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Figure 2. Pathologic Findings of AR-97Q Mice
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{A) Immunohistochemical study of the spinal anterior hom and muscle of the male and female AR-97Q mice stained with a monoclonal antibody
{(1C2) against abnormally expanded polyglutamine (#7-8, 1 4-week-old). (B-E) Electron micrescopic immunohistochemistry for 1C2 of an anterior
hom call {#4-6, 24-week-old). Dense granular aggregate of 1C2-immunoreactive material was recognized in the mator neuron nucleus which
showed a nuclear inclusion In light micrograph (B, low magnification and C, high magnification}. Another motor neurcn (D, arow), which
demonstrated diffuse nuclear staining in light micrograph, showed microaggregates in high magnification (E). (F} HE staining of the muscle
in the male AR-97Q mouse revealed obvious grouped atrophy and small angulated fibers (arrow) (#7-8, 14-week-old). (G} Tolidine blue
staining and the histogram of myalinated fiber diameter of the L5 ventral root of male AR-97Q mice and their normal littermates. Large
myelinated fibers in the ventral root showed axanal atrophy in the male AR-97Q mice (W, n = 3) compared with normal littermates (O, n = 3)

{#7-8, 13-week-old).

male AR-97Q mice showed significantly more diffuse
nuclear staining and Nis than females in agreement with
the symptomatic and Western blot profile differences
with gender (Table 2, Figure 2A). Electron microscopic
immunohistochemistry for 1C2 demonstrated granular
aggregates corresponding to NIs and fine microaggre-
gates corresponding to diffuse nuclear staining in the
neuronat tissues (Figures 2B-2E).

Muscle histology revealed significant grouped atro-
phy and small angutated fibers in the male AR-97Q mice
as well as mild myopathic change such as increased
variability in muscle fiber size (Figure 2F). Although the
number of spinal motor neurons tended to be reduced
in AR-97Q mice, the difference was not significant; 452 *
10/10 sections in L5 segment of AR-37Q mice and 543 =
28/10 sections in their littermates (p = 0.10). Neverthe-
less, the cross-sectional area of the individual spinal
motor neurons significantly decreased in the male AR-
97Q mice: 130.6 = 4.0 pm? in L5 of male AR-97Q and
195.6 = 12.1 um? in their male littermates (p = 0.006}.
In addition, the diameter of large myelinated fibers (=6.0
pm) was significantly diminished in the male AR-37Q
mice (Figure 2G}); the diameter of large fibers of the L5
ventral root was 8.49 * 0.27 pm in male AR-97Q and

10.29 * 1.08 pm in their male littermates (p = 0.08),
whereas that of small fibers (<6.0 pm) was 3.11 = 0.23
pm in male AR-97Q and 2.86 = 0.11 pm in their male
littermates (p = 0.16). Female AR-97Q mice showed no
neurcpathic changes. Neuronal cell population in the
cerebrum, cerebellum, and dorsal root ganglia was fairly
well preserved despite the abundant diffuse nuclear
staining and Nls (data not shown).

Castration Prevents Phenotypic Expression :

in Male AR-97Q Mice

Castrated male AR-97Q mice showed marked improve-
ment of symptoms, pathologic findings, and nuclear
localization of the mutant AR compared with the sham-
operated male AR-97Q mice, These castrated male AR-
97Q mice weighed the same as their castrated male
littermates, whereas the sham-operated male AR-97Q
mice showed progressive emaciation (Figure 3A). Motor
impairment assessed by rotarod and cage activity was
significantly less or virtually absent in the castrated male
AR-97Q mice as compared with the sham-operated
male AR-97Q mice (Figures 3B and 3C). The castrated
male AR-97Q mice showed motor impairment similar to
that of the female AR-97Q mice, The life span was also
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significantly prolonged in the castrated male AR-87Q
mice {Figure 3D). The castrated AR-97Q mice showed
amelioration of muscle atrophy and body size reduction
{Figure 3E). In a footprint analysis, the sham-operated
male AR-97Q mice exhibited motor weakness with drag-
ging of their hindlegs, which improved in the castrated
male AR-97Q mice (Figure 3F). In the Westem blot analy-
sis using N-20, the mutant AR appearing within the
stacking gel was markedly diminished in the castrated
male AR-97Q mice compared with the sham-operated
male AR-37Q mice (Figure 4A). The mutant AR in the
nuclear fraction also significantly decreased in the cas-
trated male AR-97Q mice {Figure 4B). The castrated
male AR-97Q mice showed markedly diminished diffuse
nuclear staining and Nis (Figure 4C). These cbservations
suggested that castration markedly prevented nuclear
localization of the mutant AR protein. The serum testos-
terone in the castrated male AR-97Q mice dramatically
decreased to an undetectable low level, whereas that

Figure 3. Effects of Castration on the Symp-
tomatic Phenotypes of Male AR-S7Q Mice

{A-D) Body weight (A, #7-8), rotarod task (B,
#7-8), cage activity (C, #7-8), and survival rate
(D, #2-6) of the castrated (O, n = 6} and sham-
operated (@, n = 6) male AR-870Q mice. All
parameters are significantly different be-
tween the sham-operated male AR-97Q mice
and the castrated male AR-97Q mice or cas-
trated male littermates (B, n = 2) (p = 0.0001,
p < 0.0001, p = 0.006, and p = 0.0006, re-
spectively). (E) The castrated AR-97Q mouse
(top) shows no muscular atrophy, which is
striking In the sham-operated male AR-97Q
mouse (bottom) (#2-6, 12-weak-old), (F) Foot-
prints of 12-week-aold castrated (C) and
sham-operated (S) male AR-87Q mice (#2-8).
Front paws are in red, and hind paws in blue
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in sham-operated male AR-97Q mice was 27.7 *= 1.2

ng/d! (#7-8, n = 4).

Testosterone Administration Deteriorates
Phenotypic Expression in Female Tg Mice
By contrast, testosterone administration markedly exac-

» erbated symptoms, pathologic features, and nuclear lo-
- calization of the mutant AR in the female AR-97Q mice.

The testosterone-administered female AR-87Q mice
showed progressive emaciation (Figure 5A). The motor

impaiment assessed by rotarod and cage activity was
- significantly worsened in the female AR-97Q mice ad-
- ministered testosterone, being similar to those of the

untreated male AR-97Q mice (Figures 5B and 5C). The
life span of the female AR-97Q mice was also affected
by testosterone administration {(Figure 5D). The testos-
terone-administered AR-97Q mice showed marked

.. muscle atrophy and body size reduction (Figure 5E).

In & footprint analysis, the testosterone-administered
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female AR-97Q mice exhibited motor weakness and
dragged their hindlegs, which was not detected in the
sesame oil-administered female AR-97Q mice {Figure
5F). Western blot analysis using N-20 revealed the mu-
tant AR in the stacking gel in whole tissue homogenates

- as well as in the nuclear fraction, which was larger in

.

amount in the testosterone-administered female AR-
97Q mice than in the sesame oil-administered femate
AR-97C mice (Figures 6A and 6B), The testosterone-
administered female AR-97Q mice demonstrated mark-
edly pronounced diffuse nuclear staining and Nis with
1C2 compared with the sesame oil-administered female
AR-97Q: mice (Figure 6C). The testosterone-adminis-
tered femate 97Q mice showed markedly higher serum
testosterone levels (158.0 + 70.7 ng/d| in #2-6,n = 3;
305.3 + 182.3 ng/dl in #7-8, n = 4) than those in the
sesame oil-administered female AR-97Q mice, all of
which showed an undetectable low level.

Figure 4. Effects of Castration on Transgene
Expression and Neurcpathelogy of Male AR-
97Q Mice

{A) Western blot analysis of total homoge-
nates from the spinal cord and muscle of the
castrated (C) and sham-operated (S) male
AR-97Q mice, which were immunclabeled by
N-20 {#7-8, 13-week-old). (B) Western blot
analysis of nuclear (N} and cytoplasmic (CY)
traction from the muscle of the castrated ©)
and sham-operated (S) male AR-97Q mice,
Immunolabeled by N-20 (#7-8, 13-week-old).
(C) immunchistochemical study using 1C2
showed marked differences of diffuse nuclear
staining and nuclear inclusions between the
castrated and sham-operated AR-97Q mice
In the spinal anterior hom and the muscle
#7-8, 13-week-old).

sham-operated

100 pm

Discussion

Our Tg mice with the full-length human AR containing
o7 CAGs demonstrated progressive motor impairment
and neuropathologic changes equivalent to human
SBMA. Western blot analysis showed truncated frag-
ments of mutant AR In the affected tissues. These frag-
ments may contribute to pathophysialogy inourTg mice
since several studies have suggested that proteolytic
cleavage of mutant protein plays an important role in
the pathogenic mechanisms of SBMA as well as other
polyQ diseases (Li et al,, 1998b; Kobayashi et al., 1998;
Wellington et at., 1998; Mende-Mueller et al., 2001). Elec-
tron microscopic immunohistochemistry for 1G2 dem-
onstrated granular aggregates and fine microaggre-
gates, which indicates variable stages of pathologic
change in the nucleus of motor neurons. Granular aggre-
gate has also been reported in the pathologic study of
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SBMA (Li et al., 1998b). In our AR-97Q mice, neurogenic
changes were evident in muscle pathology, and anterior
horn cells and their axons showed significant decrease
in size without substantial neuronal loss. These findings
indicate that the main pathologic feature of our AR-97Q
mice was neuronal dysfunction rather than degeneration
of the spinal motor neurons, which was alse demon-
strated in a number of Tg mouse models of other polyQ
diseases (Zoghbi and Orr, 2000; Rubinsztein, 2002). All
symptomatic mice with AR-97Q showed motor impair-
ment by 21 weeks of age; until this age, no lines with
AR-24Q demonstrated rotarod deficit or weight loss in
spite of the same expression levels of AR protein and
similar copy numbers of the transgene. Nuclear inclu-
sions and diffuse nuclear staining with 1C2 were found
since 4 weeks of age even in female AR-97Q mice, al-
though they are far less frequent than in male AR-97Q
mice. Nevertheless, pathologic studies showed no ab-

-

Figure 5. Effects of Testosterone Adminis-
tration on the Symptomatic Phenotypes of
Female AR-97Q Mice

(A-D) Body welght (A, #7-8), rotarod task (B,
#7-8), cage activity (C, #2-6), and survival rate
(D, #7-8} of the testosterone-administered (@,
n = 7) and sesame oll-administered (O, n =
7) female AR-97Q mice. All parameters are
significantly different between the testoster-
one-administered female AR-97Q mice and
the sesame oil-administered female AR-97Q
mice or testosterone-administered female lit-
termates (M, n = 4) (p < 0.0001). (E) The tes-
tosterone-administered AR-97Q mouse (top)
shows striking muscular atrophy, whichis not
demonstrated in the sesame oil-administered
female AR-97Q mice (bottom) (#2-6, 14-
week-old). {F) Footprints of 14-week-old tes-
O tosterone-administered (T) and sesame oil-
administered (O) female AR-87Q mice (#2-6).

normalities in AR-24Q mice at 12 weeks of age. These
findings clarify that the symptomatic and pathologic
phenotypes in AR-97Q were not due to overexpression
of human AR but due to expanded polyglutamine tract,
Moreover, no phenotypes were found in previous SBMA
Tg mice with full-length human AR despite good trans-
gene expression levels, presumably because the CAG
repeat was not long enough {Bingham et al,, 1995; La
Spada et al.,, 1998).

Several Tg mouse models of SBMA have been re-
ported so far. Since early models failed to manifest neu-
rologic phenotypes (Bingham et al., 1995; La Spada et
al., 1998; Merry et al., 1996), truncated AR and powerful
promoter have been used in order to enhance pheno-
types, A Tg mouse model of SBMA expressing ex-
panded pure 238 CAGs under the control of human AR
promoter (Adachi et al., 2001) and that carrying trun-
cated AR with 112 CAGs controlled by prion protein
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promoter (Abel et al., 2001) demonstrated progressive
motor deficits and neuronal inclusions. They showed,
however, no sexual difference of phenctypes because
the transgenes of these Tg mice did not contain the
ligand binding domain located in the C terminus of AR,
Another Tg mouse model with the full-length AR showed
motor impairment, although sexual difference of pheno-
types has not been reported {Manison et al., 2000).
The symptoms, pathologic findings, and nuclear local-
ization of the mutant AR protein showed a remarkable
sexual difference in our AR-97Q mice, and were signifi-
cantly modified by hormonal intervention either by cas-
tration or testosterone administration. Although andro-
gen has been shown to upregulate the expression of
. AR (Syms et al., 1985; Kemppainen et al., 1992; Zhou
etal., 1995), RT-PCR did not reveal any significant sexual
difference in the mRNA levels of the transgenic AR gene

sesame oil

Figure 6. Effects of Testosterone Administra-
tion on Transgene Expression and Neuropa-
thology of Female AR-97Q Mice

(A} Western blot analysis of total homoge-
nates from the spinal cord and muscle of the
testostarone-administered (T} and sesame
cil-administered (Q) female AR-97Q mice
which were immunolabeled by N-20 (#2-6,
12-week-old). (B} Westemn blot analysis of nu-
clear (N) and cytoplasmic (CY) fraction from
the muscle of the testostercne-administered
(T} and sesame oil-administered {O) female
AR-97Q mice, immunolabeled by N-20 (#2-6,
12-week-old). (C} Immunchistochemical study
using 1C2 showed marked differences of dif-
fuse nuclear staining and nuclear inclusions
between the testostercne-administered and
sesame oil-administered female AR-97Q mice
in the spinal anterior hom and the muscle
(#2-6, 12-week-old).

100 pm

in our Tg mice, in which the transgene was not controlled
by its own promoter with androgen-responsive element
but by chicken B-actin promoter. These observations
indicate that the testosterone level plays important roles
in the sexual difference of phenotypes and effects of
hormonal interventions, especially in the posttranscrip-
tional stage of the mutant AR.

Castration dramatically prevented the phenotyplc ex-
pression including neurologic findings in the male AR-
97Q mice. The female AR-97Q mice, which showed few if
any manifestations, demonstrated marked deterioration
of symptoms by testosterone administration. The mu-
tant AR located in the nuclei assessed by Westem blot
analysis and by immunohistochemistry with 1C2 dra-
maticalty diminished in the castrated male AR-97Q mice,
and markedly increased in the testosterone-adminis-
tered female AR-97Q mice. The castrated male AR-97Q
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mice showed undetectable serum testosterone levels,
whereas the testosterone-administerad female AR-97Q
mice showed markedly increased levels. Since the nu-
clear translocation of AR is solely dependent on testos-
terone (Stenoien et al., 1999; Simeoni et al., 2000}, tes-
tosterone may show toxic effects in the female AR-97Q
mice by accelerating nuclear translocation of the mutant
AR. By contrast, castration prevented the nuclear local-
ization of the mutant AR by reducing the testosterone
level. The nuclear locatization of the mutant protein with
expanded polyQ is important in inducing neuronal celt
dysfunction and degeneration in the majority of polyQ
diseases. Addition of a nuclear export signal to the mu-
tant huntingtin eliminates aggregate formation and cell
death in cell models of HD (Saudou et al., 1998; Peters
et al,, 1939), and a nuclear localization signal had the
opposite effect {Peters et al., 1999). In Tg mice of SCA1
having a mutated nuclear localization signal, ataxin-1
was distributed in the cytoplasm, and the mice did not
show any neurologic disorders {Klement et al., 1998).
These findings suggest that reduction of testosterone
ameliorates phenotypic expression by preventing nu-
clear localization of the mutant AR. We emphasize that
our approach, hormonal intervention to diminish testos-
terone level, can be applied to human therapy.

The castrated AR-97Q mice showed phenotypes simi-
lar to those of the female AR-97Q mice, implying that
motor impairment of SBMA patients can be rescued {o
the level in female carriers. Almost half of the human
SBMA female carriers showed mild subclinical electro-
myographic abnormalities, while few manifested clinical
phenotypes (Sobue et al., 1993; Mariotti et al., 2000).
indeed, lower expression level of mutant AR in female
carriers due to X inactivation may cause the escape
from the manifestation, but our present study also sug-
gests that the low level of testosterone prevents the
nuclear localization of the expressed mutant AR, re-
sulting in & lack of phenotypic manifestations in the
female carriers.

A toxic gain of function has been considered the main
stream of the pathophysiology in polyQ diseases, but a
loss of function of mutant proteins may also play a role
(Zoghbi and O, 2000; Rubinsztein, 2002}. Although the
expansion of polyQ tract in AR deteriorates the tran-
scriptional activities of AR, and affects its interaction
with other transcriptional factors and activators (Mhatre
et al., 1993; Kazemi-Esfarjani et al., 1995; Chamberlain
et al., 1994; Nakajima et al., 1996), the neurologic impair-
ment in SBMA cannot be attributed to the loss of AR
function (Maclean et al., 1995; McPhaul et al., 1993), a
reason why testosterone shows insufficient and tran-
sient effects when used as a therapeutic agent for SBMA
(Danek et al., 1994; Goldenberg and Bradley, 1996;
Neuschmid-Kaspar et al., 1996). The present study fur-
ther suggests that the major pathogenic mechanism of
SBMA is a toxic gain of function of mutant AR with
expanded polyQ, particularty when located in the nuclei.
Although molecular mechanisms still remain to be eluci-
dated, several studies have revealed that nuclear accu-
mulation of the mutant protein resuited in sequestration
of transcriptional regulatory proteins in SBMA and other
polyQ diseases (McCampbell et al., 2000; Steffan et al,,
2000; Nucifora et al., 2001).

Thers have been no substantially effective therapeutic

approaches to the polyQ diseases. In a Tg mouse model
of HD, expression of a dominant-negative caspase-1
mutant extended survival and delayed the appearance
of neurcnal Inclusions, neurotransmitter receptor alter-
ations, and onset of symptoms (Ona et al., 1999}. Inhibi-
tion of mutant gene expression demonstrated the re-
versibility of phenotypic progression in a Tg mouse
model of HD (Yamamoto et al., 2000). However, these
gene modulations cannot be directly applied clinically.
Transglutaminase inhibitors suppressed aggregate for-
mation and apoptosis in a cell model of DRPLA (Igarashi
et al., 1998) and prolonged survival in a Tg mouse mode!
of HD (Karpuj et al,, 2002). An in vitro mode! of HD
showed inhibition of huntingtin fibrillogenesis by spe-
cific antibodies and small molecules (Heiser et al., 2000).
Creatine increased survival and delayed motor symp-
toms in & Tg mouse model of HD (Andreassen et al.,
2001). Overexpression of melecular chaperone HSP70
demonstrated preventive effects in a Dresophila model
of Machado-Joseph disease (Warrick et al., 1999} and
SCA1 cell and Tg mouse modetls (Cummings et al., 1998,
2001). HSP70 and HSP40 showed preventive effects
also in an SBMA cell model {Kobayashi et al., 2000).
These and other therapeutic approaches have, yet, re~
mained insufficient or minimal in prevention of pheno-
typic expression and progression. Recently reported
histone deacetylase inhibitors in a Drosophila model
could be a promising candidate therapy for polyQ dis-
eases (Steffan et al., 2001), but their therapeutic efficacy
should be assessed in a Tg mouse model. Although no
specific ligand of the mutant protein has been revealed
in other polyQ diseases, the striking therapeutic effects
of castration in our Tg mice further suggests that pa-
tients with polyQ disease can be rescued by prevention
of the nuclear translocation of the mutant proteins. We
emphasize that it is necessary to investigate hormone-
like small molecules which alter the nuclear localization
of mutant proteins for therapy of polyQ diseases.

Experimental Procedures

Transgene Construction

Chicken B-actin promoter-driven AR-24Q and AR-97Q constructs
were prepared by digestion of pCAGGS vector (Niwa et al., 1891)
by Hind!ll and ligation after filling in, which generated the new Nhel
site (pCAGGES-Nhel}. The full-length human AR fragment harboring
24 or 97 CAGs (Kobayashi et al., 1998) was subcloned into pCAGGS-
Nhel. By direct DNA sequencing, the presence of 24 and 97 CAG
repeat sequences was confirmed In the 5.3 and 5.5 kb inserts, re-

spectively,

Generation and Maintenance of Tg Mice and Genotyping

The final plasmids with Sall-Nhel were digested to remove the AR
fragments. We generated Tg mice by microinjection into BDF1 fertilized
eggs, and chtained three founders with AR-24Q) and five tounders with
AR-97Q. These mice were backcrossed to C57BL/6J. We screened
mouss tail DNA by PCR for the presence of the transgena using the
primers §5'-CTTCTGGCGTGTGACCGGCG -3' and 5'-TGAGCTTGG
CTGAATCTTCC-3' and the confirmation of the CAG repeat size
using the primers 5’-CCAGAGCGTGCGCGAAGTG-3’ and §'-TGTGA
AGGTTGCTGTTCCTC-3'. The transgene copy number in sach line
was determined by densitometric comparison of Southern blot hy-
bridization Intensity of the AR DNA with known standards cutting
only cne site in the tranagene using Sacll. For determining CAG
repeat size, we electrophoresed the PCR products amplified with
a Texas Red-labeled primer on 6% denaturing polyacrylamide gel
for 12 hr using a 6500 DNA gequencer (Hitachi, Tokyo, Japan).
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Neurclogical and Behavioral Testing

We analyzed rotarod task of mice by an Economex Rotarod (Co-
lombus Instruments, Colombus, Chio) weekly during the light phase
of the 12 hr light/12 hr dark cycle as described previously (Adachi
et al., 2001). We performed three trials, and recorded the longest
duration on the rod for every mouse. We stopped the timer when
the mouse fell from the rod or after an arbitrary limit of 180 s.

We measured cage activity while each mouse was in a transparent
acrytic cage (16 X 30 X 14 cm, width X depth X height) housed in
a soundproofed box. We used an AB system {(Neuroscience, Tokyo,
Japan) with an infrared ray sensor monitor to measure spontaneous
motor activity, We automatically totaled and recorded all measure-
ments for 24 hr per week at 10 min intervals.

Hormonal intervention and Serurn Testosterone Assay
Male AR-97Q mice and thelr nommal littermates were castrated or
sham-cperated via the abdominal route under ketamine-xylazine
anesthesia (50 mg/kg ketamine and 10 mg/kg xytazine, i.p.) at 4
weeks of age. Female AR-97Q mice and their littermates were sub-
cutaneously Injected 20 ug of testosterone enanthate dissolved in
20 pl of sesame oil weekly from 4 weeks of age until the end of the
analysis, The sesame oll-administered mice were glven the same
amount of sesame oll.

We used Coat-A-Count Total Testosterone radicimmunoassay
(Diagnostic Products Corporation, Los Angeles, Callfomia) for
assaying the serum testosterona levels.

RNA and Proteln Expression Analysis

We exsanguinated mice under ketamine-xytazine anesthesla, snap-
froze thelr tissues with powdered CO, In acetone, extracted total
RNA from tissues with Trizol {Life Technologies/Gibco BRL, Gaith-
ersburg, Maryland), and reverse transcribed the RNA using SUPER-
SCRIPT Il reverse transcriptase (Life Technologles/Gibco BRL). We
used 5'-TTCCACACCCAGTGAAGC-3' and 5'-GGCATTGGCCACAC
CAAGCC-3’ as primers for specific transgene RNA detection. After
amplification, the products were separated by agarose gel electro-
pheoresis. We compared the Intensity of the PCR products signals
with those of B-actin mRNA levels, which were separately amplified,
by ethidium bromide staining.

Frozen tissue (0.1 g wet welght) was homogenized in 1000 ki of
50 mM Tris {pH 8.0), 150 mM NaCl, 1% NP-40, 0.5% deoxycholate,
0.1% SDS, and 1 mM 2-mercaptoethano! with 1 mM PMSF and
aprotinine at 6 pg/mt (2500 g for 15 min at 4°C). Each lane on a
5%~20% SDS-PAGE gel was loaded with protein 200 g for nervous
tissue, and 80 wg for muscular tissue from the supemnatant fraction,
which was transferred to Hybond-P membranes (Amersham Phar-
macia Biotech, Buckinghamshire, England), using 25 mM Tris, 192
mM glycine, 0.1% SDS, and 10% methano! as transfer butfer, After
immunoprobling with rabblt anti-AR antibody N-20 {1:1000) (Santa

. Cnuz Blotechnology, Santa Cruz, California), we performed second
antibedy probing and detection using the ECL+plus kit (Amersham
Pharmmacla Biotech). Nuclear and cytoplasmic fractions were ex-
tracted with NE-PER nuclear and cytoplasmic extraction reagents
{Pierce, Rockford, lllinois).

Immunohistochemistry
Wae perfused 20 mi of a 4% paraformaldehyde fixative In phosphate
butfer (pH 7.4} through the left cardlac ventricle of mice deeply
anesthetized with ketamine-xylazine, postfixed tissues overnight in
10% phosphate-buffered formalin, and processed tissues for paraf-
fin embedding. Then we deparaffinized 4 pm thick tissue sections,
dehydrated with alcohol, treated in formic acld for 5 min at room
temperature, and stained with 1C2 {1:10000) (Chemicon, Temecula,
California), as described before {Adachi et al., 2001},

For electron microscopic immunchistochemistry, we used paraf-
fin~embedded tissue sections immunostained with 1C2 {1:10000)
(Chemicon} as described previously {Adachl et al., 2001).

Muscle Histology and Morphometric Analysis of Spinal

Motor Neurons and Ventral Spinal Roots

Six micrometer thick cryostat sections of the gastrocnemius mus-

cles were alr dried and stainad with hematoxylin and eosin (H & E).
For assessment of the neuronal populations and cross-sectional

area of the anterior hom cells, 20 serial 5 wm thick sections from
the fifth lumbar spinal cords of three mice of each group (#7-8, 13-
week-old) were prepared. Every other section was stained by the
Nissl technique and all neurons with an obvious nucleolus, present
In the anterlor homn, were assessed using a Luzex FS image analyzer
(Nireco, Tokyo, Japan) as described before (Terao et al, 1996).
The dlameter of myelinated flbers In the ventral spinal roots was
measured on the transverse sections stained with toluidine blue as
described before (Terao et al,, 1996).

Statistical Analysis
We analyzed data using the unpaired t test and denoted p values
of 0.05 or less as statistical significance.
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The mutations in superoxide dismutase 1 (SODI1)
cause ~20% of familial amyotrophic lateral sclerosis
cases. A toxic gain of function has been considered to be
the cause of the disease, but its molecular mechanism
remains uncertain. To determine whether the subcellu-
lar localization of mutant SOD1 is crucial to mutant
SO0D1-mediated cell death, we preduced neurocnal cell
models with accumulation of SOD1 in each subcellular
fraction/organelle, such as the cytosol, nucleus, endo-
plasmic reticulum, and mitochondria. We showed that
the localization of mutant SOD1 in the mitochondria
triggered the release of mitochondrial cytochreme ¢ fol-
lowed by the activation of caspase cascade and induced
neuronal cell death without cytoplasmic mutant SOD1
aggregate formation. Nuclear and endoplasmic reticu-
lum localization of mutant SOD1 did not induce cell
death. These results suggest that the localization of mu-
tant SOD1 in the mitochondria is eritical in the patho-
genesis of mutant SODl-associated familial amyotro-
phic lateral sclerosis.

Amyotrophic lateral sclerosis (ALS)! is a paralytic and lethal
disease caused by selective death of motor neurons. Approxi-
mately 10% of ALS cases occur in familial (FALS) form. The
mutations in superoxide dismutase 1 (SOD1) cause ~20% of
FALS cases (1, 2), and there i3 overwhelming evidence of a toxic
gain of function as the cause of the disease (3, 4). However, it
remains unclear how mutant SOD1 causes the cell death of
motor neurens.

Mitochondrial degeneration such as swelling, dilatation, and
vacuelation and cytoplasmic aggregate formation containing
mutant SOD1 are characteristic pathological features of FALS
cases and FALS transgenic mice models with SOD1 mutations
(2, 4-9). The major question is where and how mutant SOD1
exerts its toxic function in motor neuron degeneration. In poly-
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glutamine diseases, nuclear localization of mutant proteins
with expanded polyglutamine tract is considered an essential
process in causing neurcnal cell death (10-14). Endoplasmic
reticulum (ER) stress by unfolded protein accumulation in the
ER is considered to cause familial Alzheimer’s disease (15, 16)
or autosomal recessive juvenile Parkinsonism {17). These re-
ports suggest that the subcellular localization of mutant ox
modified protein is crucial to neuronal cell degeneration. In
mutant SOD1-associated FALS, many reports have docu-
mented that the mitochondria is involved in the pathogenic
process (18—26). Moreover, it has been demonstrated that
S0OD1, considered a cytosolic enzyme, exists in the mitochon-
dria (27-29), suggesting that the mitochondria is the important
site in pathogenesis of FALS. On the other hand, it remains
controversial as to whether cytoplasmic mutant SOD1 aggre-
gates are toxic (30) or not {(31-33). Previous studieg have dem-
onstrated that the inhibition of cytoplasmic aggregate forma-
tion by heat shock proteins assure cell survivel at an early
stage but is unable to prevent eventual cell death at the late
stage in the in vitro models of FALS (34, 35). Thus, it is
important to determine in which organelle of the neuron mu-
tant SOD1 triggers neurcnal cell death, To examine this issue,
we have produced neuronal cell models with the obligatory
accumulation of SOD1 in the subcellular fractionforganelle of
the cytosol, nucleus, ER, and mitochondria. In the present
study, we provided unequivocal evidence that localization of
mutant SOD1 in the mitochondria is the primary cause of
mutant SOD1-mediated neuronal cell death, triggering the
release of mitochondrial cytochrome ¢ followed by the activa-
tion of caspase cascade. Furthermore, we demonstrated that
cytoplasmic mutant SOD1 aggregate formation is independent
of mutant SOD1-mediated neurcnal cell death.

EXPERIMENTAL PROCEDURES

Plasmid Constructs—The non-organelle-oriented vectors expressing
the fusion proteins of human SOD1 (wild type, mutant G93A, and
G85R) and enhanced green fluorescent protein (EGFP) were generated
with pEGFP-N1 vector (Clontech) as described previously (35). These
vectors were designated Cyto-wtSOD1, Cyto-mSOD1%%A, and Cyto-
mSOD1%%5®, respectively. After these constructs were digested with
Xhol and Notl, EGFP-tagged human SOD1 (wild type, mutant G834, .
and G85R) was subcloned into the Xhol/Notl site of pShooter vectors
(pCMV/myc/nuc, pCMV/my¢/ER, and pCMV/mye/mito; Invitrogen), The
nucleus-oriented vectors with nuclear localizing signals were desig-
pated Nuc-wtSOD1, Nuc-mSO0D1%%A, and Nuc-mSOD19%5®, respec-
tively. The ER-oriented vectors with ER retention signals were desig-
nated ER-wtSODL, ER-mSOD1%%4 and ER-mSOD1%%®, respectively.
The mitochondria-criented vectors with mitochondrial localizing sig-
nals were designated Mito-wtSODI, Mito-mSOD1%%A and Mito-
mSOD1%%R, respectively. As controls, we used LacZ subcloned into
pEGFP-N1 vector or EGFP-tagged LacZ subcloned into pShooter vector.
All of the constructs used here were confirmed by DNA sequence
analysis.

This paper is available on line at htip://www.jbc.org
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Fic. 1. Subcellular localization of SOD1-EGFP in Neuro2a
cells. Overlays of two images were taken by laser confocal microscopy
48 h after transfection. A, Cyto-wtSOD1; B, Cyto-mS0OD1%4; €, Cyto-
mSOD1ISHR: P Nue-wtSOD1; E, Nue-mSOD1%%%; F, Nuc-mSOD19%R;
G, ER-wtSOD1; H, ER-mSOD1%%; I, ER-mSOD1%™R, J  Mito-wt-
SOD1; K, Mito-mSOD1%%*%; L, Mito-mSOD1%%*%, SOD1-EGFP fusion
proteing (green) were observed comparatively ubiquitous in the cells
with Cyto-SOD1 containing no organelle-oriented signals (A-C). Only
cells with Cyto-mSOD1 contained aggregates of SOD1-EGFP (B and C).
In contrast, each transient expression of organelle-oriented SOD1
(Nuc-, ER-, and Mito-SOD1) was mainly observed in each organelle
without aggregate formation regardless wild type or mutant (D-L). In
cells with Nuc-SOD1, SOD1-EGFP fusion proteins were observed
mainly in the nucleus (D=-F). In the cells with ER-SOD1, SOD1-EGFP
fusion proteins were observed mainly in the ER (G-D. In the cells with
Mito-S0D1, SOD1-EGFP fusion proteins were observed mainly in the
mitochendria (J=L), The cells were counterstained with propidium io-
dide (red). Scale bars, 10 pum.

Cell Culture—Mouse neuroblastoma cell line NeuroZ2a cells were
maintained in Dulbecco’s modified Eagle’s medium (Invitrogen) supple-
mented with 10% fetal calf serum (Invitrogen) as described previously
(35). They were cultured in Lab-Tec II 4-well chamber slides (Nalge
Nune International) coated with rat tail collagen (Roche Diagnostics).
Transient expression of each vector (0.4 ug of DNA/well) in Neuro2a
cells (2 X 10° cells/well) was accomplished with Lipofect AMINE Plus
reagent {Invitrogen), After a 3-h incubation with transfection reagents,
the transfected cells were cultured in differentiation medium (Dulbec-
¢o's modified Eagle’s medium supplemented with 1% fetal calf serum
and 20 uM retinoic acid). For treatment with the broad caspase inhibitor
(zVAD-fmk; Promega) and the caspase-9-specific inhibitor (zLEHD-
fmmk; Calbiochem), either 20 pM 2VAD-fmk or 20 pM zLEHD-fmk was
added at this time.

Cell Fractionation—At each time point (12, 24, and 48 h) after
transfection, the cells were collected and gently homogenized with a
Dounce homogenizer in cold buffer (250 mM sucrose, 10 ma Tris-HCl,
pH 7.5, 5 mm MgCl,, 2 mm EDTA, and protease inhibitor mixture
(Complete Mini EDTA-free; Roche Diagnostics)). The homegenates
were eentrifuged (600 X g, 10 min), and the pellets were designated as
the nuclear fractions. The supernatants were centrifuged (10,000 X g,
10 min), and the resulting pellets were designated as the mitochondrial
fractions. The supernatants were centrifuged (100,000 X g, 60 min),
and the resulting pellets were designated as the microsomal fractions.
The supernatants were centrifuged (300,000 X g, 60 min), and the
resulting supernatants were designated as the cytosolic fractions. Each
pellet was resuspended in TNES buffer (50 mm Tris-HC, pH 7.5, 150
mM NaCl, 1% Nonidet P-40, 2 mm EDTA, 0.1% SDS, and protease
inhibitor mixture (Complete Mini EDTA-free; Roche Diagnostics)). The
insoluble debris was briefly pelleted. To verify the fractionation, each
fraction was subjected to Western blotting for Spl as a nuclear marker
using anti-Spl rabbit polyclonal antibody (1:1,000, Santa Cruz), cyto-
chrome ¢ oxidase {COX) as a mitochondrial marker using a anti-COX
subunit IV mouse monoclonal antibody (1:1,000; Molecular Probes),
GRP73 as a microsomal marker using anti-GRP78 geat polyclonal an-
tibody (1:1,000; Santa Cruz), and B-actin as a cytosolic marker using
anti-B-actin mouse monoclonal antibody (1:5,000; Sigma).

Western Blot Analysis—The protein concentration was determined
with a DC protein assay kit {Bio-Rad), and Western blotting was pro-
cessed as described previously {(35). To verify the subeellular localiza-
tion of SOD1-EGFP fusion proteins, 20 ug of protein from cach fraction
was loaded. For analyzing the release of cytochrome ¢, apoptosis-induc-
ing factor (AIF), and second mitochondria-derived activator of caspase
(Smac) from the mitochondria into the eytosol and for analyzing the
translocation of Bax, Bak, Bid, Bad, and Bim from the cytosol into the
mitochondria, 20 ug of protein from the mitochondrial fraction or the
cytosolic fraction was loaded, and the cells incubated with 10 nM stau-
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FiG. 2. Protein level of SOD1-EGFP fusion proteins analyzed
by Western blots. To each well, 20 pg of protein of the sample was
applied. WT, wtSOD1; G234, mSOD1%4; GS5R, mSOD1%#R, A, pro-
tein levels of SOD1-EGFP fusion proteins 48 h after transfection. The
protein level of SOD1-EGFP fusion protein (arrow} was much higher
than endogenous SOD1 (arrowhead). The protein level of the mutant
S0D1-EGFP was consistently less than that of wild type SOD1-EGFP
regardless of vector type. SOD1 immunoreactive, ladder-like, slowly
migrating masses speculated to be SOD1-EGFP oligomers were ob-
served through the gels (asterisk), but no significant difference was
recognized in the lanes between wtSOD! and mSOD1. B, subcellular
localization of SOD1-EGFP fusion proteins 48 h after transfection.
Transient expression of SOD1-EGFP fusion protein by Cyto-SOD1 vee-
tors was observed to be comparatively ubiquitous in each cell fraction
(top panel). In contrast, each transient expression of SOD1-FGFP by
organelle-oriented vectors (Nue-, ER-, and Mito-80D1) was observed in
each organelle (second, third, and fourth panels, respectively.). Spl,
COX, GRP78, and p-actin were used as markers of the nuclear, mito-
chondrial, microsomal, and eytosolic fraction, respectively.

rosporin for 24 h served as a positive control.

To assess the protein levels of SOD1-EGFP fusion proteins and the
activation of caspase-9 and -3, cells were collected at cach time point
(12, 24, and 48 h) after transfection and lysed in TNES buffer. Insoluble
debris was pelleted, and 20 pg of protein was loaded.

The primary antibodies used here were as follows: anti-SOD1 rabbit
polyclonal antibody (1:10,000; StressGen Biotechnologies), anti-
caspase-3 rabbit polyclonal antibody, anti-caspase-9 rabbit polyclonal
antibedy (1:1,000; Cell Signaling), anti-cytochrome ¢ mouse monoclonal
antibody (1:1,000; BD PharMingen), anti-AIF rabbit polyclonal anti-
body, anti-Smac goat polyclonal antibody (1:500; Santa Cruz Biotech-
nology), anti-Bax rabbit polyclonal antibody, anti-Bak rabbit polyclonal
antibody, anti-Bad rabbit polyclonal antibody, anti-Bid rabbit poly-
clonal antibody, and anti-Bim goat polyclonal antibody (1:200; Santa
Cruz Bictechnology). After overnight incubation with primary antibod-
ies at 4 °C, each blot was probed with horseradish peroxidase-conju-
gated anti-rabbit IgQ, anti-mouse IgG (1:5,000; Amersham Biosciences)
or anti-goat IgG (1:5,000; Santa Cruz Biotechnaology). Then they were
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visualized with ECL Plus Western blotting detection reagents (Amer-
sham Biosciences). The signal intensity was quantified by densitometry
using NIH Image 1.59 software.

Quantitative Assessment of Cytoplasmic Aggregates, Mitochondrial
Impairment, and Cell Death—At each time point (12, 24, and 48 h) after
transfection, the cells were fixed with 4% paraformaldehyde for 15 min
on ice and then permeabilized with 0.05% Tritor X-100 at room tem-
perature for 10 min. Next, they were counterstained with 2 pg/ml
propidium iodide (PI; Molecular Probes) at room temperature for 10
min and mounted in Gelvatol. A laser confocal scan microscope
(MRC1024, Bic-Rad) was used for the morphological analysis, quanti-
tative assessment of aggrepates and mitochondrial membrane poten-
tials, and terminal deoxynucleotidyltransferase-mediated UTP end la-
beling (TUNEL) assay.

For quantitative assessment of aggregates, more than 200 trans-
fected cells in duplicate slides were assessed blindly in three independ-
ent trials. The ratio of aggregate-positive cells was calculated as a
percentage of such cells among EGFP-positive cells as described previ-
ously (25, 35).

For assessment of mitochondrial membrane potential, we used
5,5'6,6'-tetrachlore-1,1',3,3"-tetraethylbenzimidazolocarbocyanine io-
dide {(JC-1; Molecular Probes) according to the manufacturer’s protocol
at each time point (12, 24, and 48 h) after transfection. More than 200
transfected cells in duplicate slides were assessed blindly in three
independent trials.

For TUNEL assay, we used the in siti cell death detection kit, TMR
red (Roche Diagnostics). At each time point (12, 24, and 48 h) after
transfection, the TUNEL assay was carried out according to the man-
ufacturer’s protocol. As a positive control, we used the EGFP-LacZ
transfected cells that were incubated with 10 nM staurosporin for 24 h.
More than 200 transfected cells in duplicate slides were nssessed
blindly in three independent trials,

Cell death was assessed by the dye exclusion method with Pl as
described previously (25, 35). At each time point (12, 24, and 48 L) after
transfection, the cells were incubated with 2 pg/ml PI in Dulbecco's
modified Eagle’s medium for 15 min at 37 *C and mounted in Gelvatol.
More than 200 transfected cells in duplicate slides were assessed
blindly in three independent trials under a conventional fluorescent
microscope, The ratio of dead cells was calculated as a percentage of
PI-positive cells among EGFP-positive cells.

For assessment of cell viability through mitochondrial impairment,
we used the 3-(4,5-dimethyl-thiazol-2y1)-5-(3-carboxymethoxyphenyl)-
2-(4-sulfophenyl}-2H-tetrazolium {MTS) assay with CellTiter 96 Aque-
ous one solution assay (Promega). At each time point (12, 24, and 48 b)
after transfection, MTS assays were carried out in six independent
trials. Absorbance at 430 rm was measured in a muitiple plate reader
as described previeusly (13, 25).

Statistical Analysis—All of the results were analyzed by two-way
analysis of variance (ANQVA) with Tukey-Kramer post-hoc test using
Statview software version 5 (SAS Institute Inec.).

RESULTS

Mito-mSOD1 Induces Significant Cell Death with Lack of
Aggregate Formation—Laser confocal microscopic images and
Waestern blots demonstrated that the subcellular localization of
SOD1-EGFP fusion proteins expressed by Cyto-S0OD1 was com-
paratively ubiquitous among the subcellular fractions (Figs. 1,
A-C, and 2B). In contrast, each transient expression of or-
ganelle-oriented SOD1 (Nue-, ER-, and Mito-SOD1) was
mainly observed in each organelle (Figs..1, D-L, and 2B). The
protein level of SOD1-EGFP fusion proteins was much higher
than endogencus SOD1 (Fig. 24). The protein level of the
mutant SOD1-EGFP was consistently less than that of wild
type SOD1-EGFP (Fig. 2A). As reported previously (32, 35, 36),
S0D1 immunoreactive, ladder-like, slowly migrating masses
speculated as SODI-EGFP oligomers were observed through
the gels (Fig. 24, asterisk), but no constant relation was pre-
sented between wtSOD1 and mSOD1 of all vectors. These
ladder-like masses were most clearly observed in the lanes of
ER-S0D1s, especially ER-wtSOD1 {(Fig. 24).

As we previously demonstrated (35), the cells with Cyto-
mS0D1 developed cell death and cytoplasmic aggregates of
SOD1-EGFP fusion proteins, whereas those with Cyto-wtSOD1
did not (Figs. 1, A-C, and 3). The cells with Mito-mSOD1
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FiG. 3. Frequency of aggregate-positive cells and dead cells
and MTS assay. A, frequency of aggregate-positive cells. B, frequency
of dead cells. C, MTS assay. White columns, wtSOD1; gray columns,
m30D1%%4; black columns, mSOD1I%®; Cyto, Cyto-SODL; Nuc, Nuc-
S0D1; ER, ER-50D1; Mito, Mito-S0D1, *, p < 0.001 versus wtSOD1 of
each vector; **, p < (.05 versus Cyto-mSOD1 (by two-way ANOVA with
Tukey-Kramer post-hoc test), The values are the means * 8.D, (r = 6).

exhibited a more significant level of cell death and mitochon-
drial impairment than those with Cyto-mSOD1 but did not
develop cytoplasmic aggregates (Figs. 1, K and L, and 3). The
cells with Nuc-wt and mSOD]1, ER-wt and mSOD1, or Mito-
witSOD1 did not develop cytoplasmic aggregates or show cell
death (Figs. 1, D/, and 3). Expression of either the empty
vector or the control vector alone did not induce cytoplasmic
aggregates and cell death (data not shown). These findings
suggest that the localization of mSOD1 in the mitochondria
plays a critical role in mSOD1-mediated cytotoxicity, whereas
cytoplasmic aggregate formation or oligomeric formation does
not. Furthermore, Cyto-mS0OD1-induced cetl death, which was
less significant than Mito-mSOD1-induced cell death, could be
mediated by mitochondrial localization of mSOD1 because a
moderate amount of mSOD1 was present in the mitochondria.

Mito-mSOD1 Induces Mitochondrial Cytochrome ¢ Release
Followed by Sequential Activation of Caspase-8 and -3—We
assessed which mitochondrial death signal was involved in
mSOD1-mediated cytotoxicity. Western blots revealed that cy-
tochrome ¢ release from the mitochondria into the cytosol oc-
curred in the cells with Mito-mSQOD1 (Fig. 44). The cells with
Cyto-mSO0D1 also elicited less cytochrome ¢ release (Fig. 4A),
whereas it did not occur in the cells with Nuc-mSQD1 or
ER-mS0D1 (data not shown). The time course of densitomet-
ric analysis revealed that the cytochrome c release in the cells
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with Mito-mSOD1] increased gradually and was significantly
stronger than those with Cyto-mSOD1 (Fig. 4B). Because AIF
and Smac are also known as the signal proteins released from
the mitochondria into the cytosol that promote apoptosis (37,
38), we examined the release of these mitochondrial proteins
into the eytosol in this model. Western blots were not able to
detect the release of AIF and Smac in the cells with either
Cyto-mSOD1 or Mito-mSOD1 (Fig. 4C). Thus, AIF and Smac
did not seem to be involved in the neuronal cell death in our
model.

Then we examined the downstream signal cascade of the
activation of caspase-9 and -3 following the mitochondrial cy-
tochrome ¢ release. Western blots demonstrated that the
caspase-9 and -3 were activated in the cells with Cyto-mSOD1
and those with Mito-mSOD1, whereas they were not activated
in the cells with Cyto-wtSOD1 and those with Mito-wtSOD1
(Fig. 5A, lanes 1-18). The time course of densitometric analysis
revealed that caspase-9 and -3 were activated gradually and
sequentially, and both activations were significantly stronger
in the cells with Mito-mSOD1 than those with Cyto-mSOD1
(Fig. 5, B and C).

Bcl-2 Family Pro-apoptotic Proteins Are Not Involved in
Cyto-mSOD1 and Mito-mSOD1-induced Cell Death—Bcl-2
family pro-apoptotic proteins such as Bax, Bak, Bid, Bad, and
Bim were considered to be translocated from the cytosol to the
mitochondria during apoptosis and to promote the mitochon-
drial cytochrome ¢ release to the cytosol (37-39). Thus, we
examined whether Bax, Bak, Bid, Bad, and Bim were involved
in the cytochrome ¢ release in this model. Western blots, how-

- . .

ever, did not show the translocation of these proteins to the
mitochondria (Fig. 5D). We also assessed the alteration of
mitochondrial membrane potential with JC-1 but were unable
to detect a significant difference in the ratio of JC-1 monomer
and J aggregates between the cells with wiSOD1 and those
with mSOD1 of any vectors (data not shown). These data sug-
gested that mitochondrial lecalization of mutant SOD1 elicited
cytochrome ¢ release from the mitochondria to the cytosol fol-
lowed by caspase activation without involvement of Bcl-2 fam-
ily pre-apoptotic protein translocation and mitochondrial mem-
brane potential alterations.

Caspase-9-specific Inhibitor end Broad Caspase Inhibitor
Prevented Mitochondrial-localized Mutent SODI-mediated
Cell Death—To determine whether the mitochondrial-depend-
ent caspase cascade activation plays a role in the mSQD1-
mediated cell death, we examined the effect of treatments with
the broad caspase inhibitor (zVAD-fmk) and the caspase-9-
gpecific inhibitor (zZLEHD-fmk). Western blots indicated that
treatment with 20 pM zVAD-fmk or 20 um zLEHD-fmk com-
pletely blocked the activation of caspase-9 and -3 (Fig. BA, lanes
19-30) and diminished mSOD1-mediated cell death and mito-
chondrial impairment. (Fig. 6) in the cells with Mite-mSOD1 as
well as Cyto-mSOD1, No significant difference was observed in
the inhibitory effect of 2VAD-fmk and zLEHD-fmk (Fig. 6).
These findings suggest that the pathway from release of cyto-
chrome ¢ to activation of caspase-9 and caspase-3 i3 the main
process of mSOD1-mediated neuronal cell death.

Despite the activation of caspase-3, the cells with Cyto-
mSODL or Mito-mSOD1 showed TUNEL-negative staining as
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well as those with Cyto-wtSOD1 or Mito-wtSOD1 (Fig. 7, A-F),
whereas cells treated with staurosporin exhibited obvious
TUNEL-positive staining and nuclear pycnosis (Fig. 7, G-1).

DISCUSSION

Here we provided unequivocal evidence that mitochondrial
localization of mutant SOD1 is the essential part of mutant
S0DI1-mediated neurotoxcity in a cellular model of FALS.
First, neuronsl cell death was elicited when mutant SOD1 was
localized in the mitochondria, net in the nucleus nor ER, and
was not associated with cytoplasmic aggregate formation. Sec-
ond, the extent of cytochrome ¢ release and following cagspase-9
and -3 activation were markedly enhanced by accumulation of
mutant SOD1 in the mitochondria. Third, Bel-2 family pro-
apoptotic proteins such as Bax, Bak, Bid, Bad, and Bim and the
mitochondrial membrane potential alterations were not in-
volved in the cytochrome ¢ release from the mitochondria into
the cytosol in our model. Fourth, a caspase-9-specific inhibitor
zLEHD-fmk as well as a broad caspase inhibitor zVAD-fmk
diminished mutant SOD1-mediated neurenal cell death. Thus,
the localization of mutant SOD1 in the mitochondna triggers
the cytochrome ¢ release followed by caspase-dependent neu-
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ronal cell death independent of Bel-2 family pro-apoptotic pro-
teing and alteration of mitochondrial membrane potentials.
Furthermore, mutant SOD1-mediated cell death was inde-
pendent of cytoplasmic aggregate formation. A previous study
reported that Bax translocation from the cytosol to the mito-
chondria was associated with cytochrome ¢ release from the
mitochondria into the cytoscl in the FALS transgenic mice
model (20), but there is a possibility that the surroundings of
motor neurons such as astorocytes or dying meurons might
affect Bax translocation in the model used.

Mitochondrial involvement in ALS and FALS has been doc-
umented (18—26). Mitochondrial degeneration of vacuolation or
membrane disintegration in motor neurons is one of the earli-
est pathological findings in FALS transgenic mice (2, 5, 8, 9).
Moreover, mitochondrial dysfunctions such as altered calcium
homeostasis (18), decrease in respiratory chain complex activ-
ity (22, 23), alteration of the mitochondria-related gene expres-
sion (24), and increase in reactive oxygen species (39) have
been reported in in vitro and in vivo models. Recent studies
revealed that SOD1, which has been considered to be a cytoso-
lic enzyme, also exists in the mitochondria (25-27) and that
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mutant SOD1 was present in the vacuolated mitochondria of
FALS transgenic mice model (27). Previous studies also re-
vealed that cylochrome ¢ release and subsequent caspase acti-
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F1G. 6, Frequency of dead cells and MTS assay after treatment
with caspase inhibitors. A, frequency of dead cells. B, MTS assay.
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Kramer post-hoc test). The values are the means + 3.D. (n = 6).

Fic. 7. TUNEL assay. Overlays of two
images were taken by laser confocal mi-
croscopy 48 h after transfection. A, Cyto-
witS0D1; B, Cyto-mSOD19%%4; C, Cyto-
mSOD19*E: D Mito-wtSOD1; E, Mito-
mSOD19%%: F Mito-mSQD19%%, G-7,
EGFP-LacZ transfected cells incubated
with 0.01 pM staurosporin for 24 h as
positive controls (red nuclear staining in
pyenotic cells). The cells with Cyto-
mSOD1 (B and C) or Mito-S0D1 (E and F)
showed negative staining as well as those
with wtSOD1 (A and D). Scale bar, 30 pm.
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vation occurred (20, 21, 25, 40—~43) and that inhibition of cyto-
chrome ¢ release by minocycline (21), coexpression of X
chromosome-linked inhibitor of apoplosis prolein (25), and
treatment with a broad caspase inhibitor zVAD-{mk (42} inhib-
ited cell death in the in vitro and in vive models of FALS. In
this study, we unequivocally demonstrated that mitochondrial
localization of mutant SOD1 itself is primary and crucial to
elicit the following mitochondrial death signals for mutant
SOD1-mediated neuronal cell death. The cells with Cyto-
mSOD1 showed a lesser extent of cell death than those with
Mito-SOD1, probably because mutant SODI by Cyto-mSOD1
accumulated less in the mitochondria than that by Mite-S0OD1.

In the present study, similar to previous reports (32, 35, 36),
S0OD1 immunoreactive, ladder-like, slowly migrating masses
speculated to be SOD1-EGFP oligomers were observed on
Western blois (Fig., 24, asterisk), but no significant difference
was detecled between wiSOD1 and mSOD1 of all vectors.
These ladder-like masses were most clearly observed in the
ER-SODl1s, probably because SOD1-EGFP [usion proteins with
ER retention signals may avoid proteasome-mediated degrada-
tion and tend to accumulate in the ER as an unfolded form. The
level of these ladder-like, slowly migrating masses was not
associated with neuronal cell death, but there remains the
possibility that localization of mutani SOD1 oligomers in the
mitochondria may cause neurotoxicity. The mitochondrial
quality control system depends on ATP-dependent protease
complexes such as homologues of Lon and Hsp70 (44-46).
However, the capacity of mitochondria to deal with abnormal
proteins might be rather limited, and the mitochondria seem to
release death signals when abnormal proteins overflowed. Fur-
ther investigations are needed to give an answer to this issue.

Cytoplasmie aggregate formation containing mutant SOD1
is a hallmark of mutant SOD1-associated FALS, and it has
been demonstrated in the in viire and in vivo FALS models (2,
4-9), These aggregates have been considered to participate in
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a pathogenic process (30), although this has been disputed
(31-33, 35). In this study, we conclusively demonstrated that
cytoplasmic aggregates are not directly associated with cell
death, similar to the in vivo models of polyglutamine diseascs,
suggesting that the subcellular localization of mutant protein
itself, rather than agpgregate formation, exerts toxicity (14, 30).

Controversy surrounds the issue of whether the motor neu-
ronal cell death in mutant SOD1-associated FALS is apoptosis
(47, 48) or not (49). A previous study on an irn vive model
reported that activated caspase-3-positive motor neurons were
observed, but TUNEL-positive motor neurons were not (43).
Similarly, we were unable to find TUNEL-positive cells despite
obvious activation of caspase-3. Recently, at least three types of
programmed cell death (PCD) have been proposed: apoptosis,
apoptosis-like PCD, and necrosis-like PCD (50). Apoptosis-like
PCD is cell death with less chromatin condensation than in
apoptosis or any degree and combination of apoptotic features
such as caspase activation, eytoplasmic shrinkage, and plasma
membrane blebbing (50). Previous reports suggested that apo-
ptosis-like PCD may be a type of neuronal cell death in neuro-
degenerative diseases including ALS (51, 52). The present
study also indicated the possibility that this apoptosis-like
PCD is a type of neuronal cell death through the mitochondrial
signal pathway in metor neurons with mutant SOD1. However,
further investigations are needed to shed light on the mecha-
nism of mutant SOD1-mediated neuronal cell death.

In conclusion, in this study we demonstrated that mitochon-
drial localization of mutant SOD1 itself triggers cytochrome ¢
release from the mitochondria into the cytosol that initiates the
caspase-dependent cell death cascade in a FALS model. Inhi-
bitien of mitochondrial localization of mutant SOD1 may well
be a candidate for a therapeutic approach to FALS.
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Abstract To analyze the genes related to the pathophysiology
of sporadic amyotrophic lateral sclerosis (SALS) we performed
gene profiling of SALS spinal cords using molecular indexing
combined with cDNA microarray. Eighty-four fragments were
cloned in the first screening procedure with molecular indexing.
Subsequent quantitative microarray screening revealed 11 genes
which were differentially expressed in SALS. Real-time RT-
PCR verified that the expression level of the following six genes
was altered in SALS: dorfin, metallothionein-3, 30 kDa TATA-
binding protein-associated factor, neugrin, ubiquitin-like protein
5 and macrophage-inhibiting factor-related protein-8. These re-
sults indicated that genes associated with the ubiquitin-protea-
some system, oxidative toxicity, transcription, neuronal differ-
entiation and inflammation might be involved in the path-
ogenesis of SALS.

© 2002 Federation of European Biochemical Societies. Pub-
lished by Elsevier Science B.V. All rights reserved.

Key words: Amyotrophic lateral sclerosis;
Gene expression profile; Molecular indexing; Dorfin;
Neugrin ’

1. Introduction

Amyotrophic lateral sclerosis {ALS) is one of the most
common heurodegenerative disorders, characterized by selec-
tive motor neuron degeneration in the spinal cord, brainstem
and cortex. Approximately 10% of ALS is familial, and 10—
20% of these familial ALS (FALS) cases are caused by mis-
sense rautations in the CwZn superoxide dismutase (SOD1})
gene [1), while others are considered to be sporadic ALS
(SALS). Although the etiology of SALS is not known, a great
number of studies to date have proposed possible mechanisms
of the motor neuron degeneration in SALS. These include
oxidative toxicity, glutamate receptor abnormality, ubiqui-
tin-proteasome dysfunction, inflammatory and cytokine acti-
vation, dysfunction in neurotrophic factors, damage to mito-
chondria, cytoskeletal abnormalities and activation of the
apoptosis pathway [2,3]. One of the most promising strategies
to identify pathophysiologically related molecules in SALS

*Corresponding author. Fax: (81)-52-744-2384,
E-mail address: sobueg@med.nagoya-u.ac.jp (G. Sobue).

would be the comparison of gene expression profiles of human
SALS spinal cords with those of normal controls by the gene
expression profiling technique. The spectrum of obtained
genes differentially expressed in SALS tissues from normal
control tissues would largely depend on the screening systems
employed and tissue samples used, particularly in postmortem
tissues. Used for human postmortem samples this approach
could yield not otherwise obtainable information on the mo-
lecular pathophysiology of neuronal degenerations. The only
report of large-scale gene profiling on SALS tissues to date,
using membrane arrays, has documented that genes involved
in oxidative toxicity, neuroinflammation, apoptosis, and lipid
metabolism were up-regulated in the spinal cords of SALS
patients [4). We previously used microarray analysis to detect
differentially expressed genes in FALS transgenic mice, show-
ing that inflammation- and apoptosis-related genes were up-
regulated in G93A-SODI1 transgenic mice {5). These results
indicated that molecules with similar functions were associ-
ated with the pathogenesis of both SALS and FALS; how-
ever, it is only able to explain the partial pathomechanism for
SALS motor neuron degeneration. To identify genes differ-
entially expressed in the SALS spinal cord, particularly novel
or low-abundant genes, we adopted molecular indexing, a-
PCR-based screening procedure, for the primary screening
and performed subsequent cDNA microarray analysis.

2. Materials and methods

2.1. Subjects

Postmortem spinal cords samples at segments L3-L5 were taken
from eight SALS patients and eight non-neurological disease coatrols
after obtaining their informed consent. Each SALS case was clinically
and pathologically verified. Diagnostic criteria for ALS were based on
the E! Escorial criteria outlined by the World Federation of Neurol-
ogy [6]. Bunina body inclusions and hyaline ubiquitinated inclusions
were detected in the residual motor neurons in all SALS cases. One
SALS case (ALS1) and a control (C1) wete used for the molecular
indexing. Five cases cach (ALS1~5 and C1-5) were analyzed for the
second screening, microarray analysis. For verification, real-time RT-
PCR with TagMan probe was performed on all cases (Table [). Each
autopsy was performed within § h post mortem, and spinal cord
samples of lumbar segments (L4/L5) were snap frozen in liquid nitro-
gen, then stored at —80°C until use. Total RNA was isolated from
anterior hom specimens, where motor neurons exist, using the Micro
RNA Isolation Kit (Stratagene, La Jolla, CA, USA), and it was
reverse transcribed by MMLYV reverse transcriptase, Superscript 11
(Life Technologies, Grand Island, NY, USA).

0014-5793/02/$22.00 © 2002 Federation of European Biochemical Societies. Published by Elsevier Science B.V. All rights reserved.
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2.2, Molecular indexing and collection of screened cDNAs

SALS (ALS1) and contro} (Cl) spinal cords were used for molec-
ular indexing. Briefly, after synthesizing from tota! RNA, double-
stranded cDNA was cut with one of three class 1IS restriction en-
zymes, BsmFl, BsmAl or Fokl, and ligated to cach of 64 biotinylated
adapters cohesive to all possible overhangs. Ligated molecules were
digested by the other class IIS restriction enzymes, and were recovered
with streptavidin-coated paramagnetic beads. PCR was performed
with the adapter primer and an anchored oligo-dT primer. The am-
plified fragments were separated by polyacrylamide gel electrophore-
sis. By carrying out the experiment with 64 adapters, three enzymes
and three anchored oligo-dT primers, a total of 576 profiles of cDNAs
were established. This procedure has been described in detail in pre-
vious reports [7,8].

The 376 profiles obtained from the SALS spinal cords were com-
pared with those from the controls, and the cDNA fragments with an
apparent difference in peak between the ALS spinal cord and control
were chosen as candidate gene fragments, The standard used for this
selection was that ratios between SALS and contro] were more than 5
of less than 0,2, The purified PCR products were inserted into pGEM
T-Easy vector (Promega). The insert was sequenced using an autose-
quencer. The sequence was applied to the search for the information
using BLAST of NCBI on the web.

2.3, Screening by custom-spotted cDNA microarray

The ¢cDNA fragments obtained were amplified and spotted on glass
arrays in duplicate (DNA Chip Research, Kanagawa, Japan). The
samples of total RNA (5 yg) were reverse transcribed into first-strand
c¢DNA using 20 U Superscript 11 and 1 pl of 0.5 mg/ml T7-oligo-dT
primer (5'-TCT AGT CGA CGG CCA GTG AAT TGT AAT ACG
ACT CAC TAT AGG GCG Ty;-3") at 42°C for | h in 20 pl of
reaction [1Xfirst-strand reaction buffer, 10 mM dithiothreitol
{DTT), 0.25 mM dNTPs, 20 U RNasin (Promega, Madison, WI,
USA)]. Next, 30 pl of 5Xsecond-strand synthesis buffer, 3 ul of 10
mM dNTPs, 4 ul DNA polymerase I, 1 ul Escherichia coli RNase H,
1 pl E coli DNA ligase and 92 pl of RNase-free H;O were added,
incubated at 16°C for 2 h, then incubated at 16°C for 10 min after
the addition of 2 pl of T4 DNA polymerase. The double-stranded
¢DNA was extracted with 150 ul of phenol-chloroform to eliminate
proteins and then purified using 8 Microcon-100 column (Millipore,
Tokyo, Japan} to separate out the unincorporated nucleotides and
salts. RNA amplification was performed using Ampliscribe T7 Tran-
scription Kit (Epicentre Technologies, Madison, Wi, USA) in a mix.
ture of 8 ptl double-stranded ¢cDNA, 2 ul of 10X Ampliscribe T7 buff-
er, 1.5 l each of 100 mM ATP, CTP, GTP and UTP, 2 pl 0.1 M
DTT and 2 pl of T7 RNA polymerase, which were incubated at 42°C
for 3 h. The amplified RNA was purified with RNeasy Mini Kits
(Qiagen, Valencia, CA, USA). T7 RNA polymerase-amplified RNA
{aRNA) from control mix and SALS was labeled with Cy3 and Cy5
fluorescence dyes, respectively, using the Atlas Glass Fluorescent La-
beling Kit (Clontech, Palo Alto, CA, USA).
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Cy3- and Cy5-labeled probes were hybridized to the custom-spotted
arrays described above at 62°C for 16 h in a solution of 2XDen-
hardt’s solution, 4 X 8SC and 0.2% SDS. After hybridization the ar-
rays were washed in 2X8SC-0.1% SDS and 0.2XSSC for 20 min,
respectively, and then rinsed with 0.2XSSC and 0.05XSSC. The
slides were air-blown dried and prepared for scanning. The micro-
arrays were scanned for fluorescence with GenePix (Axon, Union
City, CA, USA),

2.4. Real-time RT-PCR

First-strand ¢cDNA was synthesized from total RNA (1 pg) using 20
U Superscript II. Real-time RT-PCR was carried out wsing iCycler
system (Bio-Rad Laboratories, Hercules, CA, USA) as described else-
where [9]. All experiments were carried out in quadruplicate, and
several negative controls were included. Fluorescence emission spectra
were continuously monitored and analyzed with sequence detection
software. For internal standard control, the expression of glyceralde-
hyde-3-phosphate dehydrogenase (GAPDH) was quantified simulta-
neously.

Primers and probe sequences (forward primer, reverse primer, and
TagMan probe}: [GAPDH] 5-CCT GGA GAA ACC TGC CAA
GTA T-3, §-TGA AGT CGC AGG AGA CAA CCT-¥, 5'-CAT
CAA GAA GGT GGT GAA GCA GGC ATC-3'; [clone 1] 5'-CCG
TCA CTC AAA AGG TTG AA-3, 5-TGG CGT GTG AAG TGA
CTT TT-¥, 5-AGC ATG AAG AGA CCT TTG AGG AGA AAC
TAG TG-3'; [clone 2] 5-AAG AGC AAG GAC CGC AAG TA-Y,
5'-GGG TGG CTC AGG TGA AGT AG-¥, ¥-CTC AGC GAG
TAT GGC ATC AAT GTG AAG AAG-3'; [cdlone 3] 5'-TAG GAG
CCA TCC GAG ACA AC-3¥', 5'-TAC CAT GGC ACT TCC TGA
CA-¥, 5-CAC TAG CTG GAG CCA GTA TAA CGG GGA-Y;
[clone 4] 5'-GAA GCT GAA GCA GGA TCA AA-Y, 5"-AGG GAG
CAG CTIT TCA CCT AT-¥, 5-AAG TCC TTA AGA AAG CTG
GGC TTG CCC AC-3; [clone 5] §5-GCC TGT TCT GTC ACC
ATC AA-¥, 5-GCA GAG GCC ACA GGT TTA GA-¥, 5'-CCA
TTC AGC AGT CCA TTG AAA GGC TCT TAG-3'; [clone 6] 5'-
CCT GTIT GGA GGA GCA GAA CT-3, 5-GAA GCC ACA GAC
AGC ACA GA-Y, 5-AGG GCC CTA ACT ACC TGA CGG CCT
GT-3"; [clone 7] 5-GTT GAC CGA GCT GGA GAA AG-3', 5'-
CCT GTA GAC GGC ATG GAA AT-¥, 5-CAT CGA CGT CTA
CCA CAA GTA CTC CCT GAT-3'; {clone 8] 5'-AAG TGC GAG
GGA TGC AAA T-¥, 5-ACA CAG TCC TTG GCA CAC TT-3',
5*.ACC TCC TGC AAG AAG AGC TGC TGC TC-3"; {clone 9] 5'-
TCC CTT GAT CCC ACA AGT TC-¥, §-ACA GGC ATA CAC
CAC CAC AT-¥, -AGG CAG CAT AGT GAG ACC CCC ATC
TCT ATA-3'; [clone 10] 5-AGC TGC AGA ACA AGG AGC AT-
3, §'-GTG AAG CCC CAC TTC TTT GA-3', 5'-AGT TCA AGT
TTC CTG GCC GCC AGA AGA T-¥; [clone 11] 5-ACT GGT
ACC CGT TGG AAC AA-Y, 5'-GTT CAT CCC ATC GTG GAT
TT-3', 5'-TGG TAC ACG ATT TTT AAG GAC CAC GTG TCT-
¥,

Table 1

Details of patients

Patient Age at death (years) Sex Postmortem interval (hours) Disease duration (months)
ALS1 79 F 6 36
ALS2 67 F 6 48
ALS3 47 F 6 17
ALS4 74 M 6 45
ALSS 65 M 7 56
ALS6 57 M 5 48
ALS7 59 F 3 16
ALSS 57 M 6 68
Cl1 57 M 2

c2 72 M 45

c3 78 M 4.5

C4 52 F 6

Cs 75 M 3

Cé6 65 F 6

C? 48 M 6

C8 42 M 8

ALS Ave. 63.1+10.3 56112

Control Ave. 6i.1+134 5122

ALSI1-8 are SALS paticnts, Cl-8 are controls without neurological diseases.
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Table 2
Candidate fragments from molecular indexing
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Up-regulated in ALS Down-regulated in ALS Total
BLAST matched genes 5 23 58
EST 6 11 17
Gienome data base 5 4 9
Total 46 33 84

Molecular indexing yiclded 84 candidate genes differentially expressed in SALS spinal cord compared with control spinal cord,

2.5, Statistics

Because of the size and distribution of the samples, a non-para-
metric two-tailed test was chosen (Mann-Whitney U-test). Significant
values were calculated using StatView software (Hulinks, Tokyo, Ja-
pan).

3. Results and discussion

3.1. Molecular indexing and subsequent cDNA wmicroarray
analysis

Molccular indexing is a modified version of differential dis-
play. Compared with commercially based cDNA microarrays,
these PCR-based screening procedures have the advantage of
being able to cover an unrestricted range of expressed genes
and to detect mRNAs of low abundance [10]. On the other
hand, only one or a very limited number of samples can be
practicably screencd. Compared with conventional differential
displays, this technique displays genes with the least redun-
dancy and is less sensitive to the quality of RNA, which is
_advantagecous in handling clinical materials 7.8}

The 576 electropherograms obtained from the SALS spinal
cords were compared to control spinal cords. Eighty-four
fragments with obvious differences in intensity were obtained.
Forty-six of the 84 fragments showed stronger expression in
the SALS spinal cord. The other 38 were highly expressed in
the control spinal cord. Among the 84 fragments, 58 matched

Microarray analysis

Clone 7

Clone 1

Fig. 1. Close-up image of microarray. Two different fluorescence
dyes, Cy3 and Cy5, were on the array together, A stronger Cy3 sig-
nal (green) indicates down-regulation and a stronger Cy5 signal
(red) indicates up-regulation in SALS. For example, clone 1 shows
an orange color, implying down-regulation, whereas clone 7 with a
green color is up-regulated in SALS compared to control.

known genes in BLAST searches, 17 were expressed sequence
tags (ESTs) and nine matched neither known genes nor ESTs
{Table 2).

For the second screening, we spotted the 84 fragments on
glass arrays and hybridized fluorescent aRNA from the SALS
and control spinal cords {(ALS1-5 and C1-5) on the arrays.
The aRNA samples of all the control cases were mixed and
used for the comparison with each SALS case. The expression
ratio was calculated by dividing the fluorescence intensity of
gene elements in each SALS sample by the fluorescence inten-
sity of gene elements in the control mix. Several genes mark-
edly altered their expression levels in the spinal cords between
SALS and control mix (Fig. 1). Genes whose expression was
consistently different (ratio of more than 2.0 or less than 0.5,
SALS/control) between each SALS case and control mix were
selected as the second candidates. Four genes showed stronger
signals (clones 1-4) and seven showed weaker signals (clones
5-11) in the SALS spinal cords (Table 3).

3.2. Verification of candidate genes by real-time RT-PCR

The expression of 11 candidate clones in the SALS and the
control spinal cords was examined by real-time RT-PCR us-
ing TagMan probes. Six clones were determined to have sig-
nificantly different expression in the SALS spinal cords. Three
clones (2, 3 and 4) were significantly up-regulated in SALS
cases compared with controls (P < 0.05), and the other three
clones (7, 8 and 11} showed significantly lower expression in
SALS cases than in controls (P < 0.05). However, ¢lones 1, 5,
6, 9 and 10 showed no significant difference (Fig. 2).

A similarity search revealed that clones 2, 7, 8 and 11 were
identical to four known ¢cDNAs, 30-kDa TATA-binding pro-
tein-associated factor {TAFI1130), macrophage-inhibiting fuc-
tor-related protein-8 (MRP8), metallothionein-3 (MT-3) and
ubiquitin-like protein 5 (UBL3), respectively. Clones 3 and 4
proved to be identical to ESTs. We cloned these two unknown

Table 3
Gene expression on microarray analysis

Expression ratio {ALS/control)

2941 1.33
2.67%1.41
239+ 1.21
2122077
0.44+0.19
0.28+0.14
0.270.21
0.36%0.18
0.3520.16
10 0.33£0.15
11 0.45£0.25

Data are means £ S.D. of five different SALS case/control mixes.
Genes whose expression was consistently different (ratio of more
than 2.0 or less than 0.5, SALS/control) between each SALS case
and control mix were selected as the second candidates,

Clone number

R =N . e R N
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Fig. 2. Verification of SALS-specific gene expression by real-time RT-PCR. The expression level is shown as the weight ratio of the target gcnc
to GAPDH. Quaptification of standard templates and each sample was determined by four different experiments. Eight samples each of SALS
and controls were examined. Values are the means £ S.D., n=8; statistics were carried out by Mahn-Whitney U-test. There were significant dif-
ferences between SALS and control in clopes 2, 3, 4, 7, 8 and 11 (P <0.05). No significant diffcrence was found for other clones.

genes using RACE methods and named them dorfin and neu-
grin in previous reports [11,12].

TAFII30 is one of the TATA-binding protein-associated
factors required for transcription of a subset of -genes [13].
An immunochistochernical study using SCA7 transgenic mice
showed that TAFII30 is accurnulated in nuclear inclusions in
neurons. The trapping of this transcription initiation factor in
nuclear inclusions may alter the activity of cellular transcrip-
tion, and contribute to neuronal toxicity in SCA7 model mice
[14]. Our result showed up-regulation of the TAFII30 gene in
the SALS spintal cords, which suggests that this molecule may
also be involved in SALS pathophysiology. More investiga-
tion is mecessary to clarify whether up-regulation of this mol-
ecule has a pivotal rofe in SALS or only reflects some disrup-
tion of transcription function occurring in SALS.

Dorfin is a new RING finger-type ubiquitin ligase, contain-
ing two RING finger motifs and an IBR motif at its N-termi-
nus. This gene is ubiquitously expressed in central nervous
system tissues [11]. Our recent study showed that dorfin is
localized in the ubiquitinated inclusions of FALS and
SALS, bound and ubiquitinated various mutant forms of
SOD] in vitro, and protected from mutant 50D1-mediated
neurotoxicity in mutant SOD1 culture cells {15]. These results
indicate that dorfin has a crucial role in the pathomechanism

of mutant SOD1-mediated FALS. In the present study we
showed that the expression of the dotfin gene was significantly
higher in the SALS than in the control spinal cords. Consid-
ering that it has a protective function in FALS and is local-
ized in inclusions of SALS, dorfin may play some protective
role in the pathogenesis of SALS as well. Since some authors
consider that misfolded protein generally play a central role in
varicus neurodegenerative disorders, such as Huntington dis-
ease, Alzheimer: dlsease, Parkinson disease, farmhal spinocer-
ebellar degenerat:on and ALS [16], dorfin may possibly work
to eliminate protems wluch re !oxlc to motor neurons in the
SALS spinal cord.’ 3
The expression of neugnn mcreases wuth the proccss of
ncuronal differentiation. This gene is strongly expressed in
the nmervous system and mainly in neurons in the spinal cord
[12). These results indicate that up-regulation of this gene in
the SALS spinal cord reflects gene expression changes in dying
neurons, not in reactive proliferation of ghal cells. However,
the potential role of neugrin remains to be elucidated.
MRPS$ is mainly expressed in microglial cells in neurcnal
tissues, and it is up-regulated with microglial activation, such
as traumatic injury or viral infection [17,18]. MRP8 decreased
in the SALS spinal cords in the present study. This is para-
doxical because gliosis is one of the hallmarks in ALS path-




