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ing the levels of dynactin 1 protein in
SBMA, mRNA levels were determined by
in situ hybridization in AR-97Q and wild-
type mice. Although dynactin 1 mRNA was
expressed in virtually all motor neurons in
the anterior horn, the expression was
markedly repressed in AR-97Q mice
(Fig. 4A). Moreover, the levels of dynac-
tin 1 mRNA were significantly lower in
those motor neurons demonstrating nu-
clear accumulation of pathogenic AR
compared with those without 1C2 nu-
clear staining (Fig. 4 B). Real-time quan-
titative PCR also demonstrated a signifi-
cant decrease in dynactin 1 mRNA levels
in the spinal cords of AR-97Q mice at all
disease stages compared with those of
wild-types (Fig. 4C). The level of dynein
heavy chain mRNA was decreased in the
advanced stage, but not in the preonset
period. The levels of dynein intermediate
chain mRNA and dynamitin mRNA were
not altered cither before or after the on-
set of motor symptoms.

To investigate the role that diminished
levels of dynactin | play in neurodegenera-
tion in SBMA, we tested whether overex-
pression of this protein suppressed the cel-
lular toxicity usually observed in the
presence of expanded polyglutamine. In
SH-SY5Y cells bearing truncated AR con-
taining an expanded polyglutamine, the
level of dynactin 1 was decreased both in
mRNA and in protein (Fig. 4D, E). In this
cellular model of SBMA, overexpression of
dynactin 1 alleviated cell death exerted by
pathogenic AR (Fig. 4E).

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
leading to promotion of gene transcription
(supplemental Fig. 3, available at www.
jneurosci.org as supplemental material)
(Minamiyama et al, 2004). Sodium
butyrate-mediated upregulation of dynac-
tin 1 also eventually alleviated the neuro-
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Figure 4.  Transcriptional dysregulation of dynactin 1 in spinal mator neurons of SBMA mouse and effects of dynactin 1
overexpression. A, In situ hybridization of dynactin 1 mRNA in the anterior horn of wild-type and AR-97 (4 - 6, 9 weeks) transgenic
mice. Note the marked decrease in dynactin 1 mRNA levels in the spinal motor neurons of AR-97Q compared with those in
wild-type mice. B, In situ hybridization of dynactin 1 in the anterior horn. The adjacent sections were processed for anti-
polyglutamine using the 1C2 antibody and the signals were quantified in representative AR-97Q mice (78, 9 weeks; 46,10
weeks). Dynactin 1 mRNA expression is markedly decreased in th 4 ing nudear accumulation of patho-
genic AR (arrows), but notin those lacking dear nudear staining with anti-polyglutamine antibody (asterisks). The number above
each bar indicates cell count. , The mRNA levels of dynactin 1 and other motor proteins in the spinal cords of wild-type and
AR-97Q mice (7-8, 13 weeks) (n = 4 for each group) demonstrated by real-time, RT-PCR. Data shown are ratios of the various
mANA fevels to GAPOH mRNA levels. D, The mRNA levels of dynactin 1 in SH-SYSY cells expressing either AR-24Q or AR-97Q (0 =
4). E, Immunoblots of $H-SYSY cells expressing either AR-24Q or AR-570 with or without overexpression of exogenous dynactin
1.F, Frequency of cell death detected by propidium iodide staining. Dynactin 1 overexpresslon significantly reduced cell deathin
the cells bearing AR with elongated polyglutamine. Scale bars: A, 8, 100 gum. Error bars Indicate SO (n = 6 for each group). IC,
intermediate chain; HC, heavy chain.

filament 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 of ret-
rograde axonal transport and subsequent motor neuron
dysfunction.

Castration reverses symptoms 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

aggravation 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 neurological symptoms 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 a reduction in daily activity 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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Symptomaticand histopathological reversibility of the SBMA phenotype in AR-97Q mice. A, Castration of early symptomatic AR-970Q mice within 1 week after symptomatic manifes-

tation resulted in significant improvement of the symptomatic phenotypes: rotarod task (7- B), cage activity (4 - 6), body weight (4~ 6), and survival rate (4 - 6), There are significant differences
in all parameters between the sham-operated (n = 10) and castrated (7 = 10) male AR-97Q mice ( p < 00001, p << 0.0001, p = 0.0001, and p = 0.0006, respectively). B, Representative
footprints of an individual AR-97Q mouse (2—6) at the early onset of motor symptoms and after he had been castrated within 1 week after the onset of rotarod impairment, compared with thase
of awild-type mouse. Quantification of the gait stride data (n = 4). €, Nuclear accumulation of pathogenic AR with expanded polyglutamine in the tail musde of one individual male AR-97Q mouse
(4—6). D, Castration after motor impairment onset significantly reduced the number of nuclei stained by an anti-polyglutamine antibody, 1C2 (n = 4). Scale bar: €, 100 gum. Error bars indicate SD.

postonset castration significantly prolonged the life span of
the male AR-97Q mice. We confirmed the reversal of motor
symptoms 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

Itis important 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 week 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. 6A). 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. 6 B,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 mo-
tor neurons (Fig, 6 D). Immunoblotting 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
symptomatic stage (Fig. 6 E). 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 (Fig. 6E). These observations indicate that the
castration-mediated restoration of dynactin 1 expression im-
proves retrograde axonal transport and contributes to the rever-
sal of neuromuscular phenotypes in SBMA mice at an early stage
of the disease process.

Discussion

Reversibility of neuronal dysfunction in SBMA

The fundamental pathological feature of polyglutamine diseases
is the loss of neurons in 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 HD symptoms may thus result from
functional alterations within neurons
rather than cell death (Walker et al., 1984).
In mouse models of polyglutamine dis-
eases, 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 hypothesis is
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 protein, 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-
kumar et al., 2004; Katsuno et al., 2005;
Waza et al., 2005). It is thus logical that inhibition of AR translo-
cation into the nucleus restores the protein degradation machin-
ery, such as ubiquitin-proteasome system, leading to the reduc-
tion in the amount of aggregates as well as the improvement 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). A bidirectional 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) is the accumulation of neurofilaments in cell bod-
ies and proximal axons of affected motor neurons, presumably
caused by compromised anterograde axonal transport; neverthe-
less, this finding has not been observed in SBMA (Sobue et al.,
1990; Julien 2001). Transgenic SBMA mice 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
model of spinal muscular atrophy, another lower motor neuron
disease (Cifuentes-Diaz et al., 2002). Axonal transport of NF de-
pends on the dynein/dynactin system, disruption of which results
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Figure 6. Hormonal intervention restores expression level of dynactin 1 and improves axonal transport. A, Fluoro-gold label-
ing of spinal cord from early symptomatic (7 8; 911 weeks) and castrated (7-8; 13—16 weeks) male AR-97Q mice (n = 5 for
each group). 8, Immunohistochemistry of skeletal muscle for NF-H and synaptophysin. , Immunchistochemistry for phosphor-
ylated NF-H in the tail muscle of an individual male AR-97Q mouse (4~ 6). Castration after onset of symptoms depletes NF-H
accumulation in the skeletal muscle. D, Immunohistochemistry of the spinal cords of early symptomatic (4 - 6; 11 weeks) and
castrated (4—6; 15 weeks) male AR-970 mice using anti-dynactin 1 and 1€2. Castration eliminated nudear accumulation of
expanded polyglutamine AR. £, Immunablots of ventral roots from early symptomatic (4 —6; 11 weeks) and castrated (4—6; 15
weeks) AR-570 mice together with that from wild-type littermates (15 weeks) using antibodies against dynactin 1, dynein heavy
chain (HC), and a-tubulin. Scale bars: A-D, 100 wem. Error bars indicate SD (n = 3 for each group).

in accumulation of neurofilaments at the distal axon in both
cultured cells and transgenic mice (LaMonte etal., 2002; He etal,,
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 inhibit 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 a mouse model of HD (Ribchester et al., 2004), In
our SBMA 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 SBMA mice 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 DCTNI, 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;
Miinch et al., 2005). A gene expression analysis of sporadic ALS
patients revealed a significant decrease in dynactin 1 mRNA
(Tiang et al., 2005). 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-
cases 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). A decreased 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 aggre-
gation sequesters a variety of fundamental cellular factors includ-
ing heat shock proteins and proteasomal components as well as
transcriptional factors and coactivators. cAMP response element-
binding protein-binding protein (CBP), a transcriptional coacti-
vator, colocalizes with intranuclear inclusions in SBMA patients
as well as in transgenic SBMA mice (McCampbell et al., 2000;
Nucifora etal., 2001). In addition to its sequestration in inclusion
bodies, the histone acetyltransferase activity of CBP is also inhib-
ited by soluble polyglutamine-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 the development of therapeutics. In a fly model of HD,
the HDAC inhibitors, sodium butyrate and suberoylanilide hy-
droxamic acid, increased histone acetylation, leading to the mit-
igation of neurodegeneration (Steffan et al., 2001). These com-
pounds also improve motor dysfunction in mouse models of HD
and SBMA (Hockly et al., 2003; Minamiyama et al., 2004).

In the present study, a reduction in the level of dynactin 1
protein is ascribed to polyglutamine-mediated transcriptional

). Neuroscl., November 22, 2006 - 26(47):12106 -12117 - 12115

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
1 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
animal models of polyglutamine discases (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 SBMA is a reversible dysfunction of motor neurons
that occurs in the early stages of the disease. Polyglutamine-
induced transcriptional alteration of dynactin 1 appears to dis-
rupt retrograde axonal transport, contributing to the early re-
versible neuronal dysfunction. These observations suggest that
transcriptional alteration and subsequent involvement of retro-
grade axonal transport are substantial therapeutic targets for
SBMA.
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Spinal and bulbar muscular atrophy (SBMA) is an adult-onset motoneuron disease caused by a CAG-repeat
expansion in the androgen receptor (AR) gene and for which no curative therapy exists. However, since recent
research may provide opportunities for medical treatment, information concerning the natural history of
SBMA would be beneficial in planning future clinical trials. We investigated the natural course of SBMA as
assessed by nine activities of daily living (ADL) milestones in 223 Japanese SBMA patients (mean age at data
collection = 55.2 years; range = 30-87 years) followed from | to 20 years. All the patients were diagnosed by
genetic analysis. Hand tremor was an early event that was noticed at a median age of 33 years. Muscular
weakness occurred predominantly in the lower limbs, and was noticed at a median age of 44 years, followed by
the requirement of a handrail to ascend stairs at 49, dysarthria at 50, dysphagia at 54, use of a cane at 59 and a
wheelchair at 6| years. Twenty-one of the patients developed pneumonia at a median age of 62 and |5 of them
died at a median age of 65 years. The most common cause of death in these cases was pneumonia and
respiratory failure. The ages at onset of each ADL milestone were strongly correlated with the length of
CAG repeats in the AR gene. However CAG-repeat length did not correlate with the time intervals between
each ADL milestone, suggesting that although the onset age of each ADL milestone depends on the
CAG-repeat length in the AR gene, the rate of disease progression does not. The levels of serum testosterone,
an important triggering factor for polyglutamine-mediated motoneuron degeneration, were maintained at
relatively high levels even at advanced ages. These results provide beneficial information for future clinical
therapeutic trials, although further detailed prospective studies are also needed.

Keywords: natural history; motoneuron disease; SBMA; Kennedy disease; ADL milestone

Abbreviations: ADL = activities of daily living; ALT = alanine aminotransferase; AR = androgen receptor; AST = aspartate
aminotransferase; CK = creatine kinase; HbA |c = haemoglobin Alc; SBMA = spinal and bulbar muscular atrophy
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Introduction

Spinal and bulbar muscular atrophy (SBMA) is a neuro-
degenerative disorder of motoneurons characterized by prox-
imal limb muscular atrophy, bulbar involvement, marked
contraction fasciculation, hand tremor and gynaecomastia
(Kennedy et al, 1968; Sobue et al, 1989). SBMA is caused
by a CAG-repeat expansion in the first exon of the androgen
receptor (AR) gene on the X-chromosome (La Spada et al.,
1991). Similar to other triplet repeat diseases, the age at onset
of disease has been inversely linked to the size of the
CAG-repeat expansions (Andrew et al, 1993; Sasaki et al,
1996; Rosenblatt et al, 2003). For example, an association

between the age at onset of limb muscle weakness and the
CAG-repeat length has been demonstrated (Doyu et al, 1992;
Igarashi et al, 1992; La Spada et al, 1992; Shimada et al,
1995; Sinnreich et al., 2004). Nuclear accumulation of mutant
AR with expanded polyglutamines in motoneurons, as well as
in other cells, has been shown to be a major pathogenic
process (Li et al., 1998a, by Adachi et al, 2005). However,
the progression and prognosis of SBMA has not been assessed
in detail, particularly concerning the influence of CAG-repeat
size, the decline of the activities of daily living (ADL) with
disease progression and the determination of functional
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prognosis, Some SBMA studies reported no correlation
between the progression of the clinical course and the
number of CAG repeats (Lund er al., 2001; Sperfeld er al,
2002), while other studies revealed an age-assessed severity of
limb-muscle weakness (Doyu et al, 1992) or only a weak
correlation between the decline of ADL and CAG-repeat
expansion (La Spada er al,, 1992). Since most of the studies
performed thus far contained small sample sizes, the influ-
ence of CAG-repeat length on the clinical course of SBMA
patients remains obscure. In other CAG-repeat diseases
such as Huntington’s disease, spinocerebellar ataxia type 3
(SCA3) and dentatorubral-pallidoluysian atrophy (DRPLA),
an age-assessed residual cell population, a variety of clinical
manifestations and MRI-assessed cerebellar volume have
been reported to correlate with CAG-repeat length
(Koide et al, 1994; Furtado et al, 1996; Penney et al,
1997; Abe et al, 1998). However, it is still not known how
CAG-repeat length influences the progression and prognosis
of CAG-repeat diseases.

Recent research has suggested therapeutic approaches to
SBMA. In a transgenic mouse model expressing the human
AR gene with expanded CAG repeats, progressive muscular
atrophy and weakness associated with the nuclear accumula-
tion of mutant AR protein was observed. These phenotypes
were significantly ameliorated by anti-testosterone therapy
(Katsuno et al,, 2002, 2003), and the clinical and pathological
phenotypes of these mice were markedly improved by the
overexpression of heat shock proteins (Adachi er al, 2003;
Katsuno et al, 2005). Furthermore, 17-allylamino-
17-demethoxygeldanamycin  (17-AAG), a potent HSP90
inhibitor, was recently shown to ameliorate motor function
deficits and pathological changes in SBMA transgenic mice
(Waza er al, 2005). These remarkable therapeutic effects in
the transgenic mouse model strongly suggest the possibility of
using these approaches in human clinical trials. In order to
prepare for such a therapeutic approach, it is important to
establish the natural history of clinical symptoms of SBMA
based on a large number of patients.

In the present study, we investigated the natural course of
SBMA as assessed by 9 ADL milestones in 223 Japanese SBMA
patients, and correlated the age of onset of specific milestones
during the course of the disease with the CAG-repeat length
in the AR gene.

Patients and methods

Patients and clinical evaluations

Our laboratory diagnosed 303 patients as SBMA by genetic analysis
between 1992 and 2004. Two-thirds of the patients were followed in
Nagoya University Hospital or affiliated hospitals, while the other
patients were from other hospitals nationwide. These patients were
followed by neurologists from 1 year to >20 years. We reviewed the
clinical course of the disease in 223 out of 303 patients. The initial
symptoms and onset of nine ADL milestones were assessed to eval-
uate the clinical course of the disease. The ADL milestones were
defined as follows: hand tremor (patient awareness of hand tremor),
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muscular weakness (initial patient awareness of muscular weakness
in any part of the body), requirement of a handrail (patient was
unable to ascend stairs without the use of a handrail), dysarthria
(patient was unable to articulate properly and had intelligible speech
only with repetition), dysphagia (patient choked occasionally at
meals), use of a cane (patient used a cane constantly when away
from home), use of a wheelchair (patient used a wheelchair when
away from home) and development of pneumonia (patient devel-
oped pneumonia that required in-hospital care). The age at death
and cause of death were also investigated. We assessed the age at
which the ADL milestones first occurred and the age at death by
direct interview, examination of the patients, family interviews and
by reviewing the patient’s clinical record. The milestones that could
be recognized by family members, such as the use of a cane, the use
of a wheelchair or the development of pneumonia, were confirmed
by them wherever possible.

All evaluators used similar criteria to assess each milestone. To
verify these nine ADL milestones as characteristic landmarks in the
progression of SBMA symptoms, two neurologists independently
assessed their onset in SBMA patients. The accordance between
the evaluators of the age of onset of each ADL milestone was verified
in 20 SBMA patients with Pearson’s correlation coefficients ranging
from 095 to 0,99,

The clinical landmarks adopted in the previous studies that
showed clinical courses of SBMA, based on the characteristic symp-
toms, were onset of weakness, difficulty climbing stairs, being
wheelchair-bound, tremor, gynaecomastia, fasciculations, prema-
ture exhaustion of muscles and chewing, muscle cramps, muscle
pain, dysarthria and dysphagia (Doyu et al, 1992; La Spada et al,
1992; Shimada et al, 1995; Sperfeld et al, 2002; Sinnreich er al.,
2004). We excluded development of gynaecomastia and fascicula-
tion from the ADL milestones, since more than one-third of the
patients were not aware of these symptoms, despite their presence.
The appearance of muscle cramp and exhaustion of muscles and
chewing were also excluded as their recognition was extremely vari-
able among the patients. Some patients recognized them at a very
early phase, while others did so only at later stages or not at all.

‘We used the modified Rankin scale (van Swieten er al., 1988) for
the assessment of clinical disability in daily life and examined the
serum levels of creatine kinase (CK), aspartate aminotransferase
(AST), alanine aminotransferase (ALT), total cholesterol, total
testosterone and haemoglobin Alc (HbAlc) as laboratory markers
for disease status. As controls, we used the serum levels of CK, AST,
ALT, total cholesterol and HbAlc from health screening data of
62-70 males aged 24-79 years, free from neuromuscular diseases.
For serum testosterone levels, we adopted published control data
from 1143 Japanese males determined by the same assay method that
we used in this study (Iwamoto et al, 2004 ).

We implemented the ethics guideline for human genome/gene
analysis research and the ethics guideline for epidemiological studies
endorsed by the Japanese government. Before we interviewed the
patients, we obtained written informed consent. In cases where this
was not possible, such as deceased patients, we used only existing
material without informed consent and strictly protected anonym-
ity. All of the study plans were approved by the ethics committee of
Nagoya University Graduate School of Medicine.

Genetic analysis

Genomic DNA was extracted from peripheral blood of the SBMA
patients using conventional techniques. PCR amplification of the
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CAG repeat in the AR gene was performed using a fluorescein-
labelled forward primer (5'-TCCAGAATCTGTTCCAGAGCGT-
GC-3') and 2 non-labelled reverse primer (5-TGGCCTCGCTCAG-
GATGTCTTTAAG-3'). Detailed PCR conditions were described
previously (Tanaka er al, 1999). Aliquots of PCR products were
combined with loading dye and separated by electrophoresis with
an autoread sequencer 5Q-5500 (Hitachi Electronics Engineering,
Tokyo, Japan). The size of the CAG repeat was analysed on Fraglys
software version 2.2 (Hitachi) by comparison with
co-electrophoresed PCR standards with known repeat sizes. The
CAG-repeat size of the PCR standard was determined by direct
sequence as described previously (Doyu et al, 1992).

Data analysis

All variables were summarized using descriptive statistics, including
median, mean, SD, percentile and percentages. Age at ADL
milestone data from a sufficient number of the patients was eval-
uated by Kaplan—Meier analyses, and log rank test statistics were
used to determine whether Kaplan-Meier transition curves differed
among subgroups. Relationships between the age at each ADL
milestone and the length of CAG repeat of AR gene were analysed
using Pearson's correlation coefficient. Correlations between labora-
tory test value and the age at examination were also analysed using
Pearson’s correlation coefficient. P-values of <0.05 were considered
to be statistically significant. Calculations were performed using the
statistical software package Dr SPSS 11 for Windows (SPSS Japan
Inc., Tokyo, Japan).

Results

Clinical and genetic backgrounds of

SBMA patients

A total of 223 SBMA patients were included in this study
(Table 1). All of the patients were of Japanese nationality. The
mean age at the time of data collection was 55.2 + 10.5 years
(range = 30-87 years). The mean duration from onset
assessed by the patient’s initial awareness of muscle weakness
was 9.8 = 7.2 years (range = 0-37).

The mean number of CAG repeats in the AR gene was
46.6 = 3.5 (range = 40-57). The location of the initial notice-
able muscular weakness was lower extremities in 70.5%,
upper extremities in 31.0%, bulbar symptoms in 11.4%
and facial weakness in 2.4%. Some patients noticed muscle
weakness initially in two locations simultaneously; thus
overlap between the groups existed. Weakness in the lower
extremities was noticed most often as difficulty in climbing
stairs, followed by difficulty in walking for long distances and
difficulty in standing from a sitting position. Bulbar symp-
toms were first noticed as a difficulty in articulating properly.
ADL assessed by a modified Rankin scale at examination was
0-1 in 17.2%, 2-3 in 66.1% and 4-6 in 16.7% of the patients.
Serum CK levels were 863.5 = 762.5 TU/I (range = 31—4955;
normal value = 45-245 [U/1), HbAlc levels were 5.7 = 1.1%
(range = 4.3-9.6; normal value = 4.3-5.8%), serum testoster-
one levels were 648 * 1.83 ng/ml (range = 2.85-10.20;
normal value = 2.7-10.7 ng/ml), serum AST levels were
44.3 * 29.4 U/l (range = 17-238; normal value = 0—41 IU/l),
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Table | Clinical and genetic backgrounds of
SBMA patients
Clinical and genetic features Mean + SD (range)
Age at examination (years) 552 = 10.5 (30-87)
Duration from onset (years)* 98 = 7.2 (0-37)
CAG-repeat length in 46.6 = 3.5 (40-57)
AR gene (number)
Location of initial muscular weakness the patients perceived (%)
Facial 24
Bulbar 1.4
Upper extremities 310
Lower extremities 705
Modified Rankin scale at examination (%)
01 17.2
23 66.1
45 16.7

Serum markers at examination
Serum CK (n = 182) (IUN)
HbAlc level (n = 76) (%)
Serum testosterone level
(n = 61) (ng/mi)

Serum AST (n = 130) (IUN)
Serum ALT (n = 133) (UN)
Tomal cholesterol level

(n = 82) (mg/d)

Normal values for serum CK range = 45-245 IU/l; HbAIc
range = 4.3-5.8%; serum testosterone range = 2.7-10.7 ng/ml;
serum AST range = 04! IU/l; serum ALT range = 0-45 IU/l; and
total cholesterol range = 120~220 mg/dl. "Onset was assessed by
patients’ initial awareness of muscle weakness; *some patients
noticed muscle weakness in two locations simultaneously.

863.5 = 762.5 (31-4955)
5.7 = 1| (43-9.6)
648 = .83 (2.85-10.20)

443 = 294 (17-238)
526 = 37.] (12-248)
2193 = 423 (119-413)

serum ALT levels were 52.6 = 37.1 IU/l (range = 12-248;
normal value = 045 IU/l) and serum total cholesterol
levels were 219.3 % 42.3 mg/dl (range = 119-413; normal
value = 120-220 mg/dl).

Age at which ADL milestones appear

Age distributions at which the ADL milestones initially
appeared are summarized in Fig. 1. Hand tremor was the
earliest of the ADL milestones that the patients noticed,
and it occurred at a median age of 33 years. Hand tremor
was particularly noticed when patients used their hands such
as in holding a drinking glass. Muscular weakness, predomi-
nantly in the lower extremities, was noticed at a median age of
44 years, followed by the need of a handrail when going up
stairs at a median age of 49 years. Dysarthria, dysphagia and
the use of a cane appeared at median ages of 50, 54 and
59 years, respectively. The use of a wheelchair started at a
median age of 61 years. Patients developed pneumonia owing
to aspiration and required in-hospital care at a median age of
62 years. The median age of those 15 patients who died before
this report was 65 years. The predominant cause of death in
eight of these cases was aspiration pneumonia. One patient
died of lung cancer, and another patient died from ischaemic
heart disease. One patient committed suicide. The causes of
death of the other four patients were unknown. The ages of
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Fig. | Age distribution of ADL milestones for 223 SBMA patients. The mean number of CAG repeats in the AR gene of the

patients does not differ significantly as shown at the right.

onset of each ADL milestone showed a considerable wide-
ranged distribution from 25 to 30 years when assessed from
the 10™ to 90" percentile range. Although there were no
significant differences in the mean number of CAG repeats
in the AR gene of the patients in which we assessed the age at
onset of each ADL milestone (Fig. 1), suggesting that age
distributions at each milestone were derived from genetically
uniform patients, we tested the hypothesis that the wide range
in ages of onset at each milestone may be due to individual
differences in CAG-repeat lengths.

Age at onset of each ADL milestone
correlates well with CAG-repeat length
As shown in Fig. 2, the onset age of the individual ADL
milestones examined showed significant correlations with
the CAG-repeat length of the patients reporting on these
symptoms (r = —0.853 to —0.447, P < 0.016-0.001). Of
these, age at onset of hand tremor, requirement of a handrail,
use of a wheelchair, developing pneumonia requiring
in-hospital care and death were strongly correlated with
the CAG repeats with r < —0.5. Furthermore, the onset
ages of pneumonia and death were highly correlated with
the CAG repeats with r = —0.78 and —0.85, respectively,
indicating that these specific events, the onset ages of
which the patients or their families were able to indicate
more definitely, showed a more significant correlation with
the CAG-repeat length than other ADL milestones.

Since 47 repeats was the median CAG-repeat length of the
entire patient group, we further compared the Kaplan-Meier
curves for age at onset of hand tremor, muscular weakness

and requirement of a handrail between the patient group with
47 CAG repeats or more and those with <47 CAG repeats
(Fig. 3). We assessed only these three ADL milestones, since
the number of patients in these groups was sufficient to per-
form a log rank test analysis. The patients with <47 CAG
repeats showed regression curves shifted by ~10 years com-
pared with those with >47 CAG repeats (Fig. 3, P < 0.001 in
log rank test). Together, these observations strongly suggest
that the onset age of each ADL milestone is highly dependent
on CAG-repeat length in the AR gene.

CAG-repeat length does not correlate
with the rate of disease progression
assessed by ADL milestones

In order to assess whether CAG-repeat length influences the
disease progression rate, we examined the relationship
between the time intervals from onset age of muscular weak-
ness to that of requirement of a handrail when going up stairs,
use of a cane, use of a wheelchair, development of pneumonia
and death and the CAG-repeat lengths in these groups
(Fig. 4). We did not find any significant correlations of
the intervals among the onset age of the various milestones
with the CAG-repeat length, suggesting that the progression
rate of the disease is not significantly influenced by the
CAG-repeat size.

In addition, we examined the declining regression assessed
by those ADL milestones in individual patients with >47
CAG repeats compared with those with <47 (Fig. 5). These
regression lines were divergent from each other, possibly
because of divergent CAG-repeat size, while the mean slopes

- 286 -




1450 Brain (2006), 129. 1446—1455
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Fig. 2 (A-l) Correlation of the CAG-repeat number of and the age at each ADL milestone. There were significant correlations
between CAG number and age at all milestones analysed using Pearson's correlation coefficient.

of the regression lines of the two groups were likely to be
parallel. There were no significant differences between the
interval times of the two groups as assessed by unpaired
t-test (Fig. 5), suggesting, again, that the rate of disease
progression was not markedly dependent upon the size of
the CAG repeats.

Age-related changes of laboratory data
and their relation to CAG repeats

Glucose intolerance, serum CK and ALT elevation and andro-
gen insensitivity of SBMA patients have been reported (Sobue
et al, 1989; Shimada et al, 1995; Dejager et al, 2002;
Sinnreich et al., 2004). We examined the relationship between
serum CK, HbAlc, testosterone, total cholesterol, AST and
ALT levels and the age and CAG-repeat length of the patients.
The serum levels of CK, AST and ALT were elevated in sub-
populations of patients, particularly in the early phase of the

disease, while these levels gradually declined with age (Fig. 6A,
E and F). In advanced ages, the levels of these serum markers
had declined to nearly normal levels. Serum testosterone
levels were slightly elevated from control values in one-third
of patients; in general, they declined slightly with age
(Fig. 6C). However, even at these advanced ages testosterone
levels were within or above the normal range. In contrast,
HbAIc levels were within the normal range in the patients
with short disease durations, but they gradually increased to
above the normal range as the age of patients increased
(Fig. 6B). Cholesterol levels were mildly elevated in some
patients, but there was no particular age-dependent change
observed (Fig. 6D). Elevated levels of these serum markers
were not correlated with the CAG-repeat sizes (data not
shown). Therefore, the levels of these markers appear to
reflect the active pathological process of the disease, especially
in the early or late phases, but their significance should be
examined further.
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Fig. 3 (A—C) Kaplan-Meier analysis of age at onset of hand tremor, muscular weakness and requirement of a handrail. There was a
highly significant difference between the patient group with >47 CAG repeats and the group with <47 CAG repeats, as compared by

log rank tests.
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Fig. 4 (A-D) Correlation between the AR gene CAG number and the time interval between the ADL milestones. The time interval from
the age at first awareness of muscular weakness to the age at requirement of a handrail, use of a cane, use of a wheelchair and death were
compared with the CAG number by Pearson’s correlation coefficient. There were no significant correlations in any of the interval times.

Discussion

Our study elucidated the natural history of SBMA patients
based on nine ADL milestones. SBMA progressed slowly to
the end stage with a median duration from onset assessed by

muscle weakness to the appearance of pneumonia of 16 years,
and to death of 22 years whereas the median durations from
age of onset to the age of requirement of a handrail, dysar-
thria and dysphagia were 5, 6 and 10 years, respectively,
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Fig. 5 (A-D) Individual case presentation of the declining regression d by ADL mil 1es. The interval times from the age at first

awareness of weakness to the age at requirement of a handrail, use of a cane, use of a wheelchair and death are described for individual
patients from two groups, those with <47 CAG repeats and those with >47 repeats. These regression lines were divergent from each
other, possibly owing to divergent CAG-repeat size, while the mean slopes of the regression lines were likely to be parallel among the
two subgroups of patients. There were no significant differences between the interval times of the two groups of patients analysed by

unpaired t-test

indicating that the ADL deterioration leading to a decline in
the quality of daily living during early phases of the diseases is
significant, in spite of a relatively long lifespan. The lifespan of
SBMA patients was previously speculated to be 10-15 years
shorter than those of the general Japanese male population
(Mukai, 1989 ). In this study, 15 of the 223 patients died at a
median age of 65 years. Although there are too few data to
make a reliable calculation, this is ~12 years shorter than that
of the current lifespan of the normal Japanese male indicated
by the abridged life table announced by the Japanese Ministry
of Health, Labor and Welfare in 2003, and, thus, is consistent
with the previous speculation (Mukai, 1989). Of these 15
patients, the most common cause of death was pneumonia
due to aspiration and dysphagia. Thus, the bulbar symptoms,
such as difficulty in proper articulation and mild dysphagia,
were relatively mild in their early manifestations, but were
serious symptoms in the late phase of the disease, when the
patients were prone to death. The progression was apparently
slower than that of ALS, another adult-onset motoneuron
disease, which occasionally mimics SBMA phenotypes, par-
ticularly in the early phase (La Spada et al., 1992; Parboosingh
et al, 1997; Traynor et al., 2000).

The onset ages of each ADL milestone were extremely
variable, but all were well correlated with the CAG-repeat
size in the AR gene. Patients with longer CAG-repeat sizes
showed an earlier onset age of each ADL milestone examined,
including occurrence of pneumonia or death in the end stage.
Several previous studies also documented the natural history
of SBMA. They showed that the age of disease onset assessed
by muscle weakness was strongly correlated with AR gene
CAG-repeat size (Doyu et al, 1992; Igarashi et al, 1992;
La Spada et al, 1992; Shimada et al, 1995), whereas the
onset ages of other symptoms such as fatigue, tremor, occur-
rence of gynaecomastia and severity of muscle weakness were
not significantly correlated with repeat size (La Spada et al,
1992; Amato et al., 1993; Mariotti et al., 2000; Dejager et al.,
2002; Sperfeld et al,, 2002). It is not clear why the relations
between the onset age of these symptoms and CAG repeat size
were not apparent in these reports, since significant correla-
tions with the onset age of hand tremor and muscular weak-
ness were confirmed in the present study. One possibility may
be the relatively small sample sizes in the previous studies
(Amato et al, 1993; Sperfeld et al, 2002). An alternative
explanation may be that very early symptoms, such as
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gynaccomastia and fatigue, are not very accurate or reliable
markers for ADL milestones compared with later symptoms,
especially in a retrospective study. Indeed, the correlation of
the onset age of tremor with CAG-repeat size was weaker than
that of the onset age of the use of a wheelchair or a cane,
which were more advanced ADL milestones used in our
study.

The relationship between CAG-repeat size, disease markers
and rate of disease progression have also been assessed exten-
sively in Huntington's disease (Illarioshkin et al, 1994;
Brandt et al, 1996; Furtado et al, 1996; Penney et al,
1997; Rosenblatt et al., 2003). Neuronal loss in the caudate
nucleus and putamen, adjusted for age of death, correlated
well with CAG-repeat length (Furtado er al, 1996; Penney
et al., 1997; Rosenblatt et al., 2003). The rate of progression
assessed by symptom severity controlled by duration from
onset (Illarioshkin et al,, 1994) also correlated strongly with
the CAG-repeat size. In addition, we previously demonstrated
that the extent of cerebellar atrophy and severity of muscle
weakness, both adjusted by age at examination correlated well
with CAG-repeat size in SCA3 and SBMA, respectively (Doyu
et al., 1992; Abe et al, 1998). These observations suggested
that longer CAG repeats resulted in an earlier age at onset and
greater neuronal loss when compared with shorter repeats.
There is also some evidence that they contribute to a faster
rate of clinical decline.

In our present study, as documented in Figs 2 and 3,
patients with longer CAG repeats reached each of the ADL

milestones such as hand tremor, muscle weakness or the
requirement of a handrail when going up stairs much earlier
than did the patients with shorter CAG repeats. Interestingly,
however, the decline curves, as documented with
Kaplan-Meier analyses, for these individual milestones
were similar (Fig. 3), with an ~10-year difference between
the patients with >47 repeats and those with <47 repeats. The
earlier age at onset for each ADL milestone in patients with
longer repeat lengths is similar to observations in cases of
Huntington's disease.

The most striking observation in our study was that the
interval periods between individual ADL milestones, such as
between onset of muscle weakness and that of requirement of
a handrail, use of a cane, being wheelchair-bound or
death were not affected by the CAG-repeat length (Figs 4
and 5). Although patients with longer CAG-repeat size
reached individual ADL milestones faster than those with
shorter repeats, the decline rate from one ADL milestone
to another was not influenced by the CAG-repeat size.
These results suggest that the rate of disease progression
assessed by ADL milestones is not influenced by CAG-repeat
length.

Therefore, we may propose a view simulating the natural
history of SBMA, in that, the decline curves of ADL in the
SBMA patients with longer CAG-repeat size are shifted earlier
than those in the SBMA patients with shorter CAG-repeat
size, and the slopes of the decline curves are parallel to one
another.
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The phenotypic decline curves provided by mouse models
of CAG-repeat diseases (Adachi et al, 2003; von Horsten et al.,
2003) also support our view of the natural history of SBMA.
The present findings are informative in understanding the
pathophysiology of SBMA. CAG-repeat size is known to be a
determinant factor for the entry of neuronal cells harbouring
a mutant AR gene with expanded CAG repeats into the
neuronal degeneration process in vitro, as well as in vivo
(Mangiarini et al, 1996). However, it is not known whether
the rate of neuronal degeneration leading to subsequent cell
death is dependent on CAG-repeat size. Once neuronal cell
degeneration or neuronal cell dysfunction is initiated, the
progression of degeneration to cell death may be determined
by intrinsic factors such as a cell death processing system
other than the CAG-repeat size. Thus, we suggest that the
onset time of certain ADL milestones reflects how many
neurons have entered into the neurodegeneration-
dysfunction process, which is determined by CAG-repeat
size, rather than the intrinsic cell death process.

Recently, we demonstrated that several interventions, anti-
testosterone therapy with leuprorelin (Katsuno et al,, 2003),
induction of Hsp70 (Adachi er al., 2003; Katsuno et al., 2005),
inhibition of HDAC (Minamiyama et al, 2004) or inhibition
of Hsp90 (Waza et al, 2005) showed potent therapeutic
effects in improving the characteristic phenotypes and
pathology in the SBMA transgenic mouse model. These
observations strongly encourage the application of the ther-
apeutics to human SBMA patients. Unlike the therapeutic
approach commonly taken in neurodegenerative diseases
of replacing lost substances such as neurotransmitters,
these new therapeutics ameliorate the disease progression
itself by preventing pathological molecular processes. Since
the progression of SBMA is slow, clinical end-points will be
useful for efficiently assessing the effectiveness of these thera-
pies. The present study may indicate ADL milestones that can
be clinical end-points in therapeutic trials. However, asses-
sing the ADL milestones adopted in this study, such as the use
of a cane or a wheelchair, would take years during clinical
trials. Thus, we need to find a shorter-term surrogate marker
that reflects the pathological process, although a genuine
clinical therapeutic end-point should be examined to deter-
mine whether the ADL milestones are effectively delayed by
the therapeutic intervention.

One interesting observation in this study is that serum
testosterone levels were maintained at relatively high levels,
even at advanced ages, although they did decrease with age
(Fig. 6C). Since testosterone is an important triggering factor
for polyglutamine-mediated motoneuron degeneration
(Katsuno er al., 2002, 2003), these findings suggest that anti-
testosterone therapy with leuprorelin (Katsuno et al., 2003)
may be applicable even in aged SBMA patients.

The advantages of our study over previous studies are the
large sample size and the employment of marked and appar-
ent ADL milestones that the patients recognized easily.
Nevertheless, several limitations are also present. One
major limitation is that the study was retrospective in design

N. Atsuta et al.

and the decline curve was not successively and prospectively
assessed in individual patients. A prospective study that
follows individual patients in assessing the ADL milestones
is needed to ascertain the validity of this natural history
of SBMA.

The ADL milestones that we adopted for this study were
selected with the assumption that they could be accurately
assessed by us, the patients or family members, even in a
retrospective study. However, as we demonstrated, the
development of pneumonia and death showed higher signif-
icant correlations with CAG-repeat size than did other earlier
ADL milestones such as the appearance of hand tremor or
dysarthria, suggesting that these critical end-stage events may
be more accurately assessed in a retrospective manner. We
need further long-standing prospective studies to assess the
disease progression more properly.
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The proteasome: Overview of structure and functions

By Keiji TANAKA®"!

(Communicated by Takao SEKIYA, M.J.A.)

Abstract:

The proteasome is a highly sophisticated protease complex designed to carry

out selective, efficient and processive hydrolysis of client proteins. It is known to collaborate with
ubiquitin, which polymerizes to form a marker for regulated proteolysis in eukaryotic cells. The
highly organized proteasome plays a prominent role in the control of a diverse array of basic
cellular activities by rapidly and unidirectionally catalyzing biological reactions. Studies of the
proteasome during the past quarter of a century have provided profound insights into its
structure and functions, which has appreciably contributed to our understanding of cellular life.
Many questions, however, remain to be elucidated.

Keywords:
lecular chaperone

Introduction

The proteasome is a large protein complex
responsible for degradation of intracellular proteins,
a process that requires metabolic energy. Polymer-
ization of ubiquitin, a key molecule known to work
in concert with the proteasome. serves as a degra-
dation signal for numerous target proteins; the
destruction ol a protein is initiated by covalent
attachment of a chain consisting of several copies
of ubiquitin (more than four ubiquitin molecules),
through the concerted actions of a network of
proteins, including the E1 (ubiquitin-activating),
E2 (ubiquitin-conjugating) and E3 (ubiquitin-ligat-
ing) enzymes."® The polymerized ubiquitin chain
acts as a signal that shuttles the target proteins to
the proteasome, where the substrate is proteolyti-
cally broken down. For accurate selection of the
proteins, numerous enzymes (e.g., 2 El proteins,
approximately 30 E2 proteins and more than 500
different species of E3 in humans) are mobilized
with this cascade system. The set of E3 proteins is
highly diverse, because each E3 enzyme usually
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proteasome, ubiquitin, intracellular proteolysis, multisubunit complex, mo-

selectively recognizes a protein substrate for ubiq-
uitylation. Furthermore, it should be noted that
ubiquitylation is a reversible reaction, because
many cysteine-protease and metalloprotease
deubiquitylating enzymes (DUBs) are present in
the cell. Interestingly, the human genome encodes
approximately 95 putative DUBs.* Certain DUBs
are responsible for the maturation of ubiquitin from
its precursor proteins and products of genes that
encode polyubiquitin or ubiquitin fused with ribo-
somal proteins. Other DUBs function at the initial
stage during the breakdown of ubiquitin-tagged
proteins to allow ubiquitins to be recycled. The
ubiquitin—proteasome system (UPS) controls al-
most all basic cellular processes—such as progres-
sion through the cell cycle, signal transduction, cell
death, immune responses, metabolism, protein
quality control and development—by degrading
short-lived regulatory or structurally aberrant pro-
teins.® The divergent roles of the UPS have been
reported in detail and reviewed comprehensive-
ly.’9) In this review, I provide an overview of the
structure and functions of uniquely specified pro-
teasomes. Due to space limitations, | have primarily
cited review articles with the exception of partic-
ularly important or recently published papers.

1. 268 and 308 Proteasomes
The proteasome is made up of two subcom-




No. 1]

Table 1. Subtypes of proteasomes and their regulators

Other nomenclature

Catalytic 208 Proteasomes

Standard (or Constitutive)
Proteasome

208 Core Particle (CP)

Immunoproteasome
Thymoproteasome
Testis-specific Proteasome
Regulators
PATOO
PA200
PA28af
PA28y
Active Proteasomes

PAT00-CP-PAT00
(195-208-198)

PAT00-CP (195-208)
PA200CP-PA200
PA200-CP

PA28a8-CP-PA28afi
(118-205-11S)

PA2Ras-CP*
PA28a/3CP-PATO00
PA28+CP-PA28y
PA28+-CP*
PA28+CP-PATOO"
PA200-CP-PATO0*™
PA28a/~CP-PA200"
PA28~+CP-PA200"
*unidentified complex; **referred to as alternative hybrid
PTDT.IN)SDI]IB

195 Regulatory Particle (RP)
Blm10
115 Regulator (REG)

305 Proteasome

265 Proteasome

Hybrid Proteasome

The proteasome 13

plexes: a catalytic core particle (CP; also known as
the 205 proteasome) and one or two terminal 198
regulatory particle(s) (RP) that serves as a protea-
some activator with a molecular mass of approx-
imately 700kDa (called PA700) (Table 1).7- The
19S RP binds to one or both ends of the latent 205
proteasome to form an enzymatically active pro-
teasome. The apparent sedimentation coefficient of
the active proteasome as determined by density-
gradient centrifugation analysis is 268 and accord-
ingly the complex is usually referred to as the 263
proteasome. Physicochemical analysis, however,
has revealed that the correct sedimentation coef-
ficient is approximately 30S.'” The size difference
is probably due to the attachment of one 195 RP
to the 208 proteasome to form the so-called 268
proteasome, whereas the elongated 30S molecule,
which is likely the functional unit in the cell, may
include a pair of symmetrically disposed 19S RPs
that are attached to both ends of the central portion
of the complex (Fig. 1). In this article, however, I
will primarily use 26S proteasome without distin-
guishing between these two forms of the protea-
some, unless otherwise specified.

As mentioned above, the 265 proteasome is a
2.5-MDa multicatalytic degradation machine that
contains a 20S CP and one or two 195 RPs, which
associate with the termini of the barrel-shaped
central particle. The 19S5 RP serves to recognize
ubiquitylated client proteins and is thought to play
a role in their unfolding and translocation into the
interior of the 208 CP, which contains catalytic

Abbreviations;
aa: amino acids
AAA-ATPase: ATPase associated with diverse cellular activ-
ities
AIRAP: arsenite-inducible proteasomal 195 regulatory-asso-
ciated protein
AIRAPL: AIRAP-like gene
CD: cluster of differentiation
CP: core particle
¢TECs: cortical thymic epithelial cells
CTL: eytotoxic T lymphocyte
DSBs: double strand breaks
DUB: deubiquitylating enzyme
EM: electron microscopy
FDA: Food and drug administration
GFP: green fluorescent protein
HbYX: hydrophobic-tyrosine-X
HCV: hepatitis C virus
TFN: interferon
MG-132: N-carhobenzoxy-leu-leu-leucinal
MHC: major histocompatibility complex

NER: nuclear excision repair

Ntn: N-terminal nucleophile

PA: proteasome activator

PAC: proteasome assembling chaperone

PGPH: peptidylglutamyl-peptide hydrolyzing

PI: proteasome inhibitor

PIP: proteasc interacting p

POMP: proteasome maturation protein

PSI: N-carbobenzoxy-L-gamma-t-butyl-L-glutamyl-L-alanyl-
L-leucinal

REG: 118 regulator

RP: regulatory particle

siRNA: small interfering RNA

TAP: transporter associated with antigen processing
TCR: T cell receptor

TOP: thimet oligopeptidase

UBA: ubiquitin-associated

UBL: ubiquitin-like

UPS: ubiquitin—proteasome system

Z-LyVS: carboxybenzyl-leucyl-leucyl-leucine vinyl sulfone
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Fig. 1.

Schematic disgram of the 268 proteasome. Left panel: Averaged image of the rat 263 proteasome complex based on electron

micrographs. Photograph kindly provided by W. Baumeister. U, ubiquitin. Middle panel: The overall tertiary structure of the
bovine 208 proteasome (central portion); the structures of the 195 RPs have not yet been determined (the pair of symmetrically
disposed terminal structures depicted by question marks). Right panel: Schematic drawing of the subunit structure. CP, core
particle (208 proteasome); RP, 198 regulatory particle consisting of the base and lid subcomplexes; Rpn, RP non-ATPase; Rpt,

RP triple-ATPase.

threonine residues on the surface of a chamber
formed by two F-rings.

2. The CP or 20S Proteasome

The 208 CP (alias 20S proteasome) is well
characterized structurally (Fig. 1). It is a well-
organized protein complex with a sedimentation
coefficient of 208 and a molecular mass of approx-
imately 760 kDa. When viewed electron microscopi-
cally, the 208 proteasome appears as a cylinder-like
structure in various eukaryotes, including veast and
mammals. It forms a packed particle, a result of
axial stacking of two outer a-rings and two inner 3
rings, which are made up of seven structurally
similar & and § subunits, respectively; the rings
form an ay.78;.78.701.7 structure. The 20S protea-
some plays essentially the same proteolytic roles in
all eukaryotes, differing from proteasomes in pro-
karyotes that mainly consists of homo-hepatmeric
a- and f(-rings of the same o« and # subunits,
respectively, i.e., the affa structure.®'" Accord-
ingly. the overall structures and functions of the
individual subunits are highly conserved among
eukaryotic species, except for a specialized form(s)
that is associated with adaptive immune responses,
which will be described in a later section. Indeed,
the yeast (Saccharomyces cerevisiae) and mamma-

lian (bovine) 20S proteasomes are characterized by
the same highly ordered, quaternary structures, as
demonstrated by X-ray crystallography.'?'¥ The
subunits of the 208 proteasome are specifically
located within the complex with C2 symmetry.
These subunits are listed in Table 2.

The three [(-type subunits of each inner ring
contain catalytically active threonine residues at
their N termini and show N-terminal nucleophile
(Ntn) hydrolase activity, indicating that the pro-
teasome is a threonine protease that does not fall
into the known seryl, thiol, carboxyl and metal-
loprotease families. The J1, 42 and 45 subunits are
associated with caspase-like/PGPH (peptidylglu-
tamyl-peptide hydrolyzing), trypsin-like and chy-
motrypsin-like activities, respectively, which confer
the ability to cleave peptide bonds at the C-
terminal side of acidic, basic and hydrophobic
amino-acid residues, respectively. Two pairs of
these three active sites face the interior of the
cylinder and reside in a chamber formed by the
centers of the abutting f-rings. The crystal struc-
ture of the 208 proteasome reveals that the center of
the a-ring is almost completely closed, preventing
proteins from penetrating into the inner chamber of
the (-ring that contains the proteolytically active
sites. Moreover, the N termini of the a subunits
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