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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) genc and for which no curative therapy exists. However, since recent
rescarch may provide opportunitics 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 ninc activitics of daily living (ADL) milestones in 223 Japancse SBMA paticnts (mean age at data
collection = 55.2 years; range = 30~-87 years) followed from 1 to 20 years. All the paticnts were diagnosed by
genetic analysis. Hand tremor was an carly 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, folliowed by
the requirement of a handrail to ascend stairs at 49, dysarthria at 50, dysphagia at 54, use ofa canc at 59 and a
wheelchair at 61 years. Twenty-one ofthe patients developed pneumonia at a median age 0of 62 and 15 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 onsct 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 motoncuron 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 arc 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; HbAlc = hacimoglobin Alc; SBVIA = spinal and bulbar muscular atrophy
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Introduction

Spinal and bulbar muscular atrophy (SBMA) is a neuro-
degenerative disorder of imotoneurons characterized by prox-
imal limb muscular atrophy, bulbar involvement, marked
contraction fasciculation, hand tremor and gynaecomastia
(Kennedy et al., 1968; Sobue et al., 1989). SBVIA is caused
by a CAG-repeat expansion in the first exon of the androgen
receptor (AR) gene on the Xechromosome (La Spada e al,,
1991). Similar to other triplet repeat diseascs, 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; 1a Spada et al., 1992; Shimada e al.,
1995; Sinnreich et al., 2004). Nuclear accumulation of mutant
AR with expanded polygiutamines in motoneurons, as well as
in other cells, has been shown to be a major pathogenic
process (Li et al., 1998a, b; Adachi et al., 2005). However,
the progression and prognosis of SBVIA 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 et al., 2001; Sperfeld et al.,
2002), while other studics 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 et al., 1992). Since most of the studics
performed thus far contained small sample sizes, the influ-
ence of CAGrepeat length on the clinical course of SBMA
patients remains obscure. In other CAG-repeat discases
such as Huntington’s discase, 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 corrclate with CAG-repeat  length
(Koide et al, 1994; Furtado et al, 1996; Penney o al.,
1997; Abe ot al., 1998). However, it is still not known how
CAG-repeat length influences the progression and prognosis
of CAG-repeat discases.

Recent rescarch has sugpested 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 et al., 2003;
Katsuno et al, 2005). Furthermore, 17-allylamino-
17-demicthoxygeldanamyein (17-AAG), a potent HSP9O
inhibitor, was recently shown to ameliorate motor function
dcficits and pathological changes in SBMA transgenic mice
{Waza e al., 2005). These remarkable therapeutic effects
the transgenic mouse model strongly sugeest 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 dlinical svmptoms of SBMA
based on a large number of patients.

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

Patients and methods

Patients and clinical evaluations

Our laboratory diagnosed 303 patients as SBVIA 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 ffom other hospitals nationwide. These patients were
followed by neurologists from [ 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),

Fram (2006), 129, 1614533 Jedad?
muscular weakness (initial pationt 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 repatition), dysphagia (patient choked oceasionally 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 pneunonia (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 occwrred 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 SBVIA 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 0.95 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, gynaccomastia, 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 o al., 1995; Sperfeld e al., 2002; Sinnveich et al.,
2004). We excluded developiment of gynaccomastia 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 Swicten ot 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 hacmoglobin Ale (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, fiee flfom newromuscular discases.
For serum testosterone lewvels, 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 (SYTCCAGAATCTGTTCCAGAGCGT-
GC-3% and a non-labelled reverse primer (S TGGCCTCGCTCAG-
GATGTCTTTAAG-3Y. Detailed PCR conditions were described
previously (Tanaka et al,, 1999). Aliquots of PCR products were
combined with loading dye and separated by electrophoresis with
an autoread sequencer SQ-5500 (Hitachi Hectronics Engineering,
Tokyo, Japan). The size of the CAG repeat was analysed on Fraglys
software  version 22 (Hitachi) by comparison with
co-electrophoresed PCR standards with known repeat sizes. The
CAGrepeat size of the PCR standard was determined by direct
sequience as deseribed previously (Doya e 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-
pated by Kaplan-Meicr 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 sottware package Dr SPSS 1T for Windows (SPSS Japan
Inc.. Tokyo, Japan).

Results

Clinical and genetic backgrounds of

SBMA patients

A total of 223 SBMA patients were inctuded in this study
(Tabie 1). All ofthe patients were of Japancse nationality. The
mean age at the time of data collection was 55.2 6 10.5 years
(range = 30-87 wears). The mean duration from onsct
assessed by the patient’s initial awareness of muscle weakness
was 9.8 6 7.2 years (range = 0-37).

The mean number of CAG repeats in the AR gene was
46.66 3.5 (range =40-57). The location of the initial notice-
able muscular weakness was lower extremities m 70.5%,
upper extremities in 31.0%, bulbar symptoms in 11.4%
and facial weakness m 2.4%. Some patients noticed muscle
weakness mitially in two locations simuitaneously; 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
difficuity 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
0-1in 17.2%, 2-3 in 66.1% and 4-6 in 16,7% of the patients.
Serum CK levels were 863.5 6 762.5 TU/I (range = 31-4955;
normal value = 45-245 U/, HbAlc levels were 5.7 6 1.19%
(range = 4.3-9.6; normal value = 4.3-5.8%0), serum testoster-
one levels were 648 6 1.83 ngml (range = 2.85-10.20;
normal value = 2.7-10.7 ng/ml), serum AST levels were
443 6 294 1)1 (range = 17-238; normal value =0-41 TU/1),

N Arsuta et al

Table 1 Chmucal and
SBVIA patients

genetic  backgrounds  of

Clinical and genetic features Nean 6 SD (rangg)

5526 105 (30-87)
986 7.2(0-37)
46.6 6 3.5 (40-57)

Age at examination (years)
Duration from onset (years)”
CAG-repeat length in

AR gene (nuimber)

Location of initial muscular weakness the patients perceived (%4°

Facial 24
Bulbar 114
Upper extremitics 31.0
Lower extremities 70.5
Modified Rankin scale at examination (%)
0-1 17.2
2-3 66.1
4-6 16.7

Serurn markers at examination
Serum CK (n = 182) (IUA)
HbAlc level (n=76) (%4
Serum testosterone level
{n=061) (ng'ml)

863.5 6 762.5 (31-4955)
576 11 (@3-96)
648 6 1.83 (2.85-1020)

443 6 294 (17-238)
52.6 6 37.1 (12-248)
Total cholesterol level 2193 6 423 (119413)

(n=82) (mg/dl)

Normxal values for serum CK range = 45-245 IU/; HbAlce
range = 4.3~-3.8% serum testosterone range = 2.7-10.7 ng/ml;
serum AST range = 0-41 IU/; 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 nuscle weakness in two locations simultancously.

serum ALT levels were 52.6 6 37.1 TU/ (range = 12-248;
normal value = (0-45 IU/1) and scrum total cholesterol
levels were 219.3 6 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 Bg 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 extremitics, was noticed at a median age of
44 vears, 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 vyears, respectively. The use of a whecelchair 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 ofthose 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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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
n the AR gene of the patients in which we assessed the age at
onsct of cach ADL milestone (Fig 1), sugeesting that age
distributions at cach milestonc 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 m 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 1o —0447, P < 0.016-0.001). Of
these, age at onset of hand tremor, requirement of a handrail,
usc of a wheelchair, deweloping 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 handrait between the patient group with
47 CAG repeats or more and those with <47 CAG repeats
(Fg 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 cach 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
discase progression rate, we examined the relationship
between the time intervals from onset age of muscular weak-
ness to that of requiremnent of a handrail when goingup stairs,
use of a cane, usc of'a wheclchair, development of pneumonia
and death and the CAGrepeat 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 decliming regression assessed
by those ADL milestones in individual patients with >47
CAG repeats compared with those with <47 (Fg 5). These
regression lines were divergent from each other, possibly
because of divergent CAG-repeat size, while the mean slopes

- 103 -



1450 Faun (20063, 129, 144014455

A. Hand tremor

B. Muscular weakness

N Asura et ol

C. Requiring a handrail
when going up stairs

R=-1513 °
P<.001

n
4
°

Pugbuc>
33

(CAGHI (namber)

S R=-3.483

R=-th510

P<i.061 P<.081

5 0, °

L S 4 9
2030 40 30 60 7 N o ; .',
050 60 70 30 40 50 60 70
D. Dysarthria E. Dysphagia F. Uise of a cane
< . Reoua7 ] ° R=s0.468 SRR * Re=-0.481
33 Py 81 5% o P<6.001 o P00l

{CAGH (number)

40 : N e L — . S— A0y ; v 2 v
2030 40 50 60 0 20 30 40 50 60 70 40 30 60 70 80
. Use of a wheelchair H. Pnevmenia . Death
Y °
an R=-{.506 54 R=3,783 35 R=-.833
- 32 P=(.016 P00 P<i0b1
@
"g 507 ®
::: ° (X7
:.;.‘. - o
< 43 o 3
L LE— B 208, . ; ’ . 4y . S
My SO o 708G 4 50 60 TO 80 50 a0 ft 80

Age (years}

Age (years}

Age (years)

Fig. 2 (A-]) 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
mterval 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, Sumada et al, 1995; Dejager o al, 2002
Sinnireich e 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,
Eand F). In advanced ages, the levels of these serum markers
had declined to nearly normal levels. Serum testosterone
levels were shightly 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,
HbAlc 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). Hevated levels of these serumn markers
were not correlated with the CAGrepeat sizes {(data not
shown). Therefore, the levels of these markers appear to
reflect the active pathological process ofthe disease, especially
in the early or late phases, but their significance should be
examined further.
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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,
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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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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 caleulation, 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 symptors,
such as difficulty in proper articulation and mild dysphagia,
were relatively mild in their early manifestations, but were
serious symptoins 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 numics SBMA phenotypes, par-
ticularly in the early phase (La Spada et al., 1992; Parboosingh
et al., 1997, Traynor et al., 2000).

The onsct ages of cach 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 carlier 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 discase onset assessed
by muscle weakness was strongly correlated with AR gene
CAG-repeat size (Doyvu e 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 CAGrepeat size
were not apparent in these reports, since significant correla-
tions with the onset age of hand tremor and muscular weak-
ness were confinmed in the present study. One possibility may
be the relatively small sample sizes in the previous studies
(Amato et al, 1993; Sperfeld e al, 2002). An alternative
explanation may be that very early symptoms, such as
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gynaecomastia 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 onsct 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 1 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 et al., 1996; Penney
et al., 1997; Rosenblatt et al., 2003). The rate of progression
assessed by symptom severity controlled by duration from
onset (HHarioshkin 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 exaimination correlated well
with CAG-repeat size in SCA3 and SBMA, respectively (Doyu
et al., 1992; Abe et al., 1998). These observations suggested
that longer CAGrepeats 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 analyscs, for these imdividual milestones
were similar (Fig 3), with an ~ 10-year difference between
the paticnts with >47 repeats and those with <47 repeats. The
carlier age at onsct for each ADL milestone in patients with
longer repeat lengths is similar to observations in cases of
Huntington’s disease.

The most striking observation i our study was that the
mterval 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, 1n that, the decline curves of ADL. in the
SBMA patients with longer CAG-repeat size are shified 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
ot 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 i1s 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 contered into the neurodegeneration-
dysfinction process, which i1s 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 et al.. 2003; Katsuno et al., 2005),
inhibition of HDAC (Minamiyama ¢t al., 2004) or inhibition
of Hsp90 (Waza et al., 2005) showed potent therapeutic
effects in improving the characteristic phenotypes and
pathology m 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 discases
of’ replacing lost substances such as neurotransmitters,
these new therapeutics ameliorate the discasc progression
itself by preventing pathological molecular proocesses. 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 ADEL milestones that can
be clinical end-points in therapeutic trials. However, asses-
sing the ADL milestones adopted in this study, such astheuse
of a cane or a wheelchair, would take years during clinical
trials. Thus, we need to find a shorter-term swrrogate 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 60). Since testosterone is an important trigeering factor
for polyglutamine~-mediated motoneuron  degencration
(Katsuno et 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 bmitations are also present. One
mgjor Iimitation is that the study was retrospective in design

M, Arsuga 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 wvalidity of this natural history
of SBMA

The ADL milestones that we adopted for this study were
sclected 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 signift
icant correlations with CAG-repeat size than did other earlier
ADL milestones such as the appearance of hand tremor or
dysarthria, sugeesting that these critical end-stage events may
be more accurately assessed in a retrospective manner. We
need flrther long-standing prospective studies to assess the
disease progression more properly.
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Abstract

Accumulation of misfolded Cu/Zn superoxide dismutase (SOD 1) occurs in patients with a subgroup of familial amyotrophic lateral
sclerosis (FALS). To identify the conversion of SOD1 fiom a normally soluble form to insoluble aggregates, we investigated the change of
SOD1 solubility with aging in fALS-linked H46R SOD1 transgenic mice. Mutant SOD1 specifically altered to insoluble forms, which
were sequentially separated into Triton X-100-insoluble/sodium dodecyl sulfate (SDS)-soluble and SDS-insoluble/formic acid-soluble
species. In spinal cords, the levels of SDS-dissociable soluble SOD1 monomers and SDS-stable soluble dimers were significantly clevated
before motor dysfunction onset. In COS-7 cells expressing H46R SODI, treatment with proteasome inhibitors recapitulated the alter-
ation of SODI1 solubility in transgenic mice. In contrast, overexpression of Hsp70 reduced accumulation of mutant-specific insoluble
SOD1. SDS-soluble low molecular weight species of H46R SOD 1 may appear as early misfolded intermediates when their concentration
exceeds the capacity of the proteasome and molecular chaperones.

© 2006 Elsevier Inc. All rights reserved.

Keywords: Amyotrophic lateral sclerosis; Ci/Zn superoxide dismutase; Heat shock protein; Proteasome; Oligomer

Amyotrophic lateral sclerosis (ALS) is a neurodegenera-
tive disorder characterized by the degeneration of both
upper and lower motor neurons, leading to progressive
paralysis. Of all ALS cases, ~90% are sporadic and
~10% are familial; ~20% of familial ALS (fALS) cases
are associated with dominantly inherited mutations in the
gene encoding Cu/Zn superoxide dismutase (SOD1) [1-3}
SOD1 is a major antioxidant enzyme located predominant-
ly in the cytosol, nucleus, and mitochondrial intermem-
brane space of eukaryotic cells [4]. The biological active
enzyme forms a 32-kDa homodimer and contains one

* Corresponding author. Fax: +81 23 628 5318.
E-mail address: arawaka(med.id.yamagata-u.ac.jp (S. Arawaka).

0006-291X/$ - see front matter © 2006 Elsevier Inc. All rights reserved.
doi:10.101¢/1.bbrc.2006.02.170

copper-binding site and one zinc-binding site, as well as a
disulfide bond in each of its two subunits. SOD1-linked
fALS was initially suspected to result from oxidative dam-
age caused by diminished SOD1 activity, but SOD1-null
mice show no motor neuron disease [5], and transgenic
mice overexpressing human mutant SOD1 have a pheno-
type that is closely similar to patients with fALS, irrespec-
tive of their normal or elevated levels of SODI1 activity
[6-9]. This evidence indicates that SODI-linked fALS
occurs due to a toxic gain-of-function of mutant SODI1
but not due to a lowering of its activity [6].

Deposition of proteinaceous inclusions of SOD1 in
motor neurons is a characteristic hallmark of patients with
fALS [10-12]. Cellular and animal models have shown that
overexpression of mutant SOD1 can cause loss of motor
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neurons with the formation of SODI-positive inclusions
[12-15] and high-molecular-weight (HMW) SOD1 com-
plexes [12,16-19], supporting the hypothesis that the
abnormal accumulation of SODI1 aggregates may play a
role in the pathogenesis of fALS. Concerning the forma-
tion of SOD1 aggregates, several reports have described a
close association with the proteasome and heat shock pro-
teins (Hsps). In cells overexpressing mutant SOD1, inhibi-
tion of the proteasome activity resulted in the
accumulation of insoluble SOD1 protein and the formation
of HMW insoluble complexes [16,17,19-22]. On the other
hand, Bruening et al. [23] reported that overexpression of
Hsp70 reduced aggregate formation and prolonged cellular
viability in cells expressing mutant SODI1. These data
imply that the conversion of SOD1 from an inherently sol-
uble form to an aggregated species is promoted by insuffi-
ciency of the proteasome and/or molecular chaperones,
which suppress the accumulation of misfolded proteins.
However, the formation of protein aggregation is a com-
plex process, which contains several kinds of misfolded
intermediates to form amorphous aggregates and fibrils
[24]. There is only a little basic information on how mutant
SOD1 undergoes the complex process in relation to the sys-
tem of proteasome and Hsps.

In the present study, we investigated the alteration of
SOD1 solubility with aging in fALS-linked mutant H46R
SOD1 transgenic mice. We also examined its change in
mutant SOD1 expressed cells by treatment with protea-
some inhibitors. Furthermore, using cells co-expressing
mutant SODI1 and Hsp70, we characterized an insoluble
SOD1 species influenced by Hsp70 as misfolded proteins.
Here we show that SDS-dissociable soluble monomers
and SDS-stable soluble dimers of H46R SOD1 appear as
early misfolded intermediates in the formation of highly
insoluble aggregates, and their levels are coordinately med-
iated by the proteasome activity and Hsp function.

Materials and methods

Materials. We used the following antibodies: polyclonal human SOD1
antibody (SOD1-100, diluted 0.1 1 g¢/ml, Victoria, BC, Canada); mono-
clonal antibody against GST-fused full-length human SOD1 protein that
specifically binds to human SOD1 (diluted 0.21¢/ml, MBL, Nagoya,
Japan); polyclonal Hsp70 antibody (SPA-757, diluted 1:30,000 for Wes-
tern blotting, diluted 1:1000 for immunohistochernistry, Stressgen); poly-
clonal Hsp40 antibody (SPA-400 diluted 1:10,000 for Western blotting,
diluted 1:500 for immunohistochemistry, Stressgen). Wild-type SOD1
cDNA fused with an FLAG tag at C-terminus of SOD1 (SODI-FLAG)
was subcloned into either pcDNA3.1 (Invitrogen, Carlsbad, CA, USA) or
pEF-BOS vector [20]. Mutant H46R and G93A SODI1 cDNAs were
generated by site-directed mutagenesis, and their sequences were con-
firmed by DNA sequencing. pCMV-Hsp70 and pRC-Hsp40 were descri-
bed previously [25,26).

Cell culture and transfection. COS-7 and SH-SYSY cells were grown in
Dulbecco’s modified Eagle’s medium (DMEM, Invitrogen) and a mixture
of DMEM and Ham's F-12, respectively, supplemented with 10% fetal
bovine serum. SOD1 ¢cDNAs were transfected into cells using Lipofect-
amine Plus reagents (Invitrogen), according to the manufacturer’s proto-
cols [27]. Cultured cells were harvested 48h after transfection for
experiments. For inhibition of the proteasome activity, either MG 132 or

lactacystin (Sigima, St. Louis, MO, USA) in indicated concentrations was
added to cells 24 h after transfection and then cells were further incubated
for 24 h. In experiments using Hsp chaperones, either Hsp70 or Hsp40
cDNA was co-transfected with H46R SOD1-FLAG pEF-BOS to COS-7
cells (at a molar ratio of 4:1).

Transgenic mice. Transgenic mouse lines expressing fALS-linked H46R
SOD1 under the control of inherent human SOD1 promoter were main-
tained as hemizygotes by mating with B&/SJF1 as previously described
[28} The transgenic mice expressing wild-type human SODI1 were also
kindly supplied by Dr. PH. Chan (Stanford University, Stanford, CA,
USA) and maintained as hemizygotes [29]. All of the mouse experiments
followed the Guidelines for Animal Experiments of Yamagata University
School of Medicine.

Protein fractionation and Western blotting, Protein fractionation of
whole mouse spinal cords was performed according to published pro-
tocols [30,31] with a slight modification (see Fig. 1A). Whole mouse
spinal cords were homogenized by 15 up-and-down strokes with a Teflon
homogenizer in 1:3 (wt/vol) phosphate-buffered saline (PBS; 100 mM
phosphate, pH 7.4, 150mM NaCl, and protease inhibitor cocktail
(Roche Diagnostics, Mannheim, Germany)). The homogenate was cen-
trifuged at 100,000xg for 20 min at 4°C, and the resultant supernatant
was collected as the PBS-soluble fraction. The pellet was rinsed three
times with PBS and was extracted by sonication in 1% Triton X-100
(TX)YPBS. After centrifugation at 100,000xg for 20min at 4°C, the
supernatant was designated as the TX-soluble fraction. The pellet was
washed three times with 19 TX/PBS and extracted by sonication in 5%
SDS/PBS. The extract was incubated at room temperature for 30 min
and centrifuged at 100,000xg for 20 min at 20°C. The supernatant was
designated as the SDS-soluble fraction. After rinsing and centrifugating
three times in 5% SDS/PBS, the resultant pellet was extracted by soni-
cation in 8 M urea/PBS. After centrifugation at 100,000xg for 20 min at
20°C, the supernatant was designated as the urea-soluble fraction. The
pellet was rinsed once with 8 M urea/PBS and extracted by sonication in
88% formic acid (FA). After centrifugation at 100,000xg for 20 min at
20°C, the supernatant was designated as the FA-soluble fraction. FA
was evaporated by SpeedVac (Savant, Farmingdale, NY, USA). After
washing the dried pellet with distilled water and lyophilizing it again, the
resulting pellet was resuspended by sonication in Laemmli’s sample
buffer containing 2% SDS and 100 mM dithiothreitol and then boiled for
5 min. The protein concentrations of the PBS-soluble, TX-soluble, SDS-
soluble, and urea-soluble fractions were measured by a BCA protein
assay (Pierce, Rockford, IL, USA). Cultured cell peliets were fraction-
ated by the same protocol described above until the preparation of the
SDS-soluble fraction. The SDS-insoluble pellet was resuspended by
sonication in Laemmli’s sample buffer and boiled for 5min. The sus-
pension was designated as the SDS-insoluble fraction.

We performed Western blotting as described previously [27). All pro-
tein samples were boiled for 5 min in Laemmli’s sample buffer containing
100 mM dithiothreitol. Ten micrograms of protein from each of the PBS-
soluble, TX-soluble, SDS-soluble, and urca-soluble fractions, and equal
aliquots of the FA-soluble fraction were loaded on 15% polyacrylamide
gels. The relative intensities of detected bands were scanned and quantified
with the Scion image program, version 4.02 (Scion Corp., Frederick, MD,
USA). Statistical analysis for comparison of groups was performed by
ANOVA with Fisher’s probability of least significant difference (PLSD)
post hoc test for significance using the Statview software version 5 (SAS
Institute Inc, Cary, NC, USA).

Inzrunohistochemistry. The mice, anesthetized with diethyl ether, were
sacrificed by transcardial perfusion with 0.9%sodium chioride followed by
4% paraformaldehyde in PBS. The spinal cord was quickly removed, post-
fixed with the above solution, and then embedded in paraffin. After
deparaffinizing, sections (4-1 m thickness) of the lumbar spinal cord (L4_s)
were incubated with 0.3% hydrogen peroxide for 10 min and then with
10% normal goat serum for 30 min. The sections were incubated with the
primary antibodies, and they reacted with the appropriate biotinylated
secondary antibodies, followed by an avidin-biotin-peroxidase complex
(Vector, Burlingame, CA, USA). Color was developed with diam-
inobenzidine (Sigma).
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Results fALS-linked mutation-dependent change of SOD1 solubil-

ity, we sequentially extracted spinal cords of mutant trans-
Mutant-specific alteration of SOD1 solubility in genic mice with severe motor impairment (~24 weeks of
fALS-linked H46R SOD1 transgenic mice age) with PBS, 1% TX, 5% SDS, 8 M urea, and 88% FA

(Fig. 1A), and then separated extracts by SDS-PAGE
In this study, we used fALS-linked H46R SODI1 trans-  under the denaturing condition. In 24-week-old non-trans-
genic mice as reported previously [28]. To examine the  genic littermates and 38-week-old wild-type SODI

A Spinal cord
Extracted with PBS
(100,000 xg. 60°)
P1 S1 (PBS-sol)
Extracted with 19%TX/PBS
(100,000 xg, 60')
P2 S2 (TXsol)
Extracted with 53%SDS/PBS
(100.000 xg. 607)
P3 S3 (SDS-soluble)
Extracted with 8Murea
(100,000 xg. 60")
P4 S4 (urea-sol)
Extracted with 88%FA
(100.000 xg. 60%)
S5 (FA-sol)
B 235 28 3 25 388 3
(,;8 P 8 s 9 % 9 fg g @
MV & F g 5 E 82 a5 &
(kDa) -
98- 98-
64- 64-
50- 50- -
Non-tg H46R ~-(SODI1)2
36- SODI tg 36-
22- - ame, -h-(SOD)1
16- g -m-(SOD1)1 -m-(SODI)!
98-
64- (SODI)n
Wild-type 50~ B46R
SOD1 tg SODI1 tg -(SOD1)2
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22- -h-(SOD)I -h-(SOD1)1
16- -m-(SODI1)1 -m«{SODI1)1

Fig. 1. Mutant-specific alteration of SOD1 solubility in spinal cords from fALS-linked H46R SOD1 transgenic mice. (A) Schematic representation of the
sequential extraction steps. (B) Western blot analysis of spinal cords from 24-week-old non-transgenic mice (Non-tg) (upper left panel), 38-week-old wild-
type SOD1 transgenic mice (Wild-type SOD1 tg) (lower left panel), and mutant H46R SOD1 transgenic mice at end stage (H46R SOD1 tg) (upper right
panel). Ten micrograms of protein from each of the PBS-soluble fraction (PBS-sol), the TX-soluble fraction (TX-sol), the SDS-soluble fraction (SDS-sol),
and the urea-soluble fraction (urea-sol) and equal aliquots of the F A-soluble fraction (F A-sol) were subjected to 15% polyacrylamide gels under reducing
conditions. Western blots were probed with SOD1-100 antibody, which recognizes both human SOD1 (h-SODT1) and mouse endogenous SOD1 (m-
SOD1). The lower right panel (identical to the upper right panel) was exposed to the film for a longer time.
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transgenic mice, endogenous mouse SOD1, and wild-type
human SOD1 were detected as monomers migrating at
16-kDa and 22-kDa, respectively, in the PBS- and 1%
TX-soluble fractions (Fig. 1B). This finding may be
explained by the fact that normal SOD1 is a soluble protein
located predominantly in the cytosol and less within the
membranous organelle such as mitochondrial intermem-
brane space [4]. In contrast to the control mouse SDS-
soluble fraction that was virtually devoid of SOD1, intense
bands of SOD1 were found in the SDS-soluble fraction of
mutant transgenic mice (Fig. 1B). In the fraction, the anti-
SODI1 antibody (SOD1-100) recognized 22-kDa bands
((SOD1)1; it represents SOD1 monomer), ~44-kDa bands
((SOD1)2; apparent molecular weight of (SOD1)2 shows 2-
fold to 22-kDa monomer, being consistent with SOD1
dimer as previously reported [19]), and multiple bands
above 44-kDa ((SODI)n; it represents high-molecular-
weight (HMW) species). Also, ~28 and ~36-kDa bands
were observed in the SDS-soluble fraction. These bands
may represent proteolytic fragments from HMW species,
but the exact origin was unknown in this study. SODI
monoiners, dimers, and HMW species were further recov-
ered in the F A-soluble fraction, whereas a small amount of
monoimneric SOD1, but not HMW species, was detected in
the urea-soluble fraction, indicating that F A-soluble SOD1
species were not simply carried over from the prior urea
extracts (Fig 1B). TX-insoluble/SDS-soluble (designated
as SDS-soluble) species are characterized by an alteration
of solubility to distinguish mutant H46R SOD1 from a
wild-type one. Also, mutant H46R SOD1 contained SDS-
stable oligomers with diverse solubility in detergents or
denaturants.

Age-dependent alteration of SOD]1 solubility in H46R SODI1
transgenic mice

As described in our previous report, the H46R SOD1
transgenic mice showed motor dysfunction with aging, and
the stages of motor dysfunction could be classified into four
time periods based on the Rotarod test: 13 weeks, 17 weeks,
21 weeks, and later 23 weeks of age were designated as the
carly presymptomatic stage (EP), late presymptomatic stage
(LP), symptomaticstage (SS), and end stage (ES), respective-
ly [28]. To clarify thealteration of SOD 1 solubility with aging
in mutant SOD1 transgenic mice, we compared the levels of
SOD1 species, which were biochemically fractionated as
described above, in the different stages (Figs. 2A and B).
Thelevels of both PBS-soluble and TX-soluble SOD 1 mono-
mers showed no statistically significant difference between
stages, although they had a tendency to decrease with aging
(Figs. 2A and B). In the SDS-soluble fraction, mutant SOD1
monoimers and dimers were clearly detected at EP. Theratios
of SOD1 monomers at EP and LP versus ES were
20.52 £ 6.41%(mean + SD)and 45.88 £ 2.30%, respective-
ly. In addition, the ratios of SOD1 dimers at EP and LP ver-
sus ES were 29.38+21.20% and 6847+ 10.27%
respectively. On the other hand, the levels of SOD1 HMW

species showed the later elevation at the period between LP
and SS. These findings indicate that the increase of SDS-dis-
sociable soluble SOD1 monomers and SDS-stable soluble
SOD1 dimers occurred between EP and LP before onset
(n= 3, p= 0.017 and p = 0.005, respectively) (Fig. 2B). In
the F A-soluble fraction, a small number of SOD 1 monomers
were also seen at EP, but there was no significant difference in
the levels of monomers between EP and LP. The ratios of
SOD1 monomers at LP and SS versus ES were
32314+ 12.99% and 6830+ 17.03%, respectively. The
ratios of SOD1 dimers at LP and SS versus ES were
12.73 £ 6.27% and 41.42 & 4.50%, respectively. The levels
of F A-soluble SOD1 monomers and F A-soluble dimers sig-
nificantly increased between LP and SS (p= 0.036 and
p<<0.001, respectively), while the levels of FA-soluble
SOD1 HMW species elevated later in the period between
SS and ES (Figs. 2A and B). The levels of SDS-dissociable
soluble monomers and SDS-stable soluble dimers elevated
carlier than the SDS-stable soluble HMW species and
F A-soluble species.

To examine the relation between the alteration of SOD1
solubility and the formation of SODl-inclusions with
aging, we immunostained mouse spinal cords in four differ-
ent stages with monoclonal anti-SOD1 antibody (Fig. 2C).
At EP, we did not detect any kind of SOD l-inclusions.
SOD l-inclusions in the neuropil appeared at SS, and the
number of SOD1-inclusions increased between SS and ES
(Fig. 2C). SOD1-inclusions increased after disease onset,
indicating that the accumulation of SDS-dissociable solu-
ble SODI1 monomers and SDS-stable soluble dimers pre-
cedes the appearance of SODI-inclusions.

The increase of Hsp70/40 in the SDS-soluble fraction with
aging in H46R SODI1 transgenic 1mice

To examine how the mutant-specific alteration of SDS
solubility is associated with the molecular chaperone sys-
tem, the fractionated samples prepared above were ana-
lyzed by Western blotting using antibodies to Hsp70 and
Hsp40. Hsp70 and Hsp40 were found to be rich in the
PBS-soluble and the TX-soluble fractions (Fig. 3A). PBS-
and TX-soluble Hsp70 and Hsp40 showed constant levels
in all stages of mutant transgenic mice and were not differ-
ent from those in 24-week-old non-transgenic littermates
and 38-weck-old wild-type SODI1 transgenic mice
(Fig. 3A). In the SDS-soluble fraction, the levels of
Hsp70 and Hsp40 in mutant transgenic mice at LP were
higher than those in the control mice at later 24 weeks of
age. The levels of Hsp70 and Hsp40 in the SDS-soluble
fractions elevated at the period between EP and LP in
mutant transgenic mice (Fig. 3A). To clarify how the
increase of Hsp70 and Hsp40 in the SDS-soluble fraction
reflects in histopathological change with aging, we immu-
nostained the lumbar spinal cords with antibodies to
Hsp70 and Hsp40 (Fig. 3B). SOD1-positive inclusions were
intensely stained with the antibody to Hsp70 as previously
reported and faintly reacted with the antibody to Hsp40 in
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Fig. 2. Age-dependent alteration of SODI in spinal cords from H46R SODI transgenic mice. (A) The spinal cords of 24-week-old non-transgenic
littermates (Non), 38-week-old wild-type SOD1 transgenic mice (Wt), and H46R SOD1 transgenic mice (H46R) at early presymptomatic stage (EP), late
presymptomatic stage (LP), symptomatic stage (SS), and end stage (ES) were sequentially fractionated. Ten micrograms of protein from each of the PBS-
soluble fraction (PBS-sol), the TX-soluble fraction (TX-sol), and the SDS-soluble fraction (SDS-sol), and equal aliquots of the FA-soluble fraction
(F A-sol) were loaded on the gel and then immunoblotted with SOD1-100 antibody. (B) The graphs represent relative intensities of H46R SOD1 species at
each stage (n= 3, bars represent mean & SD,"P < 0.05). (C) Immunohistochemical analysis of lumbar spinal cords (L4_s) of 24-week-old non-transgenic
littermates (Non) and H46R SOD1 transgenic mice (H46R) at four stages. These sections were inumnunostained with monoclonal anti-SOD1 antibody
specific to human SODI1. Scale bars = 501 m. Arrowheads indicate SOD l-immunoreactive structures.
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Fig. 3. (A) Increase of Hsp70 and Hsp40 in the SDS-soluble fraction from H46R SOD1 transgenic mice. The fractionated samples used in Fig. 2 were
analyzed by Western blotting using anti-Hsp70 and anti-Hsp40 antibodies. Ten micrograms of total protein from each fraction was loaded on each lane.
(B) Time course analysis of Hsp-imimunoreactive structures. These sections were immunostained with anti-Hsp70 antibody and anti-Hsp40 antibody. Scale
bars= 50 m. Arrowheads indicate immunoreactive structures of each antibody.

the serial sections (data not shown). Although a small num-
ber of Hsp70-positive structures were found in neuropil at
LP, the increase of SODI-inclusions containing Hsp70
immunoreactivities was remarkable afler SS (Fig. 3B).
Similarly, Hsp40-positive structures increased from SS
(Fig. 3B). The present data showed that the increase of
Hsp70 and Hsp40 in the SDS-soluble fraction appeared
along with the increase of SDS-dissociable soluble SOD1
monormers and SDS-stable soluble dimers. This increase
of Hsp70 and Hsp40 occurred before the accumulation of
visible inclusions with Hsp70 and Hsp40 immuno-
reactivities.

Inhibition of the proteasomme activity promotes the change
of SOD1 solubility in cells expressing H46R SOD1

The fALS-linked mutant misfolded SOD1 protein is
reported to be degraded by the proteasome pathway

[16,17,19,20]. To see how inhibition of the proteasome
pathway influences mutant SOD1 solubility, we examined
COS-7 cells transiently overexpressing either wild-type
SODI1-FLAG or H46R SODI1-FLAG in the presence or
absence of proteasome inhibitor MG132. In this experi-
ment, FLAG-tagged SOD1 was used for discriminating
exogenous SOD1 from endogenous SOD1 by migrating
more slowly. Collected cell pellets were sequentially
extracted with PBS, 1% TX, and 5% SDS. In the PBS-
soluble and the TX-soluble fractions, the levels of mutant
SOD1 as well as wild-type SODI1 slightly increased when
MGI132 was added in a dose-dependent manner
(Fig. 4A). In the SDS-soluble fraction, a small amount of
wild-type monomeric SOD1 was seen in the absence of
MG132. The levels of wild-type SOD1 monomers increased
without generating HMW species in the presence of 101 M
MG132. On the other hand, in the SDS-soluble fraction,
mutant SOD1 monomers and dimers were obviously
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Fig. 4. Alteration of H46R SOD1 solubility in COS-7 and SH-SY5Y cells by treatment with proteasome inhibitors. COS-7 cells (A) and SH-SYS5Y cells
(B,C) were transiently transfected with either wild-type SOD1-FLAG pcDNA3.1 or H46R SOD1-FLLAG pcDNA3.1. At 24 h after transfection, the
culture medium was replaced with a fresh one containing the indicated concentrations of proteasome inhibitor, either MG 132 (left panels of (A) and all
panels of (B)) or lactacystin (right panels of (A)). Cells were incubated for an additional 24 h. Collected cell pellets were serially fractionated to the
PBS-soluble fiaction (PBS-sol), the TX-soluble fraction (TX-sol), the SDS-soluble fraction (SDS-sol), and the SDS-insoluble fraction (SDS-insol). Ten
micrograms of protein from each of the PBS-soluble fraction, the TX-soluble fraction, and the SDS-soluble fraction, and equal aliquots of the
SDS-insoluble fraction were subjected to the gel and immunoblotted with SOD1-100 (A,B). (C) The levels of both endogenous Hsp70 and Hsp40 were
elevated in the SDS-soluble fraction from cells expressing wild-type SOD1 as well as mutant SOD1 in an MG-132 dose-dependent manner. The
fractionated samples used in (B) were analyzed by Western blotting using anti-Hsp70 and anti-Hsp40 antibodies.
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detected in the absence of MG 132 and showed a significant
mcrease in generating HMW species by treatiment with
MG132 in a dose-dependent manner (Fig. 4A). Similarly,
in the SDS-insoluble fraction, the levels of mutant SOD1
monomers, dimers, and HMW species elevated by treat-
ment with MG132 in a dose-dependent manner, while
wild-type SOD1 was not detected (Fig. 4A). Dose-depen-
dent treatment with MG132 further showed that the eleva-
tion of SDS-dissociable soluble mutant SOD1 monomers
and SDS-stable soluble dimers preceded that of SDS-stable
soluble HMW species and SDS-insoluble species. Treat-
ment with another specific proteasome inhibitor, lactacy-
stin, also caused the accumulation of SDS-soluble and
SDS-insoluble mutant SOD1 species in COS-7 cells,
although to a lesser extent (Fig. 4A). We further confirmed
the effect of M(G132 on the alteration of SOD1 solubility in
human neuroblastoma SH-SYSY cells. By treatment with
MG132, SDS-soluble and SDS-insoluble mutant SOD1
monomers, dimers, and HMW species accumulated in
mutant-specific  and  dose-dependent manners in
SH-SYS5Y cells similar to COS-7 cells (Fig. 4B). The eleva-
tion of SDS-dissociable soluble mutant SOD1 monomers
and SDS-stable soluble dimers also preceded that of
SDS-stable soluble HMW species and SDS-insoluble spe-
cies. In SH-SYS5Y cells expressing mutant SODI1, the levels
of both endogenous Hsp70 and Hsp40 were elevated in the
SDS-soluble fraction in an MG-132 dose-dependent man-
ner (Fig. 4C). However, the increase of endogenous
Hsp70 and Hsp40 levels in the SDS-soluble fraction was
similarly observed in cells expressing wild-type SODI
(Fig. 4C). These results showed that inhibition of the pro-
teasome activity in mutant SOD1 expressed cells recapitu-
lated the alteration of SODI1 solubility with aging in
mutant transgenic mice. Inhibition of the proteasome
activity initially led to the accumulation of SDS-dissociable
soluble mutant SOD1 monomers and SDS-stable soluble
dimers prior to that of SDS-stable soluble HMW species
and SDS-insoluble species irrespective of the increase of
endogenous Hsp70 and Hsp40.

Effect of overexpression of Hsp70 on the accumulation of
SDS-soluble and SDS-insoluble mutant SOD1 species

Overexpression of Hsp70 has been reported to reduce
the SOD1-aggregate formation and prolong cellular viabil-
ity in a cellular model of fALS [23]. As described in our
previous report [20], overexpression of mutant SODI1
pEF-BOS in COS-7 cells causes higher expression levels
of SOD1 than overexpression of mutant SOD1 pcDNA3.1,
and a large amount of SDS-insoluble mutant SODI1
appears without adding proteasome inhibitor. By taking
advantage of this high-expression system, we investigated
cells co-transfected with mutant H46R SOD1 ¢cDNA and
a 4-fold molar excess of Hsp cDNA to see the effect of
Hsp70 and Hsp40 on the levels of altered insoluble SOD1
species (Fig. SA). Overexpression of Hsp70 obviously
reduced the levels of SDS-dissociable soluble mutant

SOD1 monomers, SDS-stable soluble dimers, and SDS-sta-
ble soluble HMW species, compared to co-expression of
the empty vector (Fig 5A). Overexpression of Hspd0
showed a weaker effect on the levels of SDS-soluble mutant
SOD1 species (Fig. 5A). Co-overexpression with Hsp70
plus Hsp40 enhanced the effect of Hsp70 on a decrease of
the levels of SDS-stable soluble mutant SOD1 dimers and
HMW species (Fig. 5A). In the SDS-insoluble fraction,
overexpression of Hsp70 also led to a reduction in the lev-
els of SDS-dissociable insoluble mutant SOD1 monomers,
SDS-stable insoluble dimers, and SDS-stable insoluble
HMW species, and the effect was enhanced by co-overex-
pression of Hsp40 (Fig. 5A). This finding was also observed
in cells expressing different fALS-linked mutant G93A
SOD1 (data not shown). To further examine the molecular
mechanism by which overexpression of Hsp70 reduced
insoluble mutant SOD1 species, cells were co-transfected
with H46R SOD1 and Hsp70 ¢cDNAs in various molar
ratios (Fig. 5B). The levels of mutant SOD1 monomers,
dimers, and HMW species in the SDS-soluble fraction as
well as in the SDS-insoluble fraction decreased in negative
correlation to the amounts of transfected Hsp70 cDNA
(Figs. 5B and C). On the other hand, the levels of mutant
SOD1 monomers in the PBS-soluble and TX-soluble
fractions did not increase, in sharp contrast to the signifi-
cant reduction of the amount of SDS-soluble species by
overexpression of Hsp70 (Figs. 5B and C). These findings
demonstrated that overexpressed Hsp70 modulated the lev-
els at SDS-dissociable soluble mutant SOD1 monomers
and SDS-stable soluble dimers as misfolded proteins and
preferentially forwarded abnormally insoluble SOD1 spe-
cies to degradation rather than to refolding,

Discussion

Although wild-type SOD1 is principally a soluble, cyto-
solic protein [4], fALS-linked mutant SOD1 has a tendency
to assemble as msoluble aggregates, which are immunohis-
tochemically observed as cytoplasimic inclusions in patients
with fALS having SOD1 mutation [10]. There has been
controversy about whether such inclusions are a cause or
simply a result of the neuronal degeneration. Iimmunohis-
tochemical experiments do not rule out the possibility that
mutant SOD1 aggregates can damage motor neurons, even
though microscopically visible inclusions are absent in the
early period. In agreement with the previous finding
[16,19], our immunohistochemical data demonstrated that
SOD1-positive inclusions appeared after disease onset,
and the accumulation of SOD 1-positive inclusions was par-
allel to the elevation of most insoluble SOD1 species recov-
ered in the FA-soluble fraction. On the other hand, we
revealed that mutant H46R SOD1 began to significantly
alter its solubility to SDS-dissociable soluble monomers
and SDS-stable soluble dimers earlier than the appearance
of visible SOD 1-positive inclusions. These findings suggest
that complexes of SDS-dissociable soluble SOD1 mono-
mers and SDS-stable soluble dimers were much smaller in
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