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Spinal and bulbar muscular atrophy (SBMA) is an inherited motor neuron disease caused by the expansion of a polyglutamine tract
within the androgen receptor (AR). The pathologic features of SBMA are motor neuron loss in the spinal cord and brainstem and diffuse
nuclear accumulation and nuclear inclusions of the mutant AR in the residual motor neurons and certain visceral organs. Many compo-
nents of the ubiquitin-proteasome and molecular chaperones are also sequestered in the inclusions, suggesting that they may be actively
engaged in an attempt to degrade or refold the mutant AR. C terminus of Hsc70 (heat shock cognate protein 70)-interacting protein
(CHIP), a U-box type E3 ubiquitin ligase, has been shown to interact with heat shock protein 90 (Hsp90) or Hsp70 and ubiquitylates
unfolded proteins trapped by molecular chaperones and degrades them. Here, we demonstrate that transient overexpression of CHIP in
a neuronal cell model reduces the monomeric mutant AR more effectively than it does the wild type, suggesting that the mutant AR is
more sensitive to CHIP than is the wild type. High expression of CHIP in an SBMA transgenic mouse model also ameliorated motor
symptoms and inhibited neuronal nuclear accumulation of the mutant AR. When CHIP was overexpressed in transgenic SBMA mice,
mutant AR was also preferentially degraded over wild-type AR. These findings suggest that CHIP overexpression ameliorates SBMA
phenotypes in mice by reducing nuclear-localized mutant AR via enhanced mutant AR degradation. Thus, CHIP overexpression would
provide a potential therapeutic avenue for SBMA.
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Introduction
Polyglutamine (polyQ) diseases are inherited neurodegenerative
disorders caused by the expansion of trinucleotide CAG repeats
in the causative genes (Gatchel and Zoghbi, 2005). To date, nine
polyQ diseases have been identified (Di Prospero and Fischbeck,
2005). One of these is spinal and bulbar muscular atrophy
(SBMA), characterized by premature muscular exhaustion, pro-
gressive muscular weakness, atrophy, and fasciculation in bulbar
and limb muscles (Kennedy et al., 1968; Sobue et al., 1993; Sper-
feld et al., 2002; Atsuta et al., 2006). In SBMA, a polymorphic
CAG repeat with 14 –32 CAGs expands to 40 – 62 CAGs in the
first exon of the androgen receptor (AR) gene (La Spada et al.,
1991; Tanaka et al., 1996). CAG repeat size is inversely correlated
with the age at onset and positively correlated with disease sever-

ity in SBMA (Doyu et al., 1992; Igarashi et al., 1992; La Spada et
al., 1992). The histopathologic hallmarks of SBMA are lower mo-
tor neuronal loss (Sobue et al., 1989), diffuse nuclear accumula-
tion, and nuclear inclusions (NIs) of expanded polyQ mutant AR
in the residual motor neurons in brainstem and spinal cord as
well as in some other visceral organs (Li et al., 1998a,b; Adachi et
al., 2005). Such NIs are common pathological features in polyQ
diseases and also colocalize with many components of the
ubiquitin-proteasome and molecular chaperones (Adachi et al.,
2001; Schmidt et al., 2002; Ross and Poirier, 2004), raising the
possibility that the ubiquitin-proteasome system and molecular
chaperones may actively attempt to degrade or refold compo-
nents of the inclusions (Stenoien et al., 1999; Ross and Pickart,
2004). Furthermore, these proteasomes and chaperones should
also facilitate refolding or proteolysis of toxic misfolded proteins
(McClellan et al., 2005) and may play a role in protecting neuro-
nal cells against the toxic properties of expanded polyQ (Cum-
mings et al., 1998; Kobayashi et al., 2000).

C terminus of heat shock cognate protein 70 (Hsc70)-
interacting protein (CHIP) has three tetratricopeptide repeat
(TPR) domains that interact with the molecular chaperones heat
shock protein 70 (Hsp70) and Hsp90 (Ballinger et al., 1999; Con-
nell et al., 2001) and a U-box domain that interacts with the
proteasome, conferring CHIP with E3 ubiquitin ligase activity
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(Hatakeyama et al., 2001; Jiang et al., 2001). Wild-type AR is one
of the CHIP substrates (Cardozo et al., 2003; He et al., 2004).
CHIP also interacts with misfolded proteins trapped by molecu-
lar chaperones and degrades them, thus acting as a “quality con-
trol” E3 (Cyr et al., 2002; Murata et al., 2003). In fact, CHIP
suppressed inclusion formation and cellular toxicity in cell, ze-
brafish, and Drosophila polyQ disease models (Jana et al., 2005;
Miller et al., 2005; Al-Ramahi et al., 2006).

In this study, we examine whether CHIP exerts therapeutic
effects on a cultured cell model and a transgenic mouse model
expressing the mutant AR to explore a potential strategy for
SBMA therapy. We report that CHIP markedly ameliorated mo-
tor and pathological phenotypes and that this amelioration was
correlated with the reduction of monomeric mutant AR and mu-
tant AR protein complexes in the SBMA models.

Materials and Methods
Cell culture. SH-SY5Y cells were transfected using Lipofectamine 2000
(Invitrogen, Carlsbad, CA) with plasmids encoding ARs containing nor-
mal (24 CAGs) or expanded (65 CAGs) polyQ repeats (Waza et al., 2005).
Stable clones expressing these normal and mutant ARs were established
by selection with the antibiotic G418 (0.4 mg/ml final concentration).
The androgen receptor is not expressed in untransfected SH-SY5Y cells.
All cell cultures were propagated in the absence of androgen. In Western
blots from these cultures, we detected a band of monomeric mutant AR
in the separating gel but could hardly detect the high-molecular-weight
mutant AR protein complex, which was retained in the stacking gel.
Therefore, this cultured cell model is better suited for estimating the
change in monomeric mutant AR expression. There was no difference in
viability between cells expressing the wild-type and mutant ARs in the
absence of androgen using the CellTiter 96 AQueous One Solution Cell
Proliferation Assay (Promega, Madison, WI).

DNA transfection. Plasmid pcDNA3-CHIP, encoding FLAG-tagged
human CHIP, was kindly provided by Dr. Keiji Tanaka (Laboratory of
Frontier Science, Tokyo Metropolitan Institute of Medical Science, To-
kyo, Japan) (Murata et al., 2001). AR stable cells were plated in six-well
dishes in 2 ml of DMEM/F-12 containing 10% charcoal-stripped fetal
bovine serum with penicillin and streptomycin, and each dish was trans-
fected with 4 �g of the vector containing CHIP or mock (negative con-
trol) using Lipofectamine 2000 according to the manufacturer’s instruc-
tions. Transfection efficiency was 60 –70%. The cells were cultured for
48 h at 37°C under 5% CO2.

Transgene construction. Full-length human CHIP cDNA was generated
from total RNA extracted from SH-SY5Y cells by reverse transcription-
PCR. Full-length human CHIP was constructed by subcloning CHIP
inserts derived from the full-length human CHIP cDNA into the
pcDNA3.1-myc-his mammalian expression vector (Invitrogen) using
PCR. Then, the myc-tagged CHIP fragments were subcloned into the
pCAGGS vector (Niwa et al., 1991). All constructs were confirmed by
DNA sequence analysis. The final plasmids were digested to remove the
transgene.

Generation and maintenance of Tg mice and genotyping. We generated
CHIP overexpression mice by microinjection of the transgene into BDF1
fertilized eggs and obtained four founders. BDF1 homozygous CHIP
transgenic females were mated with BDF1/B6 male mice expressing full-
length human AR with 24 (AR-24Q mice, 5-5 line) or 97-polyQ tracts
(AR-97Q mice, 7-8 line), producing a mixed BDF1 and B6 genetic back-
ground. First-generation AR-24Q/CHIP (tg/�) or AR-97Q/CHIP (tg/�)

mice were mated with either CHIP (tg/�) or CHIP (tg/tg) mice to produce
all AR or AR/CHIP double-transgenic mice for each analysis. We
screened mouse tail DNA by PCR for the presence of the transgene us-
ing the primers 5�-CATCTCAGAAGAGGATCTGTG-3� and 5�-GGT-
CGAGGGATCTTCATAAG-3�.

Neurological and behavioral assessment of SBMA model mice. The AR-
24Q and AR-97Q mice were generated and maintained as described pre-
viously (Katsuno et al., 2002). 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 Univer-
sity Animal Experiment Committee. The AR-97Q male mice showed
progressive muscular atrophy and weakness as well as diffuse nuclear
staining and NIs of the mutant AR. These phenotypes were very pro-
nounced in male transgenic mice, similar to the situation in SBMA pa-
tients. The mouse rotarod task (Economex Rotarod; Ugo Basile, Com-
erio, Italy) was performed on a weekly basis, and cage activity was
measured weekly with the AB system (Neuroscience, Tokyo, Japan) as
described previously (Katsuno et al., 2002; Minamiyama et al., 2004).
Spontaneous motor activity was monitored for 24 h periods; all sponta-
neous movements, both vertical and horizontal, including locomotion,
rearing, and head movements, were counted and automatically totaled.

Immunohistochemistry and histopathology. Mice were deeply anesthe-
tized with ketamine–xylazine and transcardially perfused with 20 ml of
4% paraformaldehyde fixative in phosphate buffer, pH 7.4. Spinal cord
and skeletal muscle tissues were removed, postfixed overnight in 10%
phosphate-buffered formalin, and processed for paraffin embedding.
Sections (6 �m thick) of the above tissues were deparaffinized, dehy-
drated with alcohol, and treated in formic acid for 5 min at room tem-
perature. For the immunohistochemical studies, the paraffin sections
were preheated in a microwave oven for 10 min. The sections were
blocked with normal animal serum (1:20) and incubated with mouse
anti-expanded polyQ antibody (1:10,000; 1C2; Millipore, Billerica, MA),
anti-CHIP antibody (1:1000; Medical and Biological Laboratories,
Nagoya, Japan), and mouse anti-glial fibrillary acidic protein (GFAP)
antibody (1:1000; Roche Diagnostics, Mannheim, Germany). Primary
antibodies were probed with a biotinylated anti-species-specific IgG
(Vector Laboratories, Burlingame, CA), and the immune complexes
were visualized using streptavidin-horseradish peroxidase (Dako,
Glostrup, Denmark) and 3,3�-diaminobenzidine (Dojindo, Kumamoto,
Japan) as a substrate. Sections were counterstained with Mayer’s hema-
toxylin. Paraffin-embedded sections (6 �m thick) of the gastrocnemius
muscles were air dried and stained with hematoxylin and eosin. For
double-immunofluorescence staining of the spinal cord, sections were
blocked with 5% normal goat serum and then sequentially incubated
with anti-CHIP antibody (1:1000; Medical and Biological Laboratories)
and 1C2 antibody (1:10,000; Millipore) at 4°C overnight. The sections
were then incubated with Alexa 488-conjugated goat anti-chicken IgG
(1:1000; Invitrogen) and Alexa 568-conjugated goat anti-mouse IgG (1:
1300; Invitrogen) for 8 h at 4°C. The stained sections were examined and
photographed with a confocal laser-scanning microscope (LSM 5 PAS-
CAL; Carl Zeiss MicroImaging, Tokyo, Japan).

Patients. Tissue from nine patients with clinicopathologically and ge-
netically confirmed SBMA (51– 84 years of age; mean, 64.3 years), and
three non-neurological controls (51–76 years of age; mean, 64.0 years)
were also used in the present study. These patients had been hospitalized
and followed up at Nagoya University Hospital and its affiliated hospitals
during the past 25 years. Informed consent was obtained to use the tissues
for research purposes. Paraffin-embedded sections of the spinal cord and
brain were obtained and examined in the same way as those from trans-
genic mice.

Quantification of 1C2-positive cells. 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 from each individual
mouse, and 1C2-positive cells within the ventral horn of every fifth sec-
tion were counted as described previously (Adachi et al., 2001). Popula-
tions of 1C2-positive cells were expressed as number/mm 2. For assess-
ment of 1C2-positive cells in muscle, the number of 1C2-positive cells
was calculated from counts of �500 fibers in randomly selected areas of
individual mice and expressed as the number per 100 muscle fibers. The
quantitative data of six individual mice were expressed as mean � SEM.

Protein expression analysis and ubiquitination assay. Forty-eight hours
after transfection, cells were lysed in CelLytic-M Mammalian Cell Lysis/
Extraction Reagent (Sigma, St. Louis, MO) with 1 mM PMSF and 6 �g/ml
aprotinin and centrifuged at 15,000 � g for 15 min at 4°C. Sixteen-week-
old mice were exsanguinated under ketamine–xylazine anesthesia, and
tissues were snap frozen with powdered CO2 in acetone. The tissues were
homogenized in CelLytic-M Mammalian Cell Lysis/Extraction Reagent
(Sigma) with 1 mM PMSF and 6 �g/ml aprotinin and centrifuged at
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2500 � g for 15 min at 4°C. Supernatant fraction protein concentrations
were determined using the DC protein assay (Bio-Rad, Hercules, CA).
Aliquots of supernatant fractions were loaded on 5–20% SDS-PAGE gels,
each lane containing 10 �g of protein for cells, 160 �g for neural tissue,
and 80 �g for muscle tissue, and then transferred to Hybond-P mem-
branes (GE Healthcare, Buckinghamshire, UK), 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 (N20; Santa Cruz Biotechnology, Santa Cruz, CA); rabbit anti-
AR, 1:1000 (H280; Santa Cruz Biotechnology); mouse anti-Hsp70,
1:1000 (SPA-810; Stressgen Biotechnologies, San Diego, CA); rabbit
anti-Hsp40, 1:5000 (SPA-400; Stressgen Biotechnologies); mouse anti-
Hsp90, 1:1000 (F8; Santa Cruz Biotechnology); and mouse anti-�-
tubulin, 1:5000 (T9026; Sigma). Primary antibodies were probed using
HRP-conjugated anti-rabbit Ig F(ab�)2 and anti-mouse Ig F(ab�)2 (1:
5000; GE Healthcare) secondary antibodies and detected with the ECL
Plus kit (GE Healthcare). 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, Ja-
pan). Densitometric values of AR were normalized to those of endoge-
nous �-tubulin. Relative signal intensity (RSI) was computed as the sig-
nal intensity of each sample divided by that of mock-transfected cells (see
Fig. 1) or AR-24Q/CHIP (�/�) or AR-97Q/CHIP (�/�) mice (see Fig. 6).

Immunoprecipitation from mouse tissues was performed using 1 mg
of total protein lysed in CelLytic-M Mammalian Cell Lysis/Extraction
Reagent (Sigma), 15 �l of protein G Sepharose (GE Healthcare) and 2.5
�l of anti-myc antibody (Medical and Biological Laboratories). Protein
was eluted from beads by boiling for 5 min in 15 �l of elution buffer (50
mM Tris-HCl, pH 6.8, 2% SDS, 60 �l/ml 2-mercaptoethanol, 10% glyc-
erol) and loaded on SDS-polyacrylamide gels.

For the AR ubiquitination assay, full-length ARs were constructed by
subcloning AR inserts derived from pCR-AR24 (24 CAG repeats) or
pCR-AR97 (97 CAG repeats) into the pDsRed monomer mammalian
expression vector (Takara Bio, Otsu, Japan). SH-SY5Y cells were seeded
into 60 mm plates and cotransfected with plasmids encoding DsRed-AR
and either CHIP or mock. Cells were exposed to MG132 (5 �M) for a 24 h
period. Extracts were prepared, and AR was immunoprecipitated with
anti-DsRed antibody. Blots were probed as described for Western blots
with ubiquitin antibody (1B3; Medical and Biological Laboratories).

Filter trap assay. To quantify the large-molecular aggregated and sol-
uble forms of the mutant AR protein, filter trap assays of total tissue
homogenates from the spinal cord and muscle of male AR-24Q or 97Q
mice (16 weeks of age) were performed as described previously (Adachi
et al., 2003). Proteins were filtered through a 0.2 �m cellulose acetate
membrane (Sartorius, Goettingen, Germany) using a slot-blot apparatus
(Bio-Rad). We also put 0.45 �m nitrocellulose membranes (Bio-Rad)
under the cellulose acetate membrane to capture the monomeric AR
protein passing through this membrane. Only the larger-sized mutant
AR protein was retained on the cellulose acetate membrane (pores 0.2
�m in diameter), whereas the nitrocellulose membrane captured protein
of all sizes. Samples of protein, 200 �g for spinal cord, and 80 �g for
muscle, were prepared in a final volume of 200 �l of lysis buffer, loaded,
and gently vacuumed. Slot blots were probed as described for Western
blots by an antibody against AR (H-280; Santa Cruz Biotechnology) or
�-tubulin (T9026; Sigma).

Pulse-chase labeling assay. Cells were transfected as described above,
starved for 1 h in methionine- and cysteine-free DMEM containing 10%
dialyzed fetal calf serum, and then labeled for 1 h with 150 �Ci of Redivue
Pro-Mix L-[ 35S] in vitro cell-labeling mix (GE Healthcare) per milliliter.
After washing in PBS, the cells were chased for the indicated time inter-
vals in complete medium. Immunoprecipitation was performed using
equivalent amounts of protein lysates, 10 �l of protein G Sepharose (GE
Healthcare), and 5 �l of anti-AR antibody (N20; Santa Cruz Biotechnol-
ogy) as described above. Each sample was separated by 5–20% SDS-
PAGE, and analyzed by phosphorimaging (Typhoon 8600 PhosphorIm-
ager; GE Healthcare) and Image Gauge software version 4.22 (Fujifilm).

Quantitative real-time reverse transcription-PCR. The levels of AR
mRNA were determined by real-time Taqman PCR as described previ-
ously (Ishigaki et al., 2002). Total RNA was isolated from SH-SY5Y cells

using the RNeasy Mini kit (Qiagen, Valencia, CA) and from transgenic
mouse spinal cord and muscle by homogenizing in Trizol (Invitrogen)
according to the manufacturer’s instructions. Total RNA (5 �g) from
cells and mouse spinal cord and muscle were reverse transcribed using
SuperScript III reverse transcriptase (Invitrogen). Real-time Taqman re-
verse transcription (RT)-PCR was performed in a total volume of 50 �l,
containing 25 �l of 2� QuantiTect SYBR Green PCR Master Mix (Qia-
gen) and 10 �M 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 at 94°C, 30 s at 55°C, and 30 s at 72°C. As an internal
standard control, the expression level of glyceraldehyde-3-phosphate de-
hydrogenase (GAPDH) was simultaneously quantified. PCR primers
were designed as described previously (Waza et al., 2005). RSI was com-
puted as the signal intensity of each sample divided by that of mock-
transfected cells (see Fig. 1 E) or AR-24Q/CHIP (�/�) or AR-97Q/
CHIP (�/�) mice (see Fig. 6C).

Statistical analysis. Data were analyzed by unpaired t tests in the exper-
iments shown in Figures 1, B and E, and 6 and log-rank tests for survival
rate in that shown in Figure 4 D using Statview software version 5 (Hu-
links, Tokyo, Japan). Statistical significance of the data shown in Figures
1 A, 4, A–C and F, and 5G–H was examined by the Williams test for
multiple comparisons using Microsoft Excel 2004 (Microsoft, Redmond,
WA).

Results
Effect of CHIP overexpression on expression and
ubiquitination of AR in vitro
CHIP directly interacts with and degrades the wild-type AR
through its N-terminal conserved motif (He et al., 2004) and
induces wild-type AR ubiquitination (Cardozo et al., 2003). To
address the question of whether CHIP overexpression promotes
the degradation of polyQ-expanded AR, we transfected SH-SY5Y
cells stably expressing the wild-type (AR-24Q) or mutant (AR-
65Q) AR with varying amounts of CHIP or mock as control.
Although immunoblot analysis demonstrated a dose-dependent
decline in both wild-type and mutant AR expression after CHIP
overexpression (Fig. 1A), the monomeric mutant AR decreased
significantly more than did the wild type ( p � 0.05) (Fig. 1B),
suggesting that the mutant AR is more sensitive to CHIP than is
the wild type. CHIP was reported to interact with HSF1 and
increase Hsp chaperone levels (Dai et al., 2003; Qian et al., 2006);
however, the expression levels of Hsp90, Hsp70, and Hsp40 were
not changed after CHIP overexpression (Fig. 1A). This finding is
consistent with a previous report (Miller et al., 2005) and suggests
that the stress-induced response is different among different cell
types.

To determine whether the enhanced degradation of mutant
AR was attributable to protein degradation or to changes in RNA
expression, the turnover of wild-type and mutant AR was then
assessed with a pulse-chase labeling assay. SH-SY5Y stable cells
were transiently transfected with mock or CHIP constructs.
Without CHIP, the wild-type and mutant ARs were degraded
almost equally, as reported previously (Bailey et al., 2002; Lieber-
man et al., 2002). In the presence of overexpressed CHIP, how-
ever, the wild-type and mutant ARs had half-lives of 3.6 and 2.7 h,
respectively (Fig. 1D), whereas mRNA levels for both the wild-
type and mutant AR were quite similar (Fig. 1E). These data
indicate that CHIP preferentially degrades the mutant AR pro-
tein without altering mRNA levels.

The preferential degradation of mutant AR by CHIP suggests
that CHIP may promote mutant AR ubiquitination, thereby tar-
geting it for degradation. To assess this possibility, SH-SY5Y cells
were transiently cotransfected with CHIP and DsRed-tagged AR-
24Q or AR-97Q, and the cell lysates were immunoprecipitated
with anti-DsRed. In this experiment, blots were probed with anti-
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ubiquitin antibody. No ubiquitination was
detected in control cells without expression
of AR. Although both AR-24Q and AR-97Q
were ubiquitinated without coexpression of
CHIP, AR-97Q was more strongly ubiquiti-
nated. The levels of ubiquitinated AR were
further increased in cells simultaneously ex-
pressing mutant AR and CHIP (Fig. 1F).
CHIP expression significantly enhanced the
level of ubiquitinated mutant AR but only
slightly enhanced that of the wild-type AR
(Fig. 1F).

Colocalization of CHIP with mutant AR
in the nuclei
Next, we evaluated the colocalization of
endogenous CHIP and mutant AR in AR-
97Q mice and in SBMA patients. Double-
immunofluorescence staining with chicken
anti-CHIP and mouse anti-expanded polyQ
(1C2) antibodies revealed that the endoge-
nous CHIP (Fig. 2A,D,G,J) and mutant AR
(Fig. 2B,E,H,K) were colocalized diffusely
in the nuclei (Fig. 2C,I) and NIs (Fig.
2F,L) in the spinal anterior horn neurons
of the AR-97Q mice and in the hypoglossal
nucleus cells and spinal anterior horn neu-
rons of SBMA patients, suggesting that the
endogenous CHIP coexists with mutant
AR and exerts its function in both AR-97Q
mice and SBMA patients.

Nondeleterious effects of CHIP
overexpression and generation of
double-transgenic mice
Because CHIP colocalizes with polyQ-
expanded AR, we further tested the effects
of CHIP overexpression in the SBMA
transgenic mouse model to explore a po-
tential strategy for SBMA therapy. We
generated transgenic mice expressing full-
length human CHIP under the control of a
cytomegalovirus enhancer and a chicken
�-actin promoter (Fig. 3A). From 14 available lines, we estab-
lished four that express CHIP in the brain and skeletal muscle and
examined the effects of overexpressed CHIP on mouse pheno-
types. Through 50 weeks of age, none of the hemizygous or ho-
mozygous transgenic mice overexpressing CHIP showed any
neurological phenotypes assessed using the rotarod task; they
did, however, display slightly delayed weaning. Histological ex-
amination at 50 weeks did not show any detectable effects on
neuronal cell morphology, neuronal cell number, or muscle
structure (data not shown). These studies indicated that overex-
pression of human CHIP alone does not impair neuronal devel-
opment or motor function.

To determine whether overexpression of human CHIP could
ameliorate the disease phenotype of the SBMA transgenic mouse
model, we crossed the AR-24Q mice and the AR-97Q mice (Kat-
suno et al., 2002) with mice overexpressing human CHIP (CHIP2
line). The AR-97Q mice (SBMA model) are small and have short
lifespans, progressive muscle atrophy, and weakness, as well as
reduced cage activity (Katsuno et al., 2002). Because these phe-
notypes are markedly pronounced in the males, similar to SBMA

patients (Katsuno et al., 2002), we used male transgenic mice in
this study. We generated AR-24Q/CHIP (tg/tg) and AR-97Q/
CHIP (tg/tg) mice as homozygotes, the AR-24Q/CHIP (tg/�) and
AR-97Q/CHIP (tg/�) mice as hemizygotes, and the AR-24Q/
CHIP (�/�) and AR-97Q/CHIP (�/�) mice as controls. The AR
transgene expression was at the hemizygous level in all AR-24Q/
CHIP and AR-97Q/CHIP double transgenics.

Expression of CHIP in double-transgenic mice
We examined whether the AR/CHIP double-transgenic mice ex-
press increased levels of the CHIP protein in the spinal cord and
skeletal muscle. Western blot analysis revealed that CHIP expres-
sion in the spinal cords of AR-97Q/CHIP (tg/�) and AR-97Q/
CHIP (tg/tg) mice was three and six times as high, respectively, as
endogenous CHIP in the AR-97Q/CHIP (�/�) mice. In muscle, it
was six times as high in the AR-97Q/CHIP (tg/�) mice and 12
times as high in the AR-97Q/CHIP (tg/tg) mice (Fig. 3B). As in
transfected cells, the expression levels of Hsp90, Hsp70, and
Hsp40 were not changed after CHIP overexpression in the
double-transgenic mice (Fig. 3B). The increased CHIP was coim-

Figure 1. Effect of CHIP on the AR or chaperones in cultured cells. A, Although anti-AR (N20) immunoblotting and densitometry
demonstrated a dose-dependent decline of both wild-type (24Q) and mutant (65Q) AR expression in response to CHIP overex-
pression, the mutant AR decreased more than did the wild type. Mean levels of AR-24Q and AR-65Q expression were relatively
compared between CHIP-transfected cells and mock-transfected cells. CHIP overexpression did not increase the expression of
Hsp70, Hsp40, and Hsp90. *p � 0.005. B, The decrease in mutant AR in response to CHIP overexpression was much higher than
that of the wild type (18.8% vs 38.0%; 6 �g of CHIP). *p � 0.05. C, Pulse-chase analysis of two forms of AR. Data are from one
representative experiment for wild-type and mutant AR. D, Pulse-chase assessment of the half-life of wild-type (left) and mutant
(right) AR. The percentages of AR-24Q and AR-65Q remaining in the absence (F) and presence (E) of overexpressed CHIP are
indicated. Mutant AR was degraded more rapidly than the wild-type AR in the presence of overexpressed CHIP. E, Real-time
RT-PCR of wild-type and mutant AR mRNA normalized to GAPDH levels. The wild-type and mutant AR mRNA levels were similar
under CHIP overexpression. F, Ubiquitination of AR in control, AR-24Q-, and AR-97Q-transfected cells in the absence (�) or
presence (�) of CHIP cotransfection. No ubiquitination was detected in control cells without expression of AR. Although both
AR-24Q and AR-97Q were ubiquitinated without coexpression of CHIP, AR-97Q was strongly ubiquitinated. CHIP significantly
enhanced the level of mutant AR ubiquitination but only slightly enhanced that of wild-type AR. A, B, D, E, Values represent
means � SEM (n � 5). IP, Immunoprecipitation; Ub, ubiquitin.
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munoprecipitated with polyQ-expanded AR and Hsp70, suggest-
ing that CHIP may recognize AR either directly or indirectly
through association with Hsp70 (Fig. 3C). We also performed
Western blotting analysis using 8-, 16-, 24-, and 32-week-old
CHIP (tg/tg) and AR-97Q/CHIP (tg/tg) mice to examine the effect of
age on the expression level of CHIP in spinal cord and muscle. We
found that the expression levels of CHIP did not change even in
the 32-week-old mice (Fig. 3D). Immunohistochemical studies of
double-transgenic mice tissue stained with the CHIP-specific anti-
body confirmed that spinal anterior horn neurons and muscle cells
expressed the CHIP (Fig. 3E,F). CHIP protein was diffusely dis-
tributed in the nuclei and cytoplasm (Fig. 3E,F). Glial cells also
showed diffuse nuclear staining of CHIP protein (Fig. 3E).

Human CHIP overexpression
ameliorates phenotypic expression of
SBMA mice
To determine whether CHIP overexpres-
sion has an ameliorative effect on the mo-
tor phenotypes in the double-transgenic
mice, we performed the rotarod task and
measured locomotor cage activity with an
infrared sensor system (Fig. 4A,B). Motor
impairment on the rotarod task was evi-
dent in the AR-97Q/CHIP (�/�) mice as
early as 8 weeks after birth but was seen, to
a lesser degree, in the AR-97Q/CHIP (tg/tg)

mice beginning at only 16 weeks (Fig. 4A).
Although both the AR-97Q/CHIP (tg/tg)

and AR-97Q/CHIP (tg/�) mice performed
significantly better than the AR-97Q/
CHIP (�/�) mice ( p � 0.005 and p �
0.025, respectively) (Fig. 4A), the AR-
97Q/CHIP (tg/tg) mice were on the rod
longer than the AR-97Q/CHIP (tg/�) mice
during the trial. The locomotor cage activ-
ity of the AR-97Q/CHIP (�/�) mice was
also significantly decreased at 32 weeks
compared with the other two double
transgenics ( p � 0.005, respectively) (Fig.
4B). Although there were no differences in
body weight at birth among the various
lines, the AR-97Q/CHIP (�/�) mice lost
weight significantly earlier than did the
AR-97Q/CHIP (tg/�) and AR-97Q/
CHIP (tg/tg) mice ( p � 0.005) (Fig. 4C).
The survival rate was significantly higher
in the AR-97Q/CHIP (tg/�) and AR-97Q/
CHIP (tg/tg) mice than in the AR-97Q/
CHIP (�/�) mice ( p � 0.0001) (Fig. 4D).
Because the decrease in ameliorative ef-
fects of CHIP overexpression in the aged
mice is not attributable to decreased CHIP
expression (Fig. 3D), it is probably caused
by the progressive nuclear accumulation
of toxic mutant AR in the aged mice (Kat-
suno et al., 2003). The affected AR-97Q/
CHIP (�/�) mice exhibited motor weak-
ness, took short steps, or dragged their
legs, whereas the AR-97Q/CHIP (tg/tg) mice
moved almost normally, and the AR-97Q/
CHIP (tg/�) mice only took somewhat
shorter steps (Fig. 4E). Both the AR-97Q/
CHIP (tg/�) and AR-97Q/CHIP (tg/tg) mice

took significantly longer steps than the AR-97Q/CHIP (�/�) mice
( p � 0.005) (Fig. 4F). Although the SBMA phenotypes were
ameliorated in both the AR-97Q/CHIP (tg/tg) and AR-97Q/
CHIP (tg/�) mice, the AR-97Q/CHIP (tg/tg) mice were better than
the AR-97Q/CHIP (tg/�) mice in most of the parameters, suggest-
ing that the improved motor phenotype depended on the CHIP
expression level rather than the genetic background.

Immunohistochemical staining for mutant AR using the 1C2
antibody showed a marked reduction in diffuse nuclear staining
and NIs in spinal cord (Fig. 5A–C) and muscle (Fig. 5D–F) of the
AR-97Q/CHIP (tg/�) and AR-97Q/CHIP (tg/tg) mice compared
with the AR-97Q/CHIP (�/�) mice. In the AR-97Q/CHIP (�/�)

mice, intense staining was frequently seen in the nuclei (Fig.

Figure 2. Colocalization of nuclear-localized CHIP with mutant AR. A–L, Anti-CHIP and anti-polyQ immunohistochemistry in
spinal cords of 16-week-old AR-97Q mice (A–F ) and an SBMA patient (G–L). A–C, Double-immunofluorescence staining for CHIP
(A; green), expanded-polyQ (B; red), and overlay of the two signals (C; yellow) in the spinal anterior horn cells. D–F, CHIP (green;
D) and mutant AR (red; E) are colocalized in nuclear inclusions (shown in yellow; F ) in the spinal anterior horn cell. G–I,
Double-immunofluorescence staining in cells of the hypoglossal nucleus of an SBMA patient revealed diffuse nuclear colocaliza-
tion of CHIP (G) and mutant AR (H, I ). J–L, CHIP (green; J ) and mutant AR (red; K ) were also colocalized in NIs (shown in yellow;
L) in the spinal anterior horn cell of SBMA patients.
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5A,D), whereas staining was infrequent in the AR-97Q/
CHIP (tg/�) mice (Fig. 5B,E) and much less frequent in the AR-
97Q/CHIP (tg/tg) mice (Fig. 5C,F). There were significantly more
1C2-positive cells in spinal cord (Fig. 5G) and muscle (Fig. 5H) of
the AR-97Q/CHIP (�/�) mice than in the AR-97Q/CHIP (tg/�)

and AR-97Q/CHIP (tg/tg) mice. The 1C2-positive cell populations
were not, however, statistically different in the AR-97Q/
CHIP (tg/�) and AR-97Q/CHIP (tg/tg) mice. GFAP-specific anti-
body staining showed an apparent reduction in reactive astro-
gliosis in the AR-97Q/CHIP (tg/tg) mice compared with the AR-
97Q/CHIP (�/�) mice in the spinal anterior horn (Fig. 5I).
Muscle histology also demonstrated marked amelioration of
muscle atrophy in the AR-97Q/CHIP (tg/tg) mice (Fig. 5J). The
AR-24Q/CHIP mice displayed no altered phenotypes (data not
shown). The numbers of neuronal cells in the spinal ventral horns
of AR-97Q/CHIP (�/�), AR-97Q/CHIP (tg/�), and AR-97Q/
CHIP (tg/tg) mice were not significantly decreased compared with
those in the wild-type mice (data not shown).

Overexpression of CHIP decreases the high-molecular-weight
mutant AR protein and monomeric mutant AR protein
Because the mutant AR was preferentially degraded compared
with the wild-type AR when CHIP was overexpressed in vitro, we

also examined levels of AR in the SBMA mouse model. Western
blot analysis from lysates of the spinal cord and muscle of AR-
97Q mice revealed high-molecular-weight mutant AR protein
complex retained in the stacking gel as well as a band of mono-
meric mutant AR, whereas only the band of wild-type mono-
meric AR was visible in tissues from the AR-24Q mice (Fig.
6A,B). CHIP overexpression notably diminished both the high-
molecular-weight complex and the monomer of mutant AR in
the spinal cord and muscle of the AR-97Q mice but only slightly
diminished the wild-type monomeric AR in AR-24Q mice (Fig.
6A,B). CHIP overexpression decreased the amount of the mono-
meric AR in AR-97Q mice by 50% in the spinal cord and 75% in
the skeletal muscle but only by 8% and 5%, respectively, in AR-
24Q mice (Fig. 6A,B). The levels of wild-type and mutant AR
mRNA were similar in both AR-24Q and AR-97Q mice under
CHIP overexpression (Fig. 6C). These observations suggest that
overexpression of CHIP markedly decreases not only the mono-
meric mutant AR protein but also the high-molecular-weight
mutant AR protein.

We also performed filter trap assays to quantitatively analyze
the effects of CHIP overexpression on levels of both the large-
molecular aggregated and soluble forms of mutant AR (Wanker
et al., 1999). Only the larger-sized mutant AR protein was re-
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Figure 3. Increased CHIP expression in double-transgenic mice. A, Schematic view of the transgene construct. The microinjected fragment was composed of a cytomegalovirus enhancer (E), a
chicken �-actin promoter (Pro), full-length human CHIP with a myc tag, and a rabbit �-globin polyadenylation signal sequence (polyA). B, Western blot analysis of total spinal cord and muscle
protein lysates from AR-97Q/CHIP (�/�), AR-97Q/CHIP (tg/�), and AR-97Q/CHIP (tg/tg) mice immunolabeled with antibodies against CHIP, Hsp90, Hsp70, and Hsp40. C, Coimmunoprecipitation
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cytoplasm, with intense and diffuse staining in the anterior horn cells. F, Skeletal muscle showed diffuse nuclear and cytoplasmic staining. IP, Immunoprecipitation.
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tained on the upper, cellulose acetate membrane (pores 0.2 �m in
diameter), whereas the lower nitrocellulose membrane captured
all proteins that passed through the upper membrane (Fig. 6D).
Values were normalized to endogenous �-tubulin trapped on the
nitrocellulose membrane. Both forms of trapped AR-97Q pro-
tein were markedly reduced in the spinal cord and muscle of mice
overexpressing CHIP, whereas levels of soluble monomeric AR
protein from the AR-24Q mice were only slightly reduced (Fig.
6D). The endogenous AR protein was not retained on the cellu-

lose acetate membrane in wild-type mice
(data not shown). These results strongly
indicate that CHIP markedly reduces not
only the monomeric mutant AR protein
but also the high-molecular-weight mu-
tant AR complex, by preferentially degrad-
ing the mutant AR. These observations
also suggest that overexpression of CHIP
enhanced the function of the ubiquitin-
proteasome pathway and subsequently ac-
celerated degradation of monomeric mu-
tant AR protein.

Discussion
CHIP is a U-box-dependent E3 ubiquitin
ligase that associates with the Hsp70 and
Hsp90 molecular chaperones and targets
folded or toxic misfolded proteins for deg-
radation (McDonough and Patterson,
2003). A wide range of different proteins
have been identified as CHIP substrates,
including members of the steroid hor-
mone receptor family (Connell et al., 2001;
Tateishi et al., 2004; Wang and DeFranco,
2005), the cystic-fibrosis transmembrane-
conductance regulator (Meacham et al.,
2001; Younger et al., 2006), E2A transcrip-
tion factors (Huang et al., 2004), raf-1 pro-
tein kinase (Demand et al., 2001), ErbB2
(Zhou et al., 2003), nucleophosmin-
anaplastic lymphoma kinase (Bonvini et
al., 2004), dual leucine zipper-bearing ki-
nase (Daviau et al., 2006), caytaxin (Grelle
et al., 2006), �B-crystallin (Chavez Zobel
et al., 2003), tau (Hatakeyama et al., 2004;
Petrucelli et al., 2004; Sahara et al., 2005;
Dickey et al., 2006), �-synuclein (Shin et al.,
2005), the p53 tumor suppressor (Esser et al.,
2005), apoptosis signal-regulating kinase 1
(Hwang et al., 2005), and polyQ-disease
causative proteins (Jana et al., 2005; Miller et
al., 2005; Al-Ramahi et al., 2006). CHIP can
directly interact with and degrade the wild-
type AR in a phosphorylation-dependent or
-independent manner (Cardozo et al., 2003;
Rees et al., 2006) and can repress AR tran-
scriptional activity, suggesting that CHIP
may play a role in regulating AR function in
the cell (He et al., 2004). CHIP also has been
shown to associate with the polyQ-expanded
AR (Thomas et al., 2004). In this study, we
addressed the question of whether CHIP
overexpression promotes the degradation of
mutant AR and exerts therapeutic effects on
the SBMA phenotype. In a cultured neuro-

nal cell model of SBMA, we demonstrated that increasing levels of
CHIP more effectively ubiquitinated and degraded the monomeric
mutant AR than the wild-type AR, suggesting that the mutant AR is
more sensitive to CHIP than is the wild type. Overexpression of
CHIP strongly inhibited nuclear accumulation of the mutant AR
and markedly ameliorated motor impairments in SBMA transgenic
mice in a dose-dependent manner. Mutant AR and CHIP were co-
localized diffusely in the nuclei and in the NIs in neurons of the

Figure 4. Effects of human CHIP overexpression on the behavioral phenotypes in male AR-97Q mice. A–D, Rotarod task (A;
n � 22), cage activity (B; n � 22), body weight (C; n � 26), survival rate (D; n � 26) of the AR-97Q/CHIP (�/�) (E), AR-97Q/
CHIP (tg/�) (�), and AR-97Q/CHIP (tg/tg) mice (‚). AR-97Q mice overexpressing human CHIP remained longer on the rotarod and
showed higher cage activity than the AR-97Q/CHIP (�/�). The AR-97Q/CHIP (�/�) lost weight earlier than the other two double
transgenics. D, A Kaplan-Meier plot shows the prolonged survival of AR-97Q/CHIP (tg/�) and AR-97Q/CHIP (tg/tg) mice compared
with the AR-97Q/CHIP (�/�). The AR-97Q/CHIP (�/�) mice were significantly different from either of the other two in all param-
eters tested. Moreover, the AR-97Q/CHIP (tg/�) mice were worse off than the AR-97Q/CHIP (tg/tg) in all parameters tested. E,
Footprints of representative 16-week-old AR-97Q/CHIP (�/�), AR-97Q/CHIP (tg/�), and AR-97Q/CHIP (tg/tg) mice. Front paws are
indicated in red, and hindpaws are indicated in blue. AR-97Q/CHIP (�/�) mice exhibit motor weakness with dragging of the legs,
AR-97Q/CHIP (tg/tg) mice walk almost normally, and AR-97Q/CHIP (tg/�) mice walk with somewhat shorter steps. F, The average
length of hindpaw steps in 16-week-old AR-97Q/CHIP (�/�), AR-97Q/CHIP (tg/�), and AR-97Q/CHIP (tg/tg) mice. Values are ex-
pressed as means � SEM (n � 6). *p � 0.005.
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AR-97Q/CHIP double-transgenic mice. More importantly, CHIP
also colocalized with mutant AR aggregates present in the anterior
horn cells from postmortem tissues of SBMA patients. Western blot
analysis showed that both a band of monomeric mutant AR and the
high-molecular-weight form of mutant AR protein complexes re-
tained in the stacking gel were diminished in the spinal cord and
muscle of the double-transgenic mice, suggesting that the degrada-
tion of mutant AR may have been accelerated by overexpression of
CHIP.

Our AR-97Q transgenic mice display progressive muscular
atrophy and weakness, as well as diffuse nuclear staining and NIs
of the mutant AR (Katsuno et al., 2002). These phenotypes are
very pronounced in male transgenic mice, similar to human
SBMA patients. The fact that AR has a specific ligand (i.e., testos-
terone), renders the pathogenesis of SBMA unique among polyQ
diseases (Poletti et al., 2005). There is increasing evidence that the
AR ligand (Katsuno et al., 2003; Chevalier-Larsen et al., 2004;
Sopher et al., 2004; Katsuno et al., 2006; Yu et al., 2006) and
molecular chaperones (Kobayashi et al., 2000; Bailey et al., 2002;
Adachi et al., 2003) play a crucial role in the pathogenesis of
SBMA. The success of androgen deprivation therapy in SBMA
mouse models has been translated into clinical trials (Banno et

al., 2006). In addition, elucidation of its pathophysiology using
SBMA animal models has led to the development of other
chaperone-related disease-modifying drugs, an Hsp90 inhibitor
(Waza et al., 2005) and a heat shock protein inducer (Katsuno et
al., 2005), which inhibit the pathogenic process of neuronal de-
generation. Recent studies suggested that soluble causative pro-
tein species, not insoluble protein aggregates, might be toxic and
thus targets in treatments of neurodegenerative disorders (Slow
et al., 2006). Here, we demonstrated that overexpression of hu-
man CHIP exerts therapeutic effects on motor dysfunction in the
AR-97Q mouse. Overexpression of CHIP served to decrease mo-
nomeric mutant AR in the double-transgenic mice. The large
aggregated mutant AR protein complexes were also significantly
reduced by CHIP overexpression, suggesting that CHIP acceler-
ated the turnover of mutant AR. Together, these data suggest that
targeting mutant AR for proteasomal degradation by overexpres-
sion of CHIP could be a disease-modifying therapeutic strategy in
SBMA neuropathology. These findings are consistent with previ-
ous studies showing that CHIP serves as a protective factor in
other polyQ diseases by promoting reduced aggregation of dis-
ease proteins (Jana et al., 2005; Miller et al., 2005) and proteaso-
mal degradation (Al-Ramahi et al., 2006). In contrast to

Figure 5. CHIP decreases nuclear-localized mutant AR in double-transgenic mice. A–F, PolyQ immunohistochemistry (1C2) in the spinal anterior horn (A–C) and muscle (D–F ) of 16-week-old
AR-97Q/CHIP (�/�) and AR-97Q/CHIP double-transgenic mice. AR-97Q/CHIP (�/�) mice have intense and frequent staining for 1C2 in the nucleus (A, D). B, C, E, F, AR-97Q/CHIP (tg/�) (B, E) and
AR-97Q/CHIP (tg/tg) (C, F ) mice exhibit low levels of 1C2 staining in the nucleus. G, H, Quantitative assessment of diffuse nuclear staining for 1C2 in the spinal ventral horn (G) and muscle (H ). Bars
represent the density of 1C2-positive cells in the AR-97Q/CHIP (�/�), AR-97Q/CHIP (tg/�), and AR-97Q/CHIP (tg/tg) mice. There are significantly more 1C2-positive cells in AR-97Q/CHIP (�/�) mice
than in AR-97Q/CHIP (tg/�) mice or AR-97Q/CHIP (tg/tg) mice in both tissues. Results are expressed as mean � SEM for six mice. *p � 0.025; **p � 0.005. I, Immunohistochemical staining with
GFAP-specific antibody also showed an obvious reduction in reactive astrogliosis in the spinal anterior horn of AR-97Q/CHIP (tg/tg) mice. J, Hematoxylin and eosin (HE) staining of muscle tissue in
AR-97Q/CHIP (�/�) mice revealed obvious atrophy and small-angulated fibers, which were not seen in AR-97Q/CHIP (tg/tg) mice. No., Number.
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symptom-relief therapies, such as L-DOPA for Parkinson’s dis-
ease, these disease-modifying therapies inhibit or slow down the
pathogenic processes of neuronal degeneration.

CHIP interacts with Hsp90 or Hsp70, ubiquitylates unfolded
proteins trapped by molecular chaperones, and degrades them,
thus acting as a quality control E3 ubiquitin ligase (Murata et al.,
2001). The remarkable reduction of monomeric mutant AR in
the AR-97Q/CHIP mice may reflect accelerated degradation of
mutant AR through the CHIP-mediated E3-proteasome system.
CHIP also ubiquitinated the AR protein in a polyQ length-
dependent manner, suggesting that overexpression of CHIP en-
hances the degradation of monomeric mutant AR by activating
the Hsp70-interacting, quality control E3 system. This subse-
quently reduces the amount of nuclear-localized mutant AR, re-
sulting in amelioration of phenotypic expression induced by mu-
tant AR. Interaction between Hsp70 and CHIP, detected by
coimmunoprecipitation and Western blot analysis, in the
double-transgenic mice supports this view. Increased activity of
CHIP was reported to modify a neurodegenerative phenotype
caused by expanded ataxin-1 and huntingtin in a chaperone-

dependent manner in cellular and Drosophila models (Jana et al.,
2005; Al-Ramahi et al., 2006). CHIP lacking the normal TPR
domain did not ubiquitinate the ataxin-1 protein (Al-Ramahi et
al., 2006). These results suggest that chaperone interaction is es-
sential for CHIP-dependent ubiquitination. Hsp70 overexpres-
sion in cell culture and mouse models of SBMA enhanced degra-
dation of mutant AR-polyQ protein via its interaction with the
ubiquitin-proteasome system (Bailey et al., 2002; Adachi et al.,
2003). CHIP might be one such coupling factor between the
Hsp70 chaperone system and the machinery responsible for de-
grading mutant AR. Another possibility is that overexpression of
CHIP may accelerate chaperone-independent interaction with
mutant AR and its degradation through the proteasome pathway.
CHIP directly interacts with and degrades the AR protein (He et
al., 2004; Rees et al., 2006). Thus, the interactions we demon-
strated between CHIP and AR may be either direct or mediated
by chaperones that are known to interact with CHIP. This direct
interaction of CHIP with the AR protein might promote mutant
AR degradation through the proteasome system.

Accumulation of misfolded proteins is causally related to

Figure 6. CHIP decreases mutant AR protein complexes as well as monomeric mutant AR. A, B, Western blot analysis of total tissue homogenates from the spinal cord (A) and muscle (B) of
AR-24Q/CHIP (�/�), AR-24Q/CHIP (tg/tg), AR-97Q/CHIP (�/�), and AR-97Q/CHIP (tg/tg) mice (16-week-old) probed with an AR-specific antibody (H280). The mutant AR complex appears in the
stacking gel, and the monomeric mutant AR appears in the separating gel. Values are expressed as mean � SEM for six mice. *p � 0.001; **p � 0.0001. C, Real-time RT-PCR of wild-type (AR-24Q)
and mutant AR (AR-97Q) mRNA in transgenic mouse spinal cord and skeletal muscle in the absence (wt) and presence (CHIP) of CHIP overexpression. Values are expressed as means � SE (n � 6).
D, Filter trap assay of total tissue homogenates from the spinal cord and muscle of AR-97Q/CHIP (�/�) and AR-97Q/CHIP (tg/tg) mice (16 weeks of age), in the absence and presence of CHIP
overexpression. Homogenates were filtrated and immunolabeled with an antibody against AR (H280). Large aggregated mutant AR complexes were trapped by the cellulose acetate membrane;
soluble monomeric mutant AR passed through the cellulose acetate membrane and was trapped by the nitrocellulose membrane. Endogenous �-tubulin was used as a loading control.
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many age-related neurodegenerative diseases (Muchowski and
Wacker, 2005; Bates, 2006). Prompt removal and/or refolding
may be required more in aged or damaged cells than in young
healthy cells in which appropriate protein quality control systems
function (Wickner et al., 1999). In SBMA patients, diffuse nu-
clear accumulation of mutant AR is frequent and extensive, being
distributed in a wide array of CNS nuclei and in visceral organs
(Adachi et al., 2005). In this study, we demonstrated that overex-
pression of CHIP significantly ameliorates the phenotypes of
SBMA transgenic mice, by reducing the amount of both the mo-
nomeric and large aggregated forms of nuclear-accumulated mu-
tant AR protein, suggesting that CHIP may change the triage of
mutant AR and promote its degradation by the proteasome sys-
tem (Marques et al., 2006). Thus, CHIP overexpression might
provide a potential therapeutic avenue for SBMA and other
polyQ diseases.
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