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Fi1c. 4. NEDL1-dependent ubiquitination and degrad;
mutant forms of SOD1 correlate broadly with their
elinical phenotypes. A, NEDL1 ubiquitinates mutant
mutant type-dependent manner. COS-7 cells were transien
fected with the indicated expression plasmids. Whole cell lysate
transfected COS-7 cells were immunoprecipitated with anti-My!
bedy, and immunoprecipitates were analyzed by Western blotting
anti-ubiquitin (Ub) antibody (upper panel). The bracket indicates s
migrating ubiquitinated forms of SOD1. Whole cell lysates were ang
lyzed by immunoblotting with anti-NEDL1 antibody to confirm the
expression of transfected NEDL1 (lower panel). The running positions
of molecular weight markers are indicated on the left. B, half-lives of
wild-type (WT) and mutant SOD1 proteins in the presence or absence of
NEDL1. Cell lysates were harvested from Neuro2a cells transfected
with SOD1 alone or with SODI plus NEDL! at different time points as
indicated after the addition of cycloheximide (CHX; final concentration
of 50 pg/ml) and were analyzed for SOD1 protein levels by Western
blotting with anti-FLAG antibody. In the presence of NEDL1, the
half-lives of various mutant SOD1 proteins were reduced also roughly
dependent on the disease severity of FALS (A4V > G93A > H46R).

Immunohistochemistry—One of the characteristic cytopatho-
logical changes of mutant SOD1-linked FALS is the formation
of neuronal Lewy body-like hyaline inclusions (LBHIs) that
contain aggregates of SOD1 and ubiquitin (24). We therefore
performed immunostaining to determine whether the NEDL1
protein is included within the LBHIs of the spinal cord motor

Fic. 5. NEDL1 immunohistechemical analyses. A, immunohisto-
chemical analysis of NEDL1 in normal human spinal cord. NEDL1-
positive anterior horn cells are evident (arrow), although the immuno-
reactivity for NEDLL1 is somewhat faint. There was no counterstaining.
Magnification x520. B, NEDL1 immunohistochemistry in normal
mouse spinal cord. Normal anterior horn cells are positive for NEDL1
(arrow). The section was counterstained with hematoxylin. Magnifica-
tion X760, C, immunostaining for NEDL1 in spinal cord LBHIs from an
FALS patient with a frameshift 126 mutation in the SODI gene. The
NEDLI1-positive reaction products were mostly restricted to the cores of
the core and halo-type LBHIs (arrowheads). In the LBHI-bearing neu-
rons and residual neurons, the antibody to NEDL1 also stained the
neuronal cell body. There was no counterstaining. Magnification X540.
D, NEDL1 immunostaining in a spinal cord LBHI from an SOD1(H46R)
transgenic mouse. An ill defined LBHI in the SOD1(H46R) transgenic
mouse was positive for NEDL1; this ill defined LBHI shows a diffuse
staining pattern (arrowhead). The staining intensity in the residual
neurons stained by anti-NEDL1 antibody varied from neuron to neu-
ron. The section was counterstained with hematoxylin. Magnification
XT770.

neurons obtained from two siblings with FALS caused by
frameshift 126 mutation of SOD1 (11, 12). One case had neu-
ropathological findings compatible with FALS with posterior
column involvement, whereas the other had multisystem de-

irgenération in addition to motor neuron disturbance. We also
- performed NEDL1 immunostaining in specimens obtained
F:F.from‘ mutant SOD1(H46R) transgenic mice at 180 days, by
“whi i

hey show clinical motor signs in the hind limbs
ecificity of the NEDL1 staining was confirmed by
the specimens with an excess of NEDL1 antigen.
immunoreactivity in the spinal cords of the human
ases was identical to that of normal mice: immunore-
was identified predominantly in the cytoplasm of the
ns of the spinal cords (Fig. 5, A and B). The LBHIs in the
rior horn cells of two FALS patients and transgenic mice
wed equivalent immunoreactivity for NEDL1. Although the
ntensity of NEDL1 immunoreactivity in neuronal LBHIs var-
ed, most of the LBHIs were immunoreactive for NEDL1 (Fig.
5, C and D). The reaction products were generally restricted to
the cores of the core and halo-type LBHIs that showed eosino-
philic cores with pale peripheral halos upon hematoxylin and
eosin staining (Fig. 5C); by contrast, immunopositive NEDL1
in ill defined LBHIs was distributed throughout the inclusions
(Fig. 5D). NEDL1 immunoreactivity in the residual neurons in
bumans and mice was identified primarily in cell bodies. Thus,
NEDL1 immunostaining was clearly positive in the FALS-
related LBHIs that were also positive for ubiquitin and SOD1
(data not shown).

NEDLI Targets Dishevelled-1 for Ubiquitin-mediated Pro-
tein Degradation—We next hypothesized that the physiological
function of NEDL1 to mediate ubiquitination is interfered with
by mutant SOD1. To test this hypothesis, we again performed
yeast two-hybrid screening to obtain NEDL1-interacting mol-
ecules using the large region of NEDL1 (amino acids 382-1448)
as bait. Of 396 His and B-galactosidase double-positive clones,
282 clones were subjected to DNA sequencing, and we identi-
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F1G. 6. Dvl1 is a substrate of NEDLL1, and its functions are disturbed b,
and three clones obtained by yeast two-hybrid screening. Human Dvll consis
the DIX, PDZ, and DEP domains. Between the DEP domain‘and the C-termi
domain recognition sites. All three clones (clones 2-13;1-56,71=77) contain the
02a ¢é

Myc-tagged Dvll was overexpressed together with NEDL1 in N
antibody, followed by immunoblotting (/B) with anti-Myc anti
immunoblotting using anti-Myc antibody (lower panel). C, NEI
the indicated expression plasmids along with the ubiquitin
XPRESS-tagged NEDL1. Whole cell lysates were immung
antibody (left panel). The ladder of bands denoted by the br:
analyzed by immunoblotting using anti-XPRESS antibody. Th
by NEDL1. Neuro2a cells were transfected with the expression:
Transfected cells were harvested at different time points as ind
and Dvl1 protein levels were analyzed by Western blotting with anti
significantly reduced. E, Dvil binds to mutant SOD1(A4V), and the &

t SOD1(A4V). A, schematic illustration of full-length Dvl1
6 acids and contains three conserved domains, including

jére are three proline-rich clusters, which might act as WW
ymain and these clusters. B, NEDL1 interacts with Dvl1.
lysates were immunoprecipitated (IP) with anti-NEDL1
e expression levels of Myc-tagged Dvll were analyzed by
vi1 in Neuro2a cells. The cells were transiently transfected with
id in the presence or absence of the expression plasmid for
ti-Myc -antibody and then immunoblotted with anti-ubiquitin
to be ubiquitinated Dvl1. The expression of XPRESS-NEDL1 was
s reprobed with anti-Mye antibody (right panel). D, Dvll is degraded
¢ FLAG-tagged Dvll with or without the NEDL1 expression plasmid.
the addition of cycloheximide (CHX; final concentration of 50 pg/ml),

G antibody. In the presence of NEDL1, the half-lives of FLAG-DvI1 were
ee of its binding is enhanced in the presence of NEDL1. Whole cell lysates

prepared from COS-7 cells transfected with the indicated combinationsof expression plasmids were subjected to immunoprecipitation and Western
analyses as indicated. F, c-Jun phosphorylation by overexpression of Dvll is suppressed upon coexpression of mutant SOD1(A4V). Whole cell
lysates from COS-7 cells transfected with the indicated combinations of expression plasmids were subjected to Western blotting with antibody
against the phosphorylated form of c-Jun (upper panel) or with anti-c-Jun antibedy (lower panel). wt/WT, wild-type.

fied Dvil (three clones). Human Dvll is a 670-amino acid
protein with three conserved domains: a DIX domain, which is
required for canonical Wnt/T-cell factor signaling; a PDZ do-
main, which is a target of both Stbm and casein kinase I
binding; and a DEP domain, which is responsible for Dvl mem-
brane localization during planar cell polarity signaling (25-27).
Between the DEP domain and C-terminal end, there are three
proline-rich clusters unique to mammalian Dvll, which pre-
sumably act as the WW domain recognition sites. All three
clones (clones 2—13, 1-56, and 1-77) contain the DEP domain
and proline-rich clusters, suggesting that NEDL1 interacted
with Dvll in the C-terminal half (Fig. 64). In Neuro2a cells,
NEDL1 co-immunoprecipitated with Dvll (Fig. 68) and ubiqg-

uitinated it for degradation (Fig. 6, C and D). Thus, Dvl1 may
be one of the physiological targets of NEDL1 E3. As recent
studies strongly suggest that the cytotoxicity of SOD1 mutants
is responsible for their aggregate properties, incorporating
other proteins essential for cells into their aggregates (28), we
examined the association between mutant SOD1 and Dvll,
both of which interact with NEDL1. Of interest, Dvl1 bound to
mutant SOD1(A4V), and complex formation was increased in
the presence of NEDL1 roughly proportionately to the disease
severity of FALS caused by the particular SOD1 mutant (Fig.
6E). Dvll is known to transduce not only the Wat/B-catenin/T-
cell factor pathway, but also the JNK/c-Jun pathway (27).
Therefore, we next examined whether the Dvll-induced phos-
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phorylation of c-Jun at Ser®® was affected by the tight complex
formation induced by inclusion of mutant SOD1. As shown in
Fig. 6F, c-Jun phosphorylation induced by overexpression of
Dvll was significantly suppressed by coexpression with mutant
SOD1(A4V) in COS-7 cells.

DISCUSSION

Our present results demonstrate that a novel HECT-type
NEDL1 E3, which is preferentially expressed in neuronal tis-
sues, specifically targets mutant forms of SOD1 for ubiquitina-
tion-mediated protein degradation. NEDL1 is also associated
with TRAP-& localized at the ER translocon. The TRAP com-
plex has recently been shown to facilitate the initiation of
protein translocation in a substrate-specific manner (29). The
NEDLI-TRAP-§ complex recognizes mutant (but not wild-type)
SOD1, with a binding intensity that broadly parallels the dis-
ease severity of FALS. NEDL1 immunoreactivity was detected
in the FALS-related LBHIs in the spinal cord ventral horn
motor neurons, suggesting that, although mutant SOD1 is
ubiquitinated for degradation by NEDL1, the mutant
SOD1-NEDL1-TRAP-3 complex aggregates within the LBHIs.
It is also conceivable that fragmentation of the Golgi apparatus
reported in ALS patients and transgenic mice might be related
to this aggregation (30, 31). These findings suggest possible
hypotheses for the role of NEDLL1 in the pathogenesis of FALS:
1) NEDL]1, alone or with TRAP-3, ubiquitinates and aggregates
mutant SOD1, thereby decreasing the function of mutant
SOD1; 2) NEDL1 and TRAP-8 form aggregates with mutant
SOD1 that induce fragmentation of the Golgi apparatus, lead-
ing to neuronal apoptosis; 3) formation of these aggregates
causes dysfunction of NEDL1 and/or TRAP-§, and this, in turn,
induces disturbances that ultimately cause motor neuron
death; and 4) the mutant SOD1-NEDL1-TRAP-§ aggregates
trap and inactivate unknown factor(s) such as molecular chap-
erones whose normal function is important for motor
neuron viability. ot

To further understand the role of NEDLI in moto‘
death, we searched for the physiological targets of
identified Dvll. As expected, Dvll is ubiquitina
dation by NEDL1. Surprisingly, however, Dv {
with mutant SOD1 in the presence of NEDL1 roughly: propor-
tionately to the disease severity of FALS caused by the partic-
ular SOD1 mutant. Dvll, an essential multimodul \
transducer localized in the cellular cytosol and cytos
mediates planar cell polarity signaling as well as?
Wnt/B-catenin signaling (27, 32). In mammals, three 1
ily members have so far been reported, and the level
expression is high in neuronal tissues (33). As far as we
NEDL1 is the first E3 for Dvl1, interacting with the C-ter
region containing three proline-rich clusters. A recent rep
suggests that Dvll regulates microtubule stability through i
hibition of glycogen synthase kinase-38 (34). Because cytoskel-
etal abnormalities have been reported in ALS motor neurons
(35), it is possible that the effect of mutant SOD1 on NEDL1-
mediated Dvll degradation is involved in the motor neuron
death. Furthermore, Dvll is abundant in the postsynaptic
membrane region at the neuromuscular junction (36) that is
reported to be involved in several neurodegenerative disorders
(37, 38). Of interest, Dvll is mapped to chromosome 1p36,
which is a commonly deleted region in many human cancers,
including neuroblastoma (39). As NEDLL1 is highly expressed in
neuroblastomas with favorable prognosis, which have a tend-
ency to differentiate and/or regress, NEDL1 may be involved in
the regulation of neuronal differentiation and survival possibly
by controlling Dvil. )

NEDL1, TRAP-3, mutant SOD1, and Dvll appear to form a
complex roughly proportionately to the disease severity of

FALS caused by the particular SOD! mutant. Our present :
observations strongly suggest that NEDL1 may be a quality
control E3 recognizing misfolded mutant SOD1 (40). The asso-
ciation between mutant SOD1 and NEDL1 may induce the
conformational change in the NEDLI protein to increase the
binding intensity with oth.r physiological targets such as
TRAP-6 (not ubiquitinated) and Dvl1 (ubiquitinated). This may
lead to tight complex formation especially when the protea-
some activity is impaired. It has been reported that the expres-
sion and function of proteasomes decrease with age in the
spinal cord (7). Okado-Matsumoto and Fridovich (41) have also
found that complex formation between mutant SOD1 and heat
shock proteins leads to protein aggregates. Because our data
show that the ER translocon component TRAP-§ is involved,
aggregate formation may occur at the sites of the ER or Golgi
apparatus or even at other cellular sites. The complex forma-
tion including NEDL1 and mutant SOD1 may conversely affect
the physiological function of NEDLI1, as demonstrated by a
decrease in Dvll-induced phosphorylation of c-Jun.

Recently, the RING finger-type E3 Dorfin has been reported
to ubiquitinate mutant SOD1 for degradation (42). However,
NEDL1 and Dorfin appear to be different in several aspects.
First, NEDL1 is expressed specifically in neuronal tissues,
including the spinal cord, whereas Dorfin is ubiquitously ex-
pressed in most human tissues. Second, both interaction be-
tween NEDL1 and mutant SOD1 and ubiquitination of the
latter by NEDL1 roughly parallel the disease severity caused
by the particular SOD1 mutant, whereas Dorfin similarly ubiq-
uitinates mutant forms of SOD1. In addition, we have identi-
fied Dvll and TRAP-8 as cellular target proteins of NEDLI,
whereas the physiological targets of Dorfin have never been
reported. It is probable that there are some other E3 ligases
targeting mutant SOD1. However, the molecular characteris-
tics, including tissue-specific expression, subcellular localiza-
tion, and age-dependent expression, might be important in the

: deyelopment of the FALS phenotype.

~In‘iconclusion, we have identified a novel neuronal E3

IEDL1) that interacts with TRAP-8 and also binds to and
uitinates:Dvl1 for degradation. Strikingly, NEDL1 targets
ates mutant (but not wild-type) SOD1 for degra-
DL1 may normally function in the quality control of
roteins by eliminating misfolded proteins such as
OD1, possibly via a mechanism analogous to that of
ciated degradation (43-45). NEDL1 appears to com-
ightly with mutant SOD1, Dvll, and TRAP-§, forming
gates with species of mutant SOD1 that have escaped
iquitin-mediated degradation. The NEDL1 function that af-
fects the activities of the target proteins may also be modulated
by mutant SOD1. All of these might contribute to the patho-
genesis of FALS; further elucidation of the molecular mecha-
nism of formation of this complex and its pathogenicity may
provide insights into motor neuron death in ALS as well as
possible new therapeutic strategies for ALS.
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not wild-type SOD1, induces ER stress in COS7 cells
and transgenic mice™

Shinsuke Tobisawa, a5 yasukazu Hozumi, b

Shigeki Arawaka,* Shingo Koyama,a

Manabu Wada,* Makiko Nagal Masashi Aoki,” Yasuto Itoyama,®
Kaoru Goto,” and Takeo Katoa *

& Third Department of Internal Medicine, Yamagata University School of Medicine, 2-2-2 Iida-Nishi, Yamagata 990-9585, Japan
Departmenz of Anatomy and Cell Biology, Yamagata University School of Medicine, Yamagata, Japan
¢ Department of Neurology, Tohoku University School of Medicine, Seidai, Japan

Received 21 February 2003

Abstract

Mutations in a Cu, Zn-superoxide dismutase (SOD1) cause motor neuron death in human familial amyotrophic lateral sclerosis
(FALS) and its mouse model, suggesting that mutant SOD! has a toxic effect on motor neurons. However, the question of how the
toxic function is gained has not been answered. Here, we report that the mutant SOD1s linked to FALS, but not wild- -type SODI,
aggregated in association with the endoplasmic reticulum (ER) and induced ER stress in the cDNA-transfected COS7 cells. These
cells showed an aberrant intracellular localization of mitochondria and microtubules, which might lead to a functional disturbance
of the cells. Motor neurons of the spinal cord in transgenic mice with a FALS-linked mutant SODI also showed a marked increase
of GRP78/BiP, an ER-resident chaperone, just before the onset of motor symptoms. These data suggest that ER stress is involved in

the pathogenesis of FALS with an SODI mutation.
© 2003 Elsevier Science (USA). All rights reserved.

Keywords: Superoxide dismutase 1; Amyotrophic lateral sclerosis; Endoplasmic reticulum

Amyotrophic lateral sclerosis (ALS) is a neurode-
generative disease characterized by a selective loss of
motor neurons in the motor cortex, brainstem, and
spinal cord. Patients with ALS show progressive muscle
weakness, atrophy, and, ultimately, death due to respi-
ratory failure, which usually occurs within 3-5 years of
the onset of the disease. In most cases, ALS occurs
sporadically; however, there is a family history of the
disease in 5-10% of the cases (familial ALS: FALS). It is
known that approximately 20% of FALS is caused by a
missense mutation of the Cu, Zn-superoxide dismutase

* Abbreviations: ALS, amyotrophic lateral sclerosis; ER, endoplas-
mic reticulum; FALS, familial amyotrophic lateral sclerosis; PBS,
phosphate buffered saline; SODI, superoxide dismutase 1.
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(S0OD1) gene [1,2]. FALS with an SOD1 mutation shows
an adult-onset, autosomal dominant form of ALS. Until
now, FALS-linked SOD! mutations have been reported
to occur at about 60 sites of the amino acid sequence of
SOD1 (http://www.alsod.org) [3]. At first, a diminished
superoxide scavenging activity of SODI1 mutant and
subsequent oxidative stress were considered to be a
pathogenic mechanism of FALS with an SOD1 mutation
[1,2,4-6]. However, elimination of SOD1 in a knock-out
mouse model did not cause any neurological symptoms
or pathology [7]. Moreover, transgenic mice with a
FALS-linked mutated SOD1 gene developed motor
neuron symptoms and pathology irrespective of the de-
gree of enzymatic activity of SODI1 [8-11]. In FALS
patients, the age at the onset and the severity of the
disease have no relationship to the degree of enzymatic
activity of SOD1 [12-14]. Therefore, the functional loss

0006-291X/03/$ - see front matter © 2003 Elsevier Science (USA). All rights reserved.
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of SOD1! does not seem to be the pathogenesis of FALS
with an SOD1 mutation [15]. Another hypothesis is a
possible toxic function of the mutant SODI, in which the
mutant obtains an aberrant catalytic ability. This in-
cludes the peroxynitrate and the peroxidase hypotheses
[16,17]. In the former, the mutation of SOD1 was spec-
ulated to disrupt the active-site pocket of the enzyme to
allow the copper to react with peroxynitrite, resulting in
the nitration of proteins [16]. In the latter, the FALS-
associated mutant SODI1 has been shown in vitro to
augment the catalytic oxidation of a model substrate by
hydrogen peroxide [17]. However, these hypotheses are
not supported by the observation that the elevation or
elimination of wild-type SODI! has no effect on the
symptoms or pathology of a transgenic mouse model
with FALS-linked mutant SOD1 [15].

It 1s known that misfolding of a protein after bio-
synthesis results in aggregation of the protein, which
causes damage of cells including neurons [18-20]. In a
transgenic mouse with mutated SOD1, formation of
insoluble, high-molecular-weight complexes of mutated
SOD1 was observed several months before the onset of
the disease [21]. In this report, the FALS-linked mutant
SOD1 transfected to COS7 cells induces endoplasmic
reticulum (ER) stress by the accumulation of insoluble,
mutant SOD1 and a possible dysfunction of the intra-
cellular transport, which may explain how the mutant
SOD1 causes the disease. Similar changes of the ER are
also observed in transgenic mice with a mutant SODI.

Experimental procedures

Plasmid constructs. Total RNA was extracted from human white
blood cells by acid guanidinium thiocyanate—phenol-chloroform ex-
traction. First-strand cDNA was prepared using the Ist-Strand cDNA
Synthesis kit for RT-PCR (AMYV) (Roche Molecular Biochemicals,
Mannheim, Germany). A full-length wild-type SOD! ¢DNA with
EcoR1I linker sequences was generated by polymerase chain reaction
(PCR) using a primer pair of a sense primer (5-CGGAATTCA
TGGCGACGAAGGCCGTGTG-3) and an anti-sense primer (5-GG
GAATTCTTATTGGGCGATCCCA-3) followed by subcloning into
the EcoRl-cleaved pcDNA3 with an epitope tag composed of eight
amino acids (FLAG marker peptide, Asp-Tyr—Lys-Asp-Asp-Asp—
Lys; Eastman Kodak) that was fused to wild-type SODI by cloning the
24 base pairs of the FLAG coding sequence upstream to the coding
region of wild-type SOD1 ¢cDNA. PCR amplification was performed
by using Ex Tag DNA polymerase (Takara Shuzo Tokyo, Japan) ac-
cording to the following schedule: 94°C for 30s, 60°C for 30s, and
72°C for 90s for 30 cycles. Mutant SOD1 cDNAs were generated by
site-specific mutagenesis. Wild-type and mutant SODIs were also
subcloned with FLAG coding sequence into pEF-BOS, which utilizes
the human polypeptide chain elongation factor ta promoter (EF-la)
{22]. Rat diacylglycerol kinase { (DGK ) cDNA [23] was subcloned
into pEGFP-C2 (Clontech, Palo Alto, CA, USA). These subcloned
cDNAs were sequenced by the Model 310 Autosequencer (Applied
Biosystems, Foster City, CA, USA).

Cell culture and transfection. COST cells were cultured in Dul-
becco’s modified Eagle’s medium with 10% fetal bovine serum and
transfected with I pg or co-transfected with 2 ng (1 g each) of plasmid
DNA using Lipofectamine 2000 (Invitrogen, Carlsbad, CA, USA)

according to the manufacturer’s instructions. Cultured cells were
barvested 48h after transfection and lysed by sonication in a lysis
buffer containing 50mM Tris-HCl (pH 7.6), 150 mM NaCl, 5mM
EDTA, I mg/L leupeptin, and 50,000 U/L trasylol. After removal of
undisrupted cells by centrifugation (5000g, 7 min, 4 °C), the resultant
supernatant was designated as the total lysate. Protein concentrations
were determined by the bicinchoninate method. Cytosol fraction was
prepared according to the following method: the supernatant resulting
from the removal of nuclear fraction by centrifugation (14,000g,
10 min, 4 °C) was ultracentrifuged (100,000g, 1 h, 4°C). The resultant
supernatant was designated as the cytosol fraction. The pellet was re-
suspended in a lysis buffer that equaled the cytosol fraction in volume.

Immunoblotting. The total lysate from COS7 cells was prepared as
described above. Ten micrograms of total protein boiled for 5min in a
3 x SDS sample buffer (New England Biolabs, Beverly, MA, USA)
was subjected to 15% SDS-polyacrylamide gel electrophoresis. The
separated proteins were then electrophoretically transferred onto a
PolyScreen-PVDF membrane (NEN TM Life Science Products, USA).
After blocking non-specific binding sites in 5% skim milk (w/v) in
phosphate-buffered saline (PBS) with 0.01% Tween 20, the membrane
was incubated for th at room temperature with the antibody against
FLAG or GRP78/BiP and then treated with peroxidase-conjugated
anti-mouse or anti-rabbit [gG antibodies for I h. The immunoreactive
bands were detected using a chemi-luminescence detection kit (ECL
Western blotting kit, Amersham, Uppsala, Sweden). The cytosol and
pellet fractions were prepared as described above. Ten microliters each
of both fractions and total lysate were subjected to immunoblotting
and the immunoreactive bands were detected using the same methods
as described above.

Immunocytochemistry of c¢DNA-transfected COS7 cells. After
transfection and a 24-h incubation, cells were fixed in 4% parafor-
maldehyde in a 0.1 M sodium phosphate buffer (pH 7.2), followed by a
0.1% Triton X-100 permeabilization for 5min. After fixation, cells
were washed extensively in PBS and blocked with PBS containing 5%
normal goat serum (NGS) for 15min. The cells were incubated with
the following appropriate primary antibodies diluted in PBS contain-
ing 5% NGS: mouse anti-FLAG (M2) antibody (1 pl/ml, Sigma-Al-
drich, St. Louis, MO, USA), rabbit anti-GRP78/BiP antibodies
(diluted 1:1000, Stressgen), rabbit anti-SOD2 antibodies (diluted
1:10,000, provided by Dr. K. Asayama, University of Occupational
and Environmental Health, Japan), and rabbit anti-tubulin antibodies
(diluted 1:10,000, provided by Dr. R. Kuwano, Niigata University,
Japan) for | h at room temperature. Cells were washed for 5 x Smin in
PBS and incubated with the following appropriate secondary anti-
bodies diluted in PBS containing 5% NGS: anti-mouse 1gG conjugated
to Alexa 546 (diluted 1:250, Molecular Probes, Eugene, OR, USA) and
biotinylated anti-rabbit 1gG (diluted 1:250, Vector Laboratories, Bur-
lingame, CA, USA) for 30 min at room temperature. Celis incubated
with biotinylated anti-rabbit 1gG antibodies were washed 5 x 5 times
in PBS and incubated with streptavidin conjugated to Alexa 488
(10 pg/mi) for 30 min at room temperature. Cells were counterstained
with the following markers for organelle and cytoskeleton according to
the manufacturer’s instructions: ER-Tracker (endoplasmic reticulum;
ER marker, Molecular Probes), BODIPY FL-C5 ceramide (Golgi
marker, Molecular Probes), and Alexa Fluor TM 568 phalloidin (Actin
marker, Molecular Probes). Transfected cells with SODIs in pcDNA3
were incubated with or without 10 uM lactacystin for 24 h. Stained
cells were observed using a Jaser scanning confocal microscope (LSM 5
PASCAL, Zeiss, Germany).

Immunohistochemistry of transgenic mice with mutated SODI.
Formalin-fixed, paraffin-embedded tissue sections of the spinal cord
were used from two lines of transgenic mice with SODI mutations,
L84V (M. Kato, et al. Transgenic mice with ALS-linked SOD1 mutant
1.84V. Abstract of the 31st Annual Meeting of Society for Neurosci-
ence, San Diego, 2001) and H46R (M. Nagai, et al. Transgenic
mice with ALS-linked SOD1 mutant H46R. Abstract of the 30th
Annual Meeting of Society for Neuroscience, 2000) and age-matched
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non-transgenic mice. Deparaffinized sections were incubated with 1%
hydrogen peroxide for 15min, followed by 10% normal goat serum.
The sections were subsequently incubated with anti-GRP78/BiP anti-
bodies (diluted 1:1000, Stressgen, Victoria, BC, Canada) at 4°C for
48 h. Labeling was visualized by the method described previously [24].

Results

An epitope tag composed of eight amino acids
(FLAG marker peptide, Asp-Tyr-Lys—Asp-Asp-Asp—
Lys) was fused upstream to the coding region of the
wild-type and mutated SOD1 c¢DNA. Each of the
cDNAs of the wild-type SODI1 and four mutant SOD1s
linked to FALS (G37R, G85R, G93A, and S134N) was
subcloned into two different expression vectors,
pcDNA3 and pEF-BOS, and transfected into COS7
cells. After transfection and a 48-h culture, the cells were
processed for Western blot analysis and immunocyto-
chemistry.

The expression of wild-type and four FALS-linked
mutant SOD1s in COS7 cells was confirmed by Western
blot anlaysis of lysates using the anti-FLAG (M2)
monoclonal antibody (Fig. 1). The molecular size of
G85R was smaller than those of wild-type and the other
mutants (Figs. lA and B). Both wild-type and mutant

A
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25— pcDNA3

15—
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SOD1s were expressed at much higher levels using pEF-
BOS than pcDNA3 (Figs. 1A and B). The expression
level of wild-type SOD1 in pEF-BOS was about 8.8
times as high as that in pcDNA3, and the expression
levels of mutant SODIs in pEF-BOS were 2.0 to 8.3
times as high as those in pcDNA3 by densitometry.
Using pEF-BOS, the expression levels of mutant SOD1s
were about 16-49% of the wild-type SOD! by densi-
tometry (Fig. 1A). On the other hand, such a marked
decrease in the expression of mutant SODIs was not
apparent when pcDNA3 was employed (Fig. 1B). Using
pEF-BOS, although the wild-type SOD1 was almost
completely recovered in the cytosol fraction, a small
amount of the mutant SODI protein remained in the

~ pellet (Fig. 1C). Mutant G93A SODI1 protein in the

pellet was about 30% of the total protein by densitom-
etry (Fig. 1D).

Using pcDNA3, wild-type and mutant SOD1s were
expressed and distributed diffusely throughout the cy-
toplasm of the transfected COS7 cells (Fig. 2). There
was no obvious difference in the distribution pattern
among them. Using pEF-BOS, the wild-type SOD1 also
located diffusely in the cytoplasm, a result similar to that
with the use of pcDNA3 (Fig. 2). On the other hand,
mutant SODI1 expression using pEF-BOS produced

C WT

100}

g N
(=1 o
| I

Relative density
N
(%]
|

Y Cyt.  Pel. Cyt. Pel
WT GY93A

Fig. 1. Immunoblot analysis of wild-type (WT) and mutant (G37R, G85R, G93A, and S134N) SODI1s in total cell lysates derived from COS7 cells
48h after transfection with SOD1 ¢cDNA in pEF-BOS (A) or pcDNA3 (B). Tenmg (A) or 100 pg (B) of protein is applied to each lane. WT SOD1
expressed in COS7 cells is almost completely recovered in the cytosol fraction, whereas ~30% of mutant (G93A) SODI is in the pellet (C, D). Cyt,
cytosol fraction; Pel, pellet. Expressed SOD1 is detected by anti-FLAG antibody (A-C). (D) Densitometry analysis (the density of wild-type SOD1 in

cytosol fraction = 100%).
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WT G37R

pcDNA3

pEF-BO

G85R S134N

G93A

Fig. 2. Fluorescent microscopy of COS7 cells expressing wild-type (WT) and mutant (G37R, G85R, G93A, and S134N) SODIs using pcDNA3
(upper panels) or pEF-BOS (lower panels). WT and mutant SOD1s expressed by pcDNA3 show a diffuse distribution in the cytoplasm. WT SOD1
expressed by pEF-BOS also shows a diffuse distribution, whereas mutant SOD1s by pEF-BOS produce an aggregate formation in the perinuclear
area of the cytoplasm. Expressed SOD1 is detected by an anti-FLAG antibody.

aggregates of ‘the mutant protein in the perinuclear re-
gion of the cytoplasm (Fig. 2). The cells containing these
aggregates comprised 5-20% of the total transfected
cells.

A SOD1 GRP78 merge

G93A |
pEF-BOS

C pEF-BOS

pcDNA3
WT G93A WT G93A

Blot: ; -GRP78
Anti-GRP78 -
Blot:

Anti-Actin -Actin

Fig. 3. COS7 cells expressing WT (upper panels) or mutant (G93A)
SOD1 (lower panels) using pEF-BOS. (A) Double-staining with anti-
FLAG (red) and anti-GRP78 (green) antibodies. Perinuclear aggre-
gates of mutant SODI are colocalized with GRP78, an ER marker
(lower panels). The overexpression of GRP78 is also observed in a
mutant SOD1-expressing cell (middle in lower panels). (B) Double-
labeling with anti-FLAG antibody (red) and BODIPY FL-C5 cera-
mide, a Golgi marker (green). (C) Immunoblot analysis showing that
GRP78 expression is increased in COS7 cells transfected with a mutant
(G93A) SODI1 cDNA in pEF-BOS.

The subcellular localization of the mutation-related
perinuclear aggregates was then examined. COS7 cells
expressing wild-type SOD1 or mutant SODIls were
double-stained with the anti-FLAG (M2) antibody and
the ER markers (ER tracker and anti-GRP78/BiP an-
tibody) or the Golgi marker (BODIPY-C5 ceramide)
(Fig. 3). In the COS7 cells transfected with the wild-type
SODI c¢DNA in pcDNA3 or pEF-BOS, both the ER
(Fig. 3A) and Golgi apparatus (Fig. 3B) showed a
normal morphology in the juxta-nuclear position. In the
cells transfected with a mutant SODI1 cDNA in pEF-
BOS, on the other hand, perinuclear aggregates of mu-
tant SOD1 colocalized with the two ER markers (Fig.
3A), indicating accumulation of aggregated mutant
SODI in or on the ER. A volume expansion of the ER
in these cells was also observed. Western blot analysis
confirmed an increase in the expression of GRP78/BiP in
these cells (Fig. 3C). However, the aggregate of the
mutant SOD1 was not colocalized with the Golgi mar-
ker (Fig. 3B), indicating that Golgi complex is not
involved.

SOD1 ] GRP78 _merge

WT-pcDNA3
lactacystin (+)

GO3A-pcDNA3 [
lactacystin (+) £

Fig. 4. COS7 cells expressing WT (upper panels) or mutant (G93A)
SOD1 (lower panels) using pcDNA3 double-stained with anti-FLAG
(red) and anti-GRP78 (green) antibodies. The exposure to lactacystin,
a proteasome inhibitor, produces perinuclear aggregates of mutant
SODI1, but not WT SODL. Overexpression of GRP78 is also seen in a
cell with aggregate formation of mutant SOD1 (middle in lower pan-
els).
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To examine the involvement of the proteasome
function in the formation of perinuclear aggregates, a
proteasome inhibitor, lactacystin, was used. When cells

A SOD1 actin merge

WT

G93A

tubulin merg

B SOD1
WwT

G93A

C SOD1 mitochondria merge
wWT

G93A

Fig. 5. COS7 cells expressing WT (upper panels) or mutant (G93A)
SODI (lower panels) using pEF-BOS. (A) Double-staining with anti-
FLAG antibody (red) and Alexa Fluor TM 568 phalloidin (green), an
actin marker. Actin stress fibers are decreased in number, but their
intracytoplasmic distribution seems unchanged in a cell with aggregate
formation of mutant SODI (middle in lower panels). (B) Double-
staining with anti-FLAG (red) and anti-tubulin (green) antibodies.
Tubulin is restricted to the perinuclear area and does not show a fi-
brous appearance in a cell with aggregate formation of mutant SODI1
(middle in lower panels). (C) Double-staining with anti-FLAG (red)
and anti-SOD2 (green) antibodies. SOD2, a marker of mitochondria,
is restricted to the perinuclear area in a cell with aggregate formation
of mutant SOD1 (middle in lower panels).

expressing wild-type or mutant SODIs using pcDNA3
were exposed to 10 pM lactacystin for 24 h, perinuclear
aggregates of SODI1 occurred in the cells expressing the
mutant, but not the wild-type, SOD1 (Fig. 4). Perinu-
clear aggregates were colocalized with the ER markers
and the ER was seen to be expanded (Fig. 4). These
changes were almost identical to those of the mutant
SODIs expressed by pEF-BOS. This suggests that mu-
tant SOD1s were degraded by proteasome and that the
suppression of proteasome activity by lactacystin caused
an accumulation of mutant SODI1 in association with
the ER.

The influence of perinuclear aggregates of mutated
SODI on the cytoskeleton and mitochondria was ex-
amined next. In the cells expressing wild-type SODI
using pEF-BOS, actin stress fibers visualized by phal-
loidin-Alexa 568 were abundant in number and dis-
tributed to both the perinuclear and peripheral areas of
the cytoplasm (Fig. 5A). In the cells expressing mutant
SOD1s using pEF-BOS, actin stress fibers were obvi-
ously decreased in number, but their organization and
distribution seemed unchanged (Fig. 5A). Microtubules
detected by the anti-tubulin antibodies were observed to
radiate to the periphery of the cytoplasm from the
centrosome in the cells expressing wild-type SOD1 using
pEF-BOS (Fig. 5B). In the cells expressing mutant
SODIs using pEF-BOS, however, the fiber formation of
tubulin was disrupted and the location of tubulin was
restricted to the perinuclear area of the cytoplasm (Fig.
5B). Mitochondria detected by the anti-SOD?2 antibod-
ies showed a normal morphology and distribution in the
cytoplasm of cells expressing wild-type SODI using
pEF-BOS (Fig. 5C). In cells expressing mutant SOD1
using pEF-BOS, however, mitochondria were confined
to the perinuclear area of the cytoplasm and showed a

SOD1 DGK { /pEGFP

merge

WT
pEF-BOS

Fig. 6. COS7 cells co-transfected with WT (upper panels) or mutant
(G93A) (lower panels) SOD! (red) ¢cDNA in pEF-BOS and diacyl-
glycerol kinase { (DGK () (green) cDNA in pEGFP-C2, Expressed
DGK ¢, normally localized in the nucleus (middle in upper panels),
does not reach the nucleus in a cell with aggregate formation of mutant
SODI (middle in lower panels).
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Fig. 7. Motor neurons of the spinal cord in non-transgenic (A) and
transgenic mice with SOD1 mutation (L84V) (B), immunostained with
anti-GRP78/BiP. Inlense immunoreactivity is seen in virtually all
motor neurons in a mouse with L84V mutation of the SODI1 transgene
(B), although a few motor neurons (arrows) show a weak immuno-
staining in a non-transgenic mouse (A). The arrowheads indicate un-
stained motor neurons. Bar = 50 pm.

coarse appearance suggesting a morphology of mito-
chondrial swelling (Fig. 5C).

To examine the influence of aggregate formation on
the localization of other proteins, a nuclear protein,
diacylglycerol kinase { (DGK ) [23], was used. In co-
transfected cells with wild-type SOD1 in pEF-BOS and
rat DGK { in pEGFP, the expressed DGK { was lo-
calized in the nucleus (Fig. 6) as described previously
[23]. In co-transfected cells with mutant SOD1s in pEF-
BOS and DGK { in pEGFP, on the other hand, most
DGK { remained in the cytoplasm and colocalized with
the aggregates of mutant SOD1s, but did not reach the
nucleus (Fig. 6).

For the investigation of ER changes in the mouse
model of FALS, two lines of transgenic mice (L84V and
H46R) and age-matched non-transgenic mice were used.
These two transgenic mice showed an intense immuno-
staining of GRP78/BiP, an ER chaperone, in the cyto-
plasm of virtually all motor neurons of the spinal cord
just before the onset of motor symiptoms, whereas the
non-transgenic mice showed a weak immunostaining in
a few motor neurons (Fig. 7).

Discussion

The present study demonstrates that the FALS-
linked mutation of SODI leads to aggregate formation
in the cDNA-transfected COS7 cells in the condition
that either drives gene expression at a high level (pEF-
BOS) or suppresses the proteasome activity by lactacy-
stin. The finding that FALS-linked mutant SODI1 was
aggregated in transfected cultured cells has been re-
ported by the previous studies [25,26]. Here we show for

the first time that the pathological process is clearly
dependent on the expression level of the mutants and the
activity level of protein degradation. It should also be
noted that the mutation-related aggregates are colocal-
ized with the expanded ER. The results strongly suggest
association of the aggregate with the ER.

The function of most proteins depends on the proper
three-dimensional conformation of their mature, folded
forms. Misfolding or unfolding of proteins after bio-
synthesis can be repaired through the quality-control
system of the ER [27]. An accumulation of misfolded or
unfolded proteins in the ER induces ER stress, in which
three different mechanisms are known to be activated:
transcriptional induction of ER-resident chaperones,
translational attenuation of the misfolded or unfolded
proteins, and their degradation through the ubiquitin-
proteasome system [27]. In the present study, the de-
creased solubility of mutant SODI! proteins in the
cytosol (Fig. 1D) suggests a conformational change of
the mutant proteins. This is in agreement with the report
that insoluble, high-molecular-weight complexes of
mutant SODI are detectable several months before the
onset of the disease in a mouse model with a FALS-
linked mutant SOD1 transgene [21]. Our observation
revealed not only colocalization of the aggregated mu-
tant proteins with the ER markers but also the up-reg-
ulation of GRP78/BiP expression in the transfected
COS7 cells (transcriptional induction). In the high-ex-
pression system (pEF-BOS), on the other hand, the
amount of mutant SOD! proteins in the transfected
COS7 cells was less than that in the wild-type SODI,
suggesting a translational attenuation or an increase in
the degradation of the mutants. The inhibition of pro-
teasome activity by lactacystin exposure produced an
aggregation of mutant SOD1 in the lower-expression
system (pcDNA3), indicating that the proteasome
system is involved in the degradation of the mutant
proteins. All these resulis are compatible with the
quality-control system of the ER described above,
demonstrating that the mutant SOD1s linked to FALS
might induce ER stress in the transfected COS7 cells. In
such cells, tubulin and mitochondria did not reach their
proper intracellular locations, but were confined to the
perinuclear region. The fluorescent images of tubulin
and mitochondria were seen to be just surrounded by
the aggregates (Figs. 5B and C), suggesting that out-
growth of tubulin from the centrosome was spatially
blocked by the aggregates. The mitochondrial disloca-
tion may be due to a restricted tubulin outgrowth, be-
cause this organelle is transported throughout the
cytoplasm on microtubules, but not actin filament. A
nuclear protein, DGK {, which was co-transfected
with mutant SOD1 into COS7 cells, was also colocalized
with the aggregates of the mutant associated with the
ER. These data suggest that even non-mutated proteins
suffer from ER dysfunction and are trapped in the
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aggregates in an overexpression condition beyond a
physiological condition. Considering that the very early
change in transgenic mice with FALS-linked SODI
mutation is an impairment of axonal transport [28], it
seems that the FALS-linked mutant SOD1 also caused
an impairment of the intracellular transport system in
the transfected COS7 cells.

With regard to the subcellular localization of SODI,
the previous studies have reported that SODI is pref-
erentially synthesized by free ribosomes in the in vitro
experiments [29] and is localized mainly in the cytoplasm
and the nucleus and partially in mitochondria [30-32].
In pathologic conditions such as hepatitis and cirrhosis,
however, SODI has been shown to localize in the ER,
vesicles, and Golgi complex in hepatocytes [33]. Little is
known about the mechanism how SOD1 is transported
from the cytoplasm to the membranous organelles, al-
though it is reported that the mitochondrial accumula-
tion of SODI is strongly influenced by the copper
chaperone [34]. In the present study, although the ag-
gregated mutant SOD1 was closely associated with the
expanded ER, it remains unclear whether it is localized
within the cistern of the ER or outside.

In human FALS with an SOD1 mutation, there are
two major mysteries: motor neuron selectivity and adult
onset. Although every cell has mutant SOD1 in FALS
patients, the motor neurons seem to degenerate selec-
tively. The answer to this mystery is that the functional
integrity of motor neurons is critically dependent on
vigorous intracellular transport, especially axonal
transport, because a motor neuron has an enormously
long axon (about 1m in length). The dysfunction of
intracellular transport, the degree of which does not
have an apparent effect on the function or survival of
non-motor neurons or non-nerve cells, may do great
damage to motor neurons. The other mystery is the
adult onset of the disease in spite of the presence of
mutant SODI even in newborns. In the present study, a
lower expression of the mutant SOD1 by the pcDNA3
vector did not produce any aggregation of the mutant
protein or induce ER stress. However, the inhibition of
proteasome activity by exposure to lactacystin produced
an aggregation of the mutant protein and a dislocation
of tubulin, mitochondria, and DGK (. The proteasome
activity has been reported to decrease with aging in
animals [35]. A decrease in proteasome activity paired
with aging may allow the insoluble, high-molecular-
weight complexes of mutant SODI1 to be accumulated
beyond a non-compensable level in both patients and
transgenic mice with a FALS-linked SOD1 mutation,
resulting in the adult onset of the disease.

It has been shown that the knock-out of the SOD1
gene does not produce any neurological symptoms or
pathologic changes in mice [7] and that the overexpres-
sion of wild-type SOD1 does not modulate the pathol-
ogy in transgenic mice with the FALS-linked mutant

SODI1 [15]. Thus, a decrease or increase in SOD1 ac-
tivity, as well as the formation of peroxynitrite and
subsequent tyrosine nitration of proteins, seems to be
unrelated to the pathogenesis of FALS with an SODI
mutation. Recently, a conformational change of a cer-
tain protein and subsequent ER stress have been shown
to be an important step in the pathogenesis of neuro-
degenerative diseases, such as Alzheimer’s disease,
Parkinson’s disease, and Creutzfeldt-Jakob disease
[18-20,36,37]. The present study demonstrates that the
FALS-linked mutant SODI1 caused ER stress and a
possible disruption of the intracellular transport in the
transfected COS7 cells, which may explain how the
mutant SOD1 gains a toxic function. In transgenic mice
with SOD1 mutation, the overexpression of GRP78/BiP,
an ER-resident chaperone, was also observed in motor
neurons of the spinal cord before onset of the disease.
These data suggest that ER stress is involved -in the
pathogenesis of FALS with an SOD1 mutation. It seems
that human FALS with an SOD1 mutation is also a
conformational disease of the SOD1 molecule.
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SPECIFIC AIMS

Although nearly 100 types of different mutations in Cu,
Zn-superoxide (Cu, Zn-SOD) have been found in famil-
ial ALS (FALS) patents, the mechanisms by which
those mutants of Cu, Zn-SOD lead to neurodegenera-
tive disorder have so far not been fully elucidated. To
elucidate the pathological role of mutated Cu, Zn-SOD
in FALS, the susceptibility of mutated Cu, Zn-SODs to
glycation was examined.

PRINCIPAL FINDINGS
-1. Mutated Cu, Zn-SODs are susceptible to glycation

Wild-type (WT) and three mutated Cu, Zn-SODs—
G37R, GI93A, and 1113T—were produced in the bacu-
lovirus/S£21 insect cell system. To examine the suscep-
tibility of mutated Cu, Zn-SODs to glycation, purified
WT and mutated Cu, Zn-SODs were incubated with 100
mM glucose at 37°C for 14 days, and the glycated
proteins were quantified by Western blot using the
anti-hexitol lysine antibody, which reacts with the re-
duced Amadori product, an early glycation product.
The mutated enzymes (G37R, G93A, I1113T) were more
highly glycated than in the WT enzyme. Moreover,
glycated forms were detected in the mutants even
before incubation with glucose, suggesting that mu-
tated Cu, Zn-8ODs were glycated during the 4 days
incubation with ~4 mM glucose present in the culture
medium. We next separated glycated and nonglycated
Cu, Zn-SODs using a boronate affinity column and the
nonglycated fractions were incubated with various con-
centrations of glucose. Figure 1A shows data on the
dose-dependent glycation of nonglycated fractions of
Cu, Zn-SODs, as quantified by Western blot using the
anti-hexitol lysine antibody. Before incubating with
glucose, it was confirmed that neither the WT nor the
mutated Cu, Zn-SODs (G37R, G93A) were glycated.
After incubation with 1 or 10 mM glucose at 37°C for 7
days, the glycation reaction was dose dependent and
the mutated Cu, Zn-SODs (G37R, G93A) were more
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susceptible to glycation than the WT. Figure 2 indicates
that glycation occurred in a time-dependent manner
and that G93A was more susceptible to glycation than
the WT.

2. Mutated Cu, Zn-SODs are susceptible to fructation

Since fructose is a more potent glycating agent than
glucose, we also examined the effects of fructose. After
separation of glycated and nonglycated Cu, Zn-SODs
using a boronate affinity column, the nonglycated
proteins were incubated with 1 or 10 mM fructose for %
days. G93A and G37R were more susceptible to fructa-
tion than the WT enzyme, and fructation occurred in
dose-dependent manner. '

3. Mutated Cu, Zn-SOD (G934) produces more
hydrogen peroxide from glycation and fructation

As we previously reported, a site-specific fragmentation
of Cu, Zn-SOD is caused by ROS formed from the
glycation reaction. To identify the radical species pro-
duced during glycation, ESR spectra were measured
using DPMPO as a trapping agent. When 1 mg/mL of
WT or mutated Cu, Zn-SODs were incubated with 100
mM glucose at 37°C for 7 days, no signal was observed.
We next examined the production of hydrogen perox-
ide, since superoxide anion is thought to be generated
from glycation reaction, then the hydrogen peroxide
could be formed by a dismutase activity of Cu, Zn-SOD.
As shown in Fig. 24, when G93A and WT Cu, Zn-SODs
were incubated with 100 mM glucose or 1 mM fructose,
hydrogen peroxide was produced in time-dependent
manner; the level of hydrogen peroxide produced from
GI3A was almost twice that of the WT. In this system,
ROS produced by glucose autoxidation was included;

'To read the full text of this article, go to http:/ /www.fasebj.
org/cgi/doi/lO.1096/@.02—076856; to cite this article, use
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Figure 1. Dose- and time-dependent glycation of
mutated Cu, Zn-SODs. After separating glycated
and nonglycated Cu, Zn-SOD by boronate affinity
column, nonglycated fractions were incubated
with glucose. Glycated proteins were detected by
Western blot using an anti-hexitol lysine anti-
body. A) Dose-dependent glycation of wild-type
(WT) and mutated Cu, Zn-SODs (G37R, G93A).
Proteins (0.5 mg/mL) were incubated with the
indicated concentration of glucose at 37°C for 7
days. B) Time-dependent glycation of G93A and

WB: a HL

WwT GO3A WT. Proteins (0.5 mg/mL) were incubated with
10 mM glucose. Each lane contains 0.5 pg of
protein.
WB: o HL
0 3 5 7 3 5 7 (days)

therefore, we next excluded free glucose or fructose by
dialysis against 50 mM potassium phosphate buffer (pH
7.4). After dialysis, these samples were further incu-
bated at 37°C and the extent of hydrogen peroxide
production was measured. As seen in Fig. 2B, glycated
and fruetated G93A produced more hydrogen perox-
ide than the glycated and fructated WT, respectively.

CONCLUSIONS AND SIGNIFICANCE

Glycation of FALS-related mutants of Cu, Zn-SOD was
examined. When the purified proteins were incubated
with glucose, all the mutated Cu, Zn-SODs were found
to be more susceptible to glycation than the WT. The
mutated Cu, Zn-SODs were also more susceptible to
fructation than the WT. When glycated Gu, Zn-SOD
were incubated, hydrogen peroxide was produced, and
the mutated Cu, Zn-SODs produced high levels in
proportion fto the extent of glycation. Production of
hydrogen peroxide was also observed when fructated
proteins were incubated; again, the mutants produced
more hydrogen peroxide than the WT. It has been
reported that Lewy body-like hyaline inclusions charac-
teristically found in FALS patients are immunopositive
both Cu, Zn-SOD and AGEs such as CML, pyrraline and
pentosidine. From our data using purified Cu, Zn-SOD,
the origin of these immunopositive lesions could be Cu,
Zn-SOD itself, and it is likely that the glycation of
mutated Cu, Zn-SODs is accelerated in vivo as well.
The primary characteristic of ALS is the selective
degeneration of motor neurons, initiated in mid-adult-
hood. Since many different types of mutations in Cu,
Zn-SOD have been observed in FALS, certain common
characteristics of these mutants should explain the
pathogenesis of the disease. Glycation proceeds
through the formation of a Schiff base between reduc-
ing sugars and amine groups of lysine residues and a
subsequent rearrangement to yield Amadori products,

MUTATED Cu, Zn-SOD IN FALS

and finally produce AGEs, which have been shown to
accumulate during aging. Glycation has been impli-
cated in the chronic complications of diabetes mellitus
and has been suggested to play an important role in the
pathogenesis of neurodegenerative diseases. In this
study, we hypothesize that the susceptibility of mutated
Cu, Zn-SODs to glycation is a factor in the pathogenesis
of FALS. An increased glycation has also been reported
in sporadic ALS; Amadori products are present in
axonal spheroids in the anterior horn of the spinal
cord. The target protein of glycation in sporadic ALS is
not known, but it is possible that some type of ROS
produced during glycation is involved in the pathogen-
esis of sporadic ALS as well.

We previously reported that mutant enzymes form
aggregates at a higher rate when incubated with copper
ion and aggregates of mutant enzymes retain their
enzymatic activity. Although glycation decreases the
enzymatic activity of Cu, Zn-SOD, some activity should
remain, and accelerated aggregation might play an
important role in the microenvironment. Therefore,
hydrogen peroxide could be produced by the aggre-
gated forms of glycated Cu, Zn-SOD. We and other
groups have also reported that the copper binding
affinities were decreased in mutated Cu, Zn-SOD. This
could be due to the instability of the mutated proteins,
but it also could be due to glycation: we previously
indicated that glycation causes the fragmentation of
Cu, Zn-SOD.

These collective findings suggest that the glycation of
mutated Cu, Zn-SODs can I) produce superoxide an-
ion, and 2) hydrogen peroxide is formed by the enzy-
matic activity of the aggregates, then 3) hydroxyl radi-
cals can be formed via the Fenton reaction involving
the free copper ion released from the mutated Cu,
Zn-SOD. In this study, hydroxyl radicals were not
observed, but we assume that detection of this radical is
dependent on the scale of the experiment; in the case
of this study, the amount of free copper might not have
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Figure 2. The production of hydrogen peroxide by incuba-
tion of wild-type and GI93A Cu, Zn-SOD with glucose or
fructose. A) 0.5 mg/mL WT or G93A was incubated with 100
mM glucose or 1 mM fructose for 7-14 days and hydrogen
peroxide was measured. *P < 0.05 compared with WT
incubated with 100 mM glucose for 7 days. #P < 0.05
compared with WT incubated with 100 mM glucose for 14
days. *P << 0.05 compared with WT incubated with 1 mM
fructose for 7 days. B) After 0.5 mg/mL WT or G93A was
incubated with 100 mM glucose or 1 mM fructose for 7 days,
the samples were dialyzed against 50 mM potassium phos-
phate buffer (pH 7.4) to remove free glucose and fructose.
The dialyzed Cu, Zn-SODs were incubated at 37°C for an
additional 7 days. Data indicate mean * sp of 3-4 separate
experiments in each group. *P < 0.05 compared with WT
incubated with 100 mM glucose for 7 days. #P < 0.05
compared with WT incubated with 1 mM fructose for 7 days.

been sufficient to accomplish this. Both hydrogen

peroxide and hydroxyl radical are toxic to neuronal
cells; thus, it is possible that the increased level of
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Figure 3. Schematic diagram illustrating the pathogenesis of
FALS based on the susceptibility of mutated Cu, Zn-SOD to
glycation. I) Mutated Cu, Zn-SODs are highly susceptible to
glycation (Fig. 1). 2) Superoxide anion is generated from the
glycation reaction. 3) The mutated Cu, Zn-SODs form aggre-
gates at a higher rate. 4) The aggregates of Cu, Zn-SODs
retain their enzymatic activity. 5) The mutated Cu, Zn-SOD
produced higher levels of hydrogen peroxide by glycation
than wild-type (Fig. 2). 6) Copper binding affinities were
decreased in mutated Cu, Zn-SOD.

(2)

glycation of the mutated Cu, Zn-SOD (which requires a
long time) induces toxic oxidative stress especially in
the anterior horn of the spinal cord, which contains
high levels of Cu, Zn-SOD. It is also possible that
3-deoxyglucosone, methylglyoxal, or AGEs produced
from glycated Cu, Zn-SOD directly affect neuronal cell
death, as has been suggested by other groups.

The mechanisms by which the mutation of Cu,
Zn-SOD affects glycation are currently under investiga-
tion. Since it has been observed from many aspects that
mutation of Cu, Zn-SODs leads to instability of the
protein, it is possible that the exposure status or
electronic environment of the lysine residues is altered
in the case of mutants. Abnormal glucose tolerance has
been reported in ~40% of ALS patients. Crystallo-
graphic studies are now under way, and we expect that
structural information will provide us with clues for
elucidating the mechanism whereby susceptibility to
glycation is commonly observed in mutated Cu,
Zn-SODs.
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Abstract

Hepatocyte growth factor (HGF), initially identified and molecularly cloned as a potent mitogen of primary cultured
hepatocytes, has multiple activities in a variety of tissues during the course of development and also in various disease states.
HGF plays key roles in the attenuation of disease progression as an intrinsic repair factor. It is also evident that HGF levels are
regulated under different conditions, for example, during the course of pregnancy, aging, and disease. This review focuses on
the levels of HGF in normal and pathophysiological situations and examines the relationships between HGF levels and disease,
disease stage, and disease prognosis. The clinical potential of HGF as a treatment for subjects with various diseases is also

given attention.
© 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction

Numerous growth factors are regulated in a
concerted fashion to maintain homeostasis, not only
in healthy individuals responding to their surround-

Abbreviations: AD, Alzheimer’s disease; ChAT, choline acetyl-
transferase; CH, chronic hepatitis; CK, creatinine phosphokinase;
CRP, C-reactive protein, DMN, dimethylnitrosamine; CsA, Cyclo-
sporin A; CSF, cerebrospinal fluid; HCC, hepatocellular carcinoma,
HGF, hepatocyte growth factor; HGF A, HGF activator; HVI,
hemagglutinating virus of Japan; LC, liver cirrthosis; OA, osteo-
arthritis; PAOD, peripheral arterial occlusive disease; RA, rheuma-
toid arthritis; TGF-B, transforming growth factor-p; TIF,
tubulointerstitial fibrosis; TIL, tubulointerstitial lesion; uPA,
urokinase-type plasminogen activator.

* Corresponding author. Tel.: +81-6-6879-3783; fax: +81-6-
6879-3789.

E-mail address: nakamura@onbich.med.osaka-u.ac.jp
(T. Nakamura).

ings, but also in subjects with diseases. Therefore,
an understanding of the regulation and potential
clinical applications of growth factors is of great
importance.

Hepatocyte growth factor (HGF) was first identi-
fied in 1984 [1,2] and 1985 [3] and purified as a
potent mitogen of primary cultured hepatocytes [4—
6]. Molecular cloning revealed that it is a heterodi-
meric molecule composed of a 69-kDa a-chain and a
34-kDa p-chain. The a-chain contains an N-terminal
hairpin domain and subsequent four-kringle domains,
and the B-chain contains a serine protease-like domain
with no enzymatic activity [7-9]. A fibroblast-
derived epithelial cell motility factor, termed scatter
factor, was identified in 1985 [10] and purified in
1989 [11]. Subsequent characterization revealed scat-
ter factor to be identical to HGF [12—14]. HGF is
synthesized and secreted as a biologically inactive

0009-8981/02/$ - see front matter © 2002 Elsevier Science B.V. All rights reserved.
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single-chain precursor form, and further processing by
serine proteases into the two-chain form is coupled to
its activation (Fig. 1). Serine proteases responsible for
the activation of HGF include HGF activator or HGF-
converting enzyme and urokinase-type plasminogen
activator (uPA) [15—18]. The receptor for HGF was
identified as a c-met proto-oncogene product [19-21].
The c-Met receptor is composed of a 50-kDa «-chain
and 145-kDa p-chain. The a-chain is exposed extrac-
ellularly, while the p-chain is a transmembrane sub-
unit containing an intracellular tyrosine kinase
domain. Binding of HGF to the c-Met receptor
induces activation of tyrosine kinase, an event that

results in subsequent phosphorylation of C-terminally
clustered tyrosine residues (Fig. 1) [22]. Phosphory-
lation of these tyrosine residues recruits intracellular
signaling molecules containing the src homology (SH)
domain, including Gab-1, phospholipase c-y (PLC-y),
Ras-GTPase activating protein (Ras-GAP), phospha-
tidylinositol 4,5-bisphosphate 3-kinase (PI-3 kinase),
c-Sre, Shp-2, Crk, and Grb-2. A potential contribution
of Bag-1 and STAT3 for HGF signaling was also
reported [23,24]. Although HGF was initially identi-
fied as a potent mitogen for hepatocytes, considerable
evidence indicates that intracellular signaling path-
ways driven by HGF-c-Met receptor coupling lead to
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Fig. 1. Schematic structure of mature HGF processed from proHGF, and biological activities of mature HGF mediated by intracellular signals of

the c-Met/HGF receptor.
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multiple biological responses in a variety of cells,
including mitogenic, motogenic (enhancement of cell
motility), morphogenic, neurite extension and anti-
apoptotic activities.

The essential role for HGF and the c-Met receptor
in mammalian development was defined by the dis-
ruption of HGF or the c-met gene in mice; these mice
died during development (embryonic days 13-15) as
organogenesis of the placenta and liver was impaired.
HGF is also involved in the formation of the kidney,
lung, mammary gland, teeth, muscle, and neuronal
tissues [25—31], and the organotypic role of HGF in
the liver has been well defined [25].

In addition, HGF has an organotrophic role in the
regeneration and protection of various organs, includ-
ing the liver, lung, stomach, pancreas, heart, brain,
and kidney [32-38]. As correlated with the role of
HGF in such diseases, HGF levels are regulated in
serum, bronchoalveolar lavage, cerebrospinal and
synovial fluids, and/or tissues. In this review, we
focus on the relationships between HGF levels and
normo-physiological alterations or disease states and
the clinical potential of HGF to treat individuals with
diseases.

2. Hemodynamics of HGF

An understanding of the hemodynamics of HGF is
essential to estimate the clinical relevance of an
alteration of serum HGF levels. An injection study
revealed that the percentage of '**I-labeled HGF in
the peripheral blood was 92.3% at 3 min, 86.5% at 30
min, 80.4% at 60 min, 69.4% at 120 min after the
injection, and that '*’I-labeled HGF diffuses into the
liver, adrenal gland, spleen, kidney, lung, stomach,
and intestine within 3 min after intravenous injection
of HGF, but does not diffuse into the heart or brain
[39-43]. The clearance rate of 1251 labeled HGF is
about 70% in the liver and less than 10% in the
kidney. Two mechanisms of HGF clearance have been
hypothesized: one is internalization of HGF with
c-Met and the other is trapping by binding molecules,
such as heparan sulfate. When a large amount of
recombinant HGF is administered intravenously,
c-Met levels in the liver decrease, resulting i the
reduction of internalization efficiency. In cases of
liver damage, plasma HGF levels are likely to

increase, not only because of the up-regulation of
HGF, but also because of the lower clearance of HGF
in the liver.

3. Alteration of serum HGF levels in normal
conditions

HGF levels are altered by various factors, such as
aging and pregnancy. For example, serum HGF
levels in females are 0.36 ng/ml at 10 years of
age, increase to 0.39 ng/ml at 20-29 years of age,
and decrease with aging to 0.26 ng/ml at 50 (Table
1) [44—47]. There are small differences in HGF
levels between males and females: the levels are
0.33 ng/ml in females and 0.29 ng/ml in males at
40—49 years of age (Table 1). Serum HGF levels
increase throughout pregnancy from 0.30 ng/ml in
the early pregnancy to 0.41 ng/ml in mid-gestation
and to 0.48 ng/ml in the late stage of pregnancy
(Table 2) {48]. These data suggest the importance of
physiological changes in HGF levels in age, sex, and
pregnancy.

4. Relationships between HGF levels and diseases,
disease stages, and the prognosis for diseases:
clinical relevance of HGF levels

Circulating HGF levels change in the presence of
different diseases and the correlation between HGF
levels, disease parameters, and disease stages are
evident. In diseases such as cancer, a correlation
between HGF levels and prognosis has been reported
(Tables 3A and B).

Table 1

Alteration of HGF levels in serum during aging and by sex

Age (years) Serum HGF level in Reference
healthy controls (ng/ml)
Females Males

10-19 036+ 0.16 0.35+0.25 [147]

20-29 039+ 0.25 0.37+0.22

30-39 0.370.19 0.33+0.19

40-49 0.33+0.17 029 +0.17

5059 0.26 +0.17 0.29 +0.15
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Table 2

Alteration of HGF levels during pregnancy

A

Stage of Serum HGF level Reference
pregnancy in pregnancy (ng/ml)

Early 03 [44]
Middle 041 %021

End 0.48+0.25

B

Stage of Amniotic fluid HGF level Reference
pregnancy in pregnancy (ng/mi)

Early 15+8 [44] (J45])
Middle 48 +23

End , 6+3

C

Stage of Cord vessel HGF level Reference
pregnancy in pregnancy (ng/ml)

<37 weeks 0.78 (0.46-1.03) [48]

>37 weeks 1.11 (0.78~1.45)

A. HGF level in serum. B. HGF level in amniotic fluid. C. HGF
level in Cord vessels.

4.1. Liver disease

4.1.1. Serum HGF levels in various hepatic diseases

Serum HGF levels are significantly higher in
patients with acute and chronic hepatitis compared
with findings in normal controls [49,50]. The levels
increase in patients with acute hepatic failure, and are
increased 36-fold compared with findings in patients
with acute hepatitis. The data for patients with acute
hepatitis correlate significantly with serum bilirubin
and y-GTP levels and with the tissue activation index
in patients with chronic hepatitis, thereby reflecting
histological inflammation and tissue fibrosis [49].
Serum HGF levels in the presence of chronic hepatitis
(CH), liver cirrhosis (LC), or hepatocellular carci-
noma (HCC) are 0.40, 1.05, and 1.06 ng/ml, respec-
tively. That is significantly higher than in controls
(Table 3A). Serum HGF shows a positive correlation
with C-reactive protein (CRP) and a negative corre-
lation with albumin. However, no relationship
between HGF and alpha2-microglobulin has been
observed [51]. Serum HGF levels in patients with
hepatitis C are highest in patients with acute hepatitis
(AH) and levels tend to be higher in patients with LC

Table 3A
HGF levels in various diseases (selected diseases)
Disease HGF level Reference
(ng/ml; ng/mg)
Serum
Normal 0.27+0.08 [50]
Alcoholic 0.78 [1487 ([53])
liver cirrhosis
Acute hepatitis 0.45+0.23 [50] ([52)])
Chronic hepatitis 0.40 £0.16
Hepatic cirrhosis 1.05 - 0.64
Hepatocarcinoma 1.06 - 1.45
Primary 0.44+0.22
bilious cirrhosis
Fulminant hepatitis 16.40 + 14.67
Liver transplantation 0.33 £0.04 [149}
with uneventful
postoperative
recovery
Liver transplantation 2.01 +0.99
with abnormally
elevated PT
Angina 03+0.1 [60]
Myocardial 10.5+9.1
infarction (6 h)
Myocardial 6.81+4.6
infarction (612 h) ’
Hypertension 0.48 +0.03 [150]
(WHO stage I)
Hypertension 0.88+£0.1
(WHO stage II, 1)
Patients with 0.35+0.11 f151]
arteriosclerotic lesions
Acute-phase acute 0.55+0.24 [152]
renal failure (ARF)
Chronic tubulointerstitial 0.44 + 0.37
nephritis
Chronic renal failure 0.33+0.1 [79]
(non-dialysis case)
Chronic renal failure 0.33+0.13
(less than one year
of dialysis)
Chronic renal failure 0.45+0.13
(5—10 years of dialysis)
Acute renal rejection 2,17+ 1.14 [153}
after transplantation
Peak serum HGF in good 248 — 5.63 [154]
renal allograft function
Interstitial pneumonia 1.16 - 0.22 [54]
(P<0.01)
Bacterial pneumonia 0.96 + 0.27
(P<0.01)
Pulimonary fibrosis 0.34 + 0.002 [57]
(P<0.001)
Mild and moderate 0.63 + 0.06 [57]

acute pancreatitis
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Table 3A (continued)

Disease HGF level Reference Disease HGF level Reference
(ng/ml; ng/mg) (ng/ml; ng/mg)
Serum Urine
Severe acute 230+ 0.61 Acute tubular necrosis 19.1 + 4.2 (ng/g)
pancreatitis (ATN) (oliguric)
Clinical presentation 0.74 +0.14 [154] ([156D
before insulin treatment Bile
Newly diagnosed type 1 0.78 +£ 0.40 Normal 0.8+0.1 [164]
diabetes (diabetes One day after 4.0+04
duration 1/2—3 years) hepatic resection (P<0.05)
Long-standing type 1 0.86 +0.42 (non-diabetic case)
diabetes without Control 216139 [165]
renal involvement Rhegmatogenous 2.02+£0.84
Long-standing type 1 0.79 +0.27 retinal detachment
diabetes with Proliferative 3.94 £2.29
renal involvement vitreoretinopathy
Polymyositis (PM) 0.63 +0.11 [157]
Dermatomyositis (DM) 0.58 £ 0.07 Vitreous body -
Inactive SLE 0.788 [158] Non-diabetic case 1.6 [155]
Active SLE 1.02 Diabetic retinopathy 4.2 (P<0.05)
Ulcerative colitis 1384 + 0.107 [159] (rubeosis — )
Crohn’s disease 1.439 + 0.084 Diabetic retinopathy 7.2 (P<0.01)
HELLP syndrome 1.79 £ 0.35 [160] (rubeosist)
Bronchoalveolar lavage fluid (BALF) Synovial fluid
Normal (control) 0.23 +0.09 ([57]) [58] Osteoarthritis 0.19 [105] ([166])
Idiopathic pulmonary 0.77+ 0.88 Bacterial arthritis 0.18
fibrosis (IPF) (P<0.001) Rheumatoid arthritis 1.21
Rheumatoid 0.50 + 0.64
arthritis RA) (P<0.001) Placenta
Sarcoidosis 0.41 1+ 0.61 Normal 6.16 1332 [46]
(P<0.05) Toxemia of pregnancy 4.05+1.44
(P<0.05)
Cerebral cortex
Normal 9.60 + 4.62 [161]
Alg;?ﬁff,:giz:;res old) 337+ 18.47 and HCC than in those with chronic hepatitis (CH).
(average 78.7 years old) Furthermore, serum HGF levels reveal high carcino-
Progressive 20.23 £ 13.55 genic states in chronic hepatitis and liver cirrhosis
Parkinson’s disease type C [52]. Induction is due to the increased pro-
- (average ’78&'5 years old) 36054 1198 duction of HGF, not only in the liver, but also in
L?;:izrg;gz %éseyf:rs old) T distgnt organs, such as the lung. With thg progression
of liver damage, clearance of HGF in the liver
Cerebrospinal fluid (CSF) diminishes. In addition, although patients with LC
Normal N 0.346 £ 0.126 [162] show a marked increase in serum HGF levels as the
Ascptic meningitis 0.419+0.07 [162] molecule is processed from a biologically inactive
Bacterial meningitis 6.101 +5.20 . . .
Amyotrophic 0.58 [01] single-chain precursor form of HGF into the two-
lateral sclerosis chain active form. Levels may be significantly dis-
turbed in the damaged liver, and a single-chain
Urine precursor form can become a major form in the serum.
Normal 193+ 7.1 [78,163]

Acute tubular necrosis
(ATN) (non-oliguric)

6.9+ 0.7 (ng/g)

In patients with fulminant hepatitis, extremely high
serum levels of HGF (16.40 ng/ml) were detected. In
such cases, some of the HGF may exist in the form of



