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FIGURE 1. Laser microdissection of motor neurons in spinal anterior horn. sections
were stained with hematoxylin and margins of motor neurons were dissected by the laser
beam (A); motor neurons were isolated from slides by laser pressure catapulting (B).

of spinal anterior homn tissues is overwhelmingly dominated by glial cells in
comparison with motor neurons. Furthermore, in the lesions of ALS spinal
cords, there are reduced numbers of motor neurons with glial cell prolifera-
tion. When the genes display a dramatic change of expression in ALS motor
neurons, they can be detected (TABLE 1) even by using spinal anterior horn
tissues. In fact, we have successfiilly cloned dorfin overexpressed in SALS
motor neurons’ as described above. However, a small change of gene expres-
sion in motor neurons might be masked by a large quantity of glial cells and
such genes might be those we are secking as the essential ones for ALS path-
omechanisims. The technologies of laser capture microdissection have been
developed to provide a reliable method of procuring pure populations of cells
from specific microscopic regions of tissue sections under direct visualiza-
tion.® ! The pulsed laser microbeam cut precisely around the targeted motor
neurons in the spinal anterior hom (FIG. 1). Each laser-isolated specimen was
subsequently transferred to the cap of a PCR tube that was activated by laser
pulses.

Using this technology combined with T7 RINA polymerase-based RNA am-
plification?® and cDNA microarrays, we have obtained motor neuron-specific
gene expression profiles of SALS patients’ (TABLE 1). Sirmiltaneously, we also
conducted cornventional gene expression analysis using spinal anterior horn
tissues and validated the differential characteristics’ (TABLE 1). As a resuilt,
spinal rmotor neurons showed a gene expression profile distinct from that of
spinal anterior horn tissues (TABLE 1). Of the genes examined 3% (144/4845)
were downregulated and 1% (52/4845) were upregulated in motor neurons.
Downregulated genes included those associated with cytoskeletor/axonal
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transport, transcription, and cell surface antigens/receptors such as dynactin 1,
microtubule-associated proteins, and early growth response 3 (EGR3). In con-
trast, cell death-associated genes were mostly upregulated. Promoters for a cell
death pathway, death receptor 5 (DR5), cyclins Al and C, and caspases-1, -3,
and -9, were upregulated as were cell death inhibitors, acetyl-CoA transporter,
and NF-kB (TaBLE 1). Moreover, neuroprotective neurotrophic factors such
as ciliary neurotrophic factor (CNTF), hepatocyte growth factor (HGF), and
glial cell line-derived neurotrophic factor (GDINF) were upregulated. However,
inflammation-related genes such as those belonging to the cytokine family were
not significantly upregulated in SALS motor neurons.

One of the interesting genes downregulated in motor neurons was dyn-
actin 1, recently identified as a causative gene for human motor neuron
disease.?! =2 Other motor proteins including the kinesin family responsible
for antegrade axonal transport and dyneins for retrograde axonal transport
were not changed significantly, but the expression levels of microtubule-
associated proteins (MAPs) 1A, 4, and tau were reduced (TaBLE 1).
The impairment of axonal transport is thought to be an early event in mo-
tor newon degeneration, and the protein levels of MAPs 1A and tau have
especially been reported to decrease well before the onset of symptoms in
mutant SOD1 transgenic mice also.?*

As shown in the examples of MAPs 1A and tau, gene expression profiles
of SALS patients may share some features with those of SOD1 nutant mice.
However, taking into account our overall differential gene expression profiles
between mice and humans drawn from spinal anterior hom tissues (TABLE 1),
the disease in transgenic mouse may mimic but not be identical to the patho-
physiology in human SALS. Consequently, we should be cautious about ap-
plying the research results of the pathophysiological process or therapeutic
strategy obtained from SODI1 mutant mice to human SALS patients.

Seen in this light, the gene expression data of SALS motor neurons obtained
by our analysis are of particular value and contribute a starting point for clarify-
ing the pathomechanisims of a great many more SALS than FALS. At present,
it is not easy to determine the genes of primary pathological significance from
a total of 144 downregulated and 52 upregulated genes in SALS motor neu-
rons. The primary molecular events should occur in the preclinical phase of the
disease. Unlike the case of mice, it is irmpossible to obtain human spinal cord
specimens at a preclinical stage. However, even in postmortem tissue, some
motor newrons remain intact and have not yet started to degenerate. From this
standpoint, a detailed investigation of the gene expression level, particularly
in motor neurons, verified to be intact by reliable neurodegenerative markers
would lead to the successful detection of genes related to primary molecular
events. Detecting such genes would provide a first step toward a new molecu-
lar targeted therapy for SALS by developing animal or cell models mimicking
those upstream and primary molecular events determined in human SALS

patients.
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INTEGRATED RESEARCH FOR NEURODEGENERATTION
AND TUMORIGENESIS

Among the genes in which we have detected an alteration in their expression
in SODI mutant mice or SALS patients, a number of them are well known to
be related to tumorigenesis rather than neurodegeneration (TABLE 1). Evidence
has been steadily accumuilating for the existence of marny cormmon molecu-
lar pathways between neurodegeneration and tumorigenesis.?> Based on the
concept of “Integrated Molecular Medicine for Neuronal and Neoplastic Dis-
orders” proposed by The 21st Century Center of Excellence (COE) Program
at Nagoya University,”® the contribution of these tumor-related genes to the
molecular mechanismof ALS should be clarified to advance ourunderstanding
of this devastating disease.
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Neurobiology of Disease

Reversible Disruption of Dynactin 1-MVediated Retrograde
Axonal Transport i Polyglutamine-Induced Vbtor
Neuron Degeneration

Mhsahisa Katsuno, Hiroaki Adachi, Makoto Minamiyarma, Masahiro Waza, Keisuke Tokui, Haruhiko Banno,
Keisuke Suzuki, Yu Onoda, Fumiaki Tanaka, Manabu Doyu, and Gen Sobue
Departivent of Neurology, Nagova University Graduate School of Ivbdicine, Showar-ke, Nagoya 466-8530, Japan

Spinal and bulbar nuscular atrophy (SBMA) is a hereditary neurodegenerative disease caused by an expansion of a trinucleotide CAG
repeat encoding the polyglutarmine tract in the androgen receptor (AR) gene. To elucidate the pathogenesis of polyglutamine-mediated
motor neuron dysfunction. we investigated histopathological and biological alterations in a transgenic mouse model of SBVIAcarrying
human pathogenic AR In affected mice, neurofilarments and synaptophysin accumulated at the distal motor axon. Asimilar intraius-
cudar accunuilation of neurofitarment was detected inthe skeletal muscle of SBMApatients. Fluoro-gold labelingand sciaticnerve ligation
demonstrated an impaired retrograde axonal transport in the transgenic mice. The mRNA level of dypactin 1, an axon motor for
retrogradle transport, was significantly reduced in the SBVIAmice resulting frompathogenic AR-induced transcriptional dysregulation.
These pathological events were observed before the onset of neurological symptoirs, but were reversed by castration, which prevents
nuclear accurmulation of pathogenic AR Overexpression of dynactin 1mitigated neuronal toxicity of the pathogenic AR in a celf culture
model of SBVA These observations indicate that polyglutarmine-dependent transcriptional dysregulation of dynactin 1 plays a crucial

role inthe reversible neuronal dysfunction in the early stage of SHVIA

Keywords: polyglutarmine; spinal and bulbar nuscular atrophy; androgen; neurofilarment; axonal transport; retrograde; dynactin

Introduction

Spinal and bulbar muscular atrophy (SBMA), or Kennedy's dis-
easg, is a hereditary neurodegenerative disease resulting froma
loss of bulbar and spinal motor neurons (Kennedy et al., 1968;
Sobue et al., 1989). Patients present with muscle atrophy and
weakness of proximal limbs associated with bulbar palsy, tongue
atrophyand contraction fasciculation (Katsuno et al., 2006). The
disease affects exclusively adult males, whereas females carrying
the mutant androgen receptor (AR) are seldom symptomatic
(Schmidt et al., 2002). The molecular basis of SBMA is an expan-
sion of a trinucleotide CAG repeat, which encodes the polyglu-
tamine tract in the first exon of the AR gene (La Spada et al,,
1991). This type of mutation has also been found to cause a
variety of neurodegenerative disorders, termed polyglutamine
diseases, such as Huntington’s disease (HID), several forms of
spinocerebellar ataxia, and dentatorubral pallidoluysian atrophy
(Gatchel and Zoghbi, 20053). Although expression ofthe causative
genein each ofthese diseases is ubiquitous, selective neuronal cell
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death is observed in disease-specific areas of the CNS, suggesting
a common molecular basis for these polyglutamine diseases.

Nuclear accumulation of pathogenic protein containingelon-
gated polyglutamine is a crucial step in the pathophysiology of
these diseases, providingan important therapeutic target (Adachi
et al., 2005; Banno et al., 2006). The aberrant polyglutamine pro-
tein has a propensity to form aggregates in the nucleus and inhib-
its the function of transcriptional factors and coactivators, result-
ing in transcriptional perturbation (Cha, 2000; Gatchel and
Zoghbi, 2005). In support of this hypothesis, altered expression
of a variety of genes has been demonstrated in transgenic mouse
models of polyglutamine diseases (Sugars and Rubinsztein,
2003). Although polyglutamine-induced transcriptional dys-
regulation is likely to be central to the pathogenesis of polyglu-
tamine discases, it has yet to be elucidated which genes are re-
sponsible for the sclective neurodegeneration (Gatchel and
Zoghbi, 2005).

No treatments have been established for polyglutamine dis-
eases, but the androgen blockade therapy, surgical or medical
castration, has shown striking therapeutic effects in the SBMA
transgenic mouse model (Katsuno et al., 2002, 2003; Chevalier-
Larsen et al., 2004). Androgen deprivation strongly inhibits the
hegand-dependent nuclear accumulation of pathogenic AR pro-
tein, resulting in a striking improvement in neurological and
histopathological findings of male mice.

In the present study, we investigated the molecular patho-
physiology of motor neuron dysfunction in a transgenic mouse
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model of SBMA. Polyglutamine-induced transcriptional dys-
regulation of the dynactin p130 subunit (dynactin 1), an axonal
motor-associated protemn, resulted in perturbation of retrograde
axonal transport in spinal motor neurons in the carly stage of the
disease. These processes were reversed by castration. which in-
hibits nuclear accumulation of pathogenic AR. Adefect in axonal
trafficking of neurofilaments and synaptic vesicles, the potential
molecular basis for the reversible pathogenesis, appears to con-
tribute to the initiation of symptoms, and may account for the
selective degeneration of motor neurons in SBMA.

Mhaterials and Methods

Generation and maintenance of transgenic mouse. AR-24Q and AR-97Q
mice were generated as described previousty (Katsuno et al., 2002).
Briefly, the full-length human AR fragiment harboring 24 or 97 CAGs was
subcloned into the HindI site of the pCAGGS vector (Niwa et al.. 1991)
and microinjected into BDF1-fertilized egps. Five founders with AR-970)
were obtained. Thesemouse lines were maintained by backerossing them
to C57BL/6] mice. All symptomatic lines (2- 6, 4- 6, and 7- 8) were ex-~
amined in the present study. All animal experiments were approved by
the Anirnal Care Comimittee of the Nagoya University Graduate School
of Medicine. Mice were given sterile water ad libituum. In the experiments
where it was called for, sodium butyrate [a histone deacetylase (HDAC)
inhibitor] was administered at a concentration of 4 g/Lin distilled water
from 5 weeks of age until the end of the analysis, as described previously
(Minamiyama ct al.. 2004).

Neurological testing and castration after onset. Mice were subjected to
the Rotarod task (Economex Rotarod; Colombus Instruments, Coluim-
bus, OH), and cage activity was measured (AB systeny; Neuroscience,
Tokyo, Japan) as described previously (Katsuno et al., 2002). Gait stride
was measured in 50 cm of footsteps, and the maximum value was re-
corded for each mouse. The onset of motor impainment was determined
using weekly rotarod task analyses. Male AR-97Q mice were castrated or
sham-operated via the abdominal route under ketamine-xylazine anes-
thesia (50 mg/kg ketamine and 10 mgrkg xylazine, 1.p.) within 1 week
after the onset of rotarod impairment.

Immunohistochemistry and immunofluorescent analysis. Ten-
micrometer-thick sections were prepared from paraffin-embedded tis-
sues, and immunohistochemistry was performed as described previousty
(Katsuno et al., 2002). Formalin-fixed tail samples were washed with
7% ethanol and decalcified with 7% formic acid-70% ethanol for 7 d
before embedding in paraffin. Sections to be immunostained for dynac-
tin 1, dynein intenmediate chain, dynein heavy chain, and dynamitin
were first microwaved for 20 min in 50 mw citrate buffer, pH 6.0. See-
tions to be immunostained for polyglutamine (1C2 antibody) were
treated with formic acid for 5 min at room temperature. The following
primary antibodies were used: anti-dynactin 1 (pl 3094 1:250; BD
Transduction, San Diego, CA), anti-dynein intermediate chain (1:500;
Millipore, Temecula, CA). anti-dynein heavy chain (1:100; Sigma-
Aldrich, $. Louts, M), anti-dynamitin (1:1000; BD Transduction), an-
ti-polyelutamine, 1C2 (1:10,000; Millipore), antiphosphorviated high
molecular weight neurofilament (NF-H) (SMI31, 1:1000; Sternberger
Monoclonals, Lutherville, MD), anti-nonphosphorylated NF-H (SMI32,
1:3000; Sternberger Monoclonals), and anti-synaptophysin (1:10,000;
Dako, Glostrup, Denmark).

For immunofluorescent analysis of skeletal muscle, mice were deeply
anesthetized with ketamine-xylazine and perfused with PBS followed by
4% paraformaldehyde fixative in phosphate buffer, pH 7.4. Gastrocne-
mius muscles were dissected free, frozen quickly by immersion in cooled
acetone and powdered CO,. Longitudinal, 30 wm, cryostat sections were
placed on a silane-coated slide in a drop of 3% disodium EDTA, air dried
at room temperature, and fixed in methanolacetone (50:50 v/v). After
blocking with PBS containing 5% goat serum and 1% BSA for 30 min at
room temperature, sections were incubated with 5 ug/mi Oregon green-
conjugated a-bungarotoxin (Invitrogen. Eugene, OR) for 60 min at
room temperature. Sections were incubated with antiphosphorylated
NF-H (SMI31. 1:53000; Sternberger Monoclonals), anti-synaptophysin
(1:50,000; Dako), or anti-Rab3A ( 1:5000; BD Transduction) antibodies
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at 4°C overnight, and then with Alexa-346-conjugated goat anti-mouse
1G(1:1000; Invitrogen). Sections were examined with an IX71 inverted
microscope (Olympus, Tokyo, Japan). For double stainingof the skeletal
muscle, paraffin-embedded sections were treated with TNB blocking
buffer (PerkinEmer. Boston. MA) and incubated with anti-AR antibody
(IN-20, 1:500; Santa Cruz Biotechnology, Santa Cruz, CA) together with
antiphospho-NF-H.

For immunostaining of human tissues, autopsy specimens of hambar
spinal cord and intercostal muscle obtained froma genetically diagnosed
SBMA patient (78-year-old male) and those from a neurologically nor-
mal patient (75 years old) were used. The collection of tissues and their
use for this study were approved by the Ethics Committee of Nagoya
University Graduate School of Medicine. Spinal cord sections at 10 pm
were incubated with anti-dynactin 1 antibody (p15099, 1:250; BD
Transduction). Thirty-micrometer-thick cryostat sections of intercostal
muscle were incubated with 1530 pg/ml  Alexa-488-conjugated
a-bungarotoxin (Invitrogen) and then with antiphosphorylated NF-H
(SMI3], 1:200: Sternberger Monoclonals).

Retrograde Fluoro-gold neurctracer labeling For labeling neurons with
intramuscular injection of tracer. mice wereanesthetized with ketamine~
xylazine, and a small incision was made in the skin of the left calf'to
expose the gastrocnemius muscle. A total volume of 4.5 ul of 2.5%
Fluoro-gold solution (Biotium, Hayward, CA) in PBS was injected in
three different parts of the muscle (proximal. middle, and distal) usinga
10 pl Hamilton syringe. For labeling by the nerve stump method, the
sciatic nerve was exposed and transected at mid-thigh level. A small
polyethylene tube containing 2.5% Fluoro-gold solution was applied to
the proximal stump of the cut sciatic nerve, and sealed with Vaseline to
prevent leakage. Mice were anesthetized 44 h after Fluoro-gold adminis-
tration with ketarmine-xylazine and perfused with PBS followed by 4%%
paraformaldeliyde in phosphate buffer, pl 7.4. Spinal cords were re-
moved and postfixed with 4% paraformaldehyde in phosphate buffer for
2 h. floated in 10 and 15% sucrose for 4 h each and in 20% sucrose
owernight. The samples were sectioned longjtudinally on a cryostat at 30
pm and mounted on silane-coated slides. The number of Fluoro-gold
labeled motor neurons was counted in serial spinal cord sections with an
IX71 inverted microscope (Olympus) usinga wide-band UV filter. Some
specimens were imimunostained for dynactin immediately after the
number of Fluoro-gold-labeled motor neurons was counted.

Western blot analysis SH-SY5Ycells were lysed in CellLytic lysis buffer
(Sigma-Aldrich) containinga protease inhibitor mixture (Roche, Mann-
heim, Germany) 2 d after transfection. Mice werekilled under ketamine~
xylazine anesthesia. Their tissues were snap-~frozen with powdered OO,
in acetone and homogenized in 50 v Tris, pH 8.0, 130 mv NaCl, 196
NP-40, 0.5% deoxycholate, 0.1% SDS, and 1 mm 2-mercaptoethanol
containing 1 mv PMSF and 6 ug/ml aprotinine and then centrifuged at
2500 X gfor 15min at 4°C. The supernatant fiactions were separated on
5-200%SDS-PAGE gels (10 pgprotein for the nerve roots or 40 pg for the
spinal cord, per lane) and then transferred to Hybond-P membranes
(Amersham Pharmacia Biotech, Buckinghamshire, UK}, using 25 mm
Tris, 192 mm ghyeine, 0.1%6 SDS, and 10% mcthanol as transfer buffer.
Immunoblotting was performed using the following primary antibodies:
anti-dynactin 1 ( plSOi"l“"d, 1:250; BD Transduction), anti-dynein inter-
mediate chain (1:1000; Millipore), anti-dynein heavy chain (1:200;
Sigrma-Aldrich), anti-dynamitin (1:250; BD Transduction), anti-a-
tubulin (1:5000; Sigma-Aldrich), antiphosphorylated NE-H (SMI31,
1:100,000; Sternberger Monoclonals), and anti-nonphosphorylated
NF-H (SMI32, 1:1000; Sternberger Monoclonals). The immunoblots
were digitalized (LAS-3000 imaging systern; Fujifilm, Tokyo, Japan). sig-
nal intensities of three independent blots were quantified with Image
Gauge software version 4.22 (Fujifilm), and the means = SD were ex-
pressed in arbitrary units.

Ligation of mouse sciatic nerve. Under anesthesia with ketarnine-xyla-
zine. the skin of the right lower limb was incised. The right sciatic nerve
was exposed and ligated at mid-thigh level using surgical thread. For
mmunofluorescent analysis, operated mice were decapitated under deep
anesthesia with ketamine-xylazine 8 h atier ligation and perfused with
4% paraformaldehyde fixative in phosphate buffer, pH 7.4. The right
sciaticnervesegment, includingat least S mmboth proximal and distal to
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the ligated site, was removed. The nonligated, left sciatic nerve was also
taken out in the same manner as the right nerve. The removed nerves
were placed into fixative for 4 h, transferred consecutively to 10. 15, and
20%6 sucrose in 0.01 M PBS pH 74, for 4 h each at 4°C. mounted in
Tissue-Tek OCT compound (Sakura. Tokyo, Japan), and frozen with
powdered CO,, in acetone. Ten-micrometer-thick cryostat sections were
prepared fromthe frozen tissues, blocked with normal goat serum (1:20),
mcubated with anti-synaptophysin ( 1:50.000: Dako) at 4°C overnight,
and then with Alexa-546-conjugated goat anti-mouse IgG (1:1000; In-
vitrogen). Immunofluorescent images were recorded with an IX71 in-
verted microscope (Olympus), and the signal intensities were quantified
using Image Gauge software, version 4.22 (Fujifilm) and expressed in
arbitrary units.

For immunoblotting of axonal proteins, the sciatic nerve segments 1
mm both proximal and distal to the ligated site were removed without
paraformaldehyde fixation, and frozen in with powdered CO. in acetone.
Protein extraction and Western blotting were performed as described
above.

In situ hybridization. Formalin-fixed, paraffin-embedded 6-pum-thick
sections ofthe spinal cord were deparaffinized. treated with proteinase K,
and processed for in situ hybridization usingan ISHR kit (Nippon Gene,
Tokyo, Japan) according to the manufacturer’s instructions. Dynactin 1
cIDNA was obtained firom spinal cords of wild-type mice. The primers,
5'-AGATGGTGGAGATGCTGACC-3"  and  5'-GAGCCTTGGTCT-
CAGCAAANC-3, were phosphorylated with Tdpolynudleotide kinase
(Stratagene Cloning Systerms, La Jolla, CA). The cDNA was inserted into
the pSPT 19 vector (Roche). Dioxigenin-labeled ¢cRNA antisense and
senseprobes. 380 bp long were generated fromthisplasmid using T7 and
SP6 polvimerase (Rochey, respectively. Spinal cord sections were hybrid-
ized for 16 h at 42°C washed in formamide-4X SSC (50:50 vv) at the
same temperature, treated with RNase A at 37°C, and washed again in
0.1X SSCat 42°C. Thesignals were detected immunologically with alka-
line phosphatase-conjugated anti-dioxigenin antibody and incubated
with NBT/BCIP (Roche) for 16 h at 42°C. Slices were counterstained with
methyt green. To quantify the intensity of the signals in the cell bodies of
spinal motor neurons, three nonconsecutive sections from a wild-type
littermate and those of a transgenic mouse from lines 7- 8 or 46 were
analyzed usingthe NIH Image program (version 1.62). Sections adjacent
to those used for in situ hybridization were processed for immunohisto-
chemistry using anti-polyglutamine antibody as described above.

Quantitativereal-time PCR. Dynactin 1 mRNAlevels were determined
by real-tinie PCR as described before (Ishigald et al., 2002; Ando et al.,
2003). Briefly, total RNA(S pgeach) from AR-97Q and wild-type spinal
cord were reverse transcribed into first-strand cDNA using SuperScript
1l reverse transcriptase (Invitrogen). Real-time PCR was performed in a
total volume of 50 ul, containing 25 i of 2X QuantiTect SYBR Green
PCR Mhaster Mix and 0.4 pm of each primer (Qiagen, Valencia, CA), and
the product was detected by the iCycler system (Bio-Rad Laboratories,
Hercules, CA). Thereaction conditions were 93°C for 15 min and then45
cycles of 15 s at 95°C followed by 60 s at 55°C. For an intermal standard
control, the expression level of glyceraldehyde-3-phosphate dehydroge-
nase (GAPDIT) was simultaneously quantified. The following primers
used were 5’ -CTCAGAGGAGCCCAGATGA-3 and 5'-CCTGGICTTG
CGGTACAGT-3 for dynactin 1, 5'-GAGAGCATGGAGCTGGTGTA-3
and 5 -CCAACCAOGAAGTTGITGAC-3' for dynein intermediate chain,
5 -TACCAGGTGGGAGTGCATTA-3 and 5'-CAGTCACTATGOOCA-
TGAOC-3 for dynein heavy chain, 5~ ACAAGOGTGGAACACATCAT-3
and 5-TCTTTCCAATGOGATCTGAG-3' for dynamitin, and 5-CCTG-
GAGAAACCTGCOCAAGTAT-3  and  5-TGAAGTOGCAGGAGACA-
ACCT-3" for GAPDH. The threshold cycle of each gene was detenmined as
the number of PCR eycles at which the increase in reporter fluorescence was
10timesthebascline signal. Theweight of the gene contained in cach sample
was equal to the log of the starting quantity and the standardized expression
level in each mouse was equal to the weight ratio of each gene to that of
GAPDH.

For the real-time PCR with mRNA extracted from SH-SYSY cells, the
following primers were used: 5 -CTTGGAAGOGATGAATGAGA-3'
and §'-TAGTCTGCAACGTCTOCTG-3' for dynactin 1, and 5'-AGOCT-
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CAAGATCATCAGCAAT-3" and 5'-GGACTGTGGTCATGAGTCCTT-3'
for GAPDH.

Plagmid vectorsand cell culture. Human ARcDNAs containing24 or 97
CAG repeats were subcloned into peDINAZ. ! (Invitrogen) as described
previously (Kobayashi et al., 2000). Human dynactin 1 ¢IDNA was also
subcloned into pcDNAZ. 1 (Invitrogen). The human neuroblastoma cells
(SII-SY5Y, #(CRL-2266; American Type Culture Collection, Manassas,
VA) were plated in 6-well dishes in 2 ml of DMEM/F12 containing 10%
fetal bovine serum with penicillin and streptomycin. and each dish was
transfected with 2 pgofithe vector containing AR24, ARY7, or mock and
with 2 pgofthe vector containing dynactin 1 or mock using Opti-MEM
(Invitrogen) and Lipofectamine 2000 (Invitrogen) and then differenti-
ated in differentiation medium (DMEM/F12 supplermented with 5% fe-
tal calf serum and 10 pas retinoic acid) for 2 d. Two days after transfoe-
tion, cells were stained with propidium iodide (Invitrogen, Eugene, OR)
and mounted in Gelvatol. Quantitative analyses were made from tripli-
cate determinations. Duplicate slides were graded blindly in two inde-
pendent trials as described previously (Katsuno et al., 2005).

Statigtical analyses We analyzed data using the Kaplan-Meier and log-
rank test for survival rate, ANOVA with post hoe test (Dunnett) for mul-
tiple commparisons, and an unpaired t test from Statview software version
5 (Hulinks, Tokyo, Japan).

Results
Accumulation of axonal proteins in distal motor axons of
SBMA mouse
To clarify the molecular basis of neuronal dysfunction in SBMA,
we analyzed histopathological alterations in the spinal cords of
transgenic mice carryving full-length human AR with 97 CAGs
{AR-97Q) mice) (Katsuno et al., 2002, 2003). We first focused on
the expression and phosphorylation level of NF-H because af~
fected mice demonstrate axonal atrophy in the ventral nerve root
(Katsuno et al., 2002). Although it has been widely accepted that
NF-H phosphorylation is a crucial factor determining axon cali-
ber, neither the amounts nor the phosphorylation levels of NF-H
in spinal cord or ventral root were decreased in male AR-97Q
mice compared with wild-type littermates (supplemental Fg
1 A-C, available at www jneurosci.orgas supplemental material).
The distribution of NF-H in the anterior horn of AR-97Q mice
was also mdistinguishable from that of wild-type or AR-24Q
mice bearing human AR with a normal polyglutamine length
{Fig. 1 A). However, AR-97Q) mice demonstrated a strikingaccu-
mutlation of both phosphorylated and nonphosphorylated NF-H
in skeletal muscle, a phenomenon not observed in AR-24Q or
wild-types (Fig, 1 A). Although motor neurons originating in the
anterior hom are always affected in SBMA, because the primary
motor neurons projectingtheir axons to theanterior horn arenot
affected, no accumulation is seen in this region. The damage to
motor neurons originating within the anterior horn results in
accumulation of NFs in the skeletal muscle, instead of the spinal
cord. Asimilar accunwlation of the middle molecular weight NI
was also observed (data not shown). To clarify whether this phe-
nomenon is specific to neurofilaments, we performed immuno-
histochemistry on both spinal cord and muscle with an antibody
against synaptophysin, a transmembrane glycoprotein of synap-
tic vesicles that is also retrogradely transported in axons (Li et al.,
1995). In AR-97Q mice, synaptophysin accumulated among the
muscle fibers in a pattemn similar to that of NF-H, whereas no
such accumulation was observed in unatffected mice (Fig 18).
We then investigated the time course of abnormally accumu-
lated NF in skeletal muscle. Because the onset of motor dysfunc-
tion occurs at 9—-10 weeks in AR-97Q miice, NF pathology before
and after the onset was examined. Anti-NF immunostaining
demonstrated that intramuscular NF accurmulation was detect-
able as earlyas 7 weeks before the onset of muscle weakness in this
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mouse model, and aggravated thereafter (Fig. 1C). These obser-
vations suggest that intramuscular accumulation of NF plays a
role in the motor neuron dysfumction in this mouse model of

To confirm the distribution of NF-H and synaptophysin in
skeletal muscle, we examined the localization of these proteins
in relation to the neuromuscular junction. Immunohisto-
chemistry using a-bungarotoxin to mark the junctions, and
fluorescent-labeled antibodies showed that both NF-H and
synaptophysin accumulated in the most distal motor axon
adjacent to neuromuscular junctions (Fig. 1D). A similar in-
tramuscular accumulation of neurofilament was detected in
the skeletal muscle of SBMA patients (Fig. 1E). Although

pathogenic AR accumulated in the nuclei of skeletal muscle in
the AR-97Q mice, the accumulation of NF-H did not colocal-
1ze with AR (Fig. 1F). Moreover, immunoprecipitation dem-
onstrated no interaction between AR and NF-H (data not
shown). These findings exclude the possibility that pathogenic
AR directly interrupts the axonal trafficking.

Retrograde axonal transport is disrupted in SBMA mouse

To elucidate the molecular basis of the abnormal distribution of
NFand synaptophysin, westudied axonal transport in thismouse
model of SBMA Axonal components undergo anterograde
and/or retrograde axonal transport. Proteins including NF and
synaptophysin are bidirectionally transported, whereas some
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components such as Rab3A, a small GIP binding protein, are
transported only anterogradely (Li et al., 1995; Roy et al., 2000).
The distribution of Rab3A in skeletal muscle of SBMA mice was
equivalent to that of wild-type mice, whereas synaptophysin and
neurofilaments accumulated in the most distal motor axons of
the SBMAmice only (Figs. 1D, 2A).

To further examine the nature of the axonal transport
anomaly in SBMA mice, the sciatic nerve was ligated at mid-
thigh level. Because the transport rate of NF is slower than
other axonal components, we analyzed the transport of syn-
aptophysin and Rab3A in this ligation study (Fig 2B.C). In
wild-type mice, synaptophysin accumulated predominantly
on the proximal side of the ligation, but also on the distal side.
Although synaptophysin and Rab3A accumulations proximal
to the site of ligation were notable in both preonset and ad-
vanced stages of AR-97Q mice, their accumulation on the
distal side was decreased before the onset of symptoms and
was progressively inhibited. These findings suggest that dis-
rupted retrograde axonal transport gives rise to the accumu-
lation of axonal proteins in the distal motor axon terminals of
SBMA mice before the onset of motor impairment.

To confirm this hypothesis, we analyzed retrograde neuronal

fabeling with the fluorescent tracer Fluoro-gold after its injection
into the mouse calf muscle. The number of Fluoro-gold-labeled
spinal motor neurons was significantly less in affected AR-97Q
mice compared with AR-24Q or wild-type mice (Fig 2D, E). To
exclude the possibility that synaptic pathology contributed to
diminished uptake of the tracer, we also examined Fluoro-gold
labeling using direct application of the tracer into the sciatic
nerve stump (Sagot et al., 1998). Again, AR-97Q mice showed
fewer motor neurons labeled by Fluoro-gold applied directly to
theproximal stump ofthesciaticnervethan did the AR-24Qmice
(Fig. 2F), suggesting that neither synaptic retraction nor discon-
nection is the basis for disruption of axonal transport. Further-
more, it should be noted that the decrease in the number of
labeled neurons preceded the onset of motor symptoms in both
ofthese experiments. These observations suggest that the disrup-
tion ofretrograde transport playsan earlyrole in thepathogenesis
of motor neuron degeneration in SBMA

Transcriptional dysregulation of dynactin 11in SBMA

Retrograde axonal transport is microtubule-dependent and is
regulated by the axon motor protein dynein and its associated
protein complex, dynactin. To elucidate the molecular

-64 -



Kasroa a ¢ Rovgade Taspot mSMVMuse J Nuresd, Noverrbar 22, 206 260475 12106- 12117 12111

A Dynactini Dynein IC Dynein HC  Dynamitin
Dy _Dyneinic D y _Dynan D ARLSTQ
o Dynactin1 Dynactin1 1C2
S
[nd
<
.
<
.
E
<
-
=
B WT 24Q 97Q - 2500 - +% p<0.05for AR-24Q2
13w 13w 7w 13wE %% p<0.001for AR-24Q
§ 20007 -
£
2 45001
F O
2
@ 1000
8
£ 5004
g B
® 13w 13w 7w 13w

97Q

Visual cortex

C ) WT 24Q
Ventral horn Ventral root
Normal —  SBMA

Normal

SBMA

Hare3. DRuesadleelsddynadinl nSBVAAImmnchisoderristry ornotarproteins regilatingretrogradessnnal trarspart, dyrectin 1, dyreinintenmediate drain (1G], dyneinhzavy
dain(0, anddyranitininthe pinal cadfiomARIAI4- 6), RAQardwild-typeimice(12weels). Bractin | smwledydmingedinthenmtarmaras o AR Qrice. B Wstemblet
arahyss fornotor proterrs inthe ventral spinal roct frompresynprasticar ackensed ARIK Qrice (- 6 anpared with those fom ARAQad wikdtype rriee. Clnadtin | immunchisto-
drenstry in the anteriar hom and the vertral roct of an SBvApatiert and a nanval schied. 1) Ant-dyractin 1 immunchistodheristry in various affixted (spinal aord and brainsteny and
norafieced(hippocaryps and visual aartex) tissues frammwild-type and ARIAQrice: Rita o AR hrieare anparedwithimmdhistoderrismysing theant-paygutarrine antibody;

1C Sdlebars A 10um CR0mm Fortasindate D

mechanism compromising retrograde axonal transport in
SBMA mice, we examined the levels of various dynein and
dynactin protein subunits. Immunohistochemistry of spinal
cord sections demonstrated that the spinal motor neurons
from AR-97() mice had lower levels of dynactin 1, the largest
subunit of dynactin, than did those from either wild-type or
AR-240Q) mice (Fig 3A). In the ventral root, significantly de-
creased levels of dynactin 1 were apparent before the onset of
motor symptoms (Fig 3B). Although the level of dynein heavy
chain was diminished in the advanced disease stage in SBMA
mice, this phenomenon was not observed before the onset of
symptoms (Fig 3B). No alterations were observed in the levels
of dynein intermediate chain or dynamitin, the p50 subunit of
dynactin, throughout the disease course (Fig. 3A,B). To con-
firm the role of dynactin 1 in the pathogenesis of human
SBMA, we also examined the protein level in autopsy speci-
mens. As observed in the mouse model, the protein level of
dynactin 1 was decreased in the anterior horn cells and in the
ventral roots of SBMA patients (Fig. 3C).

To examine the cell specificity of reduced dynactin 1 levels we
compared anti-dynactin 1 immunohistochemistry with that of
anti-polyglutamine using the 1C2 antibody in various tissues
from wild-type and AR-97Q mice (Fg, 3D). The inmmunoreac-
tivity of dynactin 1 was markedly diminished in 1C2-positive
tissues, but not in those lacking nuclear polyglutarmine staining.
This observation suggests that the reduction in dynactin 1 isrel-
evant to the polyglutamine-mediated neuropathology. In addi-
tion, to investigate whether reduced levels of dynactin 1 were
correlated with defective retrograde axonal transport, we ana-
lyzed anti-dynactin 1 inuimunchistochemistry in spinal cord sec-
tions labeled by Fluoro-gold (supplemental Fig 2, available at
www jneurosci.org as supplemental material). The levels of dyn-
actin 1 were decreased in the spinal motor neurons of AR-97Q
mice concomitantly with decreased intensities of Fluoro-gold la-
beling Together, these data strongly suggest that depletion of
dynactin 1 is responsible for the disruption of retrograde axonal
transport in SBMA.

To clarify the pathological mechanism responsible for reduc-
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those motor neurons demonstrating nu-
clear accumulation of pathogenic AR
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clear staining (Fig. 4B). Real-time quan- ¢
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mRNAand in protein (Fig, 4D, E). In this
cellular model of SBMA, overexpression of
dynactin 1 alleviated cell death exerted by
pathogenic AR (Fig 4B).

In SBMA mice, the level of dynactin 1
protein in spinal motor neurons was re-
stored by oral administration of sodium
butyrate, an HDAC inhibitor that in-
creases the level of histone acetylation
leadingto promotion of gene transcription
(supplemental Fig 3, available at www.
jneurosci.org as supplemental material)
(Minamiyama ¢t al, 2004). Sodium
butyrate-mediated upregulation of dynac-
tin 1 also eventually alleviated the neuro-
filamment accumulation in skeletal muscle (supplemental Fig 3,
available at www jneurosci.org as supplemental material), al-
though this treatment had no influence on the subcellular distri-
bution of pathogenic AR protein (Minamiyama et al., 2004).
‘These observations indicate that nuclear accumulation of aber-
rant AR in the nuclei of motor neurons leads to a decrease at the
transcription level of dynactin 1, resulting in perturbation ofret-
rograde axonal transport and subsequent motor neuron
dysfunction.

Castration reverses symptorms and pathology of SBMA mouse
To examine the reversibility of the phenotypes resulting from
polyglutamine-induced neuronal dysfunction, we investi-
gated the effect of castration on early symptomatic SBMA
mice. Male AR-97Q) mice (7- 8 and 4-6) demonstrate a rapid
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agegravation of neuromuscular phenotypes and usually suc-
cumb 3-4 weeks after the onset of motor impairment. The
motor-impaired phenotype of the SBMA mouse is dependent
on circulating testosterone levels, and we reported previously
that castration during the presymptomatic period (4 weeks),
to eliminate testosterone, drastically prevents the develop-
ment of neurclogical syimptoms such as weakness, amyotro-
phy, and shortened life span (Katsuno et al, 2002). In the
present study, we castrated male AR-97Q mice within 1 week
after the onset of rotarod task impairment. Castration re-
versed motor dysfunction in AR-97Q mice, even though it was
performed after the onset of symptoms (Fig. 5A). Most mice
showed areduction in dailyactivity and body weight loss at the
onset of rotarod task defect; these symptoms were also re-
versed by castration. In accordance with these observations,
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postonset castration significantly prolonged the life span of
the male AR-97Q mice. We confirmed the reversal of motor
symptomns by analyzing gait strides in a series of mouse foot-
steps (Fig. 5B).

To confirm the rescue effects of castration on histopathol-
ogy, we investigated the nuclear accumulation of pathogenic
AR in the skeletal muscle of tail sections sampled over time
from the same mouse. Although the number of nuclei posi-
tively stained with 1C2 continued to increase for 2 weeks after
the castration, at 4 weeks there was a significant decrease in
expanded polyglutamine AR-positive nuclei (Fig. 5C,D). This
time course corresponds approximately to the that of the
symptomatic improvements, suggesting that nuclear accumu-
lation of pathologic AR contributes to neuronal dysfunction
and consequent symptomatic manifestation in SBMA mice.

Castration reverses dynactin 1 expression and restores
retrograde axonal transport

Itisimportant to determine whether disrupted retrograde axonal
transport resulting from transcriptional dysregulation of dynac-
tin 1, contributes to the reversible motor neuronal dysfunction in
the early disease stage of SBMA mice. We therefore investigated
axonal transport and the level of dynactin 1 expression in trans-
genic mice within 1 weck after the onset of rotarod task impair-
ment. In this early stage of the disease, the mice already demon-
strated a reduction in the number of spinal motor neurons

labeled by Fluoro-gold (Fig. 6 A). Castration of symptomatic AR-
97Q mice restored Fluoro-gold staining in the spinal motor neu-
rons to a similar level as seen in wild-types (compare Figs. 2D,
6A). Castration after the onset of muscle weakness reduced the
intramuscular accumulation of neurofilaments and synaptophy-
sin in AR-97Q mice (Fig 6B, C). Immunohistochemistry of spi-
nal cord showed that postsymptomatic castration also eliminated
nuclear accumulation of pathogenic AR as detected by the 1C2
antibody, and restored anti-dynactin 1 immunoreactivity in no-
tor neurons (Fig 6D). hrmmunoblotting demonstrated that the
level of dynactin 1 protein, but not that of dynein heavy chain,
was decreased in the ventral root of AR-97Q mice in the early
symptormatic stage (Fg 6E). Castration after the onset of motor
impairment restored dynactin 1 to its normal levels in the ventral
root, whereas it had no effect on dynactin 1 expression in wild-
type mice (Fg 6E). These observations indicate that the
castration-mediated restoration of dynactin 1 expression im-
prowes retrograde axonal transport and contributes to the rever-
sal of neuromuscular phenotypes in SBMAmice at an early stage
of the disease process.

Discussion

Reversibility of neuronal dysfunction in SBMA

The fimdamental pathological feature of polyglutamine diseases
isthelossof neuronsin selected regions of the CNS. Neuronal cell
death, however, is often undetectable in mildly affected HD pa-
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tients despite the presence of definite clin-
ical features (Vonsattel et al., 1985). The
early HID symptoms may thus result from
functional alterations within  neurons
rather than cell death (Walker et al., 1984).
In mouse models of polyglutamine dis-
cases, it has been postulated that neuronal
dysfunction, without cell loss, is sufficient
to cause neurological symptoms (Mangia-
rini et al., 1996; Clark et al., 1997). These
observations indicate that the pathogenesis
of polyglutamine diseases is potentially re-
versible at an early stage. This hypothesisis
supported by the observation that arrest of
gene expression after the onset of symp-
toms reverses behavioral and neuropatho-
logical abnormalities in conditional mouse
models of polyglutamine  diseases
(Yamamoto et al., 2000; Zu et al., 2004).
The present study supports this hypothesis
in that castration after the onset of motor
deficit reverses behavioral and histopatho-
logical abnormalities by preventing nu-
clear accumulation of the pathogenic AR
protein. These findings imply that cellular
protective responses successfully abrogate
the toxicity of polyglutamine-containing
pathogenic protem, unless it perpetually
accumulates in the nucleus.

Protein quality control systems, includ-
ing molecular chaperones, the ubiquitin-
proteasome system, and autophagy have
been shown to reduce polyglutamine tox-
icity in various animal models of polyglu-
tamine diseases (Adachi et al., 2003; Ravi-
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kumar et al.,, 2004; Katsuno et al., 2005;

Waza et al., 2005). It isthus logical that inhibition of AR translo-
cation into the nucleus restores the protein degradation machin-
ery, such as ubiquitin-proteasome systemm, leading to the reduc-
tion in the amount of ageregates as well as the improverment of
neuronal dysfunction in the SBMA mice (Waza et al., 2005).

Defective retrograde axonal transport in SBMA

"The SBMA mice we examined demonstrated impairment of ret-
rograde axonal transport, resulting in the accumulation of neu-
rofilaments and synaptophysin in the distal motor axon. Many
proteins required for neuronal survival are synthesized within
neuronal perikarya and are transported along the axon toward
the synaptic terminals (Shea, 2000). Abidirectional delivery sys-
tem consisting of anterograde and retrograde transport enables
the recycling of cytoskeletons and synaptic vesicle-associated
proteins. A histopathological hallmark of amyotrophic lateral
sclerosis (ALS) isthe accumulation of neurofilaments in cell bod-
ies and proximal axons of affected motor neurons, presuumably
caused by compromised anterograde axonal transport; neverthe-
less, this finding has not been observed in SBMA (Sobue et al.,
1990; Julien 2001). Transgenic SBMAmice demonstrate marked
neurofilament storage in the distal motor axons, but not in the
proximal axons or cell bodies. Neurofilament accumulation at
motor endplates has also been reported in a transgenic mouse
maodel of spinal muscular atrophy, another lower motor neuron
disease (Cifuentes-Diaz et al., 2002). Axonal transport of NF de-
pends on thedynein/dynactin system, disruption of which results

m accumulation of neurofilaments at the distal axon in both
cultured cells and transgenic mice (LaMontect al., 2002; Heet al.,
2005). When combined, these findings indicate that the accumu-
lation of axonal components in distal motor axons appears to be
a substantial pathology associated with degeneration of lower
motor neurons.

In the present study, synaptophysin showed an accumula-
tion pattern similar to that of neurofilaments, whereas the
distribution of Rab3A, another synaptic vesicle-associated
protein, was not altered in this mouse model. Crush injury
experiments have shown that although both proteins are de-
livered from cell bodies into axons, of the two only synapto-
physin undergoes retrograde transport (Li et al., 1995, 2000).
In addition, Fluoro-gold labeling experiments clearly demon-
strated the disruption of retrograde, but not anterograde ax-
onal transport in the spinal motor neurons of SBMA mice
before the onset of muscle weakness. Together, the pathogen-
esis of motor neuronal dysfunction in SBMA is likely to be
based on the perturbation of retrograde axonal transport, and
not on an excessive transport of total axonal proteins.

Axonal transport impairment has been implicated in the
pathogenesis of HD and SBMA (Gunawardena et al., 2003; Sze-
benyi et al., 2003). Although axonal inclusion interferes with ax-
onal transport in a cell model of SBMA (Piccioni et al., 2002), AR
containing expanded polyglutamine may also mhibit antero-
grade and/or retrograde axonal transport without visible aggre-
gate formation (Szebenyi et al., 2003; Morfini et al., 2006). Accu-
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mulation of neurofilaments at nerve terminals has also been
documented in amouse model of HD (Ribchester et al., 2004). In
our SBMIA mice, pathogenic AR did not colocalize with accumu-
lated neurofilament, nor did it form axonal inclusions. More
intriguingly, sodium butyrate-mediated gene upregulation at-
tenuated the accumulation of neurofilaments, but did not alter
the intracellular distribution of AR. These observations suggest
that the defective retrograde axonal transport in SBMAmice does
not result from the direct interaction between aberrant AR and
axonal components, but rather from a secondary mechanism re-
sulting from expanded polyglutamine.

Dynactin in motor neuron disease

The present study indicates that a decrease in the level of dynactin
1, the p150 subunit of dynactin, in affected neurons is a funda-
mental early event in the pathogenesis of SBMA. Dynactin is a
multiprotein  complex regulating dynein, a microtubule-
dependent molecular motor for retrograde axonal transport. A
mutation in DCTNL, the gene encoding dynactin 1, has been
identified in a family with an autosomal dominant form of lower
motor neuron disease and in another with ALS(Puls et al., 2003;
Minch et al., 2005). A gene expression analysis of sporadic ALS
patients revealed a significant decrease in dynactin 1 mRINA
(hiang et al., 2003). Overexpression of dynamitin dissociates the
dynactin complex, resulting in late-onset motor neuron degen-
eration in a transgenic mouse model of motor neuron disease
(LaMonte et al., 2002). These observations specifically link an
impaired dynactin function to the pathogenesis of motor neuron
diseases.

The pathological alteration in individual polyglutamine dis-
eases is limited to distinct subsets of neurons, suggesting that the
causative protein context influences the distribution of lesions.
Motor neurons are selectively affected in SBMA, although patho-
genic ARs are expressed in a wide range of neuronal and non-
neuronal tissues (Doyu et al., 1994). Adecreased level of dynactin
1 may contribute to this pathological selectivity, because a muta-
tion in the DCTNI gene causes a lower motor neuron discase
resembling SBMA (Puls et al., 2003, 2005).

Link between altered transcription and neuronal dysfunction
Numerous studies have shown that nuclear accumulation of
pathogenic polyglutamine-proteins is essential for neurodegen-
eration, although cytoplasmic events may also contribute to the
pathogenesis (Gatchel and Zoghbi, 2005). Polyglutamine agere-
gation sequestersa variety of fundamental cellular factors includ-
ing heat shock proteins and proteasomal components as well as

ranscriptional factors and coactivators. cAMP response element-
bindingprotein-bindingprotein (CBP), a transcriptional coacti-
vator, colocalizes with intranuclear inclusions in SBMA patients
as well as in transgenic SBMA mice (McCampbell et al., 2000;
Nuciforaet al., 2001). In addition to its sequestration in inclusion
bodies, the histone acetyltransferase activity of CBP is also inhib-
ited by soluble polyglutarmine-protein (Steffan et al., 2001). This
theory suggests that HDAC inhibitors, which upregulate tran-
scription through acetylation of nuclear histone, may open new
avenues in thedevelopment of therapeutics. In a flymodel of HD,
the HDDAC inhibitors, sodium butyrate and suberoylanilide hy-
droxamic acid, increased histone acetylation, leading to the mit-
igation of newrodegeneration (Steffan et al., 2001). These com-
poundsalso improve motor dysfunction in mouse models of HD
and SBMA (Hockly et al., 2003; Minamivama et al., 2004).

In the present study, a reduction in the level of dynactin 1

protein is ascribed to polyglutamine-mediated transcriptional
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dysregulation, because the mRNA level of this protein is de-
creased in expanded polyglutamine AR-positive spinal motor
neurons. It should be noted that this diminution was signifi-
cant in the neurons demonstrating nuclear accumulation of
pathogenic AR, implying that polyglutamine-induced tran-
scriptional perturbation underlies this pathological process.
This hypothesis is confirmed by the observation that admin-
istration of sodium butyrate. an HDAC inhibitor, restores dy-
nactin 1 expression, resulting in elimination of neurofilament
accumulation at distal motor axons. Although, because of the
nonspecific nature of sodium butyrate, we cannot at this time
rule out the possibility that expression of some other protein
was also elevated, leading to the elimination of neurofilament
accumulation.

Given that the expression of other axon motor proteins
regulating retrograde axonal transport. such as dynein inter-
mediate chain, dynein heavy chain and dynamitin are not al-
tered before the onset of symptoms, the reduction in dynactin
| appears to instigate the neurodegeneration in SBMA. In
addition to our study, the selective perturbation of certain
subsets of gene transcription has been demonstrated in other
annmal models of polyglutamine diseases (Sugars and Rubin-
sztein 2003; Sopher et al., 2004), although the precise mecha-
nism has yet to be elucidated.

In summary, the present study demonstrates that the patho-
genesis of SBMVIA is a reversible dysfunction of motor neurons
that occurs in the carly stages of the discase. Polyglutamine-
induced transcriptional alteration of dynactin 1 appears to dis-
rupt retrograde axonal transport, contributing to the early re-
versible neuronal dystunction. These observations suggest that
transcriptional alteration and subsequent involvement of retro-
grade axonal transport are substantial therapeutic targets for
SBVIA
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The 20 S proteasome is a ubiquitous, barrel-shaped prote-
ase complex responsible for most of cellular proteolysis, and
its reduced activity is thought to be associated with accumu-
lations of aberrant or misfolded proteins, resulting in a num-
ber of neurodegenerative diseases, including amyotrophic
lateral sclerosis, spinal and bulbar muscular atrophy, Parkin-
son disease, and Alzheimer disease. The 20 S proteasomes of
archaebacteria (archaea) are structurally simple and proteo-
Iytically powerful and thought to be an evolutionary precur-
sor to eukaryotic proteasomes. We successfully reproduced
the archaeal proteasome in a functional state in mammalian
cells, and here we show that the archaeal proteasome effec-
tively accelerated species-specific degradation of mutant
superoxide dismutase-1 and the mutant polyglutamine tract-
extended androgen receptor, causative proteins of familial
amyotrophic lateral sclerosis and spinal and bulbar muscular
atrophy, respectively, and reduced the cellular toxicities of
these mutant proteins. Further, we demonstrate that archaeal
proteasome can also degrade other neurodegenerative dis-
ease-associated proteins such as a-synuclein and tau. Our
study showed that archaeal proteasomes can degrade aggre-
gation-prone proteins whose toxic gain of function causes
neurodegradation and reduce protein cellular toxicity.

The 20 S proteasome is a ubiquitous, barrel-shaped protease
complex responsible for most of cellular proteolysis (1) and is
formed by four stacked seven-membered rings (2). The a-type
subunits, which are proteolytically inactive (3), form the outer
rings, and the B-type subunits, which contain the active site (4),
form the inner rings of the complex (5). The 20 S proteasome of
archaebacteria (archaea) consists of only one type of each of the
o~ and B-subunits and is thought to be the evolutionary ances-
tor of the eukaryotic proteasome (6), which is quite similar in
architecture to that of archaea but is composed of seven differ-
ent o~ and seven different B-subunits (6). Archaea do not have
the ubiquitin recognition system for protein degradation and
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are thought to have unidentified tags in its degradation pathway
(7). Like eukaryotic cells, archaea also have a regulatory com-
plex for the 20 S proteasome, known as proteasome-activating
nucleotidase (PAN)? (8). PAN is an evolutionary precursor to
the 19 S base in eukaryotic cells and thought to be necessary for
efficient archaeal 20 S proteasomal protein degradation (8).
However in vitro, the archaeal 20 S proteasome has been
reported to rapidly degrade polyglutamine aggregates without
the help of PAN (9). This PAN-independent degradation by the
archaeal 20 S proteasome inspired us to introduce and test a
novel proteolytic facility in mammalian cells. We have chosen
the archaeal Methanosarcina mazei (Mm) 20 S proteasome,
because its optimal growth temperature is around 37 °C, mak-
ing it suitable to examine its proteasomal effects in mammalian
cells.

The eukaryotic ubiquitin-proteasome system degrades aber-
rant or misfolded proteins that could otherwise form poten-
tially toxic aggregates (10). These aggregate formations in cells
are related to the pathogenesis of several common aging-re-
lated neurodegenerative diseases, including Parkinson disease
(PD), amyotrophic lateral sclerosis (ALS), polyglutamine dis-
eases (eg Huntington disease, some spinocerebellar ataxias,
and spinal and bulbar muscular atrophy), and Alzheimer dis-
ease {AD), which are thought to be associated with the reduced
activities of the proteasome (11-15). However, a critical cause
of the accumulation of abnormal proteins remains unclear.
Solving this common aspect of many neurodegenerative disor-
ders would be a breakthrough in treating these diseases.

In the present study, we show that the Mm proteasome func-
tions in mammalian cells to accelerate the degradation of the
following aggregation-prone proteins: mutant superoxide dis-
mutase-1 (SOD1), a causative protein of familial ALS; mutant
androgen receptor (AR) with expanded polyglutamine tract, a
causative protein of spinal and bulbar muscular atrophy;
a-synuclein, an accumulated protein in PD; and tau, an accu-
mulated protein in AD.

*The abbreviations used are: PAN, proteasome-activating nucleotidase;
SODI, superoxide dismutase-1; Mim, M mazei; ALS, amyotrophic lateral
sclerosis; AR androgen receptor; PD, Parkanson disease: A, Alzheimer dis-
ease; MIS, 34,5-dimethylthiazol-2-y-5-(3-carboxymethoxyphenyl}2-(4-
sutfophenyi}-2Htetrazolium; W1 wild type:; NIA nitrilotriacetic acid; GFP,
oreen fluorescent protein.
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e s s . s i o o DT tors that were kindly provided by
Dr. Michel Goedert and inserted
. Anti-Human proteasome ¢S-subunit into the Kpnl and Xbal site of the

g 1w mock | [T LI T ek pcDNA3.1 vector (Invitrogen).
z o { Cell Culture, Transfection, and
z Antieg Antibodies—Neuro2a cells and human
E o Y embryonic kidney 293 (HEK293) cells
% were maintained in Dulbecco’s mod-
B A Top 28 26 24 22 26 1 3wy Bottom ified Eagle’s medium with 10% fetal
% o calf serum. Transfections were per-
§~ kkkkkkk L 26k0n formed using Lipofectamine 2000
SIS , (Invitrogen) in the 3-(4,5-dimethylthi-
ot azol-2-yl)-5-(3-carboxymethoxyphe-

nyl)-2-(4-sulfophenyl)-2H-tetra-
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HGURE 1. Expression of M mazei proteasome in mammalian cells. A schematic illustration of expression
vectorsused in this study. The deleted sequences ofthe Aa-subunit are depicted. The T1CB-subunit (mf1)has
three mutated base pairs (a to t, ¢ to g, and a to t). B Westemn blot analysis with anti-proteasome a-subunit,
anti-proteasome g-subunit, and anti-His antibodies. C N -NTApulidown assay. Pulled down proteins run on
SIR-PAGEwere probed with anti-proteasome a-subunit. D, chymotrypsin-like activity of the N -NTApulled
down samples. This protease activity gradually became higher after transfection. Bror bars, SDD.(n = 3). E
glycerol gradient centrifugation experiment: Mim proteasome «- and S-subunits fractionated into nearly the
same fractions as did the human 20 Sproteasome subunits a1 and o5, a3~ and e+ . indicating that cells were

transtected with mock and M proteasome af3, respectively.

EXPERIMENTAL PROCEDURES

Construction of the Expression Vectors: M. mazei Proteasome
Subunits o, B, AN(2~13)ct, and Mutant 3 (T1C)—The DNA frag-
ment encoding the a-subunit protein (GenBank™ accession
number 1480962) was amplified by PCR from the genomic DNA
of M. mazei (ATCC) using the following primers: oF (5'-
GCGGGTACCCCACCATGCAGATGGCACCACAGATG) and
oR (5'-CGCCTCGAGTTATTCTTTGTTCTCATTTCCTTT-
GTG). The A(2-13) a-subunit (Aa) was amplified using the fol-
lowing primers: AoF (5'-GCGGGTACCCCACCATGACGGTT-
TTCAGCCCTGACGG) and aR. The amplified fragments were
ingerted into the Kpnl and Xhol site of the pcDNA 3.1(+) vector
(Invitrogen). The B-subunit (GenBank™ accession number
1479036) was amplified by PCR with the following primers: BF
(5'-GCCTCTAGACCACCATGGATAATGACAAATATTTA-
AAG) and BR (5'-GCGACCGGTGTTTCCTAAAGCTCTT-

AUGLUST 18, 2006+ VOLILMVEZ2S8T- NUVER 33 aAsnnn,

zolium (MTS) assay or Effectene
transfection reagent (Qiagen) in
other experiments. Antibodies used
here were as follows: anti-SOD1 anti-
body (SOD100; Stressgen Biore-
agents), anti-His antibody (Ab-1;
Oncogene), anti-o-tubulin antibody
(clone B-5-1-1; Sigma), anti-20 S pro-
teasome B-subunit antibody (from
Methanosarcina thermophila; Cal-
biochem), anti-20 S proteasome a-subunit antibody (from M.
thermophila; Calbiochem), anti-AR antibody (N-20; Santa Cruz
Biotechnology, Inc., Santa Cruz, CA), anti-a-synuclein antibody
(LB509; Zymed Laboratories Inc.), and anti-tau antibody (Mouse
Tau-1; Chemicon International).

Glycerol Density Gradient Centrifugation—Cells grown on a
10-cm dish were lysed in 1 ml 0of 0.01 M Tris-EDTA, pH 7.5, by
two freeze-thaw cycles, and the lysates were centrifuged for 15
min at 15000 X gat 4 °C. The cleared supernatants were loaded
on the top of a 36-ml linear gradient of glycerol (10 —40%) pre-
pared in 25 mum Tris-HCI buffer, pH 7.5, containing 1 mm dithi-
othreitol and then centrifuged at 80,000 X gfor22 hat4°Cina
Beckman SW28 rotor (Beckman Coulter Inc.). Following cen-
trifugation, 37 fractions (1.0 ml each) were collected from the
top of the tubes with a liquid layer injector fractionator {model
number CHD255AA; Advantech) connected to a fraction col-

Bottom

JOURNAL OF BOLOGCALFEVISTRY. 23843

-73 -

£00T ‘9 yoagA uo Axriqri Ansiaann eAoSeN 1e 810°0glmmm oy papeojumo]



The Jowrnal of Biologicel Chemistry

Archaeal Proteasomes Degrade Aggregation-prone Proteins

WT GO3A

MRE {_’2
AT

overnight at 4 °C. After washing,

+ Mok {pg/dishy £ OD8 te 0 B ¢ gs
+ gy ipgddish) booar o8 0F a3

1 s

+ mﬁl {pgfdiishy

Arti-8007

samples were incubated with Alexa-
546-conjugated anti-mouse anti-
body (Molecular Probes, Inc.) and
visualized with an Olympus BX51
s epifluorescence microscope.
Cycloheximide Chase Analysis—
Neuro2a cells grown on 6-cm dishes

ANty

Antieg

were transfected with 1 ug of
pcDNA3.1/MycHis-SOD1 with mock
(0.6 ug), Mm proteasome ampl (0.3
g each), or Mim proteasome «f3 (0.3

Aty tublin

pug each). 24 h after transfection,
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cycloheximide (50 ug/ml) was added
to the culture medium, and the cells
were harvested at the indicated time
points. The samples were subjected to
SDS-PAGE and analyzed by Western
blotting with anti-SOD1 antibody.
Pulse-chase Analysis—Neurc2a
cells grown on 6-cm dishes were
transfected with 1 pg of pCMV-

Antig tublin

Tagd-SOD1%%* with mock (0.6

FIGURE2. Reduced expression levels of mutant SODI proteins in the presence of M mazei proteasome.
MNeuro2a cells grown on 6-cmdishes and co-transfected with 1 g of SODI -MycHis vectorand increasing doses
of Mim proteasome subunits were harvested and analyzed 48 h after transfection. The levels of mutant SODI
proteins were gradually reduced as Mmproteasome aff increased, whereas no changes in SODI proteins were
seen with Min proteasome amfB31. WIL wild-type SODI; (B3A, SODIP3 (SR, SODIHR: (B7R SODI 7R

HA6R SOD1 MR

lector. 200 ul of each fraction was precipitated with acetone; the
pellets were lysed with 50 wl of sample buffer and then used for
SDS-PAGE followed by Western blotting. The immunostained
bands were quantified using ImageGauge software (Fuji Film).

Ni*T-NTA Pulldown—HEK 293 cells grown on 10-cm
dishes, transfected with Mm proteasome « (as a control), af,
Aaf, and ampBl, were lysed by two freeze-thaw cyclesin 1 ml of
phosphate-buffered saline buffer and centrifuged at 3000 X g.
Proteasome complexes were pulled down from the superna-
tants with 200 ul of Ni**-NTA-agarose, washed 4 times in 4 ml
of 10 mM imidazole/phosphate-buffered saline buffer, and
eluted in 2 ml of 250 mMm imidazole/phosphate-buffered saline
buffer. Samples were then boiled and subjected to Western
blotting.

Measurement of the Proteasome Activity—HEK 293 cells
grown on 10-cm dishes were transfected with Mm proteasome
« (as a control), ¢ff, AaB, and ampBl. 12, 24, and 48 h after
transfection, the cells were lysed and pulled down with Ni**-
NTA. The chymotrypsin-like activity of 500 ul of the Ni*"-
NTA pulled down samples were assayed colorimetrically after
12-h incubations at 37 °C with 100 mum Suc-LLVY-amino-4-
methylcoumarin (Sigma) by a multiple-plate reader (Power-
scanHT, Dainippon Pharmaceutical). The assay was carried out
in triplicate and statistically analyzed by one-way analysis of
variance.

Immunocytochemistry—Neuro2a cells grown on glass cover-
slips were co-transfected with pEGFP-N1-SOD1 and Mm pro-
teasome «- and His-tagged B-subunit. 48 h after transfection,
cells were fixed, blocked, and incubated with anti-His antibody

23844  JORNALOF BOLOGCALCHRMISIRY

4g) Mm proteasome amfl (0.3 ug
each) or Mm proteasome af3 (0.3 ug
each). 24 h after transfection, cells
were pulse-labeled with [**S]Cys for
60 min and harvested at the indi-
cated time points. After the immu-
noprecipitation by anti-FLAG antibody (M2; Sigma), the sam-
ples were subjected to SDS-PAGE, phosphor-imaged
(Typhoon 9410; Genaral Electric Co.), and statistically analyzed
by one-way analysis of variance.

Cell Viability Analysis—HEK293 cells were grown on colla-
gen-coated 96-well plates and co-transfected with
pcDNA3.1/MycHis-SOD1 (WT, G93A, and G85R) and Mm 20
S proteasome «f3, amfB1, or mock in 12 wells each. The MTS-
based cell proliferation assays were performed after 48 h of
transfection. Absorbance at 490 nm was measured at 37 *Cina
multiple-plate reader (PowerscanHT, Dainippon Pharmaceuti-
cal). The assay was carried out in triplicate and statistically ana-
lyzed by one-way analysis of variance.

Caspase-3/7 Assay—HEK293 cells were grown on black
96-well plates and co-transfected with pcDNA3.1/MycHis-
SOD1 (WT, G93A, and G85R) and Mm 20 S proteasome «f3,
ampl, or mock. 24 h after transfection, the medium was
replaced with serum-free medium (Dulbecco’s modified Eagle’s
medium). After 24 h, activated caspase-3/7 activity was ana-
lyzed by the Apo-ONE homogeneous caspase-3/7 assay (Pro-
mega) following the manufacturer’s instructions.

RESULTS

Cloning and Expression of M. mazei Proteasome—We cloned
the Mm proteasome a-subunit (GenBank ™ accession number
1480962) and B-subunit (GenBank™ accession number
1479036) from genomic DNA of Mm (Fig. 14) and generated a
mutant a-subunit lacking amino acids 2-13, A(2-13) a-sub-
unit (Aa) (Fig. 14). These amino acids (positions 2—13) nor-
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