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the result that at 14 weeks of age XIAP mRNA downregulation occurred in the
spinal cords of mutant SOD1 mice (TABLE 1) since XIAP is a direct inhibitor
of caspase-3, -7, and 914

DISCOVERY OF NOVEL GENES ASSOCIATED
WITH ALS PATHOGENESIS

To identify genes differentially expressed in the anterior horn tissues of the
human SALS spinal cord, we adopted molecular indexing, a modified version
of the differential display.® The entire mRNA population is identified and
displayed by 3" end cDNA fragments generated by class IIS restriction enzyme
digestion and PCR.® Accordingly, molecular indexing provides a significant
advantage in expression analysis for unknown genes. Among 84 fragments
differentially expressed in SALS cloned in the first screening procedure, we
noticed a fragment with an unknown sequence overexpressed in SALS spinal
cords. We cloned it using RACE methods and named it dorfin (double ring-
finger protein)’ (TABLE 1).

Dorfin contains a RING-IBR (in between ring finger) domain at its N ter-
minus and mediated ubiquitin ligase (E3) activity.” Interestingly, dorfin is pre-
dominantly localized and overexpressed in the ubiquitinated neuronal hyaline
inclusion bodies found in the motor neurons of SALS patients as well as FALS
patients with a SOD1 mutation and of mutant SOD1-transgenic mice.'!¢ An
in vitro assay revealed that dorfin physically bound and ubiquitylated various
SODI1 mutants and enhanced their degradation, and that its overexpression
protected neural cells against the toxic effects of mutant SOD1 and reduced
SOD1 inclusions.’®'7 These findings suggest that dorfin, an E3 ligase, may
play some protective role in the pathogenesis of FALS and SALS via the ubiq-
uitylation and degradation of its substrates, mutant SOD1, and others yet to be
identified.

Besides dorfin, we have detected 30-kDa TATA binding protein-associated
factor (TAFII30) and neugrin as upregulated genes in the SALS spinal cord'®
(TABLE 1). On the other hand, metallothionein-3, macrophage-inhibiting factor-
related protein-8 (MRP-8) and ubiquitin-like protein 5 were downregulated in
their expression'® (TABLE 1).

MOTOR NEURON-SPECIFIC GENE
EXPRESSION PROFILE IN SALS

As noted above, even using spinal anterior horn tissues consisting of het-
erogeneous cell types including motor neurons and glial cells as starting ma-
terials, gene expression studies have successfully shed light on the genes re-
lated to the pathogenesis of FALS and SALS.*”-'® However, the constitution
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FIGURE 1. Laser microdissection of motor neurons in spinal anterior horn. sections
were stained with hematoxylin and margins of motor neurons were dissected by the laser
beam (A); motor neurons were isolated from slides by laser pressure catapulting (B).

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

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

One of the interesting genes downregulated in motor neurons was dyn-
actin 1, recently identified as a causative gene for human motor neuron
disease.?’ =23 Other motor proteins including the kinesin family responsible
for antegrade axonal transport and dyneins for retrograde axonal transport
were not changed significantly, but the expression levels of microtubule-
associated proteins (MAPs) 1A, 4, and tau were reduced (TABLE 1).
The impairment of axonal transport is thought to be an early event in mo-
tor neuron degeneration, and the protein levels of MAPs 1A and tau have
especially been reported to decrease well before the onset of symptoms in
mutant SOD1 transgenic mice also.?*

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

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

Among the genes in which we have detected an alteration in their expression
in SOD1 mutant mice or SALS patients, a number of them are well known to
be related to tumorigenesis rather than neurodegeneration (TABLE 1). Evidence
has been steadily accumulating for the existence of many common molecu-
lar pathways between neurodegeneration and tumorigenesis.>* Based on the
concept of “Integrated Molecular Medicine for Neuronal and Neoplastic Dis-
orders™ proposed by The 21st Century Center of Excellence (COE) Program
at Nagoya University,”® the contribution of these tumor-related genes to the
molecular mechanism of ALS should be clarified to advance our understanding
of this devastating disease.
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Abstract

Objective: To compare clinicopathologic findings in nonsystemic vasculitic neuropathy (NSVN) and microscopic polyangiitis-associated
neuropathy (MPAN).

Methods: Patients clinicopathologically confirmed to have NSVN (n=23) or MPAN (n=40) were compared with respect to clinical,
electrophysiologic, and histopathologic features.

Results: Clinical features of neuropathy such as initial symptoms, progression, and distribution of sensory and motor deficits were similar in
both groups, while functional compromise was greater in MPAN than NSVN. Abnormalities of laboratory data including those reflecting
severity and extent of inflammation such as C-reactive protein were more conspicuous in MPAN than NSVN. Perinuclear anti-neutrophil
cytoplasmic antibodies (p-ANCA) were positive in two-thirds of patients with MPAN but negative in all NSVN. Electrophysiologic and
histopathologic findings indicated axonal neuropathy in both groups, whereas the reduction of compound musele action potentials in the
tibial nerve and sensory nerve action potentials in the median nerve was significantly more profound in MPAN than NSVN. As for the
epineurial perivascular infiltration, frequencies of cell-specific markers for T lymphocytes, macrophages, and B lymphocyies among cells
infiltrating the vasculitic lesions were essentially similar between groups.

Conclusions: Clinicopathologic profiles and vascular pathology were similar between NSVN and MPAN but the age at onset, severity, and
presence of p-ANCA were clearly different. Further study is needed to clarify the pathogenesis of NSVN and its place in the vasculitic
spectrum of diseases.

@ 2005 Elsevier B.V. All rights reserved.

Keywords: N

sy ic vasculitic pathy; Mi pic polyangiitis, Sural nerve biopsy

1. Introduction quently, Dyck et al. described 20 patients with vasculitic

neuropathy in the absence of other organ involvement [4].

Vasculitic neuropathy occurs in association with various
diseases including systemic lupus erythematosus, rheuma-
toid arthriis, Sjogren’s syndrome, infection, malignant
neoplasia, and cryogloblinemia [1]. In addition to vasculitic
neuropathies secondarily to these diseases, primary systemic
vasculitides including microscopic polyangiitis (MPA),
Churg-Strauss syndrome, and Wegener's granulomatosis
are known to involve the peripheral nervous system. Finally,
vasculitis confined to the peripheral nervous system without
systemic manifestations has been reported [2,3]. Subse-

* Corresponding author. Tel.: +81 52 744 2385; fax: +81 52 744 2384,
E-mail address: sobueg@med nagoya-u.acjp (G. Sobue).

0022-510X/S - see front matter © 2005 Elsevier B.V. All rights reserved.
doi:10.1016/4.jns.2005.10.018

These patients showed few laboratory abnormalities sug-
gesting either systemic inflammation or collagen diseases,
lacked nonspecific constitutional symptoms such as fever or
weight loss, and had a favorable prognosis [4]. Since then,
such vasculitic neuropathy has been known as nonsystemic
vasculitic neuropathy (NSVN) and has attracted attention
mainly among neurologists. Although NSVN possesses
distinctive clinical features, involving only the peripheral
nervous system, pathogenesis has remained unknown. In
addition, vasculitis in this neuropathy has not been proven
pathologically to be confined to the peripheral nervous
system, so it might subclinically involve other organs. A
related question is whether NSVN has a pathogenesis
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distinct from that of systemic vasculitides, especially MPA.
MPA, a vasculitis involving small vessels including arterio-
les, venules, or capillaries [5], oniginally was considered a
subtype of polyarteritis nodosa with rapidly progressive
necrotizing glomerulonephritis and sometimes lung hemor-
rhage [6]; because of frequent renal involvement [5], this
disorder has been studied by nephrologists as well as
rheumatologists, with far less attention given to its
neurologic aspects [5,7]. Since diagnostic criteria for
primary vasculitis, such as those of Chapel Hill Consensus
Conference [7], have been established mainly by rheuma-
tologists, the nosologic relationship of systemic vasculitides
to NSVN has remained obscure.

In this study we compared clinicopathologic features of
neuropathy without and with systemic involvement (so-
called NSVN and MPA-associated neuropathy: MPAN) to
clarify the relationship of NSVN to systemic vasculitic
neuropathy.

2, Patients and methods
2.1. Patients

Clinicopathologic findings in consecutive patients with
pathologically confirmed NSVN and MPA-associated
neuropathy (MPAN) with systemic involvement who were
referred to Nagoya University Graduate School of Medi-
cine and performed sural nerve biopsy from 1990 to 2003
were retrospectively compared. In the NSVN group
symptoms of vasculitis were confined solely to the
peripheral nerves, with no clinical or laboratory evidence
of other organ involvement [4]. Laboratory data in this
group were normal or only mildly abnormal, without
indicating any other underlying disease. Inclusion criteria
for the MPAN group were based on the classification
proposed by the Chapel Hill Consensus Conference in
1994 [7]. In addition to peripheral nervous system, MPAN
group was required 1o show signs of involvement of other
organs such as lung or kidney, or a positive titer for
perinuclear anti-neutrophil cytoplasmic antibodies (p-
ANCA) for inclusion [5,8]. Signs of a pulmonary-renal
syndrome included acute renal insufficiency, hemoptysis,
dyspnea, anemia, and alveolar shadowing on the chesi
radiograph [5]. Presence of vasculitis in the epineurium of
sural nerve biopsy specimens was required for inclusion in
either group. Vasculitis was defined as previously estab-
lished [9]. Definite vasculitis was diagnosed if at least one
blood vessel was infiltrated by inflammatory cells in
association with signs of vascular injury such as fibrinoid
necrosis, endothelial cell disruption, fragmentation of the
internal elastic lamina, hemorrhage, or acute thrombosis.
Probable vasculitis required transmural or perivascular
inflammation unaccompanied by vascular destruction, but
combined with at least one other supportive finding
including vascular thickening, luminal obliteration, recan-

alized thrombus, epincurial neovascularisation, hemosider-
in deposits, asymmetric nerve fiber loss, or ongoing
Wallenian-like degeneration. Only subjects meeting criteria
for definite or probable vasculitis were included in this
study. Thus, patients with only perivascular inflammatory
cell infiltration were not included. In the MPAN group 33
patients met definite criteria, while 7 met probable criteria.
In the NSVN group, 11 patients met definite and 12 met
probable criteria. Three patients for each group were
clinically suspected as NSVN or MPAN but they did not
fulfill the pathologic criteria. Patients with the other small-
vessel angiitis such as Churg-Strauss syndrome, Wegener’s
granulomatosis, malignancy-associated vasculitis, or con-
nective tissue disease-associated vasculitis were excluded.
Based on these criteria, 23 patients with NSVN and 40
with MPAN were mcluded.

The functional state of patients was estimated at the peak
phase of neuropathy according to the modified Rankin scale
[10]: 0, asymptomatic; 1, non-disabling symptoms not
interfering with lifestyle; 2, mildly disabling symptoms
leading to some restrictions of lifestyle but not interfering
with capacity to look after oneself; 3, moderately disabling
symptoms significantly interfering with lifestyle or preclud-
ing totally independent existence; 4, moderately severe
disability precluding independent existence while not requir-
ing constant attention around the clock; and 5, severe
disability with total dependency requiring constant attention
day and night.

2.2. Electrophysiologic assessment

Motor and sensory nerve conduction studies were
performed in all patients before sural nerve biopsy was
performed, using a standard method with surface stimulat-
ing and recording electrodes [11,12]. Motor conduction was
investigated in the median and tibial nerves, with potentials
recorded from the abductor pollicis brevis and abductor
hallucis brevis muscles, respectively. Sensory conduction
was investigated in the median and sural nerves, with
potentials recorded at the second digit with ring electrodes
and at the ankle, respectively.

2.3. Pathologic assessment of sural nerve specimens

Sural nerve biopsy was performed as described previ-
ously prior to initiation of therapy [13~15]. Specimens were
divided into two portions, The first was fixed in 2.5%
glutaraldehyde in 0.125 M cacodylate buffer (pH 7.4); then
most of it was embedded in epoxy resin for morphometric
and ultrastructural study. Density of myelinated fibers was
assessed in toluidine blue-stained semithin sections using a
computer-assisted image analyzer (Luzex FS; Nikon,
Tokyo, Japan), and densities of small and large myelinated
fibers were calculated as described previously [14-16]. A
fraction of the glutaraldehyde-fixed sample was processed
for teased-fiber study, in which at least 100 single fibers
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were isolated; their pathologic state was assessed micro-
scopically according to criteria described previously
[14,17]. The second portion of the specimen was fixed in
10% formalin solution and embedded in paraffin. Sections
cut in transverse and longitudinal planes were stained with
haematoxylin and eosin or by the Masson trichrome method
for conventional observation.

Cases where frozen specimens including a clearly
involved vessel could be obtained were subjected to
immunohistochemical assessment of infiltrating cells. For
each sample, consecutive 4- to 8-pum cryostat sections were
cut, fixed in cold acetone, and stained with the following
primary antibodies: mouse monoclonal anti-CD45, anti-
CD6R, anti-CD20, anti-CD4, and anti-CDS. Numbers of
CDA45-, CD68-, and CD20-positive cells were estimated by
projecting ecach slide through a Lusex FS monitor overlaid
with a grid corresponding to a 0.25 mm? area of the frozen
specimen. Proportions of cells stained for each marker were
counted blindly by 2 independent investigators and
expressed as a ratio relative to the total number of cells
stained with any of the three markers. Ratios of CD4- to
CD8-positive cells were also determined. When specimens
contained more than one clearly involved vessel, the most
intensely infiltrated vessel was evaluated, Variations in
estimation between measurements made by the 2 inves-
tigators were less than 15% of the mean.

2.4. Statistical analyses

Quantitative data, presented as the meantS.D., were
compared with previously described control values
[14,18,19]. Statistical analyses were performed using the
z“ test or the Mann—Whitney U-test as appropriate. A p
value less than 0.05 was considered to indicate significance,

3. Results
3.1. General symptoms

Age at onset was significantly younger in the NSVN
group than the MPAN group (58.4+415.3 versus 67.24+8.0
years; p<0.05; Table 1). The male to female ratio was 1.6:1
in NSVN and 1.9:1 in MPAN. Nonspecific symptoms,
specifically fever, weight loss, skin eruption, arthralgia, and
myalgia, respectively were seen in 83%, 43%, 30%, 13%
and 13% of MPAN patients; these symptoms were absent in
NSVN patients. In the MPAN group, renal involvement was
present in 38% of patients, and pulmonary involvement in
28%. Cardiac symptom was evident in 8% of MPAN
patients. Ulceration, perforation, or other gastrointestinal
lesions caused by vasculitis was seen in 10% of MPAN
patients. In NSVN, evidence of involvement of visceral
organs was not seen in any patient. No patient in the NSVN
group manifested evidence of abnormalities in extraneural
sites during the follow up period of 23+ 15 months.

Table 1
Background of patents with NSVN and MPAN

NSVN (n=23) MPAN (n=40)
Age (years)* 5842153 67.228.0
Sex (M/Fy™ 14:9 (1.6:1) 26:14 (1.9:1)
Fever 0 (0%) 33 (83%)
Weight loss 0 (0%) 17 (43%)
Skin eruption 0 (0%) 12 (30%)
Arthralgia 0 (0%) 5 (13%)
Myalgia 0 (0%6) 5(13%)
Renal manifestation 0 (%) 15 (38%)
Pulmonary involvement 0(0%) 11 (28%)
Cardiac involvement 0 (0%) 3 (8%)
Gastrointestinal involvement 0 (0%) 4 (10%)
Probability was determined with the Mann~ Whitney U/-test or the 3” test as
appropnate.

Values are expressed as the number of patients with percentage in the
parenthesis or the mean +5.D.

* p<005

** Not significant.

3.2. Neuropathic symptoms

The initial symptom of neuropathy was paresthesia or
pain in the extremities in 91% of the NSVN group and
85% of the MPAN group, while weakness occurred
initially in 9% and 15% in these respective groups (Table
2). Progression of neuropathic symptoms was acute or
subacute (occurring within 3 months) in 43% of the NSVN
group and in 56% of the MPAN group, while slow
progression over | year until initiation of therapy was seen
in some other members of the respective groups (17% and
11%). The most frequent pattern of neuropathy was that of
multiple mononeuropathy, which characterised 78% of
NSVN and 80% of MPAN groups. Remaining patients
manifested a symmetric polyneuropathy pattern. Distribu-
tion of muscle weakness and sensory deficit was also
similar between the two groups. For most patients,
paresthesia and weakness were prominent in the lower
limbs. In both groups most patients similarly manifested
both muscle weakness and sensory deficits, while three
patients in the NSVN group (13%) rcported only pares-
thesia in the limbs without weakness, Painful sensations
were reported by 74% and 65% of patients with NSVN
and MPAN, respectively. None of the patients in the
NSVN group but two in the MPAN group (5%) manifested
facial nerve palsy. Functional impairment of patients
estimated by modified Rankin scale was 2.7+1.2 and
3.8:£09 (p<0.01) in respective groups with NSVN and
MPAN. Overall, no significant difference was seen
between these two groups except for functional status,
although wide variation of clinical course and features
were seen within each group.

3.3. Laboratory findings

Indices of extent of systemic infiltration including C-
reactive protein, erythrocyte sedimentation rate, white blood
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Table 2
Neurologic features of NSVN and MPAN
NSVN MPAN p values
(n=23) (n=40)
Neuropathic symptoms
Initial symptom
Paresthesia or pain 21 (91%) 34 (85%) NS
Weakness 2 (9%) 6 (15%)
Progression
3 months> 10 (43%) 23 (56%) NS
3 months< | year 9 (39%) 13 (33%)
| year< 4 (17%) 4 (11%)
Type
Multiple mononeuropathy 18 (78%) 32 (80%) NS
Polyneuropathy 5 (22%) B (20%)
Presence of weakness
Upper limbs 16 (707%) 30 (75%) NS
Lower limbs 19 (83%) 40 (100%) NS
Presence of sensory deficit
Upper limbs 19 (83%) 15 (63%) NS

Trunk 0 (0%) 1 (3%) NS

Lower limbs 23 (100%) 39 (98%) NS
Relative degree of weakness

and sensory deficit

Motor-dominant 10 (43%) 2] (53%) NS

Sensory-dominant 10 {43%) 19 (48%)

Pure sensory 3 (13%) 0 (0%)
Painful sensation 17 (74%) 26 (65%) NS
Cranial nerve mvolvement 0 (0%) 2 (5%) NS
Functional status (modified 27212 38:09 <0.01

Rankin score)

NS =not significant.

Probability was determined with the Mann— Whitney U-test or the 1“ test as
appropriate.

Values are expressed as the ber of pati with p ge in the
parenthesis or the meantS.D,

Table 3
Laboratory festures of NSVN and MPA

NSVN (n=123) MPAN (n=40) p values

Laboratory data
CRP (mg/dl) 0.5+0.7 104=4.7 <0.0001
ESR (mm/h) 22+22 92436 <0.0001
WBC (no./mm’) 5874+ 1818 11,738£4722  <0.0001
1gG (mg/dl) 1467 +449 2035703 <001
Presence of
RF 217 (12%) 17726 (65%)  <0.0001
ANA 8722 (36%) 11/30 (37%) NS
Anti-DNA antibody 0/17 (0%) 021 (0%) NS
p-ANCA 021 (0%) 26/34 (16%)  <0.0001
Anti-RNP antibody 0/8 (0%) 0/12 (0%) NS

Anti-58-A or B antibody  0/13 (0%) 2/14 (14%) NS
CSF protein (mg/dl) 44.1£21.9 33.6%199 NS

CRP=C-reactive protein; ESR=erythrocyte sedimentation rate;
WBC=white blood cell; RF=rheumatoid factor; ANA=antinuclear anti-
body; p-ANCA=perinuclear anti-neutrophil cytoplasmic sntibodies; anti-
RNP antibody = anti-ribonucleoprotein antibody; CSF=cerebrospinal fluid;
NS=not significant.

Probability was determined with the Mann—Whitney U-test.

Values are expressed as the number of patients with percentage in the
parenthesis or the mean £ S.D.

cell count, and plasma IgG level were mostly normal or only
slightly abnormal in the group with NSVN, while they were
mostly elevated in the group with MPAN (Table 3).
Rheumatoid factor was detected in only a minority of
patients in the NSVN group (12%), but was present in 65%
of the MPAN group. Antinuclear antibody was detected in
one-third of patients in both groups, while anti-DNA
antibody was not detected in any patient in either group.
Perinuclear anti-neutrophil cytoplasmic antibody (p-ANCA)
was not detected in any patient in the NSVN group, but was
found in 76% of patients in the MPAN group. Cerebrospinal
fluid protein was 44.1+21.9 mg/dl in the NSVN group and
33.6+19.9 mg/dl in the MPAN group (no significant
difference).

3.4. Electrophysiologic findings

Results of nerve conduction studies indicated axonal
neuropathy in both groups (Table 4). Motor nerve conduc-
tion velocity (MCV) and distal latency (DL) were relatively
preserved in both groups, while amplitude reduction of
compound muscle action potentials (CMAPs) and sensory
nerve action potentials (SNAPs) were conspicuous. Reduc-
tion of CMAPs and SNAPs was more predominant in the
lower than the upper extremities in both groups. SNAPs in
the median nerve and CMAPs in the tibial nerve showed
significantly more profound reduction in MPAN than in
NSVN (p=<0.01).

Table 4
Nerve conduction studies

NSVN (n=23) MPAN (n=40) p values Controls

Median nerve

MCV (m/s) 508+55 50569 NS S7T813.7
DL (ms) 40210 47226 NS 34:04
CMAP (mV) 7556 57150 NS 10.7+3.5
Not elicited none 2 cases (5%)
SCV (m/s) 51.616.6 50.4£73 NS 578447
SNAP (uV) 123+108 145167 =0.01 23.5+84
Not elicited 1 case (4%) 7 cases (18%)

Tibial nerve
MCV (m/s) 402453 39552 NS 469115
DL (ms) 48425 5009 NS 45408
CMAPs (mV) 7.0£89 22+34 <0.01 109238
Not elicited 3 cases (13%) 13 cases (33%)

Sural nerve
SCV (mv's) 452490 41.1£10.0 NS 51.0+5.1
SNAF (uV) 3.6+£82 13131 NS 11.5:4.7
Not elicited 14 cases (61%) 30 cases (75%)

MCV=motor nerve conduction velocity; DL=distal latency; CMAPs=
compound muscle action potentials; SCV=sensory nerve conduction
velocity; SNAPs=sensory nerve action potentials; NS=not significant
Probability was determined with the Mann—Whitney [/-test among NSVN
and MPAN groups.

Values are expressed as the mean£8§.D,

Control values were obtained in 191 1 val for the i
nerve, 121 for the tibial nerve, and 133 for the sural nerve according 1o the
previous reports [16,19].
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3.5. Pathologic findings of the sural nerves

Pathologic examination of sural nerve specimens of both
NSVN and MPAN groups demonstrated profound myelin-
ated fiber loss (Table 5). Myelinated fiber density was
reduced significantly more in MPAN than in NSVN (NSVN,
235342143 fibers/mm’; MPAN, 1292+1317 fibers/mm’,
p<0.05). Both large and small myelinated fibers were
reduced in both groups. In teased-fiber preparations, few
fibers showed segmental demyelination and remyelination in
either group (3.0+5.5% for NSVN and 1.1£2.4% for
MPAN). Frequency of axonal degeneration was 58.9+
37.5% in the NSVN group and 79.5+29.9% in the MPAN
group, being significantly more conspicuous in MPAN
(p<0.05). Vasculitis was almost completely confined to
epineurial as opposed to endoneurial blood vessels in both
groups. Diameters of involved arteries were 98+87 um in
the NSVN group and 106491 pm in the MPAN group
(no significant difference). Immunohistochemical study
showed a similar profile of infiltrating cells between the
two groups. Most infiltrating cells were seen surrounding
vessels or within vessel walls showing vasculitis. A small
proportion of CD68-positive cells, apparently macro-
phages, was sparsely present throughout the endoneurium.
In the perivascular infiltrates, most cells were CD45-
posivive, suggesting T lymphocytes. Proportions of these
T lymphocytes among all infiltrating cells were 78+ 13%
in the NSVN group and 76+15% in the MPAN group,
while proportions of CD68-positive cells (macrophages)
were 20£13% and 24+15% in these respective groups.
CD20-positive cells, suggestive of B lymphocytes, were
scant in both groups. The CD4 to CD8 ratio was similar
between the two groups (1.8:1.1 in NSVN, 1.5¢1.1 in
MPAN).

Table 5
Pathology of the sural nerves
NSVN MPAN p values Controls
(n=23) (n=40) (n=9)
Total MFD (no/mm°) 2353£2143 129221317 <0.05 8190+511
Large MFD (no./mm®) T37£872 4021419 NS 3068 + 294
Small MFD (no/mm’) 161621318 8904981 <005 5122+438

Teased-fiber study
De-/remyelination (%) 3.0£5.5 1.1£2.4 NS 9.5+8.8
Axonal degencration (%) 58.9:375 79.5:299 <0.05 1.7¢1.4
Diameter of artery with 98+ 87 106291 N§

angitis (um)
Cell marker (%)

CD4s 78213 T6£l5 NS
CD68 20£13 24+15 NS
cD20 3£2 243 NS
CD4/CDS matio 18111 1.5¢1.1 NS

MFD= myelinated fiber density. NS=not significant.

Probability was determined with the Mann - Whitney U-test among NSVN
and MPAN groups.

Values are expressed as the mean+5.D

Control values are based on previously published reports [14,18).

4. Discussion

Although NSVN is clinically distinctive from other
systemic vasculitides such as MPA in that clinically apparent
vasculitis is confined to the peripheral nervous system,
uncertainty prevails as to whether NSVN is likely to have a
distinct etiology and pathogenesis and to represent an
independent disease entity. The nosologic relationship
between NSVN and MPA-associated neuropathy (MPAN)
therefore remains in question. Although MPA frequently
involves lung and kidney, the Chapel Hill consensus
conference criteria do not limit MPA to cases with renal or
pulmonary manifestations; the definition is based instead
solely on the presence of small-vessel involvement [7].
Considering reports of vasculitis confined to a single organ
such as the skin [20], gastrointestinal viscera [21], uterine
cervix [22], urinary bladder [23], lungs [24], kidneys [25], or
central nervous system [26], features of MPA might differ
artifactually between series of patients collected by different
medical specialists [5]. As for NSVN, a reported patient
initially given this diagnosis showed systemic manifestations
12 years later [27). Patients with pathologically proven
vasculitis in both skin and peripheral nerve but manifesting
no other systemic symptoms have also been reported [28,29].
Even p-ANCA-positive vasculitis confined to peripheral
nerves without systemic symptoms has been reported [30].
Furthermore, a significant proportion of vasculitic neuropa-
thy patients with vasculitis clinically confined to peripheral
nerves nonetheless showed vasculitis in muscle specimens
[9,31]. Thus, patients with vasculitis in the peripheral nervous
system might harbor concomitant asymptomatic vasculitis in
other organs such as liver, lung, or muscle, but still be likely
to be diagnosed with NSVN, If nonneural involvement
develops, the patient is likely to be diagnosed with MPA.
Because the definition of these vasculitic neuropathies
remains a little vague, some overlap may present.

One striking clinical difference reported between NSVN
and systemic vasculitis with peripheral nerve involvement,
such as MPAN, is the reported prognosis [32]. MPA tends 1o
involve the kidney or lung, whose function is essential for
life, so patients with renal or pulmonary involvement show
a relatively unfavorable prognosis [5]. However, MPA
without involvement of the kidney or lung has been found
to carry a good prognosis similar to that of NSVN [5].
Although NSVN has been considered to show a relatively
good prognosis, a previous study reported that combination
therapy including a steroid and a cytotoxic agent (usually
cyclophosphamide) had a more favorable effect on progno-
sis than steroid monotherapy [33]. Such superior efficacy of
combination therapy in NSVN parallels findings in other
systemic vasculitides including MPA [34]. These observa-
tions also support the view that etiologies of NSVN and
MPA may overlap, and these disorders may share common
pathogenic mechanism to some extent.

In this study we compared clinicopathologic features of
NSVN and MPAN. Clinical, electrophysiologic, and histo-
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pathologic features showed similarity to some extent
between the two groups but the age at onset, severity, and
presence of p-ANCA were clearly different. Neuropathic
symptoms were similar in terms of initial symptom,
progression, and distribution and relative degree of muscle
weakness and sensory deficits but seventy as determined by
the modified Rankin score was more profound in MPAN.
Electrophysiologic and histopathologic findings indicated
axonal neuropathy in both groups but SNAPs of the median
nerve, CMAPs of the tibial nerve, myelinated fiber density,
and degree of axonal degeneration showed more severe
involvement in MPAN than NSVN, reflecting overall
greater clinical severity. As for the nature of the vasculitic
lesion, a previous study reported that NSVN was charac-
terised by involvement of small vessels less than 40 um in
diameter [35]. In our comparative study of sural nerve
biopsy specimens, mean size of the involved epineurial
vessels did not differ significantly between MPAN and
NSVN, Laboratory data, particularly for indicators of the
extent of systemic inflammation or the likelihood of
collagen diseases, were clearly different between the two
groups. These differences may reflect severity of the
systemic inflammatory process or severity of other organ
involvement rather than the nature of inflammatory profile
in the two groups. Pattemns of cell marker profiles among
infiltrating cells were also similar in both groups.

Similar clinicopathologic profiles and vascular pathology
suggest that NSVN may be a part of a continuum in the
spectrum of systemic necrotizing and inflammatory vascular
diseases such as MPA, but some differences may still
suggest that NSVN is distinct from systemic vasculitides.
Further study is needed to clanfy the pathogenesis of NSVN
and its place in the vasculitic spectrum of diseases.
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The 20 S proteasome is a ubiquitous, barrel-shaped prote-
ase complex responsible for most of cellular proteolysis, and
its reduced activity is thought to be associated with accumu-
lations of aberrant or misfolded proteins, resulting in a num-
ber of neurodegenerative diseases, including amyotrophic
lateral sclerosis, spinal and bulbar muscular atrophy, Parkin-
son disease, and Alzheimer disease. The 20 S proteasomes of
archaebacteria (archaea) are structurally simple and proteo-
lytically powerful and thought to be an evolutionary precur-
sor to eukaryotic proteasomes. We successfully reproduced
the archaeal proteasome in a functional state in mammalian
cells, and here we show that the archaeal proteasome effec-
tively accelerated species-specific degradation of mutant
superoxide dismutase-1 and the mutant polyglutamine tract-
extended androgen receptor, causative proteins of familial
amyotrophic lateral sclerosis and spinal and bulbar muscular
atrophy, respectively, and reduced the cellular toxicities of
these mutant proteins. Further, we demonstrate that archaeal
proteasome can also degrade other neurodegenerative dis-
ease-associated proteins such as a-synuclein and tau. Our
study showed that archaeal proteasomes can degrade aggre-
gation-prone proteins whose toxic gain of function causes
neurodegradation and reduce protein cellular toxicity.

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

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

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

14

*The abbreviations used are: PAN, prot activating nucl
50D, superoxide dismutase-1; Mrn M. mazei; ALS, amyotrophic lateral
sclerosis; AR, androgen receptor; PD, Parki di : AD, Alzheimer dis-
ease; MTS, H4.5-¢Imemylth!azol-2-yl)-5-(3-carbom1ethoxyphenyl)-2«-
sulfophenyl)-2H-tetrazolium; WT, wild type; NTA, nitrilotriacetic acid; GFP,
green fluorescent protein.
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B pomowr  pwbwk e POV A . pCMV-Tagd-SOD1  vectors (WT,
§ = % W @ G93A, G85R, H46R, and G37R) (16),
R T mpl - - - 4 PEGFP-N1-SOD1 (WT and G93A)
subunit  His  Poly A vectors, pCR3.1-AR24Q and pCR3.1-
mj 1 . Anti-g, E_ 25kDa AR97Q vectors, and pcDNA3.1(+)/
afr.a_.tg: MycHis-a-synuclein (WT, A53T, and
1 1 A30P) was described previously (16-
18). Six isoforms of tau were ampli-
D E Anti-Human proleasome ¢ 1-subunit fied by PCR from the pRK172 vec-
p<0.0001 = tors that were kindly provided by
I' T el AN ) I—ZSkDu Dr. Michel Goedert and inserted
- Anti-Human proteasome 5-subunil into the Kpnl and Xbal site of the

£ mock | T s I-zsma pcDNA3.1 vector (lnﬂuogen).

% @ S Cell  Culture,

‘E Anttly Antibodies—Neuro2a cells and human
g 60 | I_zawa embryonic kidney 293 (HEK293) cells
2 were maintained in Dulbecco’s mod-
g Top 28 26 24 22 20 18 16/37 Botiom ified Eagle’s medium with 10% fetal
- Anti-g calf serum. Transfections were per-
[ = }- 25K0a formed using Lipofectamine 2000
g g (Invitrogen) in the 3-(4,5-dimethylthi-
af+ Anti-His azol-2-yl)-5-(3-carboxymethoxyphe-
[ | —— [25kDa  nyl)-2-(4-sulfophenyl)-2H-tetra-
Top 28 26 24 22 20 18 16/37 Botiom zolium (MTS) assay or Effectene

FIGURE 1. Expression of M. mazei proteasome in mammalian cells. A, schematic illustration of expression
vectors used in this study. The deleted sequences of the Aa-subunit are depicted. The T1C g-subunit(mp1) has

transfection reagent (Qiagen) in
other experiments. Antibodies used

three mutated base pairs {a to t, c to g, and a to t). B, Western blot

transfected with mock and Mm proteasome af, respectively.

EXPERIMENTAL PROCEDURES

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

KAC
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lysis with anti-p
anti-proteasome B-subunit, and anti-His antibodies. C, Ni* *-NTA pulldown assay. Pulled down proteins run on
SDS-PAGE were probed with anti-proteasome a-subunit. D, chymotrypsin-like activity of the Ni**-NTA pulled
down samples. This protease activity gradually became higher after transfection. Error bars, S.D. (n = 3). E,
glycerol gradient centrifugation experiment: Mm proteasome a- and B-subunits fractionated into nearly the
same fractions as did the human 205 proteasome subunits a1 and a5, af— and a +, indicating that cells were

e a-subunit,  here were as follows: anti-SODI anti-
body (SODI100; Stressgen Biore-
agents), anti-His antibody (Ab-1;
Oncogene), anti-a-tubulin antibody
(clone B-5-1-1; Sigma), anti-20 S pro-
teasome B-subunit antibody (from
Methanosarcina thermophila; Cal-
biochem), anti-20 S proteasome a-subunit antibody (from M.
thermophila; Calbiochem), anti-AR antibody (N-20; Santa Cruz
Biotechnology, Inc., Santa Cruz, CA), anti-a-synuclein antibody
(LB509; Zymed Laboratories Inc.), and anti-tau antibody (Mouse
Tau-1; Chemicon International).

Glycerol Density Gradient Centrifugation—Cells grown on a
10-cm dish were lysed in 1 ml of 0.01 M Tris-EDTA, pH 7.5, by
two freeze-thaw cycles, and the lysates were centrifuged for 15
min at 15000 X gat4 *C. The cleared supernatants were loaded
on the top of a 36-ml linear gradient of glycerol (10 - 40%) pre-
pared in 25 mm Tris-HCl buffer, pH 7.5, containing 1 mm dithi-
othreitol and then centrifuged at 80,000 X gfor22hat4‘Cina
Beckman SW28 rotor (Beckman Coulter Inc.). Following cen-
trifugation, 37 fractions (1.0 ml each) were collected from the
top of the tubes with a liquid layer injector fractionator (model
number CHD255AA; Advantech) connected to a fraction col-
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were transfected with 1 pug of

wT GO3A G85R overnight at 4°C. After washing,
samples were incubated with Alexa-
+Mock (ug/dish) 1 08 06 0 0 | 08 06 0 O I 0% 06 0 0 546-conjugated anti-mouse anti-
+ o (pg/dish) 0 01 02 05 05 & & &% % i a 0l 02 05 05 body (Molecular Probes, Inc.) and
+ B (ug/dish) ¢ 01 02 o5 0 01 02 o0 0 01 02 o0s visualized with an Olympus BX51
+ mp(ug/dish) 05 0s 0s epifluorescence microscope.
Cycloheximide Chase Analysis—
ARB-SOD! ; M [.-... ._i Neuro2a cells grown on 6-cm dishes
-

Artha | eeamanen | | e | DNA31/MycHisSODI with mock

; Y _-1 | Ij_ (0.6 pg), Mm proteasome amfl (0.3

Aot | I j1g each), or Mm proteasome af3 (0.3

Antatubln [ (oo oo e | westeshebebesl 2 cach). 24 h after transfection,

l cycloheximide (50 pg/ml) was added

G37R H46R to the culture medium, and the cells

were harvested at the indicated time

+Mock (pa/dishl | o5 06 0 0 U] points. The samples were subjected to

+alug/dish o, o0 o3 os os TR SDS-PAGE and analyzed by Western
+Blug/dish) o o1 02 os o o3 blotting with anti-SODI1 antibody.

+ mp1(pg/dish)

05 o
Ant-SOD1 ; —

Pulse-chase Analysis—Neuro2a
cells grown on 6-cm dishes were

transfected with 1 ug of pCMV-

FIGURE 2. Reduced Jevels of mutant SOD1 proteins in the p

Tagd-SOD1%"** with mock (0.6
pg) Mm proteasome ampl (0.3 pg

expression
Neuro2a cells grown on 6-cm dishes and co-transfected with 1 jug of SOD1-MycHis vector and Increasing doses
of Mm proteasome subunits were harvested and analyzed 48 h after transfection. The levels of mutant SOD1
proteins were gradually reduced as Mm proteasome a increased, whereas no changes in 50D1 proteins were
asome ampB1. WT, wild-type SOD1; G93A, SOD15%4; GgsR, SOD1%%*". G37R, SOD1%7%

seen with Mm
H46R, SOD1™e,

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

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

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

Immunocytochemistry—Neuro2a cells grown on glass cover-
slips were co-transfected with pEGFP-N1-SOD1 and Mm pro-
teasome a- and His-tagged B-subunit. 48 h after transfection,
cells were fixed, blocked, and incubated with anti-His antibody
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e of M. mazei proteasome. o 1) or Mm proteasome af3 (0.3 ng

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

Cell Viability Analysis—HEK293 cells were grown on colla-
gen-coated 96-well plates and co-transfected with
pcDNA3.1/MycHis-SOD1 (WT, G93A, and G85R) and Mm 20
§ proteasome apf, amf1, or mock in 12 wells each. The MTS-
based cell proliferation assays were performed after 48 h of
transfection. Absorbance at 490 nm was measured at 37 "Cin a
multiple-plate reader (PowerscanHT, Dainippon Pharmaceuti-
cal). The assay was carried out in triplicate and statistically ana-
lyzed by one-way analysis of variance.

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

RESULTS

Cloning and Expression of M. mazei Proteasome—We cloned
the Mm proteasome a-subunit (GenBank™ accession number
1480962) and pB-subunit (GenBank™ accession number
1479036) from genomic DNA of Mm (Fig. 1A) and generated a
mutant a-subunit lacking amino acids 2-13, A(2-13) a-sub-
unit (Aa) (Fig. 1A). These amino acids (positions 2-13) nor-
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A G93A+mock G93A+amp! GI3A+aB following experiments were per-

formed in both HEK293 and

Anti-50D1 E - _ E——| o0 Neuro2a cells with similar results in

z . both cell lines.

At | | = 23Kd To confirm protein expression of

Anti-p [ ] ——m— [m——— .y the Mm subunits, HEK293 cells

) transfected with mock, a, Aa, B, or
Anti-gtubl H —— e » A, B,

fthaliibho i mp1 were lysed, subjected to SDS-

014812 014812 014812 PAGE, and immunoblotted with

Time of chase (h) anti-proteasome a-subunit, anti-

proteasome B-subunit, and anti-His
GB5R G37R H46R wr antibodies. Fig. 1B demonstrates

+ mock m I-— M M that the a- and B-subunit antibodies

detected the Mm proteasome

[emem| @S | bunitat26kDa, the Aa-subunit
e P around 25 kDa, and the B-subunit at
top h- | P- h—l E 22 kDa, respectively, and faintly rec-
0 2 4 6 0 2 46 0 12 0 12 ognized endogenous human protea-
Time of chase (h) some subunits. A Ni**-NTA pull-
down assay showed that the Mm
proteasome a- and Aa-subunits co-
sedimented with the Mm protea-
some f3- and mpB1-subunits but not
with mock (Fig. 1C), and protease
activity of the pulled down samples
o of the cells lysed 48 h after transfec-
tion showed significantly higher
40 ]. chymotrypsin-like protease activity
in the Mm proteasome af than in
the ampBl or mock-transfected
samples (Fig. 1D). This protease
activity was confirmed to become
gradually higher after transfection
B G93A (Fig. 1D).

* p=0.01 Glycerol density gradient centrif-
ugation fractionated the «ff, AapB,
and ampBl complexes of the Mm
proteasome into nearly the same
fractions as those of the human 20 §
proteasome subunits al and «5
(Fig. 1E, data not shown for Aaf
and amf1). Moreover, of the anti-
His-immunoblotted bands (Fig. 1E),
. . . the density of staining in fractions
0 2 4 I 20-25 accounts for about 80-90%
Time of chase (h) of the total anti-His staining. That

FIGURE 3. M. mazel p ! i d dation of mutant SOD1 proteins. A, cycloheximide the‘se . fcactions c‘onstitu.le‘ the
chase analysis (see Exper(mental Procedures’) showing that the half-lives of various mutant SOD1 proteins  Majority of the anti-a staining as
were reduced in the g‘esence of Mm 20 S proteasome af. The graphs represent the percentage of degraded  well suggests that about 80 -90% of
SOD1%** and SOD1 ins in three ind experiments. The error bars indicate 5.D. B, pulse-chase the B-subunit expression is incor-
analysis (see Experlmemal Procedures”) showirrg that the degradation of SOD1°*** was accelerated in the i P

presence of Mm 20 S proteasome af. Circle, mock; triangle, «3; square, amp1. Error bars, S.0. (n = 3). porated into the Mm proteasome.

These results suggested that the

Mm proteasome a-, Aa-, B-, and
mally form a gated channel in the a-ring that regulates sub- mp1-subunits could properly assemble to form four stacked sev-
strate entry into the 20 S proteasome (19). We also generateda  en-membered rings and that an active Mm proteasome could
mutant B-subunit with TIC (mpl) (Fig. 1A). Thr-1 in the be reproduced in mammalian cells. The cells expressing Mm
B-subunit of the archaeal proteasome is essential for proteoly- proteasome Aap displayed cellular toxicity, whereas the
sis, and Thr-1 mutants lose their proteolytic activities (20). The cells expressing Mm proteasome o showed little toxicity

Anti-SOD1
a
3
=

G93A GB5R
* p=0.010 p=0015

2
a

80 1

% protein remaining

20 20

% protein remaining
2
B
*

o
.
o

0

o

-
B
o

Time of chase (h)

G93A
+smock [l W8 &8 &5
+ampl — —
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FIGURE 4. M. mazei proteasome reduces the cellular toxicity of mutant SOD1. The dose-dependent rescue effect of Mm p ne af expression on cell
viability in SOD1%"- (4), SOD1%%*- (B), and SOD1***-transfected HEK293 cells (C) as shown in MTS-based cell proliferation assays. The box plots show the
median values (center line of bax), the 25th (lower line of box), 75th (upper line of box), 10th (fower T bar), and 90th (upper T bar) percentiles in each group (n =
3 % 6 wells). The numbers indicate the dose of DNA transfected in each well of a 96-well plate (B, 0.1 pg; &, 0.05 ug; B, 0.05 ug). The expression levels of SOD1,
a-subunit, and B-subunit at the analyzed points are shown, D, relative activities of cleaved caspase-3/7 were analyzed with the fluorescent caspase substrate,
benzyloxycarbonyl-DEVD-R110. Production of Mm proteasome af prevents activation of caspase-3/7. Positive control value was 3.2 + 0.2 (SD)(n =3 x 4
wells) (1 um staurosporin, 24 h).
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A GY3A-GFP+uf WT-GFP+aj
e . - -
o . . .
o . - .
B

p=0.04

(data not shown); thus, further experiments were carried out
with Mm proteasomes «f and ampl.

M. mazei Proteasome Degrades Specifically Mutant Superox-
ide Dismutase-1—We then assessed whether the Mm protea-
some actually affects mutant SOD1 protein (SOD1%%R,
SOD1%*®, SOD1%%*4, and SOD1"*6®) expression. In cultured
cells, mutant SOD1%%°®, SOD15%®, and SOD1%%3* are more
likely to form aggregates than is SOD1"*® (16), and cases of
familial ALS expressing these mutant forms are also more
severe than those expressing SOD1"***. Western blot analyses
demonstrated that the levels of mutant SOD1 were markedly
reduced as the expression of Mm proteasome af8 increased
(Fig. 2). However, wild-type SODI levels were not affected by
the expression of Mm proteasome aff. Furthermore, mutant
SOD1 levels were not affected by the expression of Mm protea-
some containing the mB1-subunit in all mutant species, indi-
cating that Mm proteasomal activity was important to reduce
the levels of mutant SOD1 proteins. That the expression level of
SOD1"® was less affected by Mm proteasomal expression
than other mutant SODI1 species may be associated with the
lower toxicity of SOD1M46R,

To determine whether the reduced levels of mutant SOD1
protein were due to accelerated degradation of mutant SOD1 or
to the reduction of mutant SOD1 expression, we examined the
stability of mutant SOD1 proteins expressed in Neuro2a cells
co-expressed with Mm proteasome af3, ampl, or mock (Fig. 3,
A and B). Chase experiments with cycloheximide, which halts
all cellular protein synthesis, demonstrated mutant species-de-
pendent acceleration in SOD1 protein degradation, whereas
the expression levels of Mm proteasome a- and B-subunits did
not change (Fig. 3A). The degree of wild-type SOD1 degrada-
tion was not affected by the expression of Mm proteasome of.
Pulse-chase experiments further confirmed that *S-labeled
SOD1%%** degradation was significantly accelerated when co-
expressed with Mm proteasome af but not with Mm protea-
some amf1 or mock (Fig. 3B). These facts strongly suggest that
the catalytic center in the Mm proteasome B-subunit is impor-
tant to accelerate the degradation of mutant SOD1 proteins.

M. mazei Proteasome Reduces Cellular Toxicities of Mutant
Superoxide Dismutase-1—Next, we investigated the viability of
HEK293 cells evoked by SOD1 (wild-type, SOD15%*A, and
SOD1%%®) when co-expressed with Mm proteasome af,
am 1, or mock by the MTS-based cell proliferation assay (Fig.
4). We confirmed a linear response between cell number and
optical density at 490 nm between 0.85 and 1.30 (data not
shown). The viability of cells expressing wild-type SOD1 with
Mm proteasome «ff did not change as the transfected DNA
doses of SOD1 and Mm proteasome af8 increased (Fig. 44).
However, the viability of cells expressing mutant SOD1 was
reduced as the transfected DNA dose of SOD1 increased (Fig. 4,
B and C), and this reduction was prevented by the co-transfec-
tion with Mm proteasome a8 but not with Mm proteasome
ampl. Toxicities of mutant SODI1 proteins are associated with
the activation of caspase family proteins, especially caspase-3
(21). Using fluorescent substrates of activated caspase-3/7 as
markers, we analyzed caspase-3/7 activities in the cells
co-transfected with SOD1 proteins and with mock, Mm pro-
teasome a3, and ampBl. Mm proteasome «f8 suppressed the
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Inclusion containing cells / GFP positive cells

FIGURE 5. Co-localization of mutant SOD1 and M. mazei proteasomes. A,
NeuroZa cells grown on glass coverslips were co-transfected with SOD1"'-
GFP or SOD1°**A.GFP and Mm proteasome a- and His-tagged -subunit. 48 h
after transfection, cells were fixed, blocked, and incubated with anti-His anti-
body for 24 h. After washing, samples were Incubated with Alexa-546-conju-
gated anti-mouse antibody. SOD15%** and the Mm proteasome co-localized
and formed aggregates together. WT, wild-type SOD1; G93A, 50D15%*A B, the
percentages of aggregatc—posltive cells among the GFP-positive cells were
determined. SOD1 **™ aggregates were significantly reduced when co-ex-
pressed with Mm proteasome af. Error bars, 5.D. (n = 3). Statistical analyses
were carried out by Mann-Whitney's U test.

activation of caspase-3/7, resulting in reductions of cellular tox-
icities of SOD1 proteins (Fig. 4D). These results show that Mm
proteasome af3 has a protective effect against the decrease in
cellular viability evoked by mutant SOD1.

M. mazei Proteasome Co-localizes with Aggregates Formed by
Mutant SODI—In the assembly process of the archaeal protea-
some, a-subunit assembly is required for B-subunit incorpora-
tion into the proteasome (20), and since the anti-His-stained
B-subunit is restricted largely to that incorporated into the Mm
proteasome (Fig. 1E), we used anti-His staining to localize the
transfected proteasome in Neuro2a cells. GFP-tagged wild-type
and G93A mutant SOD1 vectors were transfected along with
Mm proteasome af3 into Neuro2a cells, which were then fixed
and immunostained with anti-His antibody. Fig. 54 shows that
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