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suggesting that modification of mutant AR differs in the
nucleus and cytoplasm. We also need to further clarify
which degradation process affecting mutant AR is most
active in a given tissue, for example, lysosomal in certain
viscera vs. via the ubiquitination pathway in most neural
tissues. Taken together, diffuse nuclear accumulation of
mutant AR is apparently a cardinal pathogenetic process
underlying neuronal dysfunction and eventual cell death,
while cytoplasmic accumulation may also contribute to
the pathophysiology of SBMA.

Molecular pathogenesis

Two mechanisms of the involvement of polyQ-expanded
mutant AR in the pathogenesis of SBMA have been pro-
posed: mutant AR acquires a toxic property, damaging
motor neurones; or loss of normal AR function induces
neuronal degeneration [71]. As androgens have trophic
effects on neuronal cells, one can assume that loss of AR
function may play a role in the pathogenesis of SBMA.
Expansion of the polyQ tract mildly suppresses the tran-
scriptional activities of AR, probably because it disrupts
the interaction between the N-terminal transactivating
domain of AR and transcriptional coactivators. Although
this loss of function of AR may contribute to androgen
insensitivity, a gain of toxic function of the mutant AR due
to the expanded polyQ tract has been believed to play a
pivotal role in the pathogenesis of SBMA. This hypothesis
is supported by the observations that patients with severe
testicular feminization lacking AR function and AR
knockout mice do not have motor impairment [ 72]. More-
over, a transgenic mouse model expressing a protein com-
posed of expanded polyQ driven by the human AR
promoter demonstrated motor impairment, suggesting
that the expanded polyQ protein is sufficient to induce the
pathogenic process [73], whereas the male AR knock-in
mouse model of SBMA has signs of androgen insensitivity
such as decreased fertility, progressive abnormalities of
germ cell maturation and the Sertoli cell cytoskeleton, and
testicular atrophy [74]. However, a recent study revealed
that the absence of endogenous normal AR protein in
SBMA transgenic mice had deteriorative effects on neuro-
muscular and endocrine-reproductive features of these
mice, although this mouse model expressing AR with
expanded polyQ tract does not display signs of androgen
insensitivity in the presence of the normal endogenous
mouse AR gene [75]. Collectively, both the gain-of-
function mutant protein toxicity and loss of normal AR

protein function are the basis for motor neurone degen-
eration in SBMA, whereas impairment of AR function
possibly causes signs of androgen insensitivity.

The fact that AR has a specific ligand, that is, testoster-
one, renders the pathogenesis of SBMA unique among
polyQ diseases. An in vitro study using transfected COS
cells showed that AR localized in the nucleus in the pres-
ence of testosterone, while AR remained largely in the
cytoplasm in the absence of the hormone [76]. The AR is
normally confined to a multiheteromeric inactive complex
in the cell cytoplasm, and translocates into the nucleus in
a ligand-dependent manner. Moreover, the half-life of AR
is prolonged in the presence of its ligand, suggesting
ligand-dependent stabilization of AR [76,77]. This intrac-
ellular trafficking and stabilization of AR appear to play
important roles in the pathogenesis of SBMA.

We previously generated transgenic mice expressing
the full-length human AR gene containing either 24 or
97 CAG repeats under the control of a cytomegalovirus
enhancer and a chicken B-actin promoter [35]. This
model recapitulated not only the neurologic disorder but
also the phenotypic difference with gender which is a spe-
cific feature of SBMA. Mice that expressed AR with 97
CAG repeats (AR-97Q) exhibited progressive motor
impairment, while none of the mice that expressed AR
with 24 CAG repeats (AR-24Q) showed abnormal pheno-
types [35]). The AR-97Q mice demonstrated small body
size, short lifespan, progressive muscle atrophy, and weak-
ness as well as reduced cage activity, all of which were
markedly pronounced and accelerated in the male
AR-97Q mice, but were either not observed or far less
severe in the female AR-97Q mice. Western blot analysis
revealed the transgenic AR protein smearing from the top
of the gel in proteins isolated from the spinal cord, cere-
brum, heart, muscle and pancreas. Although the male
AR-97Q mice had greater amounts of smearing protein
than their female counterparts, the female AR-97Q mice
had a greater amount of monomeric AR protein. Diffuse
nuclear staining of AR-97Q and less frequent NIs as
detected by 1C2, were demonstrated in neurones of the
spinal cord, cerebrum, cerebellum, brainstem, and dorsal
root ganglia as well as in nonneuronal tissues such as the
heart, muscles and pancreas. Male AR-97Q mice showed
markedly more abundant diffuse nuclear staining and NIs
than females, in agreement with the gender differences in
symptoms and Western blot profile. Despite the profound
gender difference in pathogenic AR protein expression,
there was no significant difference in the mRNA level of
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transgene expression between the male and female
AR-97Q mice. Other laboratories have also generated
various animal models expressing the full-length human
AR with expanded polyQ tract, almost all of which display
phenotypic expression of motor dysfunction with gender
effects [78]. Ligand-dependent neurodegeneration has
also been observed in a fruit fly model of SBMA [36). These
observations indicate that the ligand plays important roles
in the gender difference of phenotypes, especially with
regard to its interactions with mutant AR in the posttran-
scriptional stage.

Hormonal therapies

The dramatic gender difference of phenotypes led us to
attempt hormonal interventions as a treatment for SBMA.
First, we castrated male AR-97Q mice in order to reduce
their testosterone level [35]. Next, leuprorelin, a potent
luteinizing hormone-releasing hormone (LHRH) ana-
logue, was administered subcutaneously to noncastrated
AR-97Q mice [37]. Leuprorelin suppresses the release of
the gonadotrophins, luteinizing hormone and follicle-
stimulating hormone. Two to 4 weeks after the start of
leuprorelin administration, the serum testosterone level
decreased to the level achieved by surgical castrafion.
Leuprorelin-treated male AR-97Q mice showed profound
improvement of symptoms and histopathologic findings,
and reduced nuclear localization of the mutant AR com-
pared with the untreated, noncastrated male AR-97Q
mice [35,37]. The body weight, motor function, and
lifespan of male AR-97Q mice significantly improved by
castration or leuprorelin administration. Western blot
analysis and histopathologic studies revealed diminished
nuclear accumulation of mutant AR in the male AR-97Q
mice that had undergone castration or leuprorelin admin-
istration compared with that in untreated, noncastrated
male AR-97Q mice. These results suggest that testoster-
one has toxic effects in AR-97Q mice by accelerating
nuclear translocation of the mutant AR and promoting
stabilization of the mutant AR protein. On the contrary,
castration and leuprorelin administration each prevented
nuclear localization and stabilization of the mutant AR by
reducing the testosterone level. Nuclear localization of the
mutant protein with expanded polyQ tract is likely to be
important for inducing neuronal cell dysfunction and
degeneration in the majority of polyQ diseases. It thus
appears logical that a reduction in testosterone level
improved the phenotypic expression of SBMA by prevent-
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ing nuclear localization of the mutant AR. Testosterone
deprivation reversed motor dysfunction in another trans-
genic mouse model of SBMA [79].

When leuprorelin was subcutaneously administered to
male AR-97Q mice every 2 weeks starting at 5 weeks of
age, leuprorelin initially increased the serum testosterone
level by acting as an agonist at the LHRH receptor, but
subsequently reduced it to an undetectable level.
Leuprorelin-treated AR-97Q mice showed deterioration of
body weight, gait and performance of the rotarod task at
8-9 weeks of age, during the time when the serum test-
osterone level initially increased through the agonistic
effect of leuprorelin [37]. This elevation in testosterone
level was transient and was followed by suppression of
testosterone production and sustained reversibility of
polyQ pathogenesis. Intriguingly, immunostaining of tail
specimens, sampled from the same individual mouse,
demonstrated an increase in the number of muscle fibres
with nuclear 1C2 staining at 4 weeks of leuprorelin
administration, although the number of muscle fibres
with nuclear 1C2 staining decreased after another
4 weeks of treatment [37]. These results indicate that
testosterone deprivation is sufficient to reverse both the
symptomatic and pathologic phenotypes in AR-97Q mice.

Successful treatment of AR-97Q mice with leuprorelin
led us to perform testosterone blockade therapies in SBMA
patients {80]. In a preliminary open trial, treatment with
leuprorelin for 6 months significantly reduced nuclear
accumulation of mutant AR in the scrotal skin of SBMA
patients, suggesting that androgen deprivation interrupts
the pathogenic process of human SBMA [80]. Another
trial on a larger scale is currently underway to verify the
clinical benefits of leuprorelin in SBMA patients.

Hsp90-dependent pathogenesis

Heat shock protein (Hsp) 90, a molecular chaperone, is
essential for the function and stability of the AR, the
C-terminus of which has a high affinity for Hsp90. Hsp90
induces a conformational change in AR that is required
for its nuclear translocation after ligand activation
[24,81,82]. Hsp90 functions in multicomponent com-
plexes of chaperone proteins including Hsp70, Hop,
Cdc37 and p23, leading to the folding, activation and
assembly of Hsp90 client proteins [83]. Two main Hsp90
complexes are thought to exist: one complex is a stabiliz-
ing form with Cdc37 and p23 and this complex stabilizes
Hsp90 client proteins including AR, while the other
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Figure 2. Diagram showing the change in the Hsp90 complex
induced by an Hsp90 inhibitor. Hsp90 is required for nuclear
translocation of androgen receptor (AR). Hsp90 functions in
multicomponent complexes of cochaperone proteins including
Hsp70, Hop. Cde37 and p23. Two main Hsp90 complexes exist.
One complex is a stabilizing form with Cdc37 and p23 and
stahilizes Hsp90 client proteins, while the other complex is a
proteasome-targeting form with Hsp70 and Hop and directs Hsp90
client proteins to proteasome degradation. Hsp90 inhibitor
(17-AAG) specifically binds the ATP-binding site of Hsp90,
resulting in a shift of the Hsp90 complex from the stabilizing form
towards the proteasome-targeting form.

complex is a proteasome-targeting form with Hsp70 and
Hop and it directs Hsp90 client proteins to proteasome
degradation (Figure 2) [84—-87]. p23 is thought to modu-
late Hsp90 activity during the last stages of the chaperon-
ing pathway, leading to stabilization of Hsp90 client
proteins in an ATP-dependent manner [88]. Hop is known
to independently bind with both Hsp90 and Hsp70,
thereby promoting the Hsp9(0/Hsp70 linkage, and is
thought to direct the triage decision for client proteins by
bridging the Hsp90-Hsp70 interaction [87]. Hsp90
inhibitors inhibit the ATP-dependent progression of the
Hsp90 complex towards the stabilizing form and shift it
to the proteasome-targeting form, resulting in proteaso-
mal degradation of the Hsp90 client protein (Figure 2)
[89,90]. Steroid receptors, including the progesterone
receptor and the glucocorticoid receptor, were the first
Hsp90 client proteins to be identified [91,92]. As for AR,
Hsp90 is essential for maintaining its high ligand-binding
affinity and for its stabilization [8 1,9 3]. In practice, Hsp90
inhibitors reduce the binding affinity of AR for androgens,
and induce the degradation of AR [93,94]. Numerous
oncoproteins belonging to the Hsp90 client protein family
are selectively degraded in the UPS by Hsp90 inhibitors.
and 17-allylamino-17-demethoxygeldanamycin  (17-
AAGQG), a first-in-class Hsp90 inhibitor, is now under clini-
cal trials as a novel molecular-targeted agent for a wide

range of malignancies [95]. In addition, Hsp90 inhibitors
have been shown to have some neuroprotective effects
against various stresses such as drug-induced toxicity, oxi-
dative stress, and oxygen glucose deprivation [96-99]. AR
also belongs to the Hsp90 client protein family, and is
degraded in the presence of Hsp90 inhibitors [85,93,94].
Therefore, we explored 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. We found that 17-AAG inhibits
nuclear accumulation of this protein in cultured cells,
leading to marked amelioration of the motor phenotype of
AR-970Q mice without detectable toxicity [100]. Of inter-
est is the finding that 17-AAG preferentially targeted
mutant AR rather than wild-type AR to proteasomal deg-
radation. A high association between p23 and AR con-
taining expanded polyQ tract renders the mutant AR more
sensitive to Hsp90 inhibitors than wild-type AR [100].
Western blot and filter trap analyses in AR-970Q mice both
showed that 17-AAG significantly reduced the amount of
the insoluble high-molecular-weight complex of mutant
AR as well as the amount of soluble monomer of mutant
AR in the spinal cord and skeletal muscle. Moreover, in an
immunostaining study of nervous tissue from AR-97Q
mice, 17-AAG significantly reduced the amount of diffuse
nuclear-accumulated AR, suggesting that 17-AAG had a
curative effect on SBMA by reducing the amounts of oli-
gomers and the soluble monomeric form of the mutant
AR. Alternatively, 17-AAG may inhibit aggregation of
mutant AR by inducing Hsp70 and Hsp40 expression.
Hsp90 inhibitors cause disassociation of heat shock
factor-1 (HSF-1) from the Hsp90 complex and trimeriza-
tion of the HSF-1, thereby resulting in HSP activation
[100]. The Hsp90 inhibitor. geldanamycin, induced
Hsp70 and Hsp40 expression in transfected COS-1 cells,
thereby inhibiting polyQ-induced abnormal aggregation
of huntingtin protein [101]. However, as 17-AAG dis-
played only a limited ability to induce Hsp70 and Hsp40
expression in mouse tissue [100], the large decrease in the
amount of AR seen in the insoluble fraction in vivo, rather
than being a result of HSP induction, may be due to the
potent ability of 17-AAG to degrade the soluble mono-
meric form of the mutant protein, thereby preventing its
aggregation [100]. Furthermore, assembly of Hsp90 and
its cofactors into complexes is required for retrograde,
dynein-dependent movement of several steroid receptors
[102,103]. Thus, in cells that do not express HSF-1,
Hsp90 inhibitors inhibit the translocation of AR to the
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nucleus and prevent ligand-dependent aggregation of the
polyQ-expanded AR by inhibiting dynein-dependent AR
trafficking [104].

Among the other proposed therapeutic approaches we
previously studied [35,37,105,106], the efficacy of
17-AAG most closely approximated the successful hor-
monal therapy using the LH-RH analogue, leuprorelin
[100]. However, unlike leuprorelin, the Hsp90 inhibitor
17-AAG holds enormous potential for application to a
wide range of neurodegenerative diseases in addition to
SBMA as previously reported [107-109]. We regard this
general versatility as very important for the development
of Hsp90 inhibitors as a treatment for neurological disor-
ders. The strategy behind Hsp90 inhibitors differs from
previous strategies employed against polyQ diseases,
which unavoidably allowed abnormal protein to remain
and placed much value mainly on inhibition of protein
aggregation. We consider that the ability to facilitate deg-
radation of disease-causing proteins by modulation of
Hsp90 function would be of value when applied to SBMA
and other neurodegenerative diseases. There is no doubt
that reduction of the amount of the main culprit protein
would have a curative effect against various neurodegen-
erative diseases. In fact, one therapeutic approach that
directly reduces the level of abnormal protein by RNA
interference has already proven beneficial in various
mouse models of polyQ diseases and amyotrophic lateral
sclerosis [110-112].

17-AAG-induced degradation requires a well-preserved
proteasome function [89,90,100,113]. However, a ques-
tion as to whether the UPS is impaired or not in patients
with SBMA has been raised concerning this UPS-
dependent therapy [113]. It is generally accepted that the
UPS is involved in the pathology of polyQ diseases, as
many components of the UPS and molecular chaperones
are known to colocalize with polyQ-containing NIs
[114,115]. Previous studies performed in cultured cell
models suggested that the UPS is impaired in patients with
polyQ diseases [54,116-118]. If this hypothesis were true,
17-AAG would not be able to exert its pharmacological
effect on polyQ diseases. In this regard, recent studies
using in vivo proteasome assays have raised important
questions as to whether patients with polyQ diseases have
an impaired UPS [53,119,120]. It has been reported that
neuronal dysfunction developed without significant
impairment of the UPS in a mouse model of SCA7 [53].
Consistent with this, it was also demonstrated that protea-
some impairment did not contribute to the pathogenesis of
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HD in a mouse model [120]. Furthermore, in conditional
mouse models of polyQ disease, genetic loss of the abnor-
mal gene product led to rapid clearance of pre-existing
polyQ-mediated NIs and reversible improvement of the
abnormal phenotypes [121,122]. If the UPS were irre-
versibly damaged in patients and animal models of polyQ
diseases, then the amount of pre-existing NIs would not
decrease. We therefore consider that treatment with
17-AAG, which takes advantage of a self-clearing system
to target disease-causing proteins, is a reasonable thera-
peutic strategy against polyQ-related and other neurode-
generative diseases.

Induction of heat shock proteins

Many components of the UPS and molecular chaperones
are known to colocalize with polyQ-containing NIs, imply-
ing that these proteins are involved in neurodegeneration
in polyQ diseases. HSPs are classifled into different families
according to molecular size: Hspl00, Hsp90, Hsp70,
Hsp60, Hsp40 and small HSPs [123]. These HSPs are
either constitutively expressed or inducibly synthesized
after cellular stress. HSPs play important roles in main-
taining correct folding, assembly, and intracellular trans-
port of newly synthesized proteins. For example, Hsp70
and Hsp90, which are essential components of the
AR-chaperone complex in the cell cytoplasm, regulate the
function, nuclear translocation, and degradation of AR
[124]. Under toxic conditions, the synthesis of HSPs is
rapidly up-regulated, and nonnative proteins are refolded
as a consequence. Therefore, forced overexpression of
HSPs resulted in acquisition of tolerance against various
types of stresses, and protection against apoptosis in
various disease models [125]. In various polyQ disease
models, both genetic and pharmacological overexpression
of HSPs have been shown to suppress aggregate formation
and cellular toxicity [109,114,126-128]. Hsp70 cooper-
ates with Hsp40 in functioning as a molecular chaperone.
These HSPs have been proposed to prevent the initial con-
formation conversion of mutant polyQ-containing protein
from a random coil to a B-sheet, leading to attenuation of
toxic oligomer formation [128]. Overexpression of Hsp70,
together with Hsp40, inhibited the toxic accumulation of
abnormal polyQ-containing protein and suppressed cell
death in a variety of cellular models of polyQ diseases
including SBMA [114,129]. Hsp70 has also been shown
to facilitate proteasomal degradation of abnormal AR
protein in a cell culture model of SBMA [130]. The favour-
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able effects of Hsp70 have been verified in studies using
mouse models of polyQ diseases. Overexpression of the
inducible form of human Hsp70 markedly ameliorated
the symptomatic and histopathological phenotypes of the
SCA1 mouse model [131] and AR-97Q mice [105]. These
beneficial effects were dependent on the dose of the Hsp70
gene and correlated with the reduction in the amount of
nuclear-accumulated mutant AR protein [105]. It should
be noted that Hsp70 overexpression also significantly
reduced the amount of the soluble form of mutant AR,
suggesting that Hsp70 overexpression accelerated the
degradation of mutant AR in AR-97Q mice.

Favourable effects obtained by genetic modulation of
HSPs suggest that pharmacological induction of molecu-
lar chaperones might be a promising approach for the
treatment of SBMA and other polyQ diseases. Many
studies have shown that HSP induction by Hsp90 inhibi-
tors exerted potentially neuroprotective effects in models
of HD [101,132,133], tauopathies [134-136], Parkin-
son's disease [137-139], stroke {140,141] and autoim-
mune encephalomyelitis [142]. As for polyQ diseases,
Sittler et al. [101] first showed that geldanamycin signifi-
cantly suppressed aggregation of mutant huntingtin in a
cultured cell model of HD via induction of Hsp70 and
Hsp40 heat shock response. Geranylgeranylacetone
(GGA), an acyclic isoprenoid compound with a retinoid
skeleton, has been shown to strongly induce HSP expres-
sion in various tissues [143). This compound has been
used as an oral anti-ulcer drug. Oral administration of
GGA up-regulated the levels of Hsp70, Hsp90 and
Hsp105 via activation of HSF-1 in the central nervous
system and inhibited nuclear accumulation of the patho-
genic AR protein, resulting in amelioration of polyQ-
dependent neuromuscular phenotypes of the AR-97Q
mice [144]. Thus, enhancement of cellular defences
using Hsp90 inhibitors and GGA is a reasonable clinical
approach for the treatment of neurodegenerative diseases.
The ability of Hsp90 inhibitors to significantly induce the
expression of HSPs has been demonstrated in cultured
cells and a fly model, but not in mammals. As 17-AAG had
only a limited ability to induce Hsp70 expression in mouse
tissue [100], further studies should be performed to
address to what extent Hsp90 inhibitors can induce the
expression of HSPs in mouse models of neurodegenerative
disorders other than SBMA.

On the other hand, several studies suggest that polyQ
elongation interferes with the protective cellular responses
against cytotoxic stress {128]. Transfected cells expressing

truncated AR composed of the first N-terminal 127 amino
acids of human AR with an expanded polyQ tract showed
delayed induction of Hsp70 after heat shock compared
with that in transfected cells expressing the full-length
AR [145]. Bates and colleagues reported progressive
decreases in the expression of Hsp70 and Hsp40 in the
brain lesion of an animal model of HD [132], and such

. decreases were also observed in AR-97Q mice [144]. The

threshold of HSP induction is known to be relatively high
in spinal motor neurones [146]. Taken together, impair-
ment of the capability of HSP induction is implicated in
the pathogenesis of motor neurone degeneration in SBMA
as HSPs are potent suppressors of polyQ toxicity.

Biomarkers for clinical trials

As SBMA is a slowly progressive disease and its precise
natural history has not been well elucidated, long-term
clinical trials are necessary to assess whether certain
drugs can alter the natural progression of the disease.
Suitable biomarkers that reflect the pathogenesis and
severity of SBMA, are necessary to be able to assess the
therapeutic efficacy and to improve the power and cost-
effectiveness of longitudinal drug trials. Punch biopsy of
the scrotal skin is safe and easy to perform on patients,
whereas it is not practical to obtain a biopsy specimen
from the central nervous system. We studied a biomarker
of SBMA, that is, the degree of nuclear accumulation of
mutant AR in epithelial cells of scrotal skin biopsy
samples, which can be used as a surrogate endpoint in
therapeutic trials [80]. In that study, the degree of nuclear
accumulation of mutant AR in scrotal skin biopsy samples
from 13 SBMA patients was assessed by 1C2 staining
(Figure 1f). The percentage of cells with nuclear 1C2
staining among the scrotal skin epithelial cells tended to
be correlated with that in spinal motor neurones among
five autopsied SBMA cases, and it was positively correlated
with the CAG repeat length and inversely correlated with
the functional Activities of Daily Living scale as assessed
by the Norris score on limbs among the 13 SBMA patients
[80]. The results demonstrate that the percentage of cells
with nuclear 1C2 staining in scrotal skin biopsy samples
could predict the pathogenic process in the motor neu-
rones of patients with SBMA. Moreover, subcutaneous
injections of leuprorelin in SBMA patients reduced both
the intensity and frequency of diffuse nuclear 1C2 stain-
ing in scrotal skin epithelial cells during the first 4 weeks
of therapy and this effect was markedly enhanced after
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12-week treatment, suggesting that 1C2 immunostaining
of scrotal skin biopsy samples for nuclear mutant AR is a
practical procedure for estimating the severity of SBMA
pathogenesis in the nervous system [80)]. Based on the
observations described above, the degree of 1C2-stained
nuclear mutant AR accumulation in biopsied scrotal skin
is likely to be a potent biomarker reflecting the pathogenic
process of SBMA. Since the degree of nuclear accumula-
tion of mutant AR in biopsied scrotal skin appears to be a
promising surrogate endpoint, further trials are necessary
to evaluate this biomarker by confirming that the change
in scrotal skin findings correctly predicts the true clinical
outcome event such as becoming wheelchair-bound,
aspiration pneumonia or death.

Conclusions

Studies using cellular and animal models provide insight
into mechanisms involved in neurodegeneration in SBMA,
and reveal promising approaches to treatment of this
disease, among which LHRH analogues and 17-AAG
appear to be potent agents for treating patients. The
results of animal studies should be verified in carefully
designed clinical trials. Clinical studies on SBMA patients,
however, are challenging because of the slowly progres-
sive nature of SBMA and the low sensitivity of clinical
examination to detect changes over short periods of time.
Furthermore, these treatments for SBMA are disease-
modifying therapies that inhibit the pathogenic process of
motor neurone degeneration rather than symptom-relief
therapies (Figure 3). Therefore, large-scale clinical trials of
long duration are necessary, and establishment of objec-
tive biomarkers is of utmost importance in order to
improve the power and cost-effectiveness of longitudinal
clinical treatment trials (Figure 3). For this purpose, clini-
cal and pathological parameters representing the patho-
genic process of SBMA should be extensively investigated.
The ideal treatment for polyQ diseases appears to be a
combination of several potential therapeutic strategies, as
each approach has adverse effects and long-term treat-
ment is unavoidable in the therapy of polyQ diseases. Elu-
cidation of the pathophysiology, high-throughput drug
screening and intensive clinical trials are necessary for
establishing human therapeutics for this disease.
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Objective: To determine whether apparent diffusion coefficient {ADC) values and fractional anisotropy (FA)
values can detect early pathological involvement in multiple system atrophy (MSA), and be used to
differentiate MSA-P (multiple system atrophy if parkinsonian features predominate) from Parkinson’s disease
(PD).

Methods: We compared ADC and FA values in the pons, cerebellum and putamen of 61 subjects (20
probable MSA patients, 21 age matched PD patients and 20 age matched healthy controls) using a 3.0 T
magnetic resonance system.

Results: ADC values in the pons, cerebellum and putamen were significantly higher, and FA values lower in
MSA than in PD or controls. These differences were prominent in MSA lacking dorsolateral putaminal
hyperintensity {DPH) or hot cross bun (HCB) sign. In differentiating MSA-P from PD using FA and ADC values,
we obtained equal sensifivity (70%) and higher specificity (100%) in the pons than in the putamen and
cerebellum. In addition, all patients that had both significant low FA and high ADC values in each of these
three areas were MSA-P cases, and those that had both normal FA and ADC values in the pons were dll PD
cases. Our diagnostic algorithm based on these results accurately diagnosed 90% of patients with MSA-P.
Conclusion: FA and ADC values detected early pathological invoKement prior to magnetic resonance signal
changes in MSA. In particular, low FA values in the pons showed high specificity in discriminating MSA-P
from PD. In addition, combined analysis of both FA and ADC values in all three areas was more useful than
only one.

neurodegenerative disease presenting a combination of

parkinsonism, cerebellar ataxia and autonomic failure
during the course of the illness.'™ A consensus statement
recommended designating patients as having MSA-P if
parkinsonian features predominated or MSA-C if cerebellar
features predominated.’ Differentiation of Parkinson'’s disease
(PD) from MSA-P is particularly important because these
disorders differ in progression, prognosis and treatment
responses.® However, a purely clinical differentiation, especially
in the early phase of the disease, remains challenging.

In advanced MSA, MRI reliably shows characteristic signal
changes, such as dorsolateral putaminal hyperintensity (DPH)
and the hot cross bun (HCB) sign,”™ but these signs are not
useful for differentiation between MSA-P and PD in their early
phases."

Apparent diffusion coefficient (ADC) values and fractional
anisotropy (FA) values are new parameters on MRI, and these
were used to evaluate the degree of tissue degeneration in
various disorders. ADC values measure the average water
diffusion, and increasing ADC values indicate tissue degenera-
tion. FA values measure the degree of anisotropy of the
diffusing water along different axes of the image, and
decreasing FA values represent tissue degeneration. Recently,
there have been some reports concerning ADC and FA values in
MSA-P and PD patients. ADC values in the striatum were
higher in MSA-P than in PD,*? and those in the basis pontis and
cerebellum were higher in MSA-C than in controls.”” FA values
in the middle cerebellar penduncle, basis pontis and internal
capsule were lower in MSA-C than in controls.* However, these
results still do not confirm whether ADC and FA values are

Multip]e system atrophy (MSA) is a sporadic adult onset

www.innp.com

really effective at discriminating MSA-P from PD, particularly
in their early phases. To confirm the hypothesis that ADC and
FA values can detect abnormalities in patients with MSA, even
without DPH and HCB, and discriminate MSA-P from PD, a
direct study of these values at various stages of MSA and PD
and in various regions is needed.

The aim of the present investigation was to examine the
utility of ADC and FA values in the pons, cerebellum and
putamen to detect not only the early pathological changes in
MSA but also to differentiate MSA-P from PD.

PATIENTS AND METHODS

We studied 61 subjects (20 consecutive patients with probable
MSA (10 MSA-C; 10 MSA-P), 21 age and sex matched patients
with probable PD and 20 age and sex matched healthy
volunteers) (table 1). There was a significant difference in the
duration from initial symptoms to MRI evaluation between
MSA (4 (2) years, range 1-10) and PD (10 (8) years, range 1-
30) patients. Furthermore, patients with MSA-P and PD were
assessed using the Hohen-Yahr score. There was no significant
difference in the Hohen-Yahr score between the MSA-P (3.6
(1.0)) and PD (3.5 (1.0)) groups. Patients in the relatively early
stage of MSA were included in this study. Clinical diagnoses of
MSA’ and PD" were established by consensus diagnostic
Abbreviations: ADC, apparent diffusion coefficient; DPH, dorsolaterat
putaminal hyperinfensity; FA, fractional anisotropy; HCB, hot cross bun;
MSA, multiple system atrophy; MSA-C, multiple system atrophy if
cerebellar features predominate; MSA-P, muﬁiple system atrophy if
parkinsonian features predominate; PD, Parkinson’s disease; ROC,
receiver operating characteristic; RO, region of interest
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Table 1 Patients data
Noof  Age Sex Duration
cases byl F/m) vl H-Y
MSA 20 61(9) 8/12  4(2)
MSA-P 10 63(11) 4/6 4(3) 346(1.0)
MSA-C 10 58 (7) 4/6 4(2)
PD 2] 62 (11) 13/8 10 (8) 3.5(1.0)
Control 20 62 (11) 13/7
ADC, apparent diffusion coefficient; DPH, dorsolateral putaminal
hyperintensity; FA, fractional anisotropy; HCB, hot cross bun; MSA, multiple
symmnguy;MSA{, mhiplasymmmpl-?«ifcmbellahdum
predominate; MSA-P, mulfiple system atrophy if parkinsonian features
predominate; PD, Parkinson’s disease.

criteria. All MSA patients fulfilled clinically probable criteria. In
addition, controls underwent the same MRI examination.
Informed consent was established before subject participation.
This study was approved by the ethics committee of the Nagoya
University Graduate School of Medicine.

MRI protocol

All scanning was carried out with a 3.0 T MR scanner (Trio,
Siemens, Erlangen, Germany), using a receive only 8 channel
phased array head coil. Diffusion weighted imaging was
obtained with optimal methods'® using a Stejskal-Tanner
sequence with single shot spin echo-type echo planar imaging,
flip angle of 90° and a repetition time of 7700 ms. Echo times
corresponding to respective b-factors were 75 ms for 700 s/mm°.
Echo spacing was 0.79 ms, and matrix size was 128 x128 with a
readout bandwidth of 1562 Hz/pixel. Sixty axial slices, 2 mm
thick with a 0.6 mm interslice gap, were used to image the entire
brain with a 23 cm square field of view.

A motion probing gradient was applied in six orientations
after acquisition of b =700 images. The 128 x128 data matrix
was zero fill interpolated to 256 x256. An acceleration factor of
2 was applied using the parallel imaging technique, generalised
autocalibrating partially parallel acquisitions (GRAPPA),"”
which is an extension of the simultaneous acquisition of spatial
harmonics technique. Eddy current related geometric distor-
tions were not prominent between the images of each motion
probing gradient directions and thus distortion correction post-
processing was not applied.

Data analyses

ADC and FA values, and tractography were obtained using the
public domain software dTV II for diffusion weighted imaging
analysis developed by the Imaging Computing and Analysis
Laboratory (Department of Radiology, University of Tokyo
Hospital, Japan), and made available via the URL http://
www.ut-radiology.umin.jp/people/masutani/dTV.htm. Regions
of interest (ROIs) in the pons and cerebellum were placed
within closed curves drawn around the entire axially imaged

723

pons and around the axial cerebellum section that showed the
largest dentate nucleus profile (fig 1A, 1B). As it was difficult to
discriminate the entire axial putamen on MRI, ROIs in the
putamen were placed within closed fixed circles drawn on the
axial putaminal section (fig 1C). Regional ADC and FA values
were calculated in each ROI. Mean ADC and FA values were
adapted as representative indices of ADC and FA values. For
tractography visualisation in the pons and cerebellum, which
could be anatomically analysed in their entirety, seed areas
were defined on T2 weighted axial images (b=0) as the
interior of the previously mentioned closed curve drawn around
the pons and cerebellum. The presence or absence of HCB or
DPH signs'® was determined on T2 weighted axial images of the
pons or putamen by the radiologist.

Statistical analyses were performed using SPSS 11.0 for
Windows (SPSS Inc, USA). The Kruskal-Wallis test was used
for comparison of ADC or FA values among MSA, PD and
controls or MSA-P, PD and controls. The significance level was
set at p<0.05. In addition, to differentiate probable MSA-P
from PD, we performed receiver operating characteristic (ROC)
analysis for FA and ADC values in each ROI. Based on these
ROC data, we set cut off points for FA and ADC values,
respectively.

RESULTS

Features of tractography

Tractography in representative MSA, PD and control subjects is
shown in fig 2. Compared with PD and controls, MSA showed a
decreased volume of fibre bundles corresponding anatomically
to the middle cerebellar peduncle, transverse pontine and
pyramidal tract fibres located in the pontine ROI, and also to
the middle cerebellar peduncle and frontocerebellar tract
located in the cerebellar ROI. No marked difference was seen
between PD and controls. Although these fibre bundle losses
were prominent in most MSA patients, some MSA cases had
relatively well preserved tractography.

FA and ADC values in the pons, cerebellum and putamen
FA values in the pons, cerebellum and putamen in MSA were
significantly lower than those in PD or controls. With respect to
MSA phenotype, FA values in all three areas were significantly
lower in MSA-P and MSA-C than in either PD or controls
(fig 3A-C). However, FA values in the pons and cerebellum
tended to be lower in MSA-C than in MSA-P, but the
differences were not significant. FA values in the putamen
were similar in MSA-C and MSA-P subjects.

ADC values in the pons, cerebellum and putamen were
significantly higher in MSA than in PD or controls. With respect
to MSA phenotype, ADC values in all three areas were
significantly higher in MSA-P or MSA-C than in PD or controls
(fig 4A-C), while ADC values in the pons and cerebellum
tended to be higher in MSA-C than in MSA-P, but the

Figure 1 Regions of interest (ROI). ROls in
the pons (A), cerebellum {B) and putamen
(Q).
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A Figure 2 Tractography in the pons and
Conirol cerebellum. {A) Pons. Vlsucllsahon of fibres

in the pons cnd yramidal fract fibres is
undear in multiple system atrophy (MSA).
(B) Cerebellum. Vlsuallsuflon of transverse
fibres proceeding via the middle cerebellar
eduncle, and o?ﬁbres connecting to the
ontal lobe is unclear in MSA. PD,
Parkinson’s disease.
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difference was not significant. ADC values in the putamen were
similar in MSA-C and MSA-P.

Statistically lower FA and higher ADC values in the pons and
cerebellum were more prominent than those in the putamen.

FA and ADC values in MSA with or without magnetic
resonance signal changes

In our MSA patients, specificity of the HCB and DPH signs were
both 100%, while sensitivity of the HCB and DPH signs were
only 45.0% and 40.0%, respectively. However, in 11 MSA
patients without the HCB sign, 8 (72.7%) showed low FA values
in the pons, 7 (63.6%) in the cerebellum and 6 (54.5%) in the
putamen, and 8 (72.7%) showed high ADC values in the pons, 6
(54.5%) in the cerebellum and 8 (72.7%) in the putamen
(table 2). In 12 MSA patients without the DPH sign, 10 (83.3%)
showed low FA values in the pons, 10 (83.3%) in the
cerebellum and 10 (83.3%) in the putamen, and 8 (66.7%)
showed high ADC values in the pons, 9 (75.0%) in the
cerebellum and 6 (50.0%) in the putamen (table 2). These
observations demonstrate that changes in FA and ADC values
can be detected prior to the appearance of HCB and DPH signs
in early phase MSA. FA values were significantly lower in MSA
patients without DPH or HCB signs than in PD patients.
Likewise, ADC values were significantly higher in MSA patients
without DPH or HCB signs than in PD patients.

Differentiating MSA-P from PD

To differentiate probable MSA-P from PD, we performed ROC
analysis. Based on these ROC data, we set cut off points for FA
values in the pons, cerebellum and putamen at 0.38, 0.30 and
0.35, and for ADC values 0.98, 0.96 and 0.83, respectively, and

A hw B
_ gAI.SO —
2$Lw— §$
8% 8 £1.25
= E g E
Qo 1.00 £&61.00
<'x Q%
x l gfnn—
0.50 =1 | I

FA in putamen

725

Figure 3 Fractiondl anisotropy (FA) values
in the pons, cerebellum and putamen. FA
values in multiple system atrophy if
cerebellar features predominate (MSA-C),
multiple system atrophy if parkinsonian
features predominate (MSA-P), Parkinson’s
disease (PD) and conirols are shown in the
pons (A}, cerebellum {B) and putamen (C}.
*+5<0.01, *p<0.005, ***p<0.001. FA
values in all three areas were significantly
lower in MSA-P and MSA-C than in PD or
controls.
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that both sensitivity and specificity were as high as possible in
our cases. Sensitivity and specificity based on these cut off
points for FA values were 70.0% and 100.0% in the pons, 70.0%
and 63.6% in the cerebellum and 70.0% and 87.5% in the
putamen (fig 5). Sensitivity and specificity based on these cut
off points for ADC values were 70.0% and 70.0% in the pons,
60.0% and 87.5% in the cerebellum and 70.0% and 63.6% in the
putamen (fig 5). FA values in the pons were particularly useful
for readily differentiating MSA-P from PD, and provided equal
sensitivity and higher specificity than those in the cerebellum
and putamen. Hence pontine FA values were especially useful
markers to diagnose MSA-P as well as those in the cerebellum
and putamen.

In addition, our results showed that three MSA-P patients had
low FA but normal ADC values (fig 5A, red area) and three had
normal FA but high ADC values (fig 5A, blue area) in the pons. In
the cerebellum and putamen (fig 5B, C), two and two -MSA-P
patients, respectively, had low FA but normal ADC values, and one
and two, respectively, had normal FA but high ADC values.

All patients that had both low FA and high ADC values in
each of the three areas were probable MSA-P cases (fig 5A-C,
purple areas), suggesting that patients with such values have a
high possibility of being correctly diagnosed as MSA-P.
Furthermore, no MSA cases had both normal FA and ADC
values in the pons (fig 5A, white area), and all patients that had
both normal FA and ADC values in the pons were PD cases.
However, in the cerebellum and putamen (fig 5B, C, white
areas), two and one MSA-P cases, respectively, had both
normal FA and ADC values. Hence it was more useful to
examine both FA and ADC values than only one or the other to
distinguish MSA-P from PD.
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Figure 4 Apparent diffusion coefficient {ADC) values in the pons, cerebellum and putamen. ADC values (x1073 mm?/s} in multiple system atrophy if
cerebellar features predominate (MSA-C), multiple system atrophy if parkinsonian features predominate (MSA-P), Parkinson’s disease (PD) and controls are
shown in the pons (A}, cerebellum {B) and putamen (C). *p<0.05, **p<0.01, ***p<0.005, ***p<0.001. ADC values in all three areas were significantly

higher in MSA-P or MSA-C than in PD or controls.
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Table 2 Percentage of m:ients with multiple system
atrophy presenting with low fractional anisotropy or high
apparent diffusion coefficient values without dorsolateral
putaminal hyperintensity or hot cross bun signs

MSA patients MSA patients
without DPH sign without HCB sign
ROI Cut off points [n=12) [n=11)
Pons
FA <0.38 10 (83.3%) 8(72.7%)
ADC =0.98 8 (66.7%) B (72.7%)
Cerebellum
FA <0.30 10 (83.3%) 7 (63.6%)
ADC =0.96 9 (75.0%) 6 (54.5%)
Putamen
FA <0.35 10 (83.3%) 6 (54.5%)
ADC =0.83 6 (50.0%) 8 (72.7%)

ADC, apparent diffusion coefficient; DPH, dorsolateral putaminal
hyperintensity; FA, fractional anisofropy; HCB, hot cross bun; MSA, multiple
system ; RO, region of interest.

Therefore, based on these results, we devised an algorithm
for differentiating probable MSA-P from PD (fig 6). Using this
algorithm in our 31 cases (PD 21; probable MSA-P 10}, all
patients that had both normal FA and ADC values in all three
areas were PD cases (12 PD cases). In addition, all patients that
had both low FA and high ADC values in any of the three areas
were probable MSA-P cases (9 probable MSA-P cases). Taken
together, the *“MSA area” included 90.0% of probable MSA-P
cases and no PD cases, and the “PD area” included 57.1% of PD
cases and no probable MSA-P cases.

DISCUSSION

To our knowledge, this is the first systematic study to
demonstrate the usefulness of simultaneous assessment of
ADC and FA values on multiple regions, including the pons,
cerebellum and putamen in MSA, PD and controls. We showed
that low FA and high ADC values in these regions were
significant even in MSA cases without HCB or DPH signs,
suggesting that FA and ADC assessment can be a potent
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Figure 6 Algorithm for differentiating probable multiple system atrophy if
parkinsonian features predominate (MSA-P) from ParEnson's disease (PD)
using fractional anisotropy (FA) and apparent diffusion coefficient (ADC)

values. Using this algorithm in our 31 cases (PD 21; probable MSA-P 10),
the ““MSA area”" included 90% of probable MSA-P cases and no PD cases,
and the “PD area” included 57.1% of PD cases and no MSA-P cases.
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Figure 5 Differentiation of multiple system atrophy if parkinsonian features predominate (MSA-P) from Parkinson’s disease (PD). Fractional anisotropy (FA)
and apparent diffusion coefficient (ADC) values in the pons (A), cerebellum (B) and putamen (C}. In the pons, cerebellum and putamen, the cut off point was
set at 0.38, 0.30 and 0.35 for FA, and 0.98, 0.96 and 0.83 for ADC, respectively. Sensitivity/specificity in differentiating probable MSA-P from PD usin,
these cut off points are shown. FA values in the pons were particularly useful for readily differentiating MSA-P from PD. In addifion, some MSA-P cases ha
low FA and normal ADC values or normal FA and high ADC values. All patients that had both low FA and high ADC values in all three areas were MSA
cases, and all patients that had both normal FA and ADC values in the pons were PD cases.
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procedure to detect early involvement in MSA without
diagnostic MRI findings. In particular, 90.0% of probable
MSA-P cases showed a combination of low FA and high ADC
values in one or more of the three areas, but no PD patients
showed both low FA and high ADC values in any of the three
areas. In addition, 57.1% of PD cases showed a combination of
normal FA and ADC values in all three areas. These results
suggest that combined evaluation of FA and ADC values in
early disease stages provides an accurate method for differ-
entiating MSA-P from PD.

ADC values measure the average water diffusion. High
putaminal ADC values were reported to be helpful in
differentiating MSA-P from PD.” Subsequently, brainstem
ADC values in MSA-C were demonstrated to be increased.”
As increases in ADC values have been shown in certain other
diseases'**' and in normal aging,” high ADC values are thought
to reflect destruction of tissue architecture. In contrast, FA
values are new parameters specifically measuring the degree of
anisotropy of the diffusing water along different axes of the
image, enabling useful quantitative estimation of decreased
tissue anisotropy reflecting degeneration. Reduced FA values
have been reported in certain other diseases®*?* and in normal
aging.® More recently, decreased FA values in cerebellopetal
fibres and pyramidal tracts have been reported in MSA-C," and
low FA values are also thought to reflect destruction of tissue
architecture. In this study, we demonstrated that by using
small voxels and optimised parameters,'* as well as a general-
ised autocalibrating partially parallel acquisitions (GRAPPA)"
algorithm for suppressing artefact and noise to obtain reliable
ADC and FA values, as evidenced by clear tractography results,
increased ADC and decreased FA values could reflect destruc-
tion of brainstem, cerebellar or putaminal tissue architecture
resulting from neuronal loss and/or gliosis, enhancing random
mobility of free water molecules within the tissue. Our results
support previous observations and extend the significance of
FA and ADC values in the diagnosis of MSA-P, even in cases
without DPH or HCB signs.

Some of our MSA-P or PD cases showed a combination of
normal FA but high ADC or low FA but normal ADC values in
various regions. As above, high ADC and low FA values could
reflect similar destruction of tissue architecture and have been
demonstrated in various pathological changes, including brain
atrophy, atherosclerotic change and normal aging.” * However,
these parameters are based on different pathological condi-
tions. This may be one of the reasons why some cases showed
normal FA but high ADC or low FA but normal ADC values.
Furthermore, only cases of MSA-P had both low FA and high
ADC values in each of the three areas. FA and ADC values may
mutually provide additional information about the evolution of
the disease that is not available from one method. These
findings suggest that the combined evaluation of FA and ADC
values could be more useful for early detection of pathological
involvement in MSA-P than evaluation of either of these
separately.

With respect to location, pontine FA and ADC values were
especially useful markers in diagnosing MSA-P compared with
those in the cerebellum and putamen. Although degeneration
of olivopontocerebellar systems is evident from clinical features
and MRI findings in MSA-C, these changes are not apparent in
the early phase of MSA-P. The present study clearly demon-
strated that even though reductions in FA values and increases
in ADC values in the pons and cerebellum were more
remarkable in MSA-C than in MSA-P, these changes were still
highly evident in MSA-P. The question arises as to why
significantly abnormal ADC and FA values can be seen in the
pons even in early phase MSA. Patients with early stage MSA in
Caucasian populations have been reported to show selective
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neuronal cell loss in the substantia nigra and locus coeruleus,
with relative sparing of both the striatum and the olivoponto-
cerebellar system.” One possible explanation may be that ADC
and FA values have the potential to detect minimal and
subclinical, but accumulated, neurodegeneration in the pons,
because the pons contains the neurons and fibre tracts (eg, the
pontine nuclei, transverse pontine fibres and corticospinal
tracts) that are preferentially effected in MSA and thus could
accumulate and reflect the MSA specific neurodegenerative
process at an early phase of illness. Alternatively, it could be
due to differences in the pathological features of MSA among
Japanese and Caucasian populations. We previously reported
that MSA-C was more frequent, and MSA-P less frequent, in
Japanese populations" compared with Western populations,’
and also that proton magnetic resonance spectroscopy (‘H-
MRS) showed significantly lower N-acethylaspartate/creatine
ratios in the basis pontis suggesting more neuroaxonal loss or
dysfunction in MSA-P than in PD.** The olivopontocerebellar
system shows more profound degeneration in Japanese MSA-P.
While further study is needed to address this issue, we suggest
that the pons is a beneficial region to detect early pathological
change in MSA.

In previous reports,”> ADC values in the dorsolateral
putaminal ROIs were reported to be more useful in distinguish-
ing MSA from PD compared with those in the anteroventral
ROIs. It is interesting that this result corresponded well to the
spatial distribution of pathological lesions in the putamen in
MSA. In contrast, we used relatively large sized ROIs than
previous reports to obtain reliable data under our MRI
conditions, such as higher magnetic field strength, special
software and parameters to analyse FA and ADC values. In
addition, as some MSA and PD patients showed obscure
putaminal edges on MRI, we set the ROIs in the relatively midst
putamen, including dorsolateral parts. These specific MRI
conditions may have caused the differences in the sensitivity
and specificity in the putamen between our study and previous
ones. These discrepancies may also be explained by ethnic
differences. The olivopontocerebellar system could be more
severely affected in Japanese than in Western populations. A
multicentre survey will be needed to clarify the optimised size
of ROIs, magnetic field strengths and parameters to standardise
the FA and ADC values as diagnostic criteria.

In summary, combined evaluation of FA and ADC values in
the putamen, cerebellum and putamen would provide useful
information for highly and accurate differentiation of MSA-P
from PD. Such early FA reduction and ADC increase are likely
to be associated with subtle early degenerative processes in
MSA, even without diagnostic magnetic resonance signal
abnormalities. In addition, to justify our conclusion, it will be
necessary to apply this algorithm, in a prospective manner, to
patients with possible MSA without diagnostic MRI findings,
and to determine whether these patients will develop full
blown MSA symptoms in several years.
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ASC-]9 ameliorates spinal and bulbar muscular atrophy
phenotype via degradation of androgen receptor

Zhiming Yang'?7, Yu-Jia Chang"*’, I-Chen Yu!, Shuyuan Yeh!, Cheng-Chia Wu!>3, Hiroshi Miyamoto!,
Diane E Merry®, Gen Sobue’, Lu-Min Chen', Shu-Shi Chang!® & Chawnshang Chang'

Motor neuron degeneration resulting from the aggregation of the androgen receptor with an expanded polyglutamine tract
(AR-polyQ) has been linked to the development of spinal and bulbar muscular atrophy (SBMA or Kennedy disease). Here we report
that adding 5-hydroxy-1,7-bis(3,4-dimethoxyphenyl)-1,4,6-heptatrien-3-one (ASC-J9) disrupts the interaction between AR and its
coregulators, and also increases cell survival by decreasing AR-polyQ nuclear aggregation and increasing AR-polyQ degradation in
cultured cells. Intraperitoneal injection of ASC-J9 into AR-polyQ transgenic SBMA mice markedly improved disease symptoms, as
seen by a reduction in muscular atrophy. Notably, unlike previous approaches in which surgical or chemical castration was used to
reduce SBMA symptoms, ASC-J9 treatment ameliorated SBMA symptoms by decreasing AR-97Q aggregation and increasing
VEGF164 expression with little change of serum testosterone. Moreover, mice treated with ASC-J9 retained normal sexual function

and fertility. Collectively, our results point to a better therapeutic and preventative approach to treating SBMA, by disrupting the

interaction between AR and AR coregulators.

X-linked spinal and bulbar muscular atrophy (SBMA or Kennedy
disease) is an inherited neurodegenerative disorder caused by the
expansion of the polyglutamine tract of the androgen receptor (AR-
polyQ)'~>. The length of the AR-polyQ tract is inversely correlated
with the age of SBMA onset' >, The effects of the disease are only seen
in males, as female carriers are usually asymptomatic. Characteristics
of SBMA include proximal muscular atrophy, weakness, contraction
fasciculation and bulbar involvement®. The nuclear inclusions con-
taining AR-polyQ in the residual motor neurons of the brain stem,
spinal cord and other visceral organs® are considered to be relevant to
the pathophysiology of this disease®.

In normal individuals, AR (ref. 7), upon activation by androgen,
functions as a transcriptional regulator® by interacting with a variety
of coregulatory proteins”!’. In motor neurons, one of the key AR
coregulators is the cAMP response element-binding protein (CREB)-
binding protein (CBP)!!, which controls the expression of the gene
encoding VEGF164 among other genes.

Several mechanisms have been proposed to explain the pathogen-
esis of SBMA and to suggest potential targets for medical intervention.
These mechanisms, which are not necessarily mutually exclusive,
include transcriptional deregulation'?, aggregate formation'""?, pro-
teolysis of causative proteins'®!3, transglutaminase activation'® and
mitochondrial deficits'”. Transcriptional disturbance, for example
through the sequestration of CBP by AR-polyQQ aggregates, seems
to be one of the most likely causes for the pathogenesis of SBMA.
This notion is further supported by the fact that transcriptional

@4 © 2007 Nature Publishing Group http://www.nature.com/naturemedicine

deregulation occurs in polyQ-related diseases'®. Consistent with this
idea, manipulations such as chemical or surgical castration, which
reduce the level of AR-97Q aggregates'®~!, as well as the administra-
tion of a histone deacetylase inhibitor, which restores CBP-mediated
transcription, effectively treat SBMA in mice?’. However, the severe
side effects caused by castration, including loss of libido, impotence,
osteoporosis and fatigue, and the toxicity of histone deacetylase
inhibitors make these approaches unsuitable therapeutic strategies
for treating SBMA in men.

A compound that disrupts aggregates comprised of AR-polyQ and
various coregulators could have potential therapeutic benefits for two
complementary reasons. First, such a compound could increase the
level of transcriptionally active coregulators, including CBP, by releas-
ing them from the nonproductive interaction with AR-polyQ. Second,
disrupting the aggregates might render the released AR-polyQ more
vulnerable to degradation, thereby reducing its toxic effect.

We screened natural products and their derivatives for the dis-
ruption of normal AR and its coregulators, and found that 5-hydroxy-
1,7-bis(3,4-dimethoxyphenyl)-1,4,6-heptatrien-3-one (ASC-J9) can
substantially promote the dissociation of AR and ARA70 (ref. 22).
Moreover, we discovered that treatment of prostate cancer cells with
ASC-]9 led to decreased AR transactivation, resulting in the suppres-
sion of AR-mediated cell proliferation??. Using a SBMA PCI12/AR-
112Q cell line*® and a SBMA/AR-97Q line of transgenic mice® as
models, we found that ASC-]9 ameliorated SBMA symptoms with
little influence on the concentration of circulating testosterone.
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