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Leuprorelin rescues polyglutamine-dependent phenotypes
in a transgenic mouse model of spinal and bulbar

muscular atrophy

Masahisa Katsuno, Hiroaki Adachi, Manabu Doyu, Makoto Minamiyama, Chen Sang, Yasushi Kobayashi,

Akira Inukai & Gen Sobue

Spinal and bulbar muscular atrophy (SBMA) is an aduli-onset motor neuron disease that affects males. it is caused by the
expansion of a polyglutamine (polyQ) tract in androgen receptors. Female carriers are usually asymptomatic. No specific
treatment has been established. Our transgenic mouse model carrying a full-length human androgen receptor with expanded
polyQ has considerable gender-related motor impairment. This phenotype was abrogated by castration, which prevented nuclear
translocation of mutant androgen receptors. We examined the effect of androgen-blockade drugs on our mouse model.
Leuprorelin, a lutenizing hormone-releasing hormone (LHRH) agonist that reduces testosterone release from the testis, rescued
motor dysfunction and nuclear accumulation of mutant androgen receptors in male transgenic mice. Moreover, leuprorelin
treatment reversed the behavioral and histopathological phenotypes that were once caused by transient increases in serum
testosterone. Flutamide, an androgen antagonist promoting nuclear translocation of androgen receptors, yielded no therapeutic
effect. Leuprorelin thus seems to be a promising candidate for the treatment of SBMA.

SBMA, also known as Kennedy disease, is an adult-onset motor neuron
disease characterized by proximal muscle atrophy, weakness, contrac-
tion fasciculations and bulbar involvementb2. This disorder affects
males; female carriers are usually asymptomatic®43, No specific treat-
ment for SBMA has been established.

The molecular basis of SBMA is the expansion of a trinucleotide
CAG repeat encoding the polyQ tract in the first exon of the androgen
receptor geneS. The CAG repeat within androgen receptor genes ranges
in size from 5 to 33 repeats in normal subjects, but from 40 to 62 in
patients with SBMA’. There is an inverse correlation between the CAG
repeat size and the age at onset, or the disease severity adjusted by the
age at examination in SBMA®? as well as other polyQ diseases!’.

The cardinal pathological finding in SBMA is nuclear inclusions con-
taining mutant and truncated androgen receptors with expanded
polyQ tracts in the residual motor neurons of the brain stem and spinal
cord*! and some other visceral organs!2. The presence of nuclear inclu-
sions is also a pathological hallmark in most other polyQ diseases, and
is considered to be relevant to pathophysiology'?. Although the entire
mechanism of polyQ-induced neuronal dysfunction and subsequent
cell loss has not been clarified, nuclear localization of the mutant pro-
tein could be essential in the pathogenesis of polyQ diseases!>!4,

A transgenic mouse model was designed that expresses the full-
length human androgen receptor containing 24 or 97 CAG repeats
under the control of a cytomegalovirus enhancer and a chicken B-actin
promoter!5. Although no transgenic lines with 24 CAG repeats mani-
fested any characteristic SBMA phenotypic traits, three of five lines

with 97 CAG repeats (AR-97Q) showed progressive motor impairment,
which was notably pronounced and accelerated in male AR-97Q mice,
but was not noted or was far less severe in female AR-97Q mice, Thus,
this model recapitulated not only the neurologic disorder, but also the
phenotypic difference with gender that is a feature specific to SBMA.
Nuclear localization of mutant androgen receptors was considerable in
the male transgenic mice but not in the females, in agreement with the
gender-related phenotypic expression. Castrated male AR-97Q mice
showed considerable improvement in symptoms, pathological findings
and nuclear localization of the mutant androgen receptors, whereas
testosterone caused notable exacerbation in female AR-97Q mice, indi-
cating that large amounts of serum testosterone were essential for the
phenotypic expression of SBMA, and that testosterone deprivation
conferred therapeutic effects in this disease.

Here we examined the effect of two androgen-blockade drugs used
in the treatment of prostate cancer. Although flutamide had no effect
on the phenotypic expression of SBMA, leuprorelin reversed both the
symptomatic and histopathological phenotypes. Our results indicate
that ligand-dependent nuclear translocation of mutant androgen
receptors is the main source of the pathogenesis of SBMA, and that
leuprorelin suppresses this translocation,

RESULTS

Leuprorelin rescues the phenotypic expression of SBMA
Leuprorelin-treated male AR-97Q mice showed considerable amelio-
ration of symptoms, pathological findings and nuclear localization of

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

addressed to G.S. (sobueg@med.nagoya-u.ac.jp).

768

VOLUME 9 | NUMBER 6 | JUNE 2003 NATURE MEDICINE

-276 -



8 g 140 e Bl Louprorsiin, AR-24Q
> 120 30 {1 Vehicle, AR-24Q
£ “& ® Leuprorelin, AR-87Q
= 100 :’ O Vehicle, AR-87Q
£ 80 £
£ &0 s
8 40 = 20
& 2
20
8 3 s B 15
7 9 13 O
Age (weeks) 10
4 8 12
b 300 B2 Leuprorelin
1 vehicle f @ Leuprorelin 100 ug, AR-97Q

- & Leuprorelin B0 ng, AR-87Q
£ 200
= 200
)
g 150

g
Rotarod task (s)
e

o 8

Cage activity (x10%/day)

-
[=]
€

-}

ocpoop
]

Survival rate
N

(=]

0 10 20 a0
Age (weeks)

Figure 1 Effects of leuprorelin on symptoms in male AR-97Q mice.

(a) Serum testosterone in AR-97Q mice (n = 6). (b) Weights of prostates
and seminal vesicles of 13-week-old #4-6 mice. (¢) The leuprorelin-treated
AR-97Q male mouse (top) did not show the muscular atrophy seen in the
vehicle-treated male mouse (bottorn; 12-week-old #4-6 mice).

(d) Footprints of 12-week-old leuprorelin-treated (L) and vehicle-treated (V)
male AR-97Q #4-6 mice . Red, front paw; blue, hind paws. (e) Effect of
leuprorelin on body weight in AR-24Q #5-5 and AR-87Q #7-8 mice.

(#~h) Rotarod task (f), cage activity (g) and survival rates (h) of AR-97Q #7-
8 mice. Key applies to f-h.

the transgene protein compared with vehicle-treated AR-97Q mice.
Leuprorelin initially increased serum testosterone by exerting agonist
effects at the LHRH receptor, but subsequently reduced it to unde-
tectable amounts (Fig. 1a). The androgen blockade was also confirmed
by the decreased weights of the prostate and seminal vesicles (P <
0.001 for both; Fig. 1b). This reduction was indistinguishable from
that in castrated mice (data not shown). Leuprorelin caused infertility
in both male AR-97Q mice and normal littermates at a dose of 100 pg,
although the mice were fertile at doses of 25 or 50 jig leuprorelin. The
leuprorelin-treated AR-97Q mice showed notable amelioration of
muscle atrophy and reduced body size (Fig. 1c). By footprint analysis,
the vehicle-treated AR-97Q mice had motor weakness and dragged
their hind legs, but these symptoms were substantially attenuated by
leuprorelin treatment (Fig. 1d). Leuprorelin treatment profoundly
suppressed progressive emaciation, which was evident in the vehicle-
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treated mice (Fig. le). Although it is known to increase body mass in
human subjects, leuprorelin did not induce significant obesity in male
AR-24Q mice (Fig. 1e). The leuprorelin-treated male mice had signifi-
cantly (P < 0.0001) less or almost no motor impairment, as assessed by
rotarod task and cage activity (Fig. 1f,g). Leuprorelin also significantly
(P=0.0005) prolonged life (Fig. 1h). Although the effect on fertility
could be abrogated by dose reduction, the therapeutic effects of
leuprorelin were insufficient at a lower dose (Fig. 1f~h).

By western blot analysis of total tissue homogenate or nuclear frac-
tion, leuprorelin-treated male AR-97Q mice had many fewer mutant
androgen receptors smearing from the top of the gel than did vehicle-
treated male mice (Fig. 2a,b). This indicated that leuprorelin success-
fully reduced insoluble nuclear androgen receptor fragments. The
leuprorelin-treated mice had much less diffuse nuclear staining and
fewer nuclear inclusions detected with the 1C2 antibody to polyQ (Fig.
2c¢). Muscle histology showed considerable amelioration of neurogenic
muscie atrophy, such as grouped atrophy and small angulated fibers,
with leuprorelin treatment (Fig. 2¢).

Testosterone given to mice from 13 weeks of age substantially aggra-

~ vated the neurological symptoms (Fig. 3a,b) and pathological findings

by immunohistochemistry with 1C2 (Fig. 3c) of leuprorelin-treated
AR-97Q mice.

Leuprorelin reverses symptomatic and pathological phenotypes
Leuprorelin-treated AR-97Q mice showed a decrease in body weight
and deterioration in the rotarod task at an age of 8-9 weeks (Figs. le,f
and 3a), when serum testosterone initially increased through the ago-
nistic effect of leuprorelin (Fig. 1a). This change was transient and was
followed by sustained amelioration along with consequent suppres-
sion of testosterone production. Footprint analysis also showed tem-
porary exacerbation of motor impairment (Fig. 4a). Inmunostaining
of tail specimens obtained from the same mouse showed an increase in
the number of the muscle fibers at 4 weeks of leuprorelin administra-
tion by nuclear 1C2 staining, although this staining was diminished by
another 4 weeks of treatment. Vehicle-treated AR-97Q mice showed
robust deterioration of nuclear 1C2 staining (Fig. 4b,c).

Flutamide does not suppress SBMA phenotype

In contrast, flutamide treatment did not ameliorate the symptoms,
pathological features or nuclear localization of the mutant androgen
receptors in male transgenic mice. Flutamide significantly (P <
0.0001) decreased the weights of the prostate and seminal vesicles (Fig.
5a). There was no significant difference in the androgen-blockade
effects of leuprorelin and flutamide. Flutamide treatment of male AR-
97Q mice did not ameliorate muscle atrophy or body size reduction
(Fig. 5b). By footprint analysis, both flutamide-treated and vehicle-
treated mice showed motor weakness and dragged their hind legs (Fig.
5¢c). Both flutamide-treated and vehicle-treated male AR-97Q mice
showed progressive emaciation (Fig. 5d). Flutamide had no effect on
the rotarod task, cage activity or life span (Fig. 5e-g).

Western biot analysis showed mutant androgen receptors smearing
from the top of the gel in whole-tissue homogenates of both flu-
tamide-treated and vehicle-treated mice (Fig. 6a). These mutant
androgen receptors localized in the nuclear fraction (Fig. 6b).
Flutamide-treated mice showed no diminution in diffuse nuclear
staining or nuclear inclusions (Fig. 6¢).

DISCUSSION

Our study shows that leuprorelin rescues symptomatic and pathologi-
cal phenotypes in our transgenic mouse model of SBMA. Leuprorelin
prevents testicular testosterone production by downregulating LHRH
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receptors in the pituitary, and has been used extensively for medical
castration in the therapy of prostate cancer, based on the androgen
sensitivity of the tumor!6, Its safety and tolerability have been widely
approved, although it has possible side effects, including decreased
libido, impotence, hot flushes, osteoporosis and fatigue. Here, fertility
was decreased in leoprorelin-treated mice, and this effect was nullified
by dose reduction. Leuprorelin decreases plasma testosterone by 95%
or more'’. Blockade of testosterone production was apparent in our
transgenic mouse model and, furthermore, testosterone exacerbated
phenotypic expression in leuprorelin-treated male transgenic mice.
These findings indicated that suppression of testosterone was respon-
sible for the therapeutic effect of leuprorelin. Ligand-dependent
nuclear translocation of androgen receptor may be involved in the
pathogenesis of SBMAI5; here, leuprorelin seemed to prevent mutant
androgen receptor translocation and suppressed its nuclear accumula-
tion and subsequent neuronal dysfunction. Indeed, both western blot
analysis and immunostaining with 1C2 antibody showed that
leuprorelin substantially reduced nuclear accumulation of mutant
androgen receptors. Leuprorelin could be a promising therapeutic
agent for SBMA, given its minimal invasiveness and established safety.
In clinical trials, however, the patient’s desire for fertility should be
taken into account, and the appropriate clinical dose should be care-
fully determined with reference to our dose-response study.

As Jeuprorelin initially acts as an LHRH agonist, serim testosterone
temporarily increased after 2 weeks of treatment in our transgenic
mice. As expected from this initial testosterone surge, nuclear staining
with antibody to polyQ and motor dysfunction of the mice deterio-
rated in the early stage of leuprorelin therapy. Nevertheless, serial
observations of tail specimens showed that nuclear accumulation of
mutant androgen receptors was transient and was actually reversed by
sustained leuprorelin treatment. Behavioral tests also demonstrated

Figure 3 Effects of testosterone in leuprorelin-treated male AR-97Q mice.
(a,b) Rotarod task (a) and cage activity (b) of male AR-97Q #4-6 mice
treated with leuprorelin (n = 6) or leuprorelin plus testosterone

(n = 6; time of testosterone administration indicated by bar in graph).

(e) immunostaining with 1C2, showing diffuse nuclear staining and nuclear
inclusions in the spinal anterior horns and muscles of 17-week-old
leuprorelin-treated and testosterone-treated AR-97Q male #4-6 mice.

Figure 2 Effects of leuprorelin on mutant androgen
receptor expression and neuropathology in male AR~
97Q mice. (a) Western biot analysis with an
antibody to androgen receptor (N-20) of total
homogenates of the spinal cords and muscles of
13-week-old leuprorelin-treated (L) and vehicle-
treated (V) male AR-97Q #7-8 mice. *, P=0.011;
** P=0.015. Left margin, molecular sizes.
Bottom, o-tubutin (control blot). (b) Western blot
analysis with N-20 of nuclear (N) and cytoplasmic
(C) fractions of muscles of the male mice (13 weeks
“old; #7-8) given leuprorelin (L) or vehicle (V) and a
transgenic mouse (13 weeks old; #5-5) with
androgen receptors with 24 CAG repeats (AR-24Q).
Smearing of mutant androgen receptors was present
in the nuclear fraction lanes. ***, P<0.0001. Left
margin, molecular sizes. Bottom, accuracy of
fractionation confirmed with a nuclear marker
(histone H3) and a cytoplasmic marker (o-tubulin).
{c) immunohistochemical study with 1C2, showing
diffuse nuclear staining and nuclear inclusions in
the spinal anterior horns and muscles of 13-week-
old male leuprorelin-treated and vehicle-treated AR-
97Q #7-8 mice and H&E staining of the muscle of
vehicle-treated and leuprorelin-treated male mice.

Vehicle

immediate recovery of motor function after initial deterioration, and
long-term stabilization of neurologic function was achieved by
leuprorelin treatment. The reversibility of polyQ pathogenesis has also
been shown by turning off gene expression in an inducible mouse
model of Huntington diseasel®. Our results, however, indicated that
preventing nuclear translocation of mutant androgen receptors was
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enough to reverse both symptomatic and pathological phenotypes in
our transgenic mice. As the pathophysiology of AR-97Q mice is neu-
ronal dysfunction without neuronal cell loss!3, our results indicated
that polyQ pathogenesis was reversible at least in its dysfunctional
stage. We need to determine the early dysfunctional period in human
polyQ diseases.

In contrast to the notable success of leuprorelin therapy, flutamide
produced no beneficial effects despite its sufficient antiandrogen
effects. Flutamide, the first androgen antagonist discovered, has very
specific affinity for androgen receptors, and competes with testos-
terone for binding to the receptor. It has been used to treat prostate
cancer, usually in association with an LHRH agonist, to block the
action of adrenal testosterone!”1%, Although flutamide suppresses the
androgen-dependent transactivation, it does not reduce plasma testos-
terone. Furthermore, flutamide does not inhibit, but may even facili-
tate, the nuclear translocation of androgen receptors2®?!, Flutamide
also promoted nuclear transiocation of mutant androgen receptors
containing expanded polyQ in cell and Drosophila models of
SBMA?%23, This may be the reason flutamide produced no therapeutic
effect in our transgenic mouse model of SBMA. Flutamide is not likely
to be a therapeutic agent for SBMA. '

As in other polyQ diseases, a toxic gain of mutant androgen recep-
tor function has been considered the main cause of the pathogenesis
of SBMA?%, Although the expansion of polyQ tract inhibits the tran-
scriptional activities of androgen receptors and promotes androgen
receptor degradation?®, motor impairment has not been noted in
patients with severe testicular feminization lacking androgen receptor

Figure 5 Effects of flutamide on the symptoms of male AR-97Q mice.

(a) Weights of prostates and seminal vesicles of 12-week-old #4-6 mice.

(b) Flutamide-treated {top) and vehicle-treated male mice (1 1-week-old

#4-6 mice). (¢) Footprints of 11-week-old flutamide-treated (F) and vehicle-
treated (bottom) male AR-97Q #4-6 mice . Red, front paws; blue, hind paws.
(d-g) Body weights, rotarod tasks, cage activity and survival rates of flutamide-
treated (n = 6) and vehicle-treated (n = 6) male AR-97Q #4-6 mice.

(12 weeks)
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Figure 4 Reversal of symptoms and pathological
findings with leuprorelin treatment. (a) Serial
footprints of a leuprorelin-treated mate AR-97Q
#2-6 mouse. (b) 1C2 nuclear staining of tail
muscies. Left to right, serial sections of same
#4-6 mice treated with leuprorelin {upper panels)
or vehicle (lower panels) (e) Quantification of
1C2 nuclear staining of the tall muscle {(n=5 for
each group).

function?8. Thus, the neurologic impairment
in SBMA cannot be attributed to the loss of
androgen receptor function”. SBMA has
been considered an X-linked disease, whereas
other polyQ diseases show autosomal domi-
nant inheritance. If the toxic gain of mutant
androgen receptor function is the main path-
ogenic process in SBMA, symptoms should
be manifested in female patients, as in other
polyQ diseases. Female patients, however,
rarely have clinically characteristic pheno-
types , even if they are homozygous>—. Thus,
SBMA symptoms are manifested only in the
presence of large amounts of serum testos-
terone, as in male patients. This hypothesis is
supported by the finding that female trans-
genic mice showed subtle phenotypic expression that was amplified
by testosterone administration!”, Taken together, the ligand effect,
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rather than protein expression of mutant androgen receptors is
important in SBMA pathogenesis and provides a theoretical basis for
the treatment effects.

Although there have been no notably effective therapeutic
approaches to polyQ diseases, some promising results have been
reported using transgenic animal models. Molecular chaperones,
which renature misfolded mutant proteins, have exerted beneficial
effects in cell and animal models of polyQ diseases. Heat-shock pro-
tein (HSP) 70 and HSP40 yielded preventive effects in a SBMA cell
model?®, Overexpression of HSP70 had preventive effects in our trans-
genic mouse model of SMBA? as well as in SCA1 cell and transgenic
mouse models’®3!. Increasing the expression of or enhancing the
function of molecular chaperones could also be a potential therapy for
SBMA. Alternatively, histone deacetylase inhibitor suppresses polyQ
toxicity in cell and Drosophila models®®33, but its effect is not sufficient
in a mouse model of Huntington disease34. An ideal treatment for
polyQ diseases could be a combination of these and other therapeutic
strategies. Our study has indicated that hormonal therapy with LHRH
agonist, such as leuprorelin, could be central to SBMA therapy.

METHODS

Generation and maintenance of transgenic mice. We generated AR-24Q and
AR-97Q mice as described before!”, We subcloned a full-length human andro-
gen receptor fragment containing 24 or 97 CAG repeats® into a pCAGGS vec-
tor®¢ digested with HindIll, microinjected the result into fertilized eggs of
BDF1 mice and obtained five founders with AR-97Q. We maintained these
mouse lines by back-crossing with C57Bl/6]. We examined all the symptomatic
lines (#2-6, #4-6, #7-8). All animal experiments were approved by the Animal
Care Committee of Nagoya University Graduate School of Medicine.

Neurological and behavioral testing. We analyzed the rotarod task in mice using
an Economex Rotarod (Colombus Instruments) and measured cage activity
with the AB system (Neuroscience, Tokyo, Japan) as described before! 37,

Hormonal intervention and serum testosterone assay. We injected leuprore-
lin acetate (provided by Takeda Pharmaceutical) subcutaneously at a dose of
25, 50 or 100 pg per mouse every 2 weeks from 5 weeks of age. We adminis-
tered leuprorelin at a dose of 100 pg unless otherwise indicated. We injected
control AR-97Q male mice with a vehicle containing D-mannito], carmellose
sodium and polysolvate 80. We gave leuprorelin-treated AR-97Q mice either
leuprorelin only or leuprorelin plus 20 pg testosterone enanthate dissolved in
sesame oil (injected subcutaneously) weekly from the age of 13 weeks. We dis-

Figure 6 Effects of flutamide on mutant
androgen receptor expression and neuropathology
in male AR-97Q mice. (a) Western blot analysis
with an antibody to androgen receptor (N-20) of
total homogenates from the spinal cords and
muscles of 13-week-old flutamide-treated (F) and
vehicle-treated (V) male AR-97Q #7-8 mice . Left
margin, molecular sizes. Bottom, a-tubulin
(control blot). (b) Western blot analysis with N-20
of nuclear (N) and cytoplasmic (C) fractions from
the muscles of 13-week-oid #7-8 male mice
given fiutamide (F) or vehicle (V), and a 13-week-
old transgenic mouse with androgen receptors
with 24 CAG repeats (AR-24Q; #5-5). Left
margin, molecular sizes. Bottom, accuracy of
fractionation confirmed with a nuclear marker
(histone H3) and a cytoplasmic marker (o-
tubulin). {c) Immunostaining with 1C2, showing
diffuse nuclear staining and nuclear inciusions in
the spinal anterior horns and muscles of
fiutamide-treated and vehicle-treated mice (12-
week-old #4-6 mice).

Vehicle

700 um

solved flutamide (Sigma-Aldrich) in 10% ethanol and 90% sesame oil, and
gave it at a dose of 1.8 mg per mouse once every second day*®. We injected the
control AR-97Q male mice with vehicle. We assayed serum testosterone with
the Coat-A-Count Total Testosterone radioimmunoassay (Diagnostic
Products Corporation).

Protein expression analysis. We exsanguinated mice anesthetized by ketamine-
xylazine, and ‘snap-froze’ their tissues with powdered CO, in acetone. We
homogenized the tissues (2,500g for 15 min at 4 °C) in 50 mM Ttis, pH 8.0, 150
mM NaCl, 1% Nonidet-P40, 0.5% deoxycholate, 0.1% SDS and 1 mM 2-mer-
captoethanol with 1 mM PMSF and 6 ig/ml aprotinine. We loaded each lane of
a 5-20% SDS-PAGE gel with 160 pg protein for nerve tissue and 80 g protein
for muscle (both from the supernatant fraction). This was transferred to
Hybond-P membranes (Amersham Pharmacia Biotech) in a transfer buffer of
25 mM Tris, 192 mM glycine, 0.1% SDS and 10% methanol. After immuno-
probing with N-20, a rabbit antibody to the androgen receptor (1:1,000 dilu-
tion; Santa Cruz Biotechnology), we did secondary antibody probing and
detection with the ECL Plus kit (Amersham Pharmacia Biotech). We quantified
the signal intensity of the bands smearing from the top of the gel using the NIH
Image program (NTH Image version 1.62). The quantitative data of three inde-
pendent western blots were expressed as mean + s.d. We reprobed membranes .
with antibody to a-tubulin (1:5,000 dilution; Santa Cruz Biotechnology). We
extracted nuclear and cytoplasmic fractions with NE-PER nuclear and cyto-
plasmic extraction reagents (Pierce). We reprobed membranes of fractionated
western blot with antibody to o-tubulin (1:5,000 dilution and antibody to his-
tone H3 (1:400 dilution; Upstate Biotechnology).

Immunohistochemistry and muscle histology. We perfused 20 ml of a 4%
paraformaldehyde fixative in phosphate buffer (pH 7.4) through the left car-
diac ventricles of mice deeply anesthetized with ketamine-xylazine, postfixed
the tissues overnight in 10% phosphate-buffered formalin, and processed them
for paraffin embedding. Then we deparaffinized tissue sections 4 pm in thick-
ness, dehydrated them with alcohol, treated them with formic acid for 5 min at
room temperature and stained them with 1C2 (1:10,000 dilution; Chemicon),
as described before!’373, After formalin fixation, we washed tail specimens
with 7096 ethanol and decalcified them with 7% formic acid and 70% ethanol
for 7 d followed by paraffin embedding, To assess 1C2-positive cells in muscle,
we calculated the number of 1C2-positive cells in more than 500 fibers in the
entire area and expressed the results as the number per 100 muscle fibers. We
air-dried cryostat sections (6 pm in thickness) of gastrocnemius muscles and
stained them with H&E.

Statistical analysis. We analyzed data using the unpaired ¢-test and considered
P values £0.05 to be statistically significant.
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Parkinson’s disease (PD) is a neurodegenerative dis-
ense characterized by loss of nigra dopaminergic neu-
rons. Lewy bodies (LBs) are a characteristic neuronal
inclusion in PD brains. In this study, we report that
Dorfin, a RING finger-type ubiquityl ligase for mutant
superoxide dismutase-1, was localized with ubiguitin in
LBs. Recently, synphilin-1 was identified to associate
with a-synuclein and to be a major component of LBs.
We found that overexpression of synphilin-1 in cultured
cells led to the formation of large juxtanuclear inclu-
sions, but showed no cytotoxicity. Dorfin colocalized in
these large inclusions with ubiquitin and proteasomal
components. In contrast to full-length synphilin-1, over-
expression of the central portion of synphilin-1, includ-
ing ankyrin-like repeats, a coiled-coil domain, and an
ATP/GTP-binding domain, predominantly led to the for-
mation of small punctate aggregates scattered through-
out the cytoplasm and showed cytotoxic effects. Dorfin
and ubiquitin did not localize in these small aggregates.
Overexpression of the N or C terminus of synphilin-1 did
not lead to the formation of any aggregates. Dorfin phys-
ically bound and ubigquitylated synphilin-1 through its
central portion, but did not ubigquitylate wild-type or
mutant e-synuclein. These results suggest that the cen-
tral domain of synphilin-1 has an important role in the
formation of aggregates and cytotoxicity and that Dor-
fin may be involved in the pathogenic process of PD and
LB formation by ubiquitylation of synphilin-1.

Parkinson’s disease (PD)* is a neurodegenerative disease
caused by loss of nigra dopaminergic neurons. Lewy bodies
(LBs) are a characteristic neuronal inclusion in PD brains
(1-4). Although LBs are a prominent pathological feature of
PD, the underlying molecular mechanism accounting for LB
formation is poorly understood. Several lines of evidence have
suggested that derangements in the ubiquitin/proteasome pro-
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tein degradation pathway play a prominent role in the patho-
genesis of PD (5). Ubiquitin and proteasome subunits colocalize
in LBs (6, 7), and biochemical studies have revealed reduced
catalytic activities of proteasomes in the lesions of PD (8, 9).
The gene product responsible for autosomal recessive juvenile
parkinsonism, parkin (10), is an E8 ubiquityl ligase (11-13).
Accumulation of target protein(s) due to loss of the ubiquityla-
tion function of parkin may contribute to the development of
autosomal recessive juvenile parkingonism. In addition, a mis-
sense mutation in UCHL1 (ubiquitin C-terminal hydrolase L1)
has been described in a family with PD (14). UCHL1 produces
monomeric ubiquitin by cleaving polyubiquitin chains (15). Re-
cently, ubiquityl ligase activity as well as the hydrolase activity
of UCHL1 were also reported (16).

o-Synuclein is a 19-kDa presynaptic vesicular protein of
unconfirmed function and one of the major components of L.Bs
(17, 18). Mutations in a-synuclein (A30P and A53T) cause a
rare autosomal dominant form of PD, which shares many phe-
notypic characteristics with sporadic PD (19, 20). a-Synuclein
aggregates deposit in LBs in both autosomal dominant and
sporadic forms of PD (21, 22). In addition, it has been reported
that transgenic flies and mice overexpressing human wild-type
or mutant a-synuclein have abnormal cellular accumulation of
a-synuclein and neuronal dysfunction and degeneration (23—
30), indicating that a-synuclein has a role in the pathogenesis
of both familial and sporadic forms of PD.

Synphilin-1 was identified recently by yeast two-hybrid tech-
niques as a novel protein that interacts with a-synuclein (31).
a-Synuclein amino acids 1-66 are is sufficient for interaction,
and the central portion of synphilin-1 (amino acids 349-555) is
necessary and sufficient for interaction with a-synuclein (32).
It has also been reported that the C terminus of a-synuclein is
closely associated with the C terminus of synphilin-1 and that
a weak interaction occurs between the N terminus of
a-synuclein and synphilin-1 (33). Synphilin-1 is highly concen-
trated in presynaptic nerve terminals, and its association with
synaptic vesicles is modulated by o-synuclein (34). Coexpres-
sion of a-synuclein and synphilin-1 in transfected cells results
in the formation of eosinophil cytoplasmic inclusions that re-
semble LBs (31, 35), whereas transfection of synphilin-1 alone
without expression of a-synuclein or parkin can also produce
cytoplasmic inclusions in cultured cells (36, 37). Furthermore,
synphilin-1 is ubiquitylated and degraded by proteasomes in
human embryonic kidney 293 (HEK293) cells (37) and is local-
ized as another major component of LBs in the brains of pa-
tients with PD (38, 39). Thus, the process through which ag-
gregations are formed by synphilin-1 may be important in the
pathogenesis of PD.

Dorfin is a gene product (which we cloned from anterior horn
tissues of human spinal cord) (40) that contains a RING finger/
IBR (in between RING finger) motif (41) at its N terminus. It
was reported that HHARI (human homologue of ariadne) and
H7-4P1 (UbcH7-associated protein-1), both RING finger/IBR

This paper is available on line at http://www.jbc.org
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Fic. 1. Colocalization of Dorﬁn and ubiquitin in LBs of PD. Substantia nigra tissue of PD cases was meunohmtochemlcally stained with
anti-Dorfin antibody. A, LBs (errows) in neurons were strongly stained. B, the peripheral rim of a typical LB was predominantly stained with
anti-Dorfin antibody. C, Lewy neurites (errowheads) were also Dorfin-immunoreactive. The scale bar in A is equivalent to 100 pm in A and C and

12 pm in B. D-F, shown are laser

confocal microscopy images of double-labeling immunofiuorescence study of LB. Frozen sections

prepared from substantia nigra tissue of PD were incubated with rabbit anti-Dorfin IgG and labeled with Alexa Fluor 568-coniugated anti-rabbit
antibodies (red in D) and mouse moncclonal antl-ublqmtm and Alexa Fluor 488-conjugated anti-mouse antibodies (green in E). F shows a merged
image of the double-stained LB (D and E), and regions of overiap between Dorfin and ubiquitin immunoreactivities are shown in yellow. The scale

bar in D is equivalent to 10 pm and also applies to E and F.

motif-containing proteins, interact with the ubiquitin carrier
protein (E2) UbcH7 through the RING finger/IBR motif and
that a distinct subclass of RING finger/IBR motif-containing
proteins represents a new family of proteins that specifically
interact with distinct E2 enzymes (42, 43). Dorfin is a jux-
tanuclearly located E3 ubiquityl ligase and may function in the
microtubule-organizing centers (40). In the spinal cords of pa-
tients with sporadic and familial forms of amyotrophic lateral
sclerosis (ALS) with an SOD1 mutation, Dorfin is colocalized
with ubiquitin in hyaline inclusions (44). Dorfin physically
binds and ubiquitylates various SOD1 mutants derived from
familial ALS patients and enhances their degradation (44).
Thus, an important and interesting question is whether Dorfin
is colocalized with ubiquitin in LBs of PD.

In this study, we show that Dorfin is colocalized with ubiq-
uitin in LBs of PD. We found that Dorfin ubiquitylates synphi-
lin-1 and that overexpression of synphilin-1 leads to ubiguity-
lated inclusions resembling LBs in cultured cells.

EXPERIMENTAL PROCEDURES

Immunohistochemistry—Immunohistochemical studies were carried
out on 20% buffered, Formalin-fixed, paraffin-embedded autopsied
brains filed in the Department of Neurology of the Nagoya University
Graduate School of Medicine. Five PD brains (67—-69 years of age, four
men and one woman) and five controls without neurological disease
(6178 years of age, four men and one woman) were studied. The
diagnosis of all cases was confirmed by clinical and pathological crite-
ria. Immunohistochemistry was performed as described previously (45).
Rabbit polyclonal antiserum was raised against a C-terminal portion of
Dorfin (amino acid 678—-680) as described previously (40). Dorfin anti-
serum (1:200 dilution) and monoclonal anti-ubiquitin antibody (P4D1,
1:400 dilution; Santa Cruz Biotechnology) were used. To assess the
coloealization of Dorfin and ubiquitin, a double-laheling immunofine-
rescence study was performed on selected sections with a combination
of anti-Dorfin and anti-ubiquitin antibodies. Anti-Dorfin antibody was
visualized by goat anti-rabbit IgG coupled with Alexa Fluor 568 (Mo-
lecular Probes, Inc.), and anti-ubiquitin antibedy was visualized with
sheep anti-mouse IgG coupled with Alexa Fluor 488 (Molecular Probes,
Inc.) and observed under a Carl Zeiss LSM-510 laser scanning confocal
microscope. For cultured cells, immunostaining was performed as fol-

lows. COS-7 cells transiently expressing synphilin-1-DsRed fusion pro-
tein in & 4-chamber slide (Nalge Nunc) coated with rat tail collagen
(Roche Diagnostics) were fixed with methanol at —20 °C for 10 min,
air-dried, and blecked with 6% goat serum for 80 min. Cells were then
incubated overnight at 4 °C with the appropriate primary antibody
diluted in phosphate-buffered saline. After washing three times with
phosphate-buffered saline, Alexa Fluor 488-conjugated secondary anti-
body (1:1000 dilution; Molecular Probes, Inc.) was added for 1 h at recom
temperature. Samples were visualized under an Olympus BX51 epif-
luorescence microscope. Primary antibodies against ubiquitin (P4D1,
1:200 dilution), Hsp70 (heat shock protein of 70 kDa; 1:5000 dilution;
Stressgen Biotech Corp.), the 20 S proteasome core subunit (1:5000
dilution; Affiniti), and UbcH7 (1:100 dilution; Transduction Laborato-
ries) were used.

Expression Plasmids, Cell Culture, and Transfection—Human syn-
philin-1 ¢cDNA containing the entire coding region was amplified by Pfu
Turbo DNA polymerase (Stratagene) from human brain ¢cDNAs using
5'-GTCAGGATCCACCACCATGGAAGCCCCTGAATACC-3' as the
forward primer and 5'-ATATCTCGAGTGCTGCCTTATTCTTTCCTTT-
G-3' as the reverse primer and inserted in-frame into the BamHI and
Xhol sites of the pcDNA3.1/V5His vector (Invitrogen). A plasmid for
DsRed-tagged synphilin-1 was constructed by PCR amplification using
5'-ATATCTCGAGACCACCATGGAAGCCCCTGAATACC-3’ as the
forward primer and 5'-GTCAGGATCCGCCTTTGCCTTATTCTTTCCT-
TTG-3' as the reverse primer and inserted in-frame into the Xhol and
BamHI sites of the pDsRed-N1 vector (Clontech). A series of deletion
mutants of synphilin-1 were prepared as synphilin-1-N (amino acid
1-848), synphilin-1-M (amino acid 349-565), and synphilin-1-C (amino
acid 556-919). Synphilin-1-M is the central portion of synphilin-1,
containing the ankyrin-like repeat, the coiled-coil domain, and the
ATP/GTP-binding domain (31). Primers pairs for each deletion mutant
were as follows: 5'-GTCAGGATCCACCACCATGGAAGCCCCTGAAT-
ACC-3’' and 5'-ATATCTCGAGTTCGTCGTGAATTTTGTCT-3' for
synphilin-1-N-V5, 5'-ATATCTCGAGACCACCATGGAAGCCCCTGAA-
TACC-3' and 6'-GTCAGGATCCGCTTCGTCGTGAATTTIGTCTAG-3
for synphilin-1-N-DsRed, 5'-GTCAGGATCCACCATGAATGGAAACA-
ATCTAT-8' and 5'-ATATCTCGAGCTTGCCCTCTGATTTCTGG-3' for
synphilin-1-M-V5, 5'-ATATCTCGAGACCACCATGAATGGAAACAAT-
CTAT-38' and 6'-GTCAGGATCCGCC TTGCCCTCTGATTTCTGGGC-3
for synphilin-1-M-DsRed, 8'-GTCAGGATCCACCACCATGTCACTCC-
CTTCTTCAC-3' and 5'-ATATCTCGAGTGCTGCCITATTCTTTCCTT-
TG-8' for synphilin-1-C-V5, and 5’-ATATCTCGAGACCACCATGTCA-
CTCCCTTCTTCAC-8' and 5'-GTCAGGATCCGCCTTITGCCTTATTCT-

- 283 -



29108

TTCCTTTG-3' for synphilin-1-C-DsRed. Construction of pcDNA4/His-
Max-Dorfin, pcDNA3.1(+)FLAG-ubiquitin, and pcDNAS3.1/MycHis(+)-
SOD1 vectors was described elsewhere (40, 44). a-Synuclein cDNA was
amplified by PCR from human brain cDNAs and cloned into the EcoRV
site of pcDNA3.1/MycHis(+) (Invitrogen). To generate the mutant
a-synuclein expression vector, A30P and A53T mutations were intro-
duced into pcDNA3.1/MycHis(+)-a-synuclein with a QuikChange site-
directed mutagenesis kit (Stratagene) following the method of Lee ez al.
(46). COS-7, HEK293, and Neuro2a cells were maintained in Dulbecco’s
modified Eagle’s medium with 10% fetal calf serum. Transfections were
performed using the Effectene transfection reagent (QIAGEN Inc.)
according to the manufacturer’s instructions. To inhibit cellular protea-
some activity, cells were treated with 0.5 uv MG132 (carbobenzoxy-L-
leucyl-L-leucyl-1-leucinal, Sigma) for 16 h overnight after transfection.

Immunoprecipitation and Western Blot Analysis—Cells were lysed in
lysis buffer (50 mM Tris, 150 mm NaCl, 1% Nonidet P-40, and 0.1% SDS)
with Complete protease inhibitor mixture (Roche Diagnostics). Immu-
noprecipitation from transfected cell lysates was performed with 2 ug of
antibody and protein A/G Plus-agarose (Santa Cruz Biotechnology), and
the immunoprecipitate was then washed four times with lysis buffer,
Anti-V5 antibody (Invitrogen) for synphilin-1-V5 fusion proteins and
anti-Myc antibody (A-14, Santa Cruz Biotechnology) for a-synuclein-
Myc or SOD1-Myc fusion proteins were used. Immunoprecipitates were
subjected to SDS-PAGE and analyzed by Western blotting with ECL
detection reagents (Amersham Biosciences).

In Vitro Ubiquitylation Assay—Immunopurified (IP) Xpress-Dorfin
bound to anti-Xpress antibody (Invitrogen) with protein A/G Plus-aga-
rose (Santa Cruz Biotechnology) was prepared from lysates of HEK293
cells transfected with pcDNA4/HisMax-Dorfin. IP-gynphilin-1-V5 was
prepared with anti-V5 antibody bound to protein A/G Plus-agarose from
iysates of HEK293 cells transfected with pcDNA3.1/V5His-synphilin-1.
IP-a-synuclein-Mye and IP-SOD1-Myc were prepared with anti-Mye
antibodies from lysates of pcDNA3.1/MycHis(+)-a-synuclein- and
pcDNA3.1/MycHis(+)-SOD1-transfected HEK293 cells, respectively.
Slurries of IP-Xprees-Dorfin were mixed with IP-synphilin-1-V5, IP-a-
synuclein-Mye, or IP-SOD1-Mye and incubated at 30 °C for 90 min in 50
1 of reaction buffer containing ATP (4 mM ATP in 50 m»M Tris-HCI (pH
7.5), 2 mm MgCl,, and 2 mwm dithiothreitol), 100 ng of rabbit E1 (Cal-
biochem), 2 ug of UbcH7 (Affiniti), and 2 pg of His-ubiquitin (Calbio-
chem). The reaction was terminated by adding 20 pl of 4X sample
buffer, and 20-pl aliquots of the reaction mixtures were subjected to
SDS-PAGE, followed by Western blotting with anti-His antibody
(Novagen).

Neurotoxicity Analysis and Quantification of Synphilin-1 Aggre-
gates—COS-7 cells (1 X 10*) were grown overnight on collagen-coated
4-chamber well slides. They were transfected with 0.2 ug of pDsRed-
N1-synphilin-1 or its deletion mutants. To inhibit cellular proteasome
activity, cells were treated with 0.5 uM MG132 for 16 h overnight after
transfection. The number of inclusions was counted in >100 cells ran-
domly selected, and data were averaged from three independent exper-
iments. For cell viability assay, 5 X 10° Neuro2a celis were grown in
collagen-coated 96-well plates overnight. They were then transfected
with 0.1 pg of pcDNAS3.1/V6His-synphilin-1 or deletion mutants of
synphilin-1. pcDNA3.1/V5His-LacZ was used as a control. Next, an

. MTS-based cell proliferation assay was performed using CellTiter 96
(Promega) at 24 h after serum deprivation. The assay was carried out in
triplicate. Absorbance at 480 nm was measured in a multiple plate
reader.

RESULTS

Dorfin Localizes to LBs of PD—We first examined whether
LBs contain Dorfin. Immunohistochemical analysis revealed
that Dorfin was predominantly localized in LBse found in PD
(Fig. 1A4). The peripheral rim of a typical LB in a neuronal cell
body was strongly stained, whereas the central core remained
unstained (Fig. 1B). Dorfin was also localized in Lewy neurites
(Fig. 1C), which are a pathological hallmark in addition to LBs
of degenerating neurons in the brains of patients suffering from
PD (47). Anti-Dorfin antibody did not stain any abnormal
structures in normal brains (data not shown). A double-label-
ing immunofluorescence study revealed that Dorfin was colo-
calized with ubiquitin in LBs (Fig. 1, D-F). Serial sections
stained with anti-Dorfin and anti-ubiquitin antibodies showed
that ~90% of ubiquitylated LBs were positive for Dorfin im-
munoreactivity. The staining profile of Dorfin was very similar

Dorfin Localizes to LBs and Ubiquitylates Synphilin-1

fi merge
synphilin-1

synphilin~1 merge

synphilin-1

Fi6. 2. Formation of large justanuclear inclusions by overex-
pression of synphilin-1. Full-length synphilin-1 was overexpressed in
COS-7 cells as DsRed fusion protein. Two days afier transfection, cells
were fixed and immunostained with the indicated antibodies. Large
juxtanuclear inclusions of synphilin-1 were formed spontaneously with-
out proteasome inhibition. Cells with large juxtanuclear inclusions
were co-stained with ubiquitin (Ub) (A-C), Dorfin (D-F), 20 S protea-
some core subunit (G-I), Hep70 (J-L), or UbcH7 (4-0). Regions of
overlap between synphilin-1 (red) and immunoreactivities of the indi-
cated proteins (green) are shown in yellow. Nuclei were stained with
Hoechst 33342 (blue). Scale bar = 10 pm.

to that of a-synuclein (48), which is predominantly located in
the peripheral rim of LBs, but was different from that of par-
kin, which localizes predominantly in the core of LBs (49).
Expression of Synphilin-1 Induces LB-like Large Juxta-
nuclear Inclusions, and Dorfin Localizes to These Inclusions—
To investigate the relationships of Dorfin to components of LBs
other than ubiquitin, we first examined the subcellular local-
ization of a-synuclein and synphilin-1 in cultured cells. We
created wild-type and mutant a-synuclein-green fluorescent
protein and a-synuclein-Myc fusion constructs, but there was
no evidence of a-synuclein aggregation in transfected COS-7
cells in the presence or absence of the proteasome inhibitor
(data not shown). We created a synphilin-1-DsRed fusion con-
struct by fusing the red fluorescent protein DsRed to the C
terminus of synphilin-1 and carried out transient transfection
in COS-7 cells with this construct. Large juxtanuclear inclu-
sions were spontaneously formed in the transfected COS-7 cells
in the absence of the proteasome inhibitor (Fig. 2, A-O). We
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F1a. 3. Formation of two types of aggregates by the central portion of synphilin-1. COS-7 cells were transfected with expression vectors
for DsRed salone or DsRed fusion proteins of synphilin-1 deletion mutants, Two days after transfection, cells were analyzed by Western blotting
(WB) and immunccytochemistry. Shown are a schematic representation of the DsRed fusion proteins of synphilin-1 deletion mutants used in this
study (A) and the results from Western blot analysis of lysates from transfected cells (B). DsRed alone (C), synphilin-1-N (D), and synphilin-1-C
(E) formed no aggregates, whereas overexpression of the central portion of synphilin-1 (synphilin-1-M) induced two types of inclusions: large
juxtanuclear inclusions (F and I) and small punctate aggregates scattered throughout the cytoplasm (L and 0). Large juxtanuclear inclusions were
ubiquitin (Ub)-positive (F-H) and colocalized with Dorfin (I-K), whereas small punctate aggregates were ubiquitin-negative (L-N) and did not
colocalize with Dorfin (O-@)). Regions of overlap between synphilin-1 (red) and immunoreactivities of the indicated proteins (green) are shown in
yellow. Nuclei were stained with Hoechst 33342 (blue). Scale bar = 10 pm.

also constructed synphilin-1 fusion proteins with a smaller
Vb5/Hisg tag, which formed identical inclusions when overex-
pressed in COS-7 cells, although to a lesser extent than syn-
philin-1-DsRed fusion proteins (data not shown). Immuno-
staining with anti-ubiquitin and anti-Dorfin antibodies
revealed that most of the large juxtanuclear inclusions of syn-
philin-1 contained ubiquitin (Fig. 2, A-C) and Dorfin (D-F).
Immunohistochemical studies of human LBs have previously
shown that I.Bs are stained with proteasome subunits (6) and
molecular chaperones such as Hsp40 and Hsp70 (24). Thus, we
next examined whether the inclusion bodies in COS-7 cells
contain the 20 S proteasome core subunit and Hsp70. We found
both the 20 S proteasome subunit and Hsp70 to be colocalized
with synphilin-1 inclusion bodies (Fig. 2, G-L). Dorfin binds
specifically to UbcHT7 as an E2 through the RING finger/IBR
domain (40). UbcH7 was also localized with Dorfin in these
inclusions (Fig. 2, M-0). These observations suggest that large

juxtanuclear inclusions formed by synphilin-1 in our cell cul-
ture system have many characteristic features of LBs, that
synphilin-1 can aggregate when overexpressed, and that this
process may be associated with its ubiquitylation.

Expression of the Central Portion of Synphilin-1 Induces
Large Juxtanuclear Inclusions as Full-length Proteins, but
Small Punctote Aggreguotes Are Also Formed—To further ana-
lyze which part of synphilin-1 is related to aggregation forma-
tion, we prepared a series of deletion mutants of synphilin-1.
We divided synphilin-1 into three parts, the N terminus of
synphilin-1 (synphilin-1-N) containing amino acids 1-348, the
central portion of synphilin-1 (synphilin-1-M) containing amino
acids 349-555, and the C terminus of synphilin-1 (synphilin-
1-C) containing amino acids 556919, and fused them to DsRed
at their C termini (Fig. 3, A and B). Inclusions were not seen
with overexpression of DsRed alone, synphilin-1-N, or synphi-
lin-1-C in COS-7 cells (Fig. 8, C-E). However, expression of
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synphilin-1-M resulted in the production of two types of inclu-
sions: large juxtanuclear inclusions (Fig. 3, F~K) and small
punctate aggregates scattered throughout the cytoplasm (L-@).
The large inclusions were stained with ubiquitin (Fig. 8, F-H)
and Dorfin (J-K), as were inclusions induced by full-length
synphilin-1. However, neither ubiquitin nor Dorfin was colo-
calized with the small punctate aggregates scattered through-
out the cytoplasm (Fig. 3, L-Q).

Expression of the Central Portion of Synphilin-1 Compro-
mises Cell Viability—We examined the frequency of the inclu-
sion formation by synphilin-1 and its deletion mutants. The
number of inclusions was counted with and without the pro-
teasome inhibitor MG132 in COS-7 cells (Fig. 4A). Both syn-
philin-1-N and synphilin-1-C formed almost no inclusions in
either the presence or absence of MG132. Full-length synphi-
lin-1 and synphilin-1-M produced inclusions with high fre-
quency even in the absence of MG132, and the number of cells
with inclusions induced by full-length synphilin-1 was signifi-
cantly greater than that induced by synphilin-1-M (Fig. 4A).
Treatment with MG132 significantly increased the number of
inclusions. We next measured the ratio of cells that contained
small punctate aggregates to total cells bearing all inclusions
(Fig. 4B) because two types of aggregates, large juxtanuclear
inclusions and small punctate scattered aggregates, were ob-
served. In contrast to full-length synphilin-1, the inclusions
induced by overexpression of synphilin-1-M were predomi-
nantly small punctate aggregates scattered through the cyto-
plasm (Fig. 4B). Treatment with MG132 decreased the ratio of
small aggregates induced by synphilin-1-M (Fig. 4B).

The effects of synphilin-1 expression on cell viability are
poorly understecod. O'Farrell et al. (36) reported that cells
transfected with synphilin-1 are more viable than cells trans-
fected with LacZ. On the other hand, Lee et al. (37) reported
that synphilin-1 compromises cell viability. Thus, we examined
the effects of synphilin-1 and its deletion mutants on cell via-
bility using the MTS assay in the neuronal cell line Neuro2a
(Fig. 4C). We found that synphilin-1-M had a cytotoxic effect,
whereas overexpression of full-length synphilin-1 or the N- or
C-terminal deletion mutant of synphilin-1 did not (Fig. 4C). We
used synphilin-1-V5 fusion constructs, but synphilin-1-DsRed
fusion constructs gave the same results (data not shown).

Dorfin Interacts with Synphilin-1—We examined whether
Dorfin interacts with synphilin-1 because Dorfin localizes in
LBs and cytoplasmic juxtanuclear inclusions formed by synphi-
lin-1. To identify which portion of synphilin-1 binds to Dorfin,
we expressed a series of deletion mutants of V5-tagged synphi-
lin-1 and Xpress-tagged Dorfin in COS-7 cells (Fig. 5B). Co-
immunoprecipitation confirmed that Dorfin bound to full-
length synphilin-1 (Fig. 5A) and interacted strongly with
synphilin-1-M and weakly with synphilin-1-N, but Dorfin
failed to bind to synphilin-1-C (Fig. 5C). Thus, Dorfin interacts
with synphilin-1 mainly through its central portion, which
contains the ankyrin-like repeat, the coiled-coil domain, and
the ATP/GTP-binding domain. Dorfin has a unique primary
structure containing a RING finger/IBR motif at its N terminus
and can be structurally divided into two parts, the N-terminal
region containing a RING finger/IBR motif (Dorfin-N) that
interacts with E2 and the C-terminal region with no similarity
to any other known proteins (Dorfin-C) (Fig. 5B) (40). We found
that Dorfin-C, but not Dorfin-N, specifically bound synphilin-1,
indicating that Dorfin binds to synphilin-1 via its C-terminal
region (Fig. 5D).

Dorfin Ubiquitylates Synphilin-1 through Its Central Do-
main In Vitro—The physical interaction between Dorfin and
synphilin-1 prompted us to investigate whether synphilin-1
itself is ubiquitylated by Dorfin. We first examined whether
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FiG. 4. The central portion of symphilin-1 produces predomi-
nantly small punctate aggregates and compromises cell viabil-
ity. A, the frequency of inclusion-bearing cells transfected with synphi-
lin-1 and its deletion mutants. COS-7 cells were grown on collagen-
coated 4-chamber well slides and transfected with expression vectors
for synphilin-1-DsRed fusion proteins. Two days after transfection, cells
were fixed, and percentages of inclusion-positive cells among DsRed-
positive cells were determined. For proteasome inhibition, cells were
treated with 0.5 pm MG132 for 16 h before fixation. B, the frequency of
cells bearing small punctate aggregates scattered through the cyto-
plasm among all inclusion-positive cells. Experimental conditions were
same as described for A. Data are the means + S.D. of triplicate assays.
Statistical analyses were carried out with Mann-Whitney's U test. *,
p < 0.01. C, the cytotoxic effect of synphilin-1-M expression in an MTS
assay. Neuro2a cells were grown on collagen-coated 96-well plates and
transfected with V5-tagged synphilin-1 or its deletion mutants. After
changing to a serum-free medium, MTS assays were performed after
24 h of incubation. Viability of cells was measured as the level of
absorbance at 490 nm. Data are means * S.D. of triplicate assays.
Statistical analyses were carried out by one-way analysis of variance. *,
p <0.01.
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1. 5. Association of Dorfin with synphilin-1 in C0S-7 celis. A, Dorfin binds to synphilin-1. V5-tagged synphilin-1 or LacZ was
cotransfected with Xpress-tagged Dorfin in COS-7 cells. After immunoprecipitation (IP) was performed with anti-Xpress antibody, the resulting
precipitates and cell lysate were analyzed by Western blotting (WB) with horseradish peroxidase-conjugated anti-V5 or anti-Xpress antibody. B,
schematic representation of Xpress-tagged Dorfin, deletion mutants of Dorfin (i.e. Dorfin-N and Dorfin-C), V5-tagged synphilin-1, and deletion
mutants of synphilin-1 (i.e. synphilin-1-N, synphilin-1-M, and synphilin-1-C) used in this study. C, Dorfin binds to synphilin-1 mainly through its
central portion. After V5-tagged deletion mutants of synphilin-1 and Xpress-tagged Dorfin were transfected, immunoprecipitation and Western

blotting were performed as described for A. D, binding of synphilin-1

to the C-terminal portion of Dorfin. After V5-tagged synphilin-1 and

Xpress-tagged deletion mutants of Dorfin were transfected, immunoprecipitation and Western blotting were performed as described for A.

synphilin-1 is ubiquitylated in a culture cell model. V5-tagged
full-length synphilin-1 or its deletion mutants were cotrans-
fected with FLAG-tagged ubiquitin in HEK298 cells. When
full-length synphilin-1 or ite deletion mutants were immuno-
precipitated after treatment with the proteasome inhibitor
MG132, full-length synphilin-1 and synphilin-1-M were found
to be polyubiquitylated, but synphilin-1-N and synphilin-1-C
were not (Fig. 6A). Wild-type and mutant a-synuclein were
found not to be polyubiquitylated, whereas, as previously re-
ported (44), mutant SOD1 was polyubiquitylated (Fig. 64).

We next examined whether Dorfin is involved in the ubiqui-
tylation of synphilin-1 in vitro. For this purpose, we immuno-
purified Xpress-Dorfin and synphilin-1-V5 independently after
transfection into HEK293 cells,. When these immunopurified
proteins were incubated with recombinant E1, E2 (UbcH7),
His-tagged ubiquitin, and ATP, high molecular mass ubiquity-
lated bands were observed in the presence of Xpress-Dorfin
with synphilin-1, whereas no signal was noted with synphilin-1
in the absence of either E1 or E2 (Fig. 6B). Dorfin ubiquitylated
mutant SOD1 in vitro, as previously reported (44). Dorfin did
not ubiquitylate either wild-type or mutant e-synuclein (Fig.
6B). In vitro ubiquitylation assay of a series of synphilin-1
deletion mutants with Dorfin revealed that synphilin-1-M was
ubiquitylated, whereas synphilin-1-N and synphilin-1-C were
not ubiquitylated at all (Fig. 60C).

DISCUSSION

Several lines of evidence have suggested that derangements
in the ubiquitin-proteasome protein degradation pathway may
have a prominent role in the pathogenesis of PD (5). Our
present study shows that Dorfin, an E3 ubiquityl ligase, is
colocalized with ubiquitin in LBs of PD and physically binds to
ubiquitylate synphilin-1, which is known to be a major compo-
nent of LBs (31, 38, 39).

For the analysis of LB formation by synphilin-1, various cell
culture models have been reported (31, 35-37). In our cell
culture model, overexpression of synphilin-1 alone induced
large juxtanuclear cytoplasmic inclusions. In these large inclu-
sions, Dorfin was colocalized with ubiquitin/proteasome path-
way-related proteins such as ubiquitin, the 20 S proteasome
core subunit, and Hsp70, just as Dorfin in LBs. The central

portion of synphilin-1 contains the ankyrin-like repeat, the
coiled-coil domain, and the ATP/GTP-hinding domain (31). This

region is reported to be necessary for interaction with
a-synuclein (32). We found that the central portion of synphi-
lin-1 also bound with Dorfin and that overexpression of this
region alone led to inclusion body formation, whereas neither
the N- nor C-terminal regions induced aggregates. Overexpres-
sion of this central portion of synphilin-1 produced small punc-
tate aggregates scattered throughout the cytoplasm as well as
large juxtanuclear inclusions, but the former predominated.
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The small punctate aggregates did not colocalize with either
ubiquitin or other proteasome pathway-associated proteins and
had cytotoxic effects as revealed by MTS assays. Recently, Lee
and Lee (50) reported that overexpression of a-synuclein in
culture cells produces two distinct types of aggregates: large
juxtanuclear inclusions and small punctate aggregates scat-

tered throughout the cytoplasm. The juxtanuclear inclusion
bodies are filled with amyloid-like a-synuclein fibrils, whereas
the small aggregates contain non-fibrillar spherical aggregates
(50). They suggested that these aggregates appear sequen-
tially, with the smallest population appearing first and the
fibrillar inclusions last, and that the small spherical aggre-
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gates are the cellular equivalents of protofibrils (50). Protofi-
brils are recognized to be more important in terms of cytotox-
icity than mature fibrils in AB (51, 52) and a-synuclein (53, 54).
In our cell culture model, overexpression of synphilin-1 pro-
duced two distinct types of aggregates, very closely resembling
two types of a-synuclein aggregates (50). Thus, the small punc-
tate aggregates scattered throughout the cytoplasm induced by
the central portion of synphilin-1 might have characteristics
similar to those of protofibrils. Our cell culture system will
allow detailed characterization of LB formation and cytotoxic
processes in further studies.

We reported previously that Dorfin localizes in the inclusion
bodies of familial ALS with SOD1 mutations as well as in those
of sporadic ALS and ubiquitylates various SOD1 mutants de-
rived from familial ALS patients (44). Based on these findings,
it is conceivable that familial and sporadic forms of ALS share
a common mechanism involving the dysfunction of the ubiq-
uitin/proteasome pathway, despite having distinct etiological
mechanisms. In sporadic ALS, unknown substrate(s) of Dorfin
might play a role in the pathogenesis of the disease and accu-
mulate in ubiquitylated inclusion bodies. The following results
support the view that Dorfin plays an important role in the
formation of LBs of PD: (i) the presence of Dorfin in LBs and
large juxtanuclear inclusions of synphilin-1 in our cell culture
medel, (Gi) the parallel distribution patterns of ubiquitin and
Dorfin in LBs and inclusion bodies induced by synphilin-1 in
cultured cells, and (iii) the E3 function of Dorfin to ubiquitylate
synphilin-1. Dorfin did not ubiquitylate either wild-type or
mutant o-synuclein; however, our results cannot exclude the
possibility that post-translational modification, such as glyco-
sylation (55) or phosphorylation (56, 57), of a-synuclein may be
necessary for it to become a substrate for Dorfin because over-
expressed a-synuclein was not phosphorylated in our cell cul-
ture system (data not shown). The relation between Dorfin and
PD shows striking similarities to the relation between Dorfin and

ALS. Our findings raise the possibility that PD and ALS are .

etiologically distinct, but share a biochemically common meta-
bolic pathway through Dorfin, leading to the formation of ubiq-
uitylated inclusion bodies and to neuronal cell degeneration.
Parkin has been shown to have E3 ubiquityl ligase activity
(10-12). 1t was recently demonstrated that an O-glycosylated
a-synuclein (55) and synphilin-1 (35) are the substrates of
parkin and that parkin localizes to LBs of sporadic PD (49). The
link between sporadic and familial forms of PD through
a-synuclein, synphilin-1, and parkin sheds new light on under-
lying common molecular pathogenic mechanisms in PD. What
roles, then, do Dorfin and parkin play with respect to each
other in the pathogenesis of PD and/or LB formation? Both
proteins have a RING finger/IBR domain and E8 ubiquitin
ligase activities. Parkin interacts with both a-synuclein (55)
and synphilin-1 (85), whereas Dorfin binds and ubiquitylates
only synphilin-1. Parkin resides in the core of LBs (49),
whereas Dorfin localizes predominantly to the rim. Impaired
function of parkin as an E3 ubiquityl ligase is responsible for
one of the most common forms of familial PD, autosomal reces-
sive juvenile parkinsonism (9, 10). However, there has been no
analysis of whether Dorfin gene mutation causes familial PD.
Recently, Valente et al. (58, 59) identified a locus, PARKS, on
chromogsome 1p35-1p36 that is involved in the autosomal re-
cessive form of parkinsonism. Interestingly, a human paralog
of Dorfin (Dj1174N9.1) has been mapped at 1p34.1-1p35.3 (60).
Furthermore, Dorfin was identified by a phage display system
to be one of the binding proteins with 2-methylnorharman, an
analog of the parkinsonism-inducing toxin, 1-methyl-4-phe-
nylpyridinium cation (61). These findings suggest the utility of
analyzing Dji1174N9.1 or Dorfin mutation for potential involve-
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ment in familial PD. Production of Dorfin knockout mice will
also answer the gquestion of whether Dorfin is essential for
pathogenesis and/or ubiquitylated inclusion body formation in '
PD.
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Spinal and bulbar muscular atrophy (SBMA) is a neu-
rodegenerative disorder caused by the expansion of a
polyglutamine tract in the androgen receptor (AR). The
N-terminal fragment of AR containing the expanded
polyglutamine tract aggregates in cytoplasm and/or in
nucleus and induces cell death. Some chaperones such
as Hsp40 and Hsp70 have bkeen identified as important
regulators of polyglutamine aggregation and/or cell
death in neuronal cells. Recently, Hspl0ba, expressed at
especially high levels in mammalian brain, has been
shown to suppress apoptosis in neurcnal cells and pre-
vent the aggregation of protein caused by heat shock in
vitro. However, its role in polyglutamine-mediated cell
death and toxicity has not been studied. In the present
study, we examined the effects of Hspl05a on the aggre-
gation and cell toxicity caused by expansion of the poly-
glutamine tract using a cellular model of SBMA. The
transient expression of truncated ARs (tARs) containing
an expanded polyglutamine tract caueed aggregates to
form in C0OS8-7 and SK-N-SH cells and concomitantly
apoptosis in the cells with the nuclear aggregates. When
HeplOba was overexpressed with tAR97 in the cells,
Hspl05a was colocalized to aggregates of tAR97, and the
aggregation and cell toxicity caused by expansion of the
polyglutamine tract were markedly reduced. Both
B-sheet and a-helix domains, but not the ATPase do-
main, of Hepl05a were necessary to suppress the forma-
tion of aggregates in vive and in vifro. Furthermore,
HsplOba was found to localize in nuclear inclusions
formed by ARs containing an expanded polyglutamine
tract in tissues of patients and tramsgenic mice with
SBMA. These findings suggest that overexpression of
Hspl0Ba suppresses cell death caused by expansion of
the polyglutamine tract without chaperone activity, and
the enhanced expression of the essential domains of
Hepllbe in brain may provide an effective therapeutic
approach for CAG repeat diseases.

Spinal and bulbar muscular atrophy (SBMA)! is an X-linked
motor neuropathy characterized by proximal muscle atrophy,
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weakness, contraction fasciculation, and bulbar involvement
(1, 2). In SBMA patients, a normally polymorphic CAG repeat
(10-36 CAGs) in exon 1 of the androgen receptor (AR) gene
expands to 40—62 CAGs (3), and nuclear inclusions containing
mutant and truncated ARs with an expanded polyglutamine
tract are characteristically found in the residval motor neurons
in the brain stem and spinal cord (4) as well as in the skin,
testis, and other visceral organs (5). In addition to SBMA,
expansions of CAG repeats encoding polyglutamine tracts in
unrelated proteins are responsible for at least another eight
different neurcdegenerative diseases including Huntington’s
disease (6), dentatorubral pallidoluysian atrophy (7, 8),
Machade-Joseph disease (9), and several types of spinocerebel-
lar ataxia (10-15). All of these disorders show a late onset of
neurological symptoms with progressive neuronal dysfunction
and eventual neuronal loss, although the susceptible regions in
the nervous system differ among the various disorders. The
appearance of intranuclear aggregates/inclusions in neurons is
associated with these neurcdegenerative diseases. The in-
tranuclear inclusions contain the insoluble protein aggregates
of abnormal preteins or their fragments, heat shock proteins,
and components of the ubiquitin-dependent proteasome degra-
dation pathway (16, 17). Although the nature of the toxic insult
of a polyglutamine mutation and its cell-biological conse-
quences in each disease are unclear, it is possible that the
polyglutamine expansion interferes with basic cellular pro-
cesses such as transcription, protein degradation, and survival/
death signaling (17). However, the exact role of these protein
aggregates in polyglutamine pathology is still controversial
because large polyglutamine aggregates may provide an ad-
vantage over small oligomers by exzposing less potentially dan-
gerous protein surfaces (18). The cellular components involved
in protein folding and degradation are also associated with
intracellular inclusions in other neurodegenerative diseases
not caused by polyglutamine expansion, including Alzheimer’s,
Parkinson’s, and the prion diseases (19), which suggests that
common mechanistic prineiples may underlie these misfolding
diseases in general.

A considerable effort has been made to find molecules that
suppress polyglutamine aggregation and cell death/toxicity for
therapeutic purposes (20~22). In general, the misfolding and
aggregation of proteins are prevented by molecular chaperones
(23, 24). Some molecular chaperones such as heat sheck protein
(Hep) 70 and Hsp40 have recently been identified as important
regulators of polyglutamine aggregation and/or cell death in in

green fluorescent protein; HA, hemagglutinin; PBS, phosphate-buffered
saline; tAR, truncated androgen receptor; TUNEL, terminal nucleotidyl
transferase-mediated UTP nick end labeling.
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TaBLE I
Primers used for construction of expression plasmids for Hsp105«
deletion. mutants

Expression in mammalian cell
Hepl06N1 (a.2. 1-392)
Sense: 5'-CGGAGAARAGAATTGCACACTG-3'
Antisenge: 5'-TCTAGAGGGCCCTTCGAACAA-3'
Hspl05N2 (a.a. 1-511)
Sense: 5'-GEGGGTACCCAGCCATEGTCGGTGETT-3'
Antigense: 5'~TCTAGAGGGCCCTTCGAACAA-3'
Hspl06N3 (a.a. 1-606)
Sense: 5'-TAACTGCCATACCAAGTTGGC-3'
Antisense: 5'~TCTAGAGGGCCCTTCGAACAA-3'
Hspl05C1 (a.a. 605-858)
Sense: 5'-GGGGATCCACCATGCTCGAGGCAGACATGGAATGT-3"
Antisense; 5'-GCTCTAGACCTAGTCCAGGTCCATGTTGAC-3'
Hspl05C2 (a.a. 511-858)
Sense: 5'~GGGGATCCACCATGCTCGAGGCAGACATGGAATGT-3'
Antisense: 5'-GCTCTAGACCTAGTCCAGETCCATGCTTGAC-3'
Hsp105C3 (a.a. 386-858) .
Sense: 5'~-GGGGATCCACCATGCCGGCATTTAAAGTTAGAGAG-3'
Antisense: 5'~GCTCTAGACCTAGTCCAGGTCCATGTTGAC-3'
Hspl05648 (a.a. 1-392 + a.a. 551-858)
Sense: 5'-CTCGAGGCAGACATGGAATGTCCA-3’
Antisenge: 5'-AGAAAGAATTGCACACTGCAGTGCAC-3'
Hspl06A8L (a.s. 1-892 + a.n. 605-858)
Sense: 5'-GGGAGAGACCTTCTTAACATGTATATTG-3’
Antisense: 5'~AGAAAGAATTGCACACTGCAGTGCAC-3'
Hspl0bAL (a.a. 1-511 + a.a. 605-858)
Sense: 5'-GGGAGAGACCTTCTTAACATGTATATTG-3"
Antisenge: 5'-AGAGGAGCCATCCTCTTCCTCGGET-3'
Expression in bacterial cell
Hspl056A8
Sense: 5'-CTCCAGGCAGACATGGAATGTCCA-3'
Antisense: 5'-AGARAAGAATTGCACACTGCAGTGCAC-3'
Hsp105AAL
Sense: 5'~GGGAGAGACCTTCTTAACATGTATATTG-3'
Antisense: 5'-AGAAAGAATTGCACACTGECAGTGCAC-3'
Hspl105AL
Sense: 5'-GGGAGAGACCTTCTTAACATGTATATTG-3’
Antigense: 5'-AGAGGAGCCATCCTCTTCCTCGGT-3'

vitro assays (25), in cultured mammalian cells (26-31), in a
Drosophile model (32) and in transgenic mice (33, 34). Hsp27
was also identified as a suppressor of polyglutamine-mediated
cell death using a cellular model of Huntington’s disease (35).
However, because Hsp70/40 and Hsp27 suppressed polyglu-
tamine-mediated death without suppressing polyglutamine ag-
gregation in some experimental systems (85, 36), elucidation of
the ways in which Hsps protect cells against polyglutamine
mutations might be of relevance for other neurodegenerative
conditions in which pathology is associated with protein depo-
sition in neuronal cells.

Hspl06« is highly conserved in organisms from yeast to
human (37-42) and is expressed in various tissues of mam-
mals, but especially at high levels in brain (43). Recently,
Hspl05a was demonstrated to have antiapoptotic properties
for neuronal survival (44). Furthermore, Hap105a prevents the
aggregation of thermal denatured protein in vitro (45). How-
ever, its role in polyglutamine-mediated cell death/toxicity has
not been studied. In the present study, we examined the role of
HsplOba in the context of polyglutamine aggregation and cell
death using a cellular model of SBMA and demonstrate that
Hsp105a without chaperone activity protects cells against poly-
glutamine-mediated cell death by reducing polyglutamine-pro-
tein aggregation. These findings suggest an important role for
Hep105a in preventing neurodegenerative diseases associated
with polyglutamine expansions.

EXPERIMENTAL PROCEDURES

Plasmids—We used constructs expressing the N-terminal fragment
of the AR fused to green fluorescence protein (GFP) containing 24, 65,
or 97 CAG repeats (tAR24, tAR65, and tAR97, respectively) as a cellular
model of SBMA (29), human Hsp70 (pCMV-Hsp70) (46), and Hsp40

Hsp105a Suppresses Polyglutamine Aggregation and Cytotoxicity
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Fic. 1. Truncated AR containing an expanded polyglutamine
tract is accumulated as aggregates in CO8-7 and SE-N-8H cells.
Exzpression plasmids for N-terminal fragments of AR containing various
lengths of polyglutamine tract (tAR24, tAR65, and tAR97, 0.5 g each)
were transiently introduced into COS-7 (4) or SK-N-SH cells (B), and
the cells were incubated further for 72 h. Each upper panel shows
typical images of fluorescence of GFP which is fused to the C terminus
of truncated AR, and each lower graph represents the rates of cells with
aggregates versus GFP-positive cells at various times after transfection.
Values represent the mean of duplicate experiments.

(pRC-Hsp40) (29) in mammelian cells. The constructs expressing
Hspl0ba (pcDNA105a) and Myc-epitope/His-tagged HaplOba
(pcDNA1050-mycHis) in mammalian cells were generated by ligating a
full-length mouse Hspl056« cDNA (38) into pcDNAS.1 (Invitrogen) at
BomHI and EcoRI sites and pcDNAS.1(+)-mycHis vector (Invitrogen)
at Xbal and Kprl sites, respectively. The constructs expressing
Hspl056N1-N8, A, AL, and AL in mammalian cells were generated by
self-ligation of DNA made by PCR using pcDNA105a-mycHis
(Hsp105N1-N3) or pcDNA105a (Hspl065A8, AL, ABL, and C1-C8) as
template DNA and a specific set of primers (Table I).

We used a construct expressing GST- and HA-tagged tAR65 (GST-
tAR65-HA) in bacterial cells (47). The constructs expressing HSP105¢
deletion mutants in bacterial cells were generated by ligating insert DNA
made by PCR using pTrcHis105-1 (46) as a template DNA and a specific
set of primers (Table I) into pTreHisA vector (Invitrogen) at the Kpnl site.
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(A)

s 8

Apopiotic celis /
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F16. 2. Apoptosis occurs in cells &
with imiranuclear aggregates. A4,
COS8-7 cells were transfected with the ex- 4
pression plasmid for tAR24 (+ tAR24) or
tAR97 (+ tAR97) and incubated further TMO(

for 48 or 72 h. Then cells were fized and
stained with Hoechst 33342, Rates of cells
with condensed chromatin versus GFP-
positive cells are presented. B, COS-7
cells were transfected with the expression
plasmid for tAR97 and incubated further
for 72 h. Rates of apoptotic cells versus
cells with aggregates in nuclei and/or cy-
toplasms are presented. Values in A and
B represent the mean * S.D. of three
independent experiments. C, fragmenta-
tion of DNA in nuclei was evaluated by
TUNEL methods 72 h after the transfec-
tion of tAR97. DIC represents a difference
interference contrast image of cells.

Cell Culture and Traensfection—African green monkey kidney cells
(COS8-7) and human neurcblastoma cells (SK-N-SH) were supplied from
Riken cell bank. COS-7 cells were maintained in Dulbeeco’s modified
Eagle’s medium (Nissui Phermaceutical) supplemented with 10% fetal
bovine serum. SK-N-SH cells were maintained in o-minimal essential
medium (Invitrogen) with 10% fetal bovine serum. For transfection of
plasmid DNA, cells were grown on coverslips to 70—80% confluence and
washed twice with Opti-MEM (Invitrogen). Then plasmid DNA was
transfected into cells with DMRIE-C reagent (Invitrogen) for 14-18 b,
according fo the manufacturer’s instructions.

Indirect Immunofluorescence—COS-7 cells grown on coverslips were
washed with phosphate-buffered saline without Ca®' and Mg**
(PBS(-)) and fized with 4% paraformaldehyde for 30 min at room
temperature. These cells were washed with PBS(—) and incubated with
blocking solution containing 3% bovine serum albumin (BSA) in PBS(-)
at room temperature for 1 h. Then rabbit anti-human Hspl05 (48) or
mouse anti-Hsp70 monoclonal antibody (Sigma) at & 1:300 dilution was
added to the coverslips and incubated in a moist chamber at 37 °C for
1 h. After a wash with PBS(-), rhedamine-conjugated goat anti-rabbit
or mouse 1gG antibody (Molecular Probes) at a 1:50 dilution was added
to the coverslips, and they were incubated further at 37 °C for 1 h. After
another wash with PBS(~), cells were observed using a confocal 1aser
scanning microscope (Zeiss).

Analysis of Aggregation in Vivo—COS-7 cells iransfected with ex-
pression plasmid for tAR24, tARS5, or tAR97 were washed with PBS(-)
and fixed with 4% paraformaldehyde for 30 min at rcom temperature.
Cells on coverslips were washed with PBS(—) and stained with 10 pa
Hoechst 33342 for 15 min at room temperature. The cells were washed
with PBS(~) and then examined using a confocal lager scanning micro-
acope. The number of transfected cells with visible aggregates and the
number of transfected cells without aggregates were counted independ-
ently in randomly chosen microscopic fields in different areas of a
coverslip. Approzimately 860-600 transfected cells were analyzed for
data in each experiment.

Detection of the Apoptotic Cells—The apoptotic cells were identified
by their nuclear morphology and the terminal nucleotidyl transferase-
mediated UTP nick end labeling (TUNEL) method (29). Nuclear mor-
phology was examined by staining with Hoechst 83342. The TUNEL
method was performed using 2 DeadEnd™ apoptosis detection kit (Pro-
mega) according to the manufacturer’s instructions. Briefly, cells were
fized with 4% paraformaldehyde at 72 h afier transfection. Fixed cells
were incubated with biotinylated deoxynucleotides, then stained with
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streptavidin-rhodamine conjugate (Molecular Prohes) and Hoechst
83342. Cells were then observed by confocal laser scan microscopy.
Western Blotting Analysis—Cells were lysed with a solution contain-
ing 0.1% SDS at 72 h after transfection. The cellular proteins (15 pg)
were séparated by 7.6% SDS-PAGE and blotted onto a nitrocellulose
membrane. The membrane was incubated with rabbit anti-human
Hsp1056 (87) or mouse anti-Hsp70 (Sigma) antibody, then incubated

with horseradish perozidase-conjugated anti-rabbit (Santa Cruz)
for Hapl05 or anti-mouse IgG (Santa Crusz) for Hap70 at a 1:2,000
dilution. These proteins were detected using the enhanced chemilumi-
nezcence (ECL) detection system (Amersham Biosciences).

Protein Purification—GST-tARS5-HA was expressed in BL21 bacte-
rial cells on addition of 1 mx isopropyl-p-D-thiogalactopyranoaide. Cells
were collected and resuspended in ice-cold TEGM buffer (10 mu Tris-
HCI, pH 7.4, 1 mu EDTA, 10% glycerol, and 10 muM sodium molybdate).
Cells were then sonicated for 1 min and centrifuged for 80 min at
10,000 X g. To purify GST-tagged proteins, the supernatants were
mixed with glutathione-Sepharese 4B (Amersham Biosciences) and in-
cubated at 4 °C for 1 h. The Sepharose beads were then washed with
PBS(—) and eluted with 10 mm reduced glutathione. Wild-type
Hepl05a and its mutants were purified as His-tagged proteins by
successive Ni®*-agaroze (Invitrogen) and Mono Q anion exchange col-
umn (Amersham Biosciences) chromatographies, as described previ-
ously (48).

Detection of Aggregotes of Truncated AR in Vitro—GST-tARG6-HA (1
1121) was incubated with Hsp105a, its mutanta, or BSA in 20 pl of buffer
A (25 mM Tris-HCl, pH 7.5, 160 mu NaCl, 1 mu dithiothreitol, and 1 mm
phenylmethylsulfonyl fluoride) at 80 °C for 12 h in the presence of 2 mm
ADP. The reaction was stopped by the addition of 20 pl of a solution
containing 2% SDS and 100 mu dithiothreitol, and the mixtures were
heated at 88 °C for 5 min. After the addition of 200 d of a 1% SDS
solution, the mizture was filtered through a 0.2-um cellulose acetate
membrane (Advantec). Aggregates on the membrane were incubated
with anti-HA tag antibedy (1:500, Sants Cruz) then with perozidage-
conjugated anti-mouse IgG antibody (1:2000) and detected with an ECL
detection system (Santa Cruz).

Immunohistochemistry—We perfused 20 ml of a 4% paraformalde-
hyde fixative in 0.1 1 phosphate buffer, pH 7.4, through the left caxdiac
ventricle of SBMA transgenic miee (49) deeply anesthetized with ket~
amine-xylazine, postfizxed tissues overnight in 10% phosphate-buffered
formalin, and processed tissues for paraffin embedding. Then, 4-pm
thick tissue sections were deparaffinized, dehydrated with aleobol, and
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Fic. 3. Localization of Hspl05« and Hse70/Hsp70 in COS-7
cells with tARS7 aggregates, A, control COS-7 cells were fixed, and
endogenous Hspl05a (red) or Hsp70 (red) was detected by indirect
immunofluorescence using anti-Hsp105 or anti-Hsp70 antibody, respec-
tively. Nuclear morphology (blue) was detected by staining with Ho-
echst 33842, B and C, COS-7 cells were transfected with the expreasion
plasmid for tAR24 (+ tAR24) or tAR97 (+ £4R97) and incubated further
for 72 h. tAR24 or tAR97 (green) was detected by the green fluorescence
of GFP, and endogenous Hepl05a (red) (B) and Hsp70 (red) (C) were
detected by indirect immunofluorescence. Nuclear morphology (blue)
was observed by staining with Hoechst 83342, D, COS-7 cells were
cotransfected with expression plasmids for Hspl05c¢ and tAR24 (+
Hspl05, + tAR24) or Hepl05« and tAR97 (+ Hspl05, + tAR97) and
incubated further for 72 h. Nuclear morphology (blue) stained with
Hoechst 33342 and tAR97 (green) and Hspl06« (red) by indirect immu-
nofluorescence was observed.

treated in formic acid for 5 min at reom temperature and with trypsin
(Dako) for 20 min at 37 °C. The tissue sections were blocked with
normal goat serum (1:20) and incubated with rabbit anti-mouse Hap105
antibody (1:100). The sections were incubated with biotinylated goat
anti-rabbit IgG (Vector Laboratories), and immune complexes were
visualized using streptavidin-horseradish peroxidase (Dako) and 3,3'-
diaminobenzidine (Dojindo) substrate and counterstained with methyl
green. For the immunohistochemistry of tissues of SBMA patients,
paraffin-embedded sections of the spinal cord and scrotal skin from nine
patients with clinicopathologically and genetically confirmed SBMA
(age 51-84 years, mean 64.3 years) were examined using rabbit anti-
human Hepl05 antibody (1:100).

RESULTS

Aggregation of Truncated AR with an Expanded Polyglu-
tamine Tract and Induction Apoptosis in COS-7 and SK-N-SH
Cells—Truncated ARs containing 24, 65, or 97 polyglutamine
repeats (tAR24, tAR66, or tAR97, respectively) were tran-
siently expressed in non-neuronal (COS-7) and neuronal cells
(SK-N-SH) (Fig. 1). Because these tAR constructs were con-
nected with GFP at the C terminus, the cellular localization of
these chimerical peptides was detected by fluorescence micros-
copy. tARG5 or tAR97, but not tAR24, aggregated in cytoplasm
and/or nucleus in non-neuronal COS-7 cells as well as neuronal
SK-N-SH cells, as shown previously in the neuronal Neuro2a
cell line (29). Proportions of cells with aggregates increased

Hspl105a Suppresses Polyglutamine Aggregation and Cytotoxicity

depending on the incubation time after transfection and poly-
glutamine repeat length. Approximately 45 and 60% of GFP-
positive cells had aggregates in the COS-7 and SK-N-SH cell
lines, respectively, at 72 h after transfection of the expression
plasmid for tAR97. Among the cells with aggregates of tAR97,
intranuclear aggregates were detected in 40 and 8% of trans-
fected COS-7 and SK-N-SH cells, respectively (data not shown).

Under these conditions, apoptotic cells with condensed chro-
matin were observed in 12 and 18% of all COS-7 cells express-
ing GFP at 48 and 72 h after transfection of the expression
plasmid for tAR97, respectively (Fig. 24). In contrast, cells
expressing tAR24 showed little apoptotic morphology after the
transfection (Fig. 24). Most apoptotic cells had aggregates of
tAR97 in the nucleus, whereas cells containing cytoplasmic
aggregates exhibited few apoptotic features (Fig. 2B). Further-
more, when the presence of fragmented DNA was assessed by
the TUNEL method, the cells with intranuclear aggregates,
but net cells with cytoplasmic aggregates, were found to be
positive (Fig. 2C). These findings suggested that the intranu-
clear aggregates induced apoptosis in COS-7 cells. Similar re-
sults were obtained with SK-N-SH cells (data not shown).
Thus, although both non-neuronal and neuronal cells could be
utilized as a cell model of SBMA, we used the COS-7 model for
further study because the cells expressed the transfected plas-
mids markedly well.

Colocalization of Hspl050 and Hsp70 with Aggregates of
Truncated AR—We next examined the cellular distribution of
Hsp105« and Hsp70 in COS-7 cells by indirect immunofluores-
cence using anti-human Hsp105 and anti-Hsp70 antibodies.
Under nonstressed conditions, endogenous HsplOba and
Hsc70/Hsp70 were localized mainly in the cytoplasm of cells
(Fig. 34). When tAR24 was transiently expressed in COS-7
cells, both endogenous Hspl05« and Hep70 were also detected
in the cytoplasm of the cells (Fig. 3, B and C). In contrast, when
tAR97 was transiently expressed in COS-7 cells, endogenous
Hsp70 was colecalized to the aggregates of tAR97, whereas
endogenous Hspl05« was not. However, when overexpressed
with tAR97 in cells, Hsp105a was colocalized to the aggrpgates
of tAR97 (Fig. 3D), whereas Hspl05« was localized to the
cytoplasm of cells in which tAR97 was not expressed. Thus, the
increased amounts of Hspl05« in cells seemed necessary for
the inferaction with and binding to the tAR containing an
expanded polyglutamine tract. '

Overexpression of Hsp105a Reduced Aggregation of tAR97—
Hspl05« prevents the aggregation of denatured protein in vitro
(45) and suppresses apoptotic cell death induced by various
forms of stress in neuronal PC12 cells (44). Because the over-
expressed Hspl05x colocalized to intracellular aggregates of
tAR97 (Fig. 3), we next examined the effects of Hspl05« on the
aggregation of tAR containing an expanded polyglutamine
tract. When expression plasmids for Hep105« and tAR97 were
cotransfected into COS-7 cells, the proportion of cells with
tAR97 aggregates was reduced to ~50% of that transfected
without Hsp106« (Fig. 4, A and B). Overexpression of Hsp70 or
Hsp40 also suppressed the formation of aggregates similarly to
Hepl05a, and Hsp70 and Hep40 in combination suppressed the
formation strongly. However, the suppression of aggregation by
Hsp70 and Hsp40 was not enhanced by the coexpression of
Hspl105a.

When cellular toxicity was analyzed by examining the nu-
clear morphology of cells stained with Hoechst 33342, numbers
of apoptotic cells with condensed chromatin were found to be
markedly reduced by coexpression of Hep105« with tAR97 (Fig.
40). Overexpression of Hsp70 and/or Hsp40 also suppressed
apoptotic cell death caused by expression of tAR97. Further-
more, when various amounts of Hspl05a were coexpressed
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(A)

Fic. 4. Effects of Hspl05a on aggre-
gation of tAR97. A, COB-7 celis were
cotransfected with expression plasmids
for tAR97 (0.5 pg) and pcDNAS.1 vector,
Hspl08, Hsp70, and/or Hap40 (1 ug each)
and incubated further for 72 h. Typical
images of fluoresconce of GFP are shown.
B, rates of cells with aggregates versus
GFP-positive cells ave showm. €, rafes of
apoptotic cells with condensed chromatin
versus GFP-pogitive cells are shown. Val-
ues in B and C represent the mean * S.D.

(B)

of three independent experiments. Statis- ®
tical significance was determined using e
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Fia. 5. Haepl0Ba suppresses agoregation of tARS7 and cellular
toxicity in a dose-dependent mamner. The on plasmids for
empty vector, Hep105e, and/or tARDYT wers introduced into COB-T cells,
and the cells were incubated further for 72 h. GFP fluorescencs was
observed using a confocal laser scan microscope. Bates of calls with
aggregates or apoptotic cells/GFP-positive cells are shown as closed or
opened bars, vespectively. Values represent the mean = 8.D. of three
independent experiments. Statistical significance was determined us-
ing Student’s ¢ test; #, p <.0.01 versus control with vector. Lower panels
show Western blots of Hapl06c and Hap70Q in the cells.

with tAR97, the aggregation of tAR97 and apoptosis were both
suppressed depending on eellular levels of Hapl06a (Fig. 5).
Under these conditions, cellular levels of endegenous HspT0
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were not changed by overexpression of Hspl05a (Fig. b, lower
panel). These findings strongly suggested that when overex-
préssed, Hsp106a suppressed effectively not only the formation
of aggregates but also the expanded polyglutamine-mediated
cellular toxicity.

Identification the Domain of Hap105a Required for Suppres-
sion of tAR97 Aggregotion—Hspl06« is composed of N-termi-
nal ATP binding, central S-sheet, loap and C-terminal a-helix
domains, similar to the Hep70 family proteins. To determine
the domain of Hspl08x essential to suppress the aggregation
caused by expansion of the polyglutamine tract, we constructed
sxpression plasmida for various deletion mutants of Hepl05a,
as shown in Fig. 64. When cosxpressed with tAR97 in COB-7
cells, the Hap105a mutant C3 or AL significantly suppressed
the aggregation of tAR97 as did wild-type HeplO5« (Fig. 6B).
However, other deletion mutants failed to suppress the aggre-
gation of tAR97. Because the C3 and AL mutants contain both
B-shest and o-belix domains, these domains seemed to be es-
sential to suppress the aggregation cauvsed by expansion of the
polyglutamine tract.

Hsp105¢ Inhibits Aggregation of GST-tAR65 in Vitro—To
examine further whether Hspl05a can directly suppress ag-
gragation of the expanded polyglutamine tract, we analyzed
the effects of Hepl05a on the aggregation of tARG5 in vitro
(Fig. 7). GST-tAR65-HA wsas incubated with or without
Hepl0ba or its mutant, and insoluble aggregates that formed
during the incubation were collected on cellulose acstate mem-
branes. Hsp106e suppressed the aggregation of tARGB in a
dose-dependent manner (Fig. 74). Furthermore, the aggrega-
tion was suppressed by wild-type Hspl06a and the mutants C3
and AL but net by other deletion mutants (Fig. 7B). Thus, it
was suggested that Hepl05a itself suppressed the aggregation
of truncated AR containing an expanded polyglutamine with-
out other cellular components and that both the g-sheet and
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