 were transcribed in vitro, translated and radio-
labeled. The 355-labeled Flag-cIAP1 was purified using
M2-agarose (Sigma) and eluted with Flag-peptide (Sigma).
The results were confirmed by duplicate measurements of the
samples from different mice. For ubiquitination of ¢lAPI,
3 000 000 c.p.m. of 35S-labeled clAP1, 0.25 pg of E1, 0.9 pg
of UbcHS and 33 pg of ubiquitin (Sigma) were mixed and incu-
bated in a volume of 80 .l for 90 min at 30°C, as described pre-
viously (66). Finally, 2.5 ml of the ubiquitination mixture was
added to 10 1 of cell lysate in the presence of 2 mm ATP, incu-
bated at 37°C for 20 min and then radioactivities of trichloroa-
cetic acid-soluble fractions were measured,

Generation and maintenance of TG mice and genotyping

We crossed the mice expressing full-length human AR with
24- (AR-24Q mice, 5-5 line) or 97-polyQ tracts g{'\R-‘JTQ
mice, 7-8 line) with Ub“"®Y.GFP/1 line. The Ub“"*Y.GFP/|
line was obtained from Dr Nico P. Dantuma in the Department
of Cell and Molecular Biology, Karolinska Institute, and main-
tained in the B6 background. We screened mouse-tail DNA by
PCR for the presence of the transgene using the primer sets as
described previously (30,31).

Neurological and behavioral assessment of SBMA
model mice

The AR-24Q) and AR-97Q mice were generated and maintained
as previously described (67). The AR-97Q male mice showed
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progressive muscular atrophy and weakness as well as diffuse
nuclear staining and Nls consisting of mutant AR. These pheno-
types were very pronounced in male transgenic mice similar to
SBMA patients (30), All animal experiments were performed in
accordance with the National Institutes of Health Guide for the
Care and Use of Laboratory Animals and under the approval of
the Nagoya University Animal Experiment Committee. The
mouse Rotarod task was performed using an Economex
Rotarod (Ugo Basile), and cage activity was measured with
the AB system (BrainScience ldea Osaka, Japan) as described
previously (30,68). The investigators in the behavioral assess-
ment were blinded to the treatments.

Protein expression analysis

Cells were lysed in CelLytic-M Mammalian Cell Lysis/
Extraction Reagent (Sigma) with 1| mm PMSF and 6 pg/ml
aprotinine and centrifuged at 15000g for 15 min at 4°C,
48 h after transfection. Sixteen-weck-old mice were exsangui-
nated under ketamine -xylazine anesthesia 12 h after the final
treatment of 17-DMAG, and tissues were snap-frozen with
powdered CO; in acetone, The tissues were homogenized in
CelLytic-M Mammalian Cell Lysis/Extraction Reagent
(Sigma) with 1 mm PMSF and 6 pg/ml aprotinine and centri-
fuged at 2500¢ for 15 min at 4°C. Supernatant fraction protein
concentrations were determined using the DC protein assay
(Bio-Rad), Aliquots of supernatant fractions were loaded on
5-20% SDS-PAGE gels, each lane containing 7 pg protein
for cells, 160 pg for nervous tissue and 80 pg for muscular
tissue, and then transferred to Hybond-P membranes (GE
Healthcare) using 25 mm Tris, 192 mm glycine, 0.1% SDS
and 10% methanol as transfer buffer. Primary antibodies
were used at the following concentrations: rabbit anti-AR
(1:1000, H280; Santa Cruz or 1:1000, N-20; Santa Cruz);
mouse anti-Hsp70 (1:1000, SPA-810; Assay Designs); rabbit
anti-Hsp40  (1:5000, SPA-400; Assay Designs); mouse
anti-Hsp90 (1:1000, F-8; Samta Cruz); mouse anti-Hop
(1:1000, SRA-1500; Assay Designs); mouse anti-p23
(1:1000, MA3-414; Affinity BioReagents); rabbit anti-p83
(1:2000, Upstate); and mouse anti-a-tubulin (1:5000, T9026;
Sigma); mouse anti-GFP (1:5000, MAB3580; Millipore),
anti-208 proteasome subunits a3, a4, as5 and a6 (Biomol);
anti-20S proteasome subunits (32, B3, p4, B5i, f6 and B7
(Biomol); anti-198 proteasome subunits Rptl, Rpt2, Rpt3,
Rptd, Rpt5 and Rpt6 (Biomol); rabbit anti-11S proteasome
regulator (PA28) PA28«, PA28B, PA28y subunits (Biomol);
rabbit anti-208 proteasome «l, a2, a7, Bl mouse anti-19S
proteasome subunit Rpn2; and rabbit anti-19S proteasome
subunits Rpnl, Rpn7, Rpn8 (1:1000) (65,69,70). Primary anti-
bodies were probed using HRP-conjugated anti-rabbit Ig F
(ab’); and anti-mouse Ig F (ab’); (1:5000, GE Healthcare) sec-
ondary antibodies and detected with the ECL+plus kit (GE
Healtheare). An LAS-3000 imaging system was used to
produce digital images and to quantify band intensities,
which were then analyzed with Image Gauge software
version 4.22 (Fujifilm, Tokyo, Japan). Densitometric values
of AR, Hsp70, Hsp40 and GFP were normalized to those of
endogenous p85 or a-tubulin. Relative signal intensity (RSI)
was computed as the signal intensity of each sample divided
by that of the Tg-0 mice (Fig. 6) or the 24Q/GFP mice (Fig. 2).

Immunoprecipitation from cultured cells was performed
using 300 g total protein lysate from cells, 10 pl Protein G
Sepharose (GE Healthcare) and 5 ! anti-AR antibody (N-20;
Santa Cruz). For experiments involving co-precipitation of
AR, cells were lysed in molybdate-containing lysis buffer
(I0mm Trs pH 74, 10mm monothioglycerol, 10 mm
Na;MoOy, 10 mm MgCls, 0.2% Tween-20, 1 mm PMSF and
6 pwg/ml aprotinine). For the AR ubiquitination assay, a full-
length AR was constructed by subcloning AR inserts derived
from pCR-AR97 (97 CAG repeats) into the pDsRed
monomer mammalian expression vector (Takara Bio, Otsu,
Japan) (59). SH-SYS5Y cells were seeded onto 60-mm plates
and transfected with plasmids encoding DsRed-AR97 for a
48 h period. Cells were exposed to MG132 (20 pm) fora 1 h
period and to MG132 (20 pm) and 17-DMAG (10 pm) fora 4
h period. Extracts were prepared and AR was immunoprecipi-
tated with anti-DsRed antibody. Blots were probed with ubiqui-
tin (1B3; MBL) and AR (N20; Santa Cruz) antibody.

Filter-trap assay

To quantify the large-molecular aggregated and soluble form
of the mutant AR protein, filter-trap assays of total tissue hom-
ogenates from the spinal cord and muscle of male AR-24Q or
AR-970Q mice (16 weeks old) were performed as previously
described (36). Filtration of proteins through a 0.2 pm cellu-
lose acetate membrane (Sartorius AG) was performed using
@ slot-blot apparatus (Bio-Rad). Only the larger-sized mutant
AR protein was retained on the cellulose acetate membrane
(pore 0.2 pm in diameter), whereas the nitrocellulose mem-
brane captured protein of all sizes. In each case, the nitrocel-
lulose membrane was placed under the cellulose acetate
membrane to capture the soluble AR protein passing through
this membrane. The membranes, supported by two pieces of
filter paper (Bio-Rad), were washed three times with TBS
buffer. Samples of protein, 200 pg for the spinal cord and
80 g for the muscle, were prepared in a final volume of
200 pl lysis buffer, loaded and gently vacuumed. Membranes
were washed three times with TBS containing 0.05%
Tween-20. Slot-blots were probed as described for western
blots by an antibody against AR (H-280; Santa Cruz) or
a-tubulin (T9026; Sigma).

Quantitative real-time RT-PCR

The levels of AR and proteasomal subunit mRNAs were deter-
mined by real-time RT-PCR as described previously (11).
Total RNA was isolated from SH-SYSY cells using the
RNeasy Mini Kit (QIAGEN) and from transgenic mouse
spinal cord and muscle by homogenizing in Trizol (Invitrogen)
according to the manufacturer’s instructions. Total RNA
(5 pg) from cells and mouse spinal cord and muscle were
reverse transcribed using SuperScript 111 reverse transcriptase
(Invitrogen). PCR primers were designed to amplify GFP
cDNA sequences in GFP-reporter mouse tissues (5-TATAT
CATGGCCGACAAGCA and S5-TGTTCTGCTGGTAGT
GGTCG) (Fig. 2), proteasomal subunit ¢cDNA sequences in
mouse tissues (Psm a3: QT0O0168728, Psm asS: QT00137928,
Psm a6: QT00124439, Psm bl: QT00121079, Psm b5: QT
00111216, Psm ¢5: QT00162022 and Psm e3: QT00167797)
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(QIAGEN) (Supplementary Material, Fig. §3) and AR ¢DNA
sequences in mouse tissues (5-TTCCACACCCAGTGAAG
C-3 and 5-CCTGAGGAGTGAATTGATCC-3') (Supplemen-
tary Material, Fig. §5). Real-time RT-PCR was carried out in
a total volume of 50 pl, containing 25 pl of 2x QuantiTect
SYBR Green PCR Master Mix (QIAGEN) and 10 M of each
primer. PCR products were detected by the iCycler system
(Bio-Rad). The reaction conditions were 95°C for 15 min and
then 45 cycles of 15 s a1 94°C, 30 s at 55°C and 30 s at 72°C.
As an intemal standard control, the expression level of
glyceraldehyde-3-phosphate dehydrogenase (GAPDH) was sim-
ultancously quantified using the primers (5-CTCAGAGGAG
CCCAGATGA-Y and 5-GCTGGTCTTGCGGTACAGT-3)
for mouse tissues. RSI was computed as the signal intensity
of each sample divided by that of the AR-24Q/GFP mice
(Fig. 2), the AR-24Q) mice (Supplementary Material, Fig. S3)
or the Tg-0 mice (Supplementary Material, Fig. S5).

RNA interference

Oligonucleotide siRNA duplexes were synthesized by Takara
Bio. siRNA sequences were as follows: scramble (control)
sIRNA, 5-CAAUACUGAAGUAUCAACG-3'; Hsp70 siRNA,
5'-CGAAAGACAACAAUCUGUU-3. Transfection was done
using Lipofectamine 2000 (Invitrogen) according to the manu-
facturer’s instructions. Hsp70 was efficiently downregulated
upon siRNA exposure (Fig. 4H).

Cell viability assay

MTS-based cell proliferation assays were performed in tripli-
cate using the CellTiter 96™ AQueous One Solution Cell Pro-
liferation Assay (Promega) 48 h after incubation with
17-DMAG.

Immunohistochemistry and histopathology

Mice were deeply anesthetized with ketamine—xylazine and
transcardially perfused with 20 ml of 4% paraformaldehyde
fixative in phosphate buffer (pH 7.4). Tissues were post-fixed
overnight in 10% phosphate-buffered formalin and processed
for paraffin embedding. At room temperature, 6 pum thick
tissue sections were deparaffinized, dehydrated with alcohol
and treated with formic acid for 5 min. The tissue sections
were blocked with normal horse serum (1:20) and incubated
with mouse anti-expanded polyQ antibody (1:10 000, 1C2;
Millipore); mouse anti-GFAP antibody (1:1000, Boehringer
Manheim Biochemica, Manheim, Germany); anti-20S protea-
some subunits a4, a3, B2; anti-19S proteasome subunit Rpt3
(Biomol); and rabbit anti-208 proteasome «l and a7. Primary
antibodies were probed with a biotinylated anti-species specific
IgG secondary antibodies (Vector Laboratories) and the
immune complexes visualized using streptavidin-horseradish
peroxidase (Dako) and 3,3'-diaminobenzidine as a substrate,
Sections were counterstained with Mayer's hematoxylin.
Paraffin-embedded, 6 pm thick sections of the gastrocnemius
muscles were air-dried and stained with hematoxylin and
eosin. Tissues from the GFP-reporter mice were post-fixed in
4% PFA in PBS (pH 7.4) for 16 h at 4°C. The tissues were
immersed in a graded series of sucrose solutions in 0.01 M
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PBS at 4°C as follows: 3 h in 7% sucrose, 3 h in 14% sucrose
and 16 h in 25% sucrose. The tissues were then embedded in
Tissue-Tek OCT compound (Sakura Finetek) and frozen with
powdered solid CO, in acetone (71). Because native GFP fluor-
escence was below the detection threshold in both the spinal
cord and skeletal muscle, the expression of Ub®"*V.GFP was
evaluated semi-quantitatively by immunohistochemistry with
an anti-GFP antibody. Cryostat sections, 10 pm thick, were
prepared from the frozen tissues and blocked with 5% goat
serum, incubated with rabbit anti-GFP antibody (1:1000,
NB600-308; Novus Biologicals) at 4°C ovemight, and then
incubated with Alexa 488-conjugated goat anti-rabbit 1gG
(1:1000; Invitrogen) at 4°C overnight. The stained sections
were examined and photographed with a confocal laser scan-
ning microscope (LSM 5 PASCAL; Carl Zeiss). To assess
GFP-reporter expression levels in spinal anterior horn cells,
immunohistochemistry signal intensities were quantified in at
least 10 transverse sections from each mouse. Images of indi-
vidual anterior horn cells on transverse sections of the spinal
cord with signals for Ub%*V-GFP reporter were captured at
the desired magnification and stored with image software
(Olympus, Tokyo, Japan). Levels of reporter in the images
were quantitatively analyzed with image analysis software
(WinROOF version 5, Mitani, Fukui, Japan). Signal intensities
were expressed as individual intracellular signal levels of
Ub“®Y_GFP reporter (arbitrary absorbance units) in spinal
anterior horn cells by subtracting the mean background levels
of three regions of interest in each section. For double-
immunofiuorescence staining of the spinal cord and skeletal
muscle, sections were blocked with 3% normal goat serum
and then sequentially incubated with anti-208 proteasome «l
or a7 subunit (1:200) and 1C2 antibody (1:10 000) at 4°C
overnight. The sections were then incubated with Alexa
488-conjugated goat anti-rabbit IgG (1:1000; Molecular
Probes) and Alexa 568-conjugated goat anti-mouse IgG
(1:1000; Molecular Probes) for 8 h at 4°C. The stained sections
were examined and photographed with a confocal laser scan-
ning microscope (LSM 5 PASCAL; Carl Zeiss Microlmaging,
Tokyo, Japan).

In situ hybridization

Formalin-fixed, paraffin-embedded 6 pm thick sections of
spinal cord and skeletal muscle were processed for in situ
hybridization using the Ventana Discovery system (Ventana)
according to the manufacturer's instructions, GFP cDNA
was obtained using the primers 5-CCTGAAGTTCATCTGC
ACCA-3 and 5'- GTTCACCTTGATGCCGTTCT-3. Digoxi-
genin-labeled cRNA antisense and sense probes of ~350 bp
were generated for in siru hybridization from linearized plas-
mids for Ub“"*V.GFP reporter using Spé and T7 polymerases
(Roche), respectively. No hybridization signal was observed
with the sense probe for the expression of Ub%"*V-GFP repor-
ter (data not shown). To assess gene expression levels in spinal
anterior horn cells, signal intensities of in situ hybnidization
were quantified in at least 10 transverse sections from each
mouse, Images of individual anterior hom cells on transverse
sections of the spinal cord with signals for Ub®"*V-GFP repor-
ter were captured at the desired magnification and stored with
image software (Olympus). Signal levels of the images were
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quantitatively analyzed with image analysis software
(WinRoof version 5) and expressed as individual intracellular
cytoplasmic signal levels &arbumry absorbance units) of spinal
anterior hom cells for Ub®"*Y-GFP reporter by subtracting the
mean background levels of three regions of interest in each
section.

Quantification of 1C2-positive cells, glial cell reaction
and muscle fiber size

For assessment of 1C2-positive cells, 6 um thick coronal sec-
tions of the thoracic spinal cord and gastrocnemius muscle
stained with 1C2 antibody (1:10 000, Millipore) were pre-
pared and the number of 1C2-positive cells in each individual
mouse was counted using a light microscope with a computer-
assisted image analyzer (Luzex FS, Nikon, Tokyo, Japan). For
assessment of 1C2-positive cells in the ventral horn of the
spinal cord, 50 consecutive transverse sections of the thoracic
spinal cord were prepared and 1C2-positive cells within the
ventral homn of every fifth section were counted as described
previously (64). Populations of 1C2-positive cells were
expressed as the number per mm®. For assessment of
1C2-positive cells in muscle, the number of 1C2-positive
cells was calculated from counts of more than 500 fibers in
randomly selected areas and expressed as the number per
100 muscle fibers, The quantitative data of six individual
mice were expressed as mean + SE.

Hematological examination

AST and ALT were measured by ultraviolet spectropho-
tometry, BUN by the Urease-GLDH UV assay and Cre by
an enzyme assay (Mitsubishi Kagaku Bio-Clinical Labora-
tories, Tokyo, Japan).

Statistical analyses

Data were analyzed by unpaired r-tests in Figures 1B, 2, 4B,
4D, 5F and 6 and Supplementary Material, Figures SI, S3,
S5 and S6 and Kaplan—Meier and log-rank tests for survival
rate in Figure 5D using Statview software version 3
(HULINKS, Tokyo, Japan). Statistical significance of the
drug—dose dependency of phenotypes in Figure SA-C was
examined by the Williams test for multiple comparisons
using Microsoft Excel 2004 (Microsoft).

SUPPLEMENTARY MATERIAL
Supplementary Material is available at HMG online.
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ABSTRACT: Spinal and bulbar muscular atrophy (SBMA) is an adult-onset
motor neuron disease caused by a CAG repeat expansion in the androgen
receptor gene. Becausae the progression ol SBMA is slow, it is plausible to
identify biomarkers that monitor disease course for therapeutic develop-
ment, To verify whether the 6-min walk test (BMWT) is a biomarker of SBMA,
we performed the BMWT in 35 genetically confirmed patients and in 29
age-matched healthy controls. The walk distance covered within 6 min
(6MWD) was significantly less in SBMA than it was in controls (323.3 =
143.9 m and 637.6 * 94.2 m, respectively, P < 0.001). In test-retest
analysis, the Intraclass corralation cosfficient for the 6MWD was high in
SBMA patients (r = 0.982). In a 1-year follow-up the BMWD significantly
decreased at a rate of 11.3% per year. Our observations suggest that the
6MWT is a biomarker that can be used to monitor progression of motor

impairment in SBMA.
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WALKING CAPACITY EVALUATED BY THE 6-MINUTE WALK
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sl}inal and bulbar muscular atrophy (SBMA) is a
hereditary lower motor neuron disease that affects
adult males exclusively. It has a prevalence of 1-2 per
100,000 of the total population.'#-28 The cause of
SBMA is an aberrant elongation of a CAG repeat in
the androgen receptor (AR) gene. CAG repeats
range from 9 to 36 in normal subjects, but 38 o 62
repeats are found in SBMA patients.® 223132 CAG
repeat expansion has also been detected in Hunting-
ton's disease and several forms of spinocerebellar
ataxia.'! The main symptoms of SBMA are weakness
and atrophy of the bulbar, facial, and limb muscles.
The onset of weakness is usually between 30 and 60
years, followed by slow progression of neuromuscu-
lar symptoms.” The onset of symptoms and clinical
features of SBMA are dependent on the CAG repeat
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size, as has been observed in other polyglutamine
diseases 1091

Although there is no effective treatment for
SBMA, several therapeutic candidates have recently
emerged from studies in animal models, and clinical
trials have been proposed.!®192433.36 It s, however,
difficult to assess the effects of intervention on true
disease endpoints such as the occurrence of pneu-
monia or the length of time a patient lives free from
the use of a wheelchair, because the progression of
symptoms is notably slow in SBMA.® Therefore, ap-
propriate surrogate endpoints are needed to facili-
tate the clinical application of animal study results.
In this regard, it is important to identify biomarkers
of SBMA that reflect the pathogenic processes and
can be used as surrogate endpoints. Although nu-
clear accumulation of mutant AR protein in the
scrotal skin has been shown to be a candidate for a
histopathological biomarker,"* clinical parameters
to evaluate motor function have not been estab-
lished for SBMA.

The 6 min walk test (6MWT) is one of the most
popular clinical tests used for assessment of func-
tional capacity. This test evaluates the global and
integrated responses of all the systems involved in
walking, including the pulmonary and cardiovascu-
lar systems, neuromuscular units, muscle metabo-
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lism, systemic circulation, peripheral crculation,
and blood condition. Because the 6BMWT accurately
reflects patients’ activities of daily living, it has been
applied widely for evaluation of functional exercise
capacity in cardiopulmonary disorders.? It has also
been employed to assess functional exercise capacity
in neuromuscular diseases such as stroke, Parkin-
son’s disease, cerebral palsy, chronic poliomyelitis,
multiple sclerosis, myotonic dystrophy, fibromyalgia,
and Spina] cOrd injul-!l-_:i.?.l!.l|.|¥.lﬁ.¥l.!’!ﬂ.’!.27 [“ dime
that affect multiple regions of the nervous system,
the 6 min walk distance (6MWD) correlates well with
other measurements that evaluate systemic motor
function such as muscle strength, clinical scores, and
health status questionnaires,19:29.2%

The aim of this study was to evaluate functional
exercise capacity in patients with SBMA using the
EMWT. We also investigated the natural history of
the 6MWD in order to determine whether it is an
appropnate biomarker that can be used as a surro-
gate endpoint in forthcoming clinical trials,

MATERIALS AND METHODS

Participants. A total of 35 patients with a diagnosis
of SBMA confirmed by genetic analysis were in-
cluded. Patients were included if they were capable
of walking independently along a flat corridor with
or without the use of a cane or similar equipment.
Exclusion criteria included unstable angina or myo-
cardial infarction during the previous month, tachy-
cardia (>120/min), and uncontrolled hypertension
(=180/100 mmHg). We also evaluated 29 age-
matched control subjects in this study. The first test
was performed between May 2006 and June 2007;
reevaluation of 24 of the 35 SBMA patients was
conducted =1 vear after the initial test. The remain-
ing cases were excluded from the follow-up evalua-
tion, because they participated in another interven-
tional study after their first 6MWT evaluation. The
age-matched controls did not undergo serial testing.

In addition to the 6MWT, we also evaluated gen-
eral motor function using clinical scales for amyo-
trophic lateral sclerosis (ALS), such as the Limb
Norris Score, the Norris Bulbar Score, the ALS fune-
tional rating scale-revised (ALSFRS-R), and grip
power. We defined the onset of disease as the time
when muscle weakness began, but not when tremor
of the fingers appeared. All studies conformed to the
cthics guidelines for human genome/gene analysis
research and the ethics guidelines for epidemiolog-
ical studies endorsed by the Japanese government,
The Institutional Review Board of Nagoya University
Graduate School of Medicine approved the study,
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and all SBMA patients and normal subjects gave
their informed consent for the investigation,

Six-min Walk Test. The 6MWT was performed ac-
cording to the guidelines provided by the American
Thoracic Society.* Briefly, examiners instructed par-
ticipants to walk at their own pace as far as possible
in 6 min. The patients were allowed to rest when
needed, No encouragement was made throughout
the test. The total distance walked during 6 min
(6-min walk distance: 6MWD) was recorded. Patients
with severe weakness were permitted to use a cane or
equivalent assistive device if needed. The 6MWT was
performed along a long, flat, straight, enclosed cor-
ridor with turnaround points at an interval of 30 m.
Although the time of day was not the same, all tests
were performed indoors with the same lighting and
temperature. All patients were instructed to wear
sneakers or equivalent shoes, The results were based
on a single 6MWT. We did not perform repeated
tests or practice sessions, because patients with
SBMA have severe fatigability, which might produce
unstable data and cause safety problems. 263035 [
addition to the 6MWD, we also recorded the Borg
scale before and after the 6MWT.

To assess reliability the 6MWT was repeated
within 60 days after the first test in 15 patients with-
out informing them of the results of the previous
test. Likewise, patients were not allowed to know the
distance covered in the first test when they ook the
L-year follow-up study.

Genetic Analysis. Genomic DNA was extracted
from peripheral blood of SBMA patients using con-
ventional techniques.®® Polymerase chain reaction
(PCR) amplification of the CAG repeat in the AR
gene was performed using a fluorescein-labeled for-
ward primer (5~ TCCAGAATCTGTTCCAGAGCGT-
GC-3') and a nonlabeled reverse primer (5-TGGC-
CICGCTCAGGATGTCTTTAAG-3"). Detailed PCR
conditions and measurement of CAG-repeat size
were described previously. 1954

Data Analysis. All data are presented as means *
SD. Changes in the 6MWD were compared using a
paired Hest. Correlations among the parameters
were analyzed using Pearson’s correlation coeffi-
cient. Pvalues less than 0.05 and correlation coeffi-
cients (r) greater than 0.4 were considered to indi-
cate significance. Calculations were performed using
the statistical software package SPSS 14.0] (SPSS Ja-
pan, Tokyo, Japan).
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Clinical and Genetic Backgrounds of SBMA Patients.
The clinical characteristics of the study population
are presented in Table 1A. There were a total of 35
subjects in the study. All participants were male and
of J[apanese nationality. The duration from onset was
assessed at the first notice of motor impairment® and
this ranged from | 1o 32 years. There was no signif-
icant difference between the median CAG repeat
length in the present study and those reported pre-
viously in SBMA patients.**** All patients were am-
bulatory with or without aid, and none were bed-
ridden or wheelchair-bound. Other complicarions
that required medication were found in 33 (94.5%)
out of 35 patients: diabetes mellitus in 12 (34.3%),
hyperlipidemia in 23 (65.7%), hypertension in 20
(57.1%), and depression in 3 (8.6%). Ischemic heart
disease or pulmonary disorders were not docu-
mented in any patients included in this study,

Reliability of the 6MWT in SBMA Patients. To est-
mate test—retest reliability we performed the 6MWT
on 15 randomly chosen SBMA patients on two dif-
ferent occasions at an interval of 29.4 * 10.9 days.
There was no statistical difference between the clin-
ical scores of the patients who underwent test-retest
analysis and those of the remaining subjects (Table
IB). In each patient the two tests were conducted by
different examiners. As shown in Figure 1, when the
wo sets of the BMWT were compared with one
another the intraclass correlation coefficient was
0.982 (P < 0.001), indicating an excellent test—retest
reliability for SBMA patients.

EMWD and Rel t Clinical P ters in SBMA. To
verify that the 6MWT detects motor impairment in
SBMA patients we compared the data from a total of
35 cases and 29 age-matched control subjects (Table
2), There was a significant difference (P < 0.001) in

Table 1. Clinical and genetic features of SBMA patients.

A

Clinical and genetic leatures Mean = SD (range) n

Age at examination (years) 55.8 + 11.2 (33-74) 35

CAG repeat length in AR gene [number) 48.3 + 3.6 (42-57) 29"

Duration from onset (years) 9.7 =7.1(1-32) 35

Limb Norris Score (normal score = 63) 62,6 = 7.3 (34-62) 35

Normis Bulbar Score (normal score = 39) 33.3 + 4,2 (20~-39) 35

ALSFRS-R (normal score = 48) 41,2 £ 3.7 (33-47) 35

Grip power (kg)' 18.7 = 5,3 (8.3-33.9) 33

B Folowed-p grop Non followed-up group

Clirecal and genetic featuras Mean = SD (range) n Mean = SD (rangs) n P
Age at examination (years) 55.3 + 10.9 (33-70) 24 56.7 + 12.3 (34-74) n NS
CAG repeat length in AR gene [number) 48,6 = 3.6 (42-57) 19° 47,7 = 3.4 (42-52) 10° NS
Duration from onsat (years) 103 £ 7.7 (1-32) 24 9.4 + 59 (2-21) 1 NS
Limb Norris Score (normal score = 63) 523 = 7.3 (34-62) 24 529 + 7.7 (39-62) 11 NS
Norris Bulbar Score (normal score = 39) 33.3 = 4.3 (20-39) 24 33.5 = 4.1 (25-98) n NS
ALSFRS-R (normal score = 48) 41,0 = 3.5 (35-46) 24 416 * 4.2 (33-47) 1 NS
Grip power (kg) ! 196 =4.3(12.0-27.2) 22 17.0 = 6.7 (8.3-33.9) 11 NS
(o] Retested group Non retestad group

Ciinical and ganetic features Mean = SD {rangs) n Mean = 5D (range) n P
Age at exarmination (years) 57.0 = 11.7 (34-74) 15 54.9 + 11.0 (33-68) 20 NS
CAG repeat length in AR gene [number) 48.4 = 3.9 (42-57) 14* 48.3 = 3.2 (42-53) 15 NS
Duration from onset (years) 93 +56(2-21) 15 10,5 = 8.2 (1-32) 20 NS
Limb Morris Score (normal score = 63) 52.7 + 7.4 (33-62) 15 52.3 = 7.5 {34-62) 20 NS
Norris Bulbar Score (nommal score = 39) 32.7 + 5.1 (20-38) 15 33.8 = 3.4 (26-39) 20 NS
ALSFRS-R (normal score = 48) 41.4 = 4.1 (3347 15 41,0 = 3.4 (35-46) 20 NS
Grip power (kg) ' 184 £ 6.3 (8.3-33.9) 15 19.0 £ 44 (12.0-27.2) 18 NS

Data are shown as mean = S0,

*The abnormal edongation of the CAG repeat was canfirmed by gene enalysis using agarose gel electrophonesis without determining the repeat number in the

remaining 6 patfents.

" The average of both hands. Tha normal controf dafa of male Japanese at 5054 years: 43.7 + 6.4 kg. (The report of physicsl strength and athlatic capability

survediance in 2005.)

AR, sndrogen receptor; ALSFRS-F, ALS tunctional rating scale-revisad; NS, not significant.
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FIGURE 1. Test-retest analysis of the distance walked within &
min (EMWD). Two sets of 6-min walk lests were carried oul within
60 days in 15 SBMA patients who did not know the result of their
previous test.

the 6MWD between SBMA patients and the controls.
There was no significant difference in the postrest
Borg scale, a semiquantitative measure of perceived
exercise-related fatigue, between SBMA patients and
conirols,

We also evaluated motor function of SBMA pa-
tients using functional scales and grip power. Be-
cause there are no specific motor scores for SBMA
we adopted the functional scales used for ALS. The
values of the 6MWD correlated well with those of the
Limb Norris Score, the Norris Bulbar Score, and the
ALSFRS-R (Fig. 2A-C). The value of the 6MWD was
inversely correlated with disease duration, although
there was no correlation between the 6MWD and
grip power (Fig. 2D.E).

Natural History of the 6MWD in SBMA. To delineate
the progression rate of walking disturbance the
6MWT was reperformed in a group of 24 SBMA
patients at 54.3 * 6.8 weeks after the initial evalua-
tion. Although follow-up data for the remaining
cases was not available because of participation in
another interventional study, there was no statistical
difference between the backgrounds of the followed
subjects and the remaining cases (Table 1C). The
6MWD was significantly decreased in comparison
with the distance in the first test (P = 0.001), al-
though no motor functional scales showed signifi-
cant deterioration during the same time period (Ta-
ble 3). It should be noted that the rate of decline was
11.3 £ 17.6%, which was relatively constant regard-
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less of the walking capacity at the initial evaluation
(Fig. 3A). When the patients were stratified by their
baseline severity, the change in 6MWD during the
follow-up period was larger in the less affected sub-
group (Fig. 3B,C).

Based on the natural history of the 6MWD in
SBMA, we calculated the sample size for a clinical
rial targeting 6MWD, the Limb Norris Score, the
Norris Bulbar Score, and ALSFRS-R (Table 4), The
sample sizes for a clinical trial using the 6MWT are
smaller than those using motor scales, suggesting
that it is a more feasible outcome measure than the
other clinical scores.

Safety of the BMWT in SBMA Patients. [hroughout
the tests, no adverse events such as angina and dys-
pnea were reported. Although 10 cases walked using
a cane and 1 patient walked leaning against a wall,
no patients fell or tripped during the tests,

This study demonstrates that the 6MWT is a pract-
cal, reliable, and safe procedure to measure the
walking capacity of SBMA patients. Gait disturbance
is the initial symptom in the majority of SBMA pa-
tients, and it precedes other health problems such as
respiratory failure and dysphagia by =10-20 years.”
Therefore, walking capacity is one of the strongest
determining factors of activities of daily living during
disease progression in SBMA, implying that the
6MWT appears to be a valuable target for future
therapeutic interventions. Although the duration of
illness of the patients we tested ranged from 1 to 32
years, our observations suggest that the 6MWT is
applicable for patients with various disease durations
as long as they are capable of walking.

As a quantitative measure of walking capacity the
6MWT was originally developed for cardiorespira-
tory and cardiovascular populations. Since then, this
test has been applied to various medical conditions
including neuromuscular disorders, For example,
the 6MWD is strongly correlated with functional

Table 2. Six-min walk distance (BMWD) in SBMA and healthy

controls.
SBMA Healthy controls
(n = 35) (n=29) P
GMWD (m) 3233 £1439 6376942 <000
Age at examination
(years) 558 + 11.2 528+ 10.7 NS
Borg scale 39+24 3.2+21 NS

Data ara shown as mean = S0,
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scores for balance, strength, and spasticity in post-
stroke patients.'® In patients with multiple sclerosis,
the 6MWD is shortened when compared to age-
matched healthy controls, reflecting physical func-
tion disability.®” Moreover, the 6MWT has been used
as an outcome measurement in various clinical trials
for patients with mucopolysaccharidosis, postpolio
syndrome, and stroke.®!*!73 Partally due to the
small number of patients, there are no established
clinical parameters to quantify motor function in
SBMA. The total distance covered in 6 min corre-
lated well with motor functional scores in SBMA
patients in the present study. Because SBMA 1s a
single gene disorder, various tissues are affected to a
similar extent in this disease.” This appears to be the

Table 3. Chronological change in motor function in SBMA,

n Initial test Follow-up P
BMWD (m) 24 3510+ 1428 3085+ 1320 0.001
ALSFRS-R 24 410=x35 398240 NS
Limb Noms Score 24 523 =73 509 =82 NS
Norris Bulbar Score 24 33.3 =43 329+44 NS

Data ara shown &s maan = SD. ALSFRS-R, ALS unctional rating scale-
revisad,
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FIGURE 2. Correlation between the MWD and other measurements of motor function. A-C: The correlation between the BMWD and
general motor function, There was a significant correlation between the BMWD and motor functional scales such as the Limb Norris Score
(A), the Norris Bulbar Score (B), and the ALS functional rating scale-revised (ALSFRS-R, C). D: The value of the BMWD was inversely
comelated with disease duration. E: There was no comelation betwesn the MWD and grip power. The value of grip power is shown as
the average of left and right hands. BMWD, six-min walk distance,

reason why 6MWD correlates excellently with clinical
scores that reflect disability of other parts of the
nervous system affected in SBMA. In addition 1o
muscle weakness, SBMA patients often perceive fa-
tigue during continuous exercise, suggesting that
objective measurement to detect the degree of func-
tional endurance is feasible for this disease. Our
findings indicate that the 6MWT is a practical exam-
ination for measuring functional exercise capacity of
patents with SBMA and those with other neurode-
generative diseases,

Repeated measurement procedures might result
in misleading resulis, because of practice effect,
Therefore, it i1s important to investigate the reliabil-
ity of this test in order to determine its feasibility for
clinical measurement. Although the 6MWD has
been shown to increase only slightly in a second
performance a day later, the effect of practice wears
off after a week.'*! The present study also demon-
strated that the reliability of the 6MWT is excellent
for SBMA patients, if they are tested within an inter-
val of =1 month.

Given the rapid advance of therapeutic develop-
ments in animal studies, it is a high priority to search
for biomarkers to determine disease severity and
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FIGURE 3. The relationship batween the change in the BMWD and the distance in the Initial test. A: The deciine in the MWD did not
correlate with the result of the initial evaluation. B,C: The decline in the MWD for each of the severity groups (B, actual change; C, %
change). There was no statistical difference in the follow-up period between both groups.

progression in SBMA. A biomarker is an objectively
measurable parameter that indicates the pathogenic
process and potentially serves as a surrogate end-
pomntin a treatment trial. Candidates for biomarkers
in neurodegenerative diseases include: motor func-
tional scales; serological parameters; electrophysio-
logical data; histopathological indings; and neuro-
imaging parameters. It is feasible to analyze
combinations of biomarkers to monitor disease pro-
gression. There are an increasing number of biomar-
kers for Alzheimer's disease, but there is a paucity of
biomarkers identified in other neurodegenerative
diseases. In fact, identification of biomarkers has
been hampered by small numbers of patients, slow
disease progression, and lack of objective clinical
measurements for SBMA. In the present study the
6MWD was significantly decreased in patients with
SBMA compared with age-matched healthy subjects,

Table 4. Sample size calculation.

Estimated therapeutic
affect (%)
Qutcome measure 50 70
MWD 102 52
ALSFRS-RA 508 259
Limbx Norris Score 462 236
Norris Bulbar Score 2,650 1,352

Ceta are shown as the number of patients per group (P = 0.05, power =
0.8).
ALSFRS-R, ALS functionaf rating scale-revised
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and it correlated well with other scores that measure
general motor function. This suggests that the test is
capable of detecting motor impairment in SBEMA
patients. Furthermore, our longitudinal analysis
showed that the MWD decreases by =10% per year
in SBMA patients despite no detectable deteriora-
tion in the other motor functional parameters we
examined. According to our sample size calculation,
the number required for a clinical trial appears to be
reduced to one-fifth by changing the endpoint from
motor scores to MWD, For example, when the ther-
apeutic effect is estimated to be 50%, a trial targeting
ALSFRS-R needs 500 patients, but the size is dimin-
ished to 100 by adopting 6MWD as the endpoint
(Table 4). Although it is a limitation of this study
that the follow-up data for 11 out of 35 cases was not
obtained, there was no statistical difference between
the backgrounds of the followed subjects and the
remaining cases. This suggests that the 24 patients
who underwent the follow-up study represent the
whole group. Because the interval between the onset
of weakness and the need for a wheelchair has been
reported to be =15 years, the observed rate of de-
crease in the 6MWD is likely reasonable.® Therefore,
our findings also suggest that the 6MWT is an indi-
cator of disease progression, which can be used as an
outcome measurement in future clinical trials for
SBMA. Our observation that the annual change in
6MWD is influenced by the disease severity might
suggest the need for stratification in the design of
clinical trials. Given that scrotal skin biopsy analysis is
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