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Approximately 20% of familial amyotrophic lateral
sclerosis (FALS) arises from germ-line mutations in the
superoxide dismutase-1 (SODI) gene. However, the
molecular mechanisms underlying the process have
been elusive. Here, we show that a neuronal homo-
logous to E6AP carboxyl terminus (HECT)-type ubiq-
uitin-protein isopeptide ligase (NEDL1) physically binds
translocon-associated protein-§ and also binds and ubiq-
uitinates mutant (but not wild-type) SOD1 proportion-
ately to the disease severity caused by that particular
mutant. Immunohistochemically, NEDL1 is present in
the central region of the Lewy body-like hyaline inclu-
sions in the spinal cord ventral horn motor neurons of
both FALS patients and mutant SODI transgenic mice.
Two-hybrid screening for the physiological targets of
NEDL1 has identified Dishevelled-1, one of the key
transducers in the Wnt signaling pathway. Mutant SOD1
also interacted with Dishevelled-1 in the presence of
NEDL1 and caused its dysfunction. Thus, our results
suggest that an adverse interaction among misfolded
SOD1, NEDL1, translocon-associated protein-5, and Di-
shevelled-1 forms a ubiquitinated protein complex that
is included in potentially cytotoxic protein aggregates
and that mutually affects their functions, leading to mo-
tor neuron death in FALS.

Amyotrophic lateral sclerosis (ALS)! is a progressive, fatal,
neurodegenerative disease that is characterized by selective
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loss of motor neurons in the spinal cord, brain stem, and motor
cortex. The sporadic and familial forms of the disease have
similar clinical and pathological features. About 10% of ALS
cases are familial, and mutation of superoxide dismutase-1
(SOD1) is found in 20% of familial ALS (FALS) patients (1, 2).
Mice that express mutant SODI transgenes develop an age-de-
pendent ALS phenotype independent of levels of dismutase
activity, suggesting that FALS pathology is because of a toxic
gain of function in SOD1 and that the abnormal protein struc-
ture of mutant SOD1 is eritical in the pathogenesis of motor
neuron death (3-6). Recently, proteasome expression and ac-
tivity have been reported to decrease with age in the spinal
cord (7, 8). Furthermore, mutant SOD1 turns over more rapidly
than wild-type SOD1, and an inhibitor of proteasome action
inhibits this turnover and thus selectively increases the steady-
state level of mutant SOD1 (8). These results suggest the
involvement of the ubiquitin-proteasome function in the cause
of FALS. However, the biochemical nature of this gain-of-func-
tion mutation in SOD1 and the mechanism by which SOD1
mutations cause the degeneration of motor neurons have re-
mained elusive.

We show here the identification of a novel HECT-type ubig-
uitin-protein isopeptide ligase (E3), NEDL1, which is ex-
pressed in neuronal tissues, including the spinal cord, and
selectively binds to and ubiquitinates mutant (but not wild-
type) SOD1. NEDL1 is physically associated with translocon-
associated protein-6 (TRAP-8), one of the endoplasmic reticu-
lum (ER) translocon components that has previously been
reported to bind mutant SOD1 (9, 10). Both NEDL1 and
TRAP-8 form a complex with mutant SOD1, with the binding
intensity among these proteins being roughly proportionate to
the rapidity of progression of the associated FALS phenotype.
Immunohistochemical study has shown that NEDL1 is positive
in the Lewy body-like hyaline inclusions in the spinal cord
motor neurons of both FALS patients and mutant SODI trans-
genic mice. We have also found that NEDL1 targets Dishev-
elled-1 (Dvll) for ubiquitination-mediated degradation and
that mutant (but not wild-type) SOD1 affects the function of
Dvll. Our observations suggest that NEDL1 is a quality control
E3 that recognizes mutant SOD1 to form a tight complex with
the physiological targets of NEDL1 in motor neurons of
FALS patients.

EXPERIMENTAL PROCEDURES

Cell Culture and Transfection—Human neuroblastoma-derived cells
were grown in RPMI 1640 medium supplemented with 10% heat-inac-
tivated fetal bovine serum, 100 units/ml penicillin, and 100 pg/ml
streptomycin, COS-7 and NeuroZ2a cells were maintained in Dulbecco’s
modified Eagle’s medium supplemented with 10% heat-inactivated fe-
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tal bovine serum, 100 units/ml penicillin, and 100 pg/ml streptomycin.
All cells were maintained in a humidified 37 °C incubator with 5% CO,.
All transfections were carried out with LipofectAMINE Plus transfec-
tion reagent (Invitrogen) according to the manufacturer’s instructions.
In some experiments, transfected cells were treated with MG-132 for 30
min at a final concentration of 40 pM.

RNA Analysis—A human multiple tissue mRNA blot and a fetal
human multiple mRNA blot (Invitrogen) were hybridized with a **P-
labeled Apal-Scal restriction fragment of NEDLI cDNA under stand-

ard conditions. For reverse transcription (RT)-PCR analysis, cDNA .

derived from adult human neural system (BioChain Institute, Hay-
ward, CA) was subjected to PCR amplification using the following
primers: NEDLI, 5'-CCGATTTGAGATCACTTCCTCC-3' (sense) and
5'-CCGCTTTCCATCAGGTTGTT-3' (antisense); and glyceraldehyde-3-
phosphate dehydrogenase, 5'-ACCTGACCTGCCGTCTAGAA-3’ (sense)
and 5-TCCACCACCCTGTTGCTGTA-3' (antisense). The amplified
products were separated by electrophoresis on a 1.5% agarose gel and
visualized by ethidium bromide post-staining. Amplification of glycer-
aldehyde-3-phosphate dehydrogenase was used as an internal control.

In Vitro Ubiquitination Assays—In vitro ubiquitination assays were
performed as follows. Reaction mixtures containing 0.5 pg of purified
glutathione S-transferase fusion proteins, 0.25 ug of yeast ubiquitin-
activating enzyme (Z1) (BostonBiochem, Cambridge, MA), 1 ul of crude
lysates from Escherichia coli expressing ubiquitin carrier proteins (£2),
and 10 pg of bovine ubiquitin (Sigma) were incubated in 250 mm
Tris-HCI (pH 7.6), 1.2 M NaCl, 50 mm ATP, 10 mm MgCl,, and 30 mm
dithiothreitol. Reactions were terminated after 2 h at 30 °C by the
addition of SDS sample buffer. Samples were resolved by SDS-PAGE,
transferred to membranes, and immunoblotted with anti-ubiquitin
monoclonal antibedy 1B3 (Medical & Biological Laboratories, Nagoya,
Japan).

Immunofluorescence Staining—Cells grown on coverslips were pro-
cessed for immunofluorescence. Briefly, cells were fixed in 3.7% form-
aldehyde, permeabilized in 0.2% Triton X-100, and finally incubated
with anti-NEDL1 antibody (diluted 1:100). The, primary antibody was
detected with fluorescein isothiocyanate-conjugated goat anti-rabbit
IgG (diluted 1:500; Jackson ImmunoResearch Laboratories, Inc., West
Grove, PA). Images were taken using an Olympus confocal microscopy
system.

Yeast Two-hybrid Screening—Yeast two-hybrid screening was per-
formed using the Gal4-based Matchmaker two-hybrid system with the
cDNA libraries derived from fetal human brain (first screening) and
adult human brain (second screening) (Clontech, Palo Alto, CA). Sac-
charomyces cerevisiae CG1945 cells were transformed with pAS2-1-
NEDL1-1 (amino acids 757-1114; first screening) or pAS2-1-NEDL1-2
(amino acids 382-1448; second screening), which did not activate the
transcription of lacZ alone. The transformants were subsequently
transformed with the cDNA library, and the lacZ-positive colonies were
selected. The plasmid DNAs were extracted from these positive colo-
nies, and their nucleotide sequences were determined.

Immunoprecipitation and Western Blot Analysis—Anti-NEDL1 and
anti-TRAP-8 polyclonal antibodies were raised in rabbits against an
NEDL1 oligopeptide (amino acids 460~482) and a TRAP-§ oligopeptide
(amino acids 93-126), respectively. For immunoprecipitation, COS-7 or
Neuro2a cells were cotransfected with the expression plasmids in var-
ious combinations and lysed 48 h later in 10 mm Tris-HCl (pH 7.8), 150
mM NaCl, 1% Nonidet P-40, 1 mm EDTA, and 1 mM phenylmethylsul-
fony! fluoride supplemented with protease inhibitor mixture (Sigma).
Whole cell lysates were immunoprecipitated with anti-NEDL1, anti-
FLAG (M2; Sigma), or anti-Myc (9B11; Cell Signaling Technology,
Beverly, MA) antibody. Immune complexes were recovered on protein
G-Sepharose beads, eluted by boiling in Laemmli sample buffer, elec-
trophoresed on SDS-polyacrylamide gel, and then transferred to a poly-
vinylidene difluoride membrane (Immobilon, Millipore Corp., Bedford,
MA) by electroblotting. For ubiquitination experiments, cell lysis was
performed in radioimmune precipitation assay buffer (10 mum Tris-HCl
(pH 7.4), 150 mm NaCl, 1% Nonidet P-40, 0.1% sodium deoxycholate,
0.1% SDS, and 1 mm EDTA), followed by strong sonication and freeze-
thaw. The membrane was probed with the indicated primary antibodies
and then incubated with the appropriate secondary antibodies labeled
with horseradish peroxidase (Jackson ImmunoResearch Laboratories,
Inc. and Southern Biotechnology Associates, Inc., Birmingham, AL).
Immunoreactive bands were detected by the enhanced chemilumines-
cence technique (ECL, Amersham Biosciences). For the detection of
c-Jun phosphorylation, we used anti-c-Jun (sc-45, Santa Cruz Biotech-
nology, Santa Cruz, CA) or anti-phospho-Ser®® c-Jun (Cell Signaling
Technology) antibody.

Cloning of Human NEDL1 cDNA—A forward primer (5'-GGTTTT-

NEDL1 Targets Mutant Superoxide Dismutase-1

TAGGCCTGGCCGCC-3’) and a reverse primer (5-CAATGAGGTA-
CATGCCAATCC-3") were used to amplify the 5'-part of the NEDLI
c¢DNA using ¢cDNA libraries derived from human neuroblastoma and
fetal human brain (Stratagene, La Jolla, CA) as templates. The full-
length human NEDLI ¢cDNA was generated by fusion of the PCR-
amplified fragment (nucleotides +1 to +68, where position +1 repre-
sents the translation initiation site) and the KIAA0322 cDNA (a gift
from T. Nagase, Kazusa DNA Institute). Gel electrophoresis and West-
ern blot analysis were carried out as described above.

Expression Constructs—The mammalian expression plasmids for
hemagglutinin-tagged and His,-tagged ubiquitin were kind gifts of D.
Bohmann. The full-length NEDL1 ¢cDNA was inserted into the mam-
malian expression plasmid pEF1/His (Invitrogen) or pIRESpuro2
(Clontech). ¢cDNAs encoding wild-type and mutant forms of SOD1
were fused to the FLAG or Myc epitope tag sequence at their C
termini and subcloned inte pIRESpuro2. Similarly, the FLAG or Myc
epitope tag sequence was attached to the C terminus of TRAP-8. Also
similarly, the FLAG or Myc epitope tag sequence was attached to the
N terminus of Dvll. Coding sequences were verified by automated
DNA sequencing.

Protein Stability Experiments—NeuroZ2a cells were transfected with
the expression plasmid for the wild-type or mutant form of SOD1 with
or without the NEDL1 expression plasmid. Twenty-four hours after
transfection, cycloheximide (50 pg/ml) was added to the culture me-
dium, and the cells were harvested at the indicated time points by lysis
in radioimmune precipitation assay buffer. The protein concentrations
were determined using the Bradford protein assay system (Bio-Rad)
according to the instructions of the manufacturer.

Immunohistochemistry—The immunohistochemical studies were
performed as described previously using affinity-purified rabbit anti-
NEDL1 antibody (11). Patient tissues were obtained at autopsy from
two FALS siblings from a Japanese family. The clinical course of the
sister, who died at age 46, was 18 months (case 1), and that of the
brother, who died at age 65, was 11 years (case 2) (11). The SODI gene
was mutated with a 2-bp deletion at codon 126 (11, 12). Normal spinal
cord tissues were obtained from three neurologically and neuropatho-
logically normal individuals. The same study was performed on spinal
cord tissues from three normal rats and a transgenic ALS rat carrying
a mutant allele of the human SODI gene (H46R) (13). These mice were
killed at 180 days. As a negative control, some sections were incubated
with anti-NEDL1 antibody that had been pre-absorbed with an excess
of NEDL1 antigen. Bound antibodies were visualized by the
avidin-biotinimmunoperoxidase complex method.

RESULTS

Cloning and Expression of the NEDLI E3 (Gene—To detect
novel molecules that are important in regulating neuronal
programmed cell death, we constructed oligo-capping cDNA
libraries from a mixture of three fresh human neuroblastoma
tissues (stages 1 and 2) that were undergoing gradual spon-
taneous regression, probably by neuronal apoptosis (14).
Screening of 1152 novel genes by RT-PCR revealed that 194
genes were expressed differentially in regressing neuroblas-
tomas with favorable prognosis and in aggressive tumors
with poor prognosis. Among these genes, we found a partial
¢DNA sequence with an HECT-like domain (Nbla0078) that
partially matched the KIAA0322 gene. Because KIAA0322
lacks a 5'-coding region, we used a genome-based PCR pro-
cedure to clone the corresponding full-length ¢cDNA. This is
predicted to encode a protein product of 1585 amino acids
with homology to NEDD4 E3 (15, 16), which includes a C2
domain at the N-terminal region supposed to mediate its
membrane localization in a calcium-dependent manner, two
WW motifs important for protein-protein interaction through
binding to specific proline-rich clusters, and a conserved cat-
alytic HECT domain at the C terminus (Fig. 14). We named
this novel ligase, which mapped to chromosome 7p13, NEDL1
(NEDD4-like ubiquitin-protein ligase-1). We also cloned the
mouse counterpart of NEDLI ¢DNA, whose amino acid se-
quence is 78% identical to the human sequence. Tissue-spe-
cific expression of NEDLI mRNA of ~10 and 7 kb in size was
observed, with predominant expression in adult and fetal
brains as examined by Northern blot analysis (Fig. 1B). Its
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Fic. 1. Amino acid sequence, brain-specific expression, and subcellular localization of NEDL1 E3. A, alignment of conserved amino

acid sequences of human NEDL1 (ANEDLI) and its mouse homolog (mNEDL1). Numbers on the right indicate the number of residues to the
initiator methionine. The C2 domain (shaded), two WW domains (dashed bozxes), and the HECT domain (solid box) are indicated. B, brain-specific
expression of NEDLI mRNA. Total RNAs derived from the indicated adult (left panel) and fetal (right panel) human tissues were analyzed by
Northern blotting using a 32P-labeled human NEDLI cDNA restriction fragment as a probe. Control hybridization with a human B-actin cDNA
probe verified the equal amount of RNA loaded. C, expression of NEDL in human brain subsections. Total RNA from the cerebral cortex, corpus
callosum, cerebral peduncles, spinal cord, or placenta was subjected to RT-PCR using specific primers for NEDL] or glyceraldehyde-3-phosphate
dehydrogenase (GAPDH). RT-PCR analysis for NEDLI in the placenta provided a negative control. Amplification of glyceraldehyde-3-phosphate
dehydrogenase was used as an internal control. D, confocal microscopic images of human neuroblastoma CHP134 cells (left panel) and COS-7 cells
transfected with an expression plasmid for NEDL1 (right panel). Cells were subjected to immunofluorescence analysis using rabbit anti-NEDL1
polyclonal antibody, followed by fluorescein isothiocyanate-conjugated anti-mouse IgG. E, in vitro ubiquitination assays showing that NEDL1 has
a ubiquitin-protein ligase activity. The degree of ubiquitination was increased in an NEDL1-dependent manner. In this assay, yeast ubiquitin-
activating enzyme (E1), bacterially expressed ubiquitin carrier protein (E2; UbcH5C or UbeH7), and bacterial lysates were incubated in the
presence or absence of increasing amounts of glutathione S-transferase (GST)-NEDL1. Polyubiquitinated bacterial proteins appeared to migrate

in a high molecular mass complex. Ub, ubiquitin.

expression was also weakly detected in adult kidney, where
the size of the expressed transcript appeared to be <7 kb.
Expression of NEDLI in specific regions of the nervous sys-
tem was further confirmed in the cerebral cortex, corpus
callosum, cerebral peduncles, and spinal cord by RT-PCR
(Fig. 1C). Thus, NEDL1 is a novel HECT-type E3 preferen-
tially expressed in neuronal tissues, including the spinal
cord. Using a specific anti-NEDL1 polyclonal antibody that
we generated, we localized NEDL1 primarily to the cyto-
plasm in both intact human neuroblastoma CHP134 cells and
COS-7 cells transiently expressing NEDL1 (Fig. 1D). The in
vitro system containing UbcH5¢ or UbcH7 demonstrated that
NEDL1 has a ubiquitin-protein ligase activity (Fig. 1E).
NEDL1 Physically Interacts with TRAP-8 and Mutant
SOD1—We then sought protein-binding partners of NEDL1 by
yeast two-hybrid screening using the region including two WW
protein interaction domains (amino acids 757—1114) as bait. Of
96 positive clones subjected to DNA sequencing, one was a
full-length ¢cDNA for TRAP-§; this was of considerable interest,
as TRAP-8 was previously reported to bind mutant (G85R and
G93A), but not wild-type, SOD1 (9). TRAP-8 is a protein com-
ponent of the translocon in the ER membrane (10). We there-
fore examined the interaction among NEDL1, TRAP-§, and
SOD1 by an immunoprecipitation assay after cotransfecting
the corresponding expression constructs into COS-7 cells. As -

shown in Fig. 2 (A and B), NEDL1 was physically associated
with both exogenous and endogenous TRAP-8 probably through
the region of two WW domains, as originally suggested by the
result of two-hybrid screening. Surprisingly, NEDL1 bound fo
mutant (but not wild-type) SOD1 (Fig. 2C). Furthermore, the
degree of binding between NEDL1 and different mutant SOD1
proteins was roughly proportionate to the rapidity of progres-
sion (time from clinical onset to death) of the associated FALS
phenotype (17-23). For example, two mutant SOD1 proteins
associated with an extremely rapid clinical course (C6F and
A4V) interacted very strongly with NEDL1. By contrast, the
binding of NEDL1 to other mutants was less striking and
decreased proportionately to the falloff of disease severity cor-
responding to those mutants. Of further interest, like the
NEDLI-mutant SOD1 interaction, the binding intensity be-
tween TRAP-8§ and mutant SOD1 was also dependent on the
disease severity (Fig. 2D). These observations suggest that
NEDL1 and TRAP-8 are normally associated with each other,
but that misfolded mutant SOD1 makes a complex with them.
Such a complex is not formed with wild-type SOD1. The exper-
iments using the in vitro translated proteins suggested that
association of mutant SOD1 and TRAP-§ was direct (data not
shown). It therefore appears that mutant SOD1 forms tightly
bound protein complexes with NEDL1 and TRAP-8 and that
the tightness of binding in the complex is determined in part by
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Fic. 2. NEDLL interacts with TRAP-6 and FALS-associated mutant forms of SOD1, but not with wild-type SOD1. A, NEDL1 interacts
with TRAP-8. COS-7 cells were cotransfected with the indicated expression plasmids, and whole cell lysates were immunoprecipitated (IP) with
anti-FLAG (first panel) or anti-NEDLL1 (second panel) antibody. Immunoprecipitates were analyzed by immunoblotting (IB) using the indicated
antibodies. Whole cell lysates were analyzed for expression levels of each protein by immunoblot analysis (¢third and fourth panels). Detection was
performed with horseradish peroxidase-conjugated secondary antibodies. B, NEDL1 also binds to endogenous TRAP-5. C, interaction between
NEDL1 and mutant SOD1. Whole cell lysates from COS-7 cells overexpressing NEDL1 and one of the FLAG-tagged SOD1 mutants or wild-type
SOD1 were immunoprecipitated with anti-FLAG (first panel) or anti-NEDL1. (second panel) antibody and then immunoblotted with anti-NEDL1
or anti-FLAG antibody, respectively. The expression of NEDL1 or FLAG-tagged SOD1 mutants was analyzed by immunoblotting using anti-
NEDLLI (¢third panel) or anti-FLAG (fourth panel) antibody, respectively. Patients carrying the SOD1(C6F) and SOD1(A4V) mutations have a rapid
clinical course, whereas mutant SOD1(L.1268), SOD1(H46R), or SOD1(D90A) is associated with a slow clinical course. D, interaction of TRAP-8&
with mutant SOD1. COS-7 cells were transiently cotransfected with the expression plasmid for FLAG-tagged TRAP-8 and the expression plasmid
encoding one of the Myc-tagged SOD1 mutants or wild-type (WT) SOD1. Whole cell lysates were immunoprecipitated with anti-Myec (first panel)
or anti-FLAG (second panel) antibody, followed by immunoblotting with anti-FLAG or anti-Myc antibody, respectively. The levels of overexpression
of FLAG-tagged TRAP-§ (third panel) and Myc-tagged SOD1 (fourth panel) were analyzed by immunoblotting using anti-FLAG and anti-Myc
antibodies, respectively.

properties of the mutant enzyme that also modulate disease
severity of the resulting ALS phenotype. Such complexes do not
form in cells with wild-type SOD1.

Determination of the Interaction Domains—We next exam-
ined the domains of NEDL1 required for formation of the
SODI'NEDL1-TRAP-§ complex. We generated various con-

structs of NEDL1 with deletions of each domain. Fig. 3 shows
the results of immunoprecipitation assay for the association
between deletion mutants of NEDL1 and mutant SOD1(G93A).
Mutant SOD1 bound weakly to NEDL1 lacking WW domain-1
(Fig. 3A), suggesting that WW domain-1 and its surrounding
portion are the region involved in their interaction. Immuno-
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precipitation analysis using the specific regions of NEDL1
clearly showed that the region between the C2 domain and WW
domain-1 (CW linker region) is necessary for binding to mutant
SOD1(G93A). Mutant SOD1(A4V) was also associated with
NEDL1 through the same region, and TRAP-8 bound to the two
WW domains of NEDL1 (data not shown).

NEDL1 Ubiquitinates Mutant SODI for Degradation De-
pending on the Disease Severity of FALS—Because NEDL1 is
an E3, we next tested whether it ubiquitinates TRAP-§ and
mutant SOD1 for degradation. As shown in Fig. 44, NEDL1
clearly ubiquitinated mutant SOD1(A4V), but not TRAP-§-

(data not shown). Furthermore, the degree of ubiquitination of
mutant SOD1 by NEDL1 was dependent on the disease sever-
ity of FALS (A4V > G93A > H46R) (Fig. 4A). Fig. 4B shows the
time course of degradation of wild-type and mutant SOD1 in
the presence or absence of NEDL1. As reported previously (46),
mutant SOD1 was degraded more rapidly than wild-type
SOD1. NEDL1 did not affect wild-type SOD1 degradation. As
expected from the co-immunoprecipitation and ubiquitination
analyses, degradation of mutant SOD1 was stimulated by
NEDL1 proportionately to the disease severity of FALS caused
by the particular SOD1 mutant (A4V > G93A > H46R =
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Fig. 4. NEDL1-dependent ubiquitination and degradation of
mutant forms of SOD1 correlate broadly with their respective
clinical phenotypes. A, NEDL1 ubiquitinates mutant SOD1 in a
mutant type-dependent manner. COS-7 cells were transiently cotrans-
fected with the indicated expression plasmids. Whole cell lysates from
transfected COS-7 cells were immunoprecipitated with anti-Mye anti-
body, and immunoprecipitates were analyzed by Western blotting with
anti-ubiquitin (Ub) antibody (upper panel). The bracket indicates slowly
migrating ubiquitinated forms of SOD1. Whole cell lysates were ana-
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 NEDL1 at different time points as
indicated after the addition of eycloheximide (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 NEDLI, the
half-lives of various mutant SOD1 proteins were reduced also roughly
dependent on the disease severity of FALS (A4V > G93A > H46R).

wild-type). Thus, NEDL1 targeted mutant SOD1 for ubiquitin-
mediated degradation in the cell in parallel with the binding
intensity.

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

NEDL1 Targets Mutant Superoxide Dismutase-1
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Fic. 5. NEDL1 immunohistochemical analyses. A, immunchisto-
chemical analysis of NEDL1 in normal human spinal cord. NEDL1-
positive anterior horn cells are evident (arrow), although the immuno-
reactivity for NEDL1 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 X750. C, immunostaining for NEDL1 in spinal cord LBHIs from an
FALS patient with a frameshift 126 mutation in the SODI gene. The
NEDL1-positive reaction produets 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 NEDLI1 also stained the
neuronal cell body. There was no counterstaining. Magnification X540.
D, NEDL1 immunostaining in a spinal cord LBIHI 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
X770.

performed immunostaining to determine whether the NEDL1
protein is included within the LBHIs of the spinal cord motor
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-
generation in addition to motor neuron disturbance. We also
performed NEDL1 immunostaining in specimens obtained
from mutant SODI(H46R) transgenic mice at 180 days, by
which time they show clinical motor signs in the hind limbs
(13). The specificity of the NEDL1 staining was confirmed by
pretreating the specimens with an excess of NEDL1 antigen.
NEDL1 immunoreactivity in the spinal cords of the human
control cases was identical to that of normal mice: immunore-
activity was identified predominantly in the cytoplasm of the
neurons of the spinal cords (Fig. 5, A and B). The LBHIs in the
anterior horn cells of two FALS patients and transgenic mice
showed equivalent immunoreactivity for NEDL1, Although the
intensity of NEDL1 immunoreactivity in neuronal LBHIs var-
ied, 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
humans 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

— 146 —



NEDLI Targets Mutant Superoxide Dismutase-1 11333
A D CHX 0 6 12 24 h
PPPCFPPAY PPPHP PPGGPP
1 - 85 25::02338 4 GmthvIl DV”
2-13(112-670) FLAG-DVH
1-56(204-670)
e ——— T1383.670) Dvii+ NEDL1
\\
s 9
5 & & E
NEDL1: + + NEDLY: - - + + + +
:g;g—_;‘ﬁg'—* < Myc-Dvl1 Myc-Dvi1:  + + +  + + +
i i FLAG-SOD1: WT A4V WT A4V GI3A H46R
IB: a-Myc . .
ﬂ« Myc-Dvit 1P: o-Myc : CLAG.SODT
1 2 1B: a-FLAG ¢
1B: o-FLAG i <FLAG-SOD1
C IB: a-Myc | + Myc-DvI1
xpress-NEDL1 — + reprobe 1 2 3 4 5 6
Myc-Dvit + 4 (1B: a-Myc) F
Myc-Dvli: - - + +
- Ubxn FLAG-SOD1: WT A4V WT A4V
: o-Myc P
1B:-Ubiquitin -Dvit v
1B: a-phospho-c-Jun phospho-c-Jun
(Ser-63) f (Ser-63)
-Dv
|« Myc i 1B: a-c-Jun < c-Jun

IB:a-xpress

< xpress-NEDL1
3 1 2 3 4

Fie. 6. Dvll is a substrate of NEDL1, and its functions are disturbed by mutant SOD1(A4V). A, schematic illustration of full-length DvI1
and three clones obtained by yeast two-hybrid screening. Human Dvl1 consists of 670 amino acids and contains three conserved domains, including
the DIX, PDZ, and DEP domains. Between the DEP domain and the C-terminal end, there are three proline-rich clusters, which might act as WW
domain recognition sites. All three clones (clones 2-13, 1-56, 1-77) contain the DEP domain and these clusters. B, NEDLL1 interacts with Dvl1.
Mye-tagged Dvll was overexpressed together with NEDL1 in Neuro2a cells. Whole cell lysates were immunoprecipitated (IP) with anti-NEDL1
antibody, followed by immunoblotting (IB) with anti-Mye antibody (upper panel). The expression levels of Myc-tagged Dvll were analyzed by
immunoblotting using anti-Myc antibody (lower panel). C, NEDL1 ubigquitinates Dvl1 in Neuro2a cells. The cells were transiently transfected with
the indicated expression plasmids along with the ubiquitin expression plasmid in the presence or absence of the expression plasmid for
XPRESS-tagged NEDL1., Whole cell lysates were immunoprecipitated ‘with anti-Myc antibody and then immunoblotted with anti-ubiquitin
antibody (left panel). The ladder of bands denoted by the bracket appeared to be ubiquitinated Dvll. The expression of XPRESS-NEDL1 was
analyzed by immunoblotting using anti-XPRESS antibody. The membrane was reprobed with anti-Myc antibody (right panel). D, Dvll is degraded
by NEDL1. Neuro2a cells were transfected with the expression plasmid for FLAG-tagged Dvll with or without the NEDL1 expression plasmid.
Transfected cells were harvested at different time points as indicated after the addition of eycloheximide (CHX; final concentration of 50 pg/mb),
and Dvl1 protein levels were analyzed by Western blotting with anti-FLAG antibody. In the presence of NEDL1, the half-lives of FLAG-Dvl1 were
significantly reduced. E, Dvl1 binds to mutant SOD1(A4V), and the degree of its binding is enhanced in the presence of NEDL1. Whole cell lysates
prepared from COS-7 cells transfected with the indicated combinations of 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 antibody (ower panel). wt/WT, wild-type.

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-
fied Dvll (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 Dvl1 (Fig. 6B) and ubiq-
uitinated it for degradation (Fig. 6, C and D). Thus, Dvll 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,
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both of which interact with NEDL1. Of interest, Dvl1 bound to
mutant SOD1(A4V), and complex formation was increased in
the presence of NEDLI1 roughly proportionately to the disease
severity of FALS caused by the particular SOD1 mutant (Fig.
6E). Dvll is known to transduce not only the Wnt/B-catenin/T-
cell factor pathway, but also the JNK/c-Jun pathway (27).
Therefore, we next examined whether the Dvll-induced phos-
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-8 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
NEDL1-TRAP-8 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-§ 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 NEDL1 in the pathogenesis of FALS:
1) NEDL]1, alone or with TRAP-§, ubiquitinates and aggregates
mutant SOD1, thereby decreasing the function of mutant
SOD1; 2) NEDL1 and TRAP-6 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. )

To further understand the role of NEDL1 in motor neuron
death, we searched for the physiological targets of NEDL1 and
identified Dvl1l. As expected, Dvll is ubiquitinated for degra-
dation by NEDL1. Surprisingly, however, Dvll also interacts
with mutant SOD1 in the presence of NEDIL1 roughly propor-
tionately to the disease severity of FALS caused by the partic-
ular SOD1 mutant. Dvll, an essential multimodule signal
transducer localized in the cellular cytosol and cytoskeleton,
mediates planar cell polarity signaling as well as canonical
- Wnt/B-catenin signaling (27, 32). In mammals, three Dvl fam-
ily members have so far been reported, and the level of Dvil
expression is high in neuronal tissues (33). As far as we know,
NEDI1 is the first E3 for Dvl1, interacting with the C-terminal
region containing three proline-rich clusters. A recent report
suggests that Dvll regulates microtubule stability through in-
hibition of glycogen synthase kinase-33 (34). Because cytoskel-
etal abnormalities have been reported in ALS motor neurons
(85), 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,
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including neuroblastoma (39). As NEDLI1 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 Dvi1.

NEDL1, TRAP-§, mutant SOD1, and Dvll appear to form a
complex roughly proportionately to the disease severity of
FALS caused by the particular SOD1 mutant. Our present
observations strongly suggest that NEDL1 may be a quality
control E3 recognizing misfolded mutant SOD1 (40). The
association between mutant SOD1 and NEDL1 may induce
the conformational change in the NEDLI1 protein to increase
the binding intensity with other physiological targets such as
TRAP-§ (not ubiquitinated) and Dvll (ubiquitinated). This
may lead to tight complex formation especially when the
proteasome activity is impaired. It has been reported that the
expression 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-6 is involved, aggregate formation may occur at the
sites of the ER or Golgi apparatus or even at other cellular
sites. The complex formation including NEDL1 and mutant
SOD1 may conversely affect the physiological function of
NEDL1, as demonstrated by a decrease in Dvll-induced
phosphorylation of ¢-Jun.

Recently, the RING finger-type E3 Dorfin has been reported
to ubiquitinate mutant SOD1 for degradation (42). However,
NEDLI 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 ubig-
uitinates mutant forms of SOD1. In addition, we have identi-
fied Dvll and TRAP-6 as cellular target proteins of NEDL1,
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
development of the FALS phenotype.

In conclusion, we have identified a novel neuronal E3
(NEDL1) that interacts with TRAP-8 and also binds to and
ubiquitinates Dvll for degradation. Strikingly, NEDL1 tar-
gets and ubiquitinates mutant (but not wild-type) SOD1 for
degradation. NEDL1 may normally function in the quality
control of cellular proteins by eliminating misfolded proteins
such as mutant SOD1, possibly via a mechanism analogous to
that of ER-associated degradation (43—-45). NEDL1 appears
to complex tightly with mutant SOD1, Dvll, and TRAP-§,
forming aggregates with species of mutant SOD1 that have
escaped ubiquitin-mediated degradation. The NEDL1 fune-
tion that affects the activities of the target proteins may also
be modulated by mutant SOD1. All of these might contribute
to the pathogenesis of FALS; further elucidation of the mo-
lecular mechanism of formation of this complex and its path-
ogenicity may provide insights into motor neuron death in
ALS as well as possible new therapeutic strategies for ALS.
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Abstract Living cells produce reactive oxygen species
(ROSs). To protect themselves from these ROSs, the cells
have developed both an antioxidant system containing su-
peroxide dismutase 1 (SOD1) and a redox system including
peroxiredoxin2 (Prx2, thioredoxin peroxidase) and glu-
tathione peroxidasel (GPx1): SOD1 converts superoxide
radicals into hydrogen peroxide (H,0,), and H,0O, is then
converted into harmless water (H,0O) and oxygen (O,) by
Prx2 and GPx1 that directly regulate the redox system. To
clarify the biological significance of the interaction of the
redox system (Prx2/GPx1) with SOD1 in SOD1-mutated
motor neurons in vivo, we produced an affinity-purified
rabbit antibody against Prx2 and investigated the immu-
nohistochemical localization of Prx2 and GPx1 in neuronal
Lewy body-like hyaline inclusions (LBHIs) in the spinal
cords of familial amyotrophic lateral sclerosis (FALS) pa-
tients with a two-base pair deletion at codon 126 and an
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Ala—Val substitution at codon 4 in the SOD1 gene, as
well as in transgenic rats expressing human SODI1 with
H46R and G93A mutations. The LBHIs in motor neurons
from the SOD I-mutated FALS patients and transgenic rats
showed identical immunoreactivities for Prx2 and GPx1:
the reaction product deposits with the antibodies against
Prx2 and GPx1 were localized in the LBHIs. In addition,
the localizations of the immunoreactivities for SOD1 and
Prx2/GPx1 were similar in the inclusions: the co-aggrega-
tion of Prx2/GPx1 with SOD1 in neuronal LBHIs in mu-
tant SOD1-related FALS patients and transgenic rats was
evident. Based on the fact that Prx2/GPx1 directly regu-
lates the redox system, such co-aggregation of Prx2/GPx1
with SOD1 in neuronal LBHIs may lead to the breakdown
of the redox system itself, thereby amplifying the mutant
SODI1-mediated toxicity in mutant SOD1-linked FALS
patients and transgenic rats expressing human mutant
SODI.

Keywords Peroxiredoxin 2 - Glutathione peroxidase 1 -
Redox system - Superoxide dismutase 1 - Familial
amyotrophic lateral sclerosis

Introduction

Living cells produce reactive oxygen species (ROSs) dur-
ing physiological processes and in response to external
stimuli such as ultraviolet radiation. To protect itself from
potentially destructive ROSs, each cell of living organisms
has developed a sophisticated antioxidant enzyme defense
systenm. In this system, there are two groups of enzymes:
the enzymes of the first group convert superoxide radicals
into hydrogen peroxide (H,0,), and the enzymes of the
second group convert H,0, into harmless water (H,0) and
oxygen (O,). For the first antioxidant enzyme group, three
isoforms of superoxide dismutase (SOD) [EC 1.15.1.1]
have been identified: SOD1, SOD2, and SOD3 [9]. In the
second enzyme group, the peroxiredoxin (Prx) and glu-
tathione peroxidase (GPx) families, as well as catalase lo-
calized within peroxisomes have been identified. Unlike
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SOD and catalase, enzymes of the Prx and GPx families
require secondary enzymes and cofactors to function at
high efficiency. In particular, the enzymes of the Prx- and
GPx-families are considered to play a role in directly con-
trolling the redox system. In general, the redox system
regulates versatile control mechanisms in signal transduc-
tion and gene expression {29]. In mammalian cells, this re-
dox signal transduction is linked to systems such as cellu-
lar differentiation, immune response, growth control, and
apoptosis [10].

Peroxiredoxin2 (Prx2) is a novel organ-specific antiox-
idative enzyme that is mainly expressed in mammalian
brain [23]. This protein is a member of Prx family, whose
members possess reactive cysteine residues [23]. Prx2 re-
quires thioredoxin reductase (TR) as a secondary enzyme
as well as thioredoxin and NADPH as cofactors to func-
tion at high efficiency; the activity of Prx2 in the thiore-
doxin/TR/NADPH system is over five times higher than
that of Prx2 by itself [5]. In this milieu, Prx2 is also called
thioredoxin peroxidase 1 (thioredoxin-dependent peroxide
reductase 1) or thiol-specific antioxidant [4, 5, 6]. In addi-
tion to controlling the intracellular content of H,0,, Prx2
directly regulates the redox signals of the thioredoxin/
TR/NADPH system, because alone the secondary enzyme
and cofactors (i.e., thioredoxin/TR/NADPH) can not di-
rectly regulate the redox system and can not act on H,0,.
Cytosolic GPx [EC 1.11.1.9], a classical selenium-depen-
dent isoform (also assigned as GPx1), was first described as
an enzyme that protects hemoglobin from oxidative degra-
dation in red blood cells [25]. The GPx family is composed
of at least four GPx isoforms in mammals [7]. Among
them, GPx1 is considered as the major enzyme responsi-
ble for removing intracytoplasmic H,0O,. Like Prx2, GPx1
needs glutathione reductase (GR) as a secondary enzyme
as well as glutathione and NADPH as cofactors to work at
high efficiency, and this process is also one of the redox
signals in living cells [21, 24]. Therefore, Prx2 and GPx1
directly control the redox system.

Approximately 20% of the cases of familial amyo-
trophic lateral sclerosis (FALS) are caused by a mutant
SOD1 [15, 17, 18]). SODI is thought to be an essential
component of neuronal Lewy body-like hyaline inclusions
(LBHIs): neuronal LBHIs in affected anterior horn cells
are morphological hallmarks of SOD1-mutated motor neu-
rons of FALS patients [3, 11, 12,13, 14, 15, 16, 17, 18, 30].
To cope with destructive ROSs, even SOD1-mutated mo-
tor neurons induce mutant and wild-type SOD1 as well as
Prx2 and GPx1. Considering that Prx2 and GPx1 interact
not only with wild-type SOD1 but also with mutant SOD1,
the interaction of Prx2/GPx1 with SOD1 has been sug-
gested to contribute to mutant SOD1 aggregation toxicity:
Prx2/GPx1 possibly aggregate as LBHIs in SOD1-mutated
motor neurons. Furthermore, the aggregation of Prx2/GPx1
might affect the intracytoplasmic redox regulation and am-
plify mutant SOD1-mediated toxicity. To clarify the bio-
logical significance of the interaction of Prx2/GPx1 (redox
system) with SOD1 in SOD1-mutated motor neurons in
vivo, we first produced an antibody against Prx2, and an-
alyzed the characteristic expressions of both Prx2 and GPx1

in neuronal LBHIs in SODI1-mutated motor neurons of
humans and animal models.

Materials and methods

Preparation of polyclonal antibody against Prx2

A synthetic peptide corresponding to the C-terminal region of Prx2
(amino acids 184-198: NH,-KPNVDDSKEYFSKHN-COOH) with
or without conjugation to human serum albumin (HSA) at the car-
boxyl end was supplied by Peptide Institute (Osaka, Japan). This
amino acid sequence is homologous with those of the C-terminal
region of the human, rat or mouse Prx2. The polyclonal antibody
preparation was carried out according to the method of Kato et al.
[16]. To prepare immunogen, 6 mg synthesized Prx2 peptide was
conjugated with 6 mg keyhole limpet hemocyanin (KLH) in the
presence of 50mM 1-ethyl-3-(3-dimethylaminopropyl) carbodi-
imide-HCI (Pierce Chemical Co., Rockford, IL) and 2.5 mM N-hy-
droxysulfosuccinimide (Pierce) in 3 ml phosphate-buffered saline
(PBS) pH 7.4 for 1h at room temperature. The reaction was termi-
nated by adding 2-mercaptoethano] to the concentration of 20mM
and dialyzed against PBS for 24 h. To raise polyclonal antibodies,
500 1tg of the immunogen in 50% Freund's complete adjuvant was
inoculated intradermally into a rabbit at 20 skin sites; four booster
inoculations of 500 g immunogen in 50% Freund’s incomplete
adjuvant were given at 10, 17, 24 and 31 days after the first inoc-
ulation. The serum was taken 10days after the final immuniza-
tion. The IgG fraction in the antiserum against the immunogen, the
hapten-conjugated KLH, was purified by absorption on a protein
G-Sepharose gel column (Pharmacia Biotech, Uppsala, Sweden).
Subsequently, the antibodies were further purified on an affinity
column of immobilized KLH conjugated with the synthetic Prx2
peptide, as described previously {16].

Enzyme-linked immunosorbent assay

Noncompetitive ELISA was carried out according to the method
described by Kato et al. [16]). Each well of a 96-well microtiter
plate was coated with 100 pl of 5 pg/ml immunogen in 5 mM sodium
carbonate buffer (pH 9.6) and incubated for 60 min. This was fol-
lowed by triplicate washing with PBS containing 0.05% Tween 20
(buffer A). Each well was blocked with 0.5% gelatin for 60 min and
then washed three times with buffer A. Antibody solutions (100 1)
at the concentrations indicated in Fig. 1 (horizontal line) were added
to each well and incubated for 60 min. The wells were then washed
three times with buffer A. The binding of the horseradish peroxi-
dase-conjugated secondary antibody (Wako Pure Chemical Indus-
tries, Osaka, Japan) to the primary antibody was visualized with 2,
2’-azino-bis-(3-ethylbenzothiazoline-6-sulfonate)-(NH;),. The re-
action was terminated with 1 M sulfuric acid, and the absorbance
at 415 nm was read on a micro-ELISA plate reader (Tecan, Hom-
brechtikon, Switzerland).

Tissue collection

Histochemical and immunohistochemical studies were performed
on archival, buffered 10% formalin-fixed, paraffin-embedded tis-
sues obtained at autopsy from five FALS patients who were mem-
bers of two different families. The main clinicopathological char-
acteristics of the FALS patients are summarized in Table 1, and
have been reported previously [12, 13, 20, 22, 28, 30, 31]. SODI
analysis revealed that the members of the Japanese Oki family had
a two-base pair deletion at codon 126 (frame-shift 126 mutation)
[12] and the American C family members had an Ala—Val substi-
tution at codon 4 (A4V) [30]. As human controls, we examined
autopsy specimens of the spinal cord from 20 neurologically and
neuropathologically normal individuals (11 male, 9 females; aged
37-75 years).
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Fig.1 Specificity of antibody against Prx2. The immunoreactivity
of the antibody to HSA-conjugated Prx2 peptide (solid circles) and
native HSA (open circles) was determined by noncompetitive
ELISA. The anti-Prx2 antibody recognizes the HSA-conjugated
Prx2 peptide, but does not react with HAS (Prx2 peroxiredoxin2,
ELISA enzyme-linked immunosorbent assay, HAS human serum
albumin)

Histochemical and immunohistochemical studies were also
carried out on specimens from transgenic rats with the H46R and
G93A types of mutations (three rats of each type). The H46R rats
used in this study were a transgenic line (H46R-4) in which the
level of human SOD1 with the H46R mutation was 6 times the level
of that of endogenous rat SOD1 [27]. The G93A rats were a trans-
genic line (G93A-39) in which the level of human SOD1 with the
G93A mutation was 2.5 times the level of endogenous rat SOD1
[27]. These rats were killed at an age of over 180 days; an age cor-
responding to an advanced stage of disease in these strains. The
detailed clinical signs and pathological characteristics of the neu-
ronal LBHIs of the H46R and G93A rats have been demonstrated
previously [27]. As rat controls, we investigated the spinal cord
specimens of three age-matched littermates of H46R and G93A
rats and five age-matched normal Sprague-Dawley rats. Rats were
anesthetized with sodium pentobarbital (0.1 ml/100 g body weight).
After perfusion of the rats via the aorta with physiological saline at
37°C, they were fixed by perfusion with 4% paraformaldehyde in
0.1 M cacodylate buffer (pH 7.3). The spinal cords were removed
and then postfixed in the same solution.

Table1 Characteristics of five FALS cases (FALS familial amyo-
trophic lateral sclerosis, SOD superoxide dismutase, LBHI Lewy
body-like hyaline inclusion, 2-bp two-base pair, PCI posterior col-
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Histochemistry and immunohistochemistry

After fixation, the specimens were embedded in paraffin, cut into
6-pum-thick sections, and examined by light microscopy. Spinal
cord sections were stained by the following histochemical meth-
ods: hematoxylin and eosin (HE), Kliver-Barrera, Holzer, phos-
photungstic acid-hematoxylin, periodic acid-Schiff, alcian biue,
Masson’s trichrome, Mallory azan and Gallyas-Braak stains. Rep-
resentative paraffin sections were used for immunohistochemical

- assays. The following primary antibodies were utilized: an affin-

ity-purified rabbit antibody against Prx2 (concentration: 1 pg/ml),
a polyclonal antibody to GPx1 [diluted 1:2,000 in 1% bovine serum
albumin-containing phosphate-buffered saline (BSA-PBS), pH 7.4]
[2], and a polyclonal antibody to human SOD1 (diluted 1:10,000 in
1% BSA-PBS, pH7.4) [1]. Sections were deparaffinized, and en-
dogenous peroxidase activity was quenched by incubation for 30 min
with 0.3% H,0,. The sections were then washed in PBS. Normal
sera homologous with secondary antibody was used as a blocking
reagent. Tissue sections were incubated with the primary antibod-
ies for 18 h at 4°C. PBS-exposed sections served as controls. As a
preabsorption test, some sections were incubated with the anti-Prx2
antibody that had been preabsorbed with an excess amount of the
synthetic Prx2 peptide. Bound antibodies were visualized by the
avidin-biotin-immunoperoxidase complex (ABC) method using the
appropriate Vectastain ABC Kit (Vector Laboratories, Burlingame,
CA) and 3,3’-diaminobenzidine tetrahydrochloride (DAB; Dako,
Glostrup, Denmark) as chromogen.

Resuits

We successfully produced an affinity-purified rabbit anti-
body against Prx2 peptide (amino acids 184-198; although
this amino acid sequence is homologous with that of each
C-terminal region of the human, rat, mouse, Chinese ham-
ster or Bos Taurus Prx2, this peptide does not share ho-
mology with other members of the Prx family or any other
peptide sequence in GenomeNet), and applied it to stain
of paraffin sections from both humans and rats. This anti-
Prx2 antibody recognized the HSA-conjugated Prx2 pep-
tide, but did not react with HSA (Fig. 1).

Analysis of the essential changes of five cases of FALS
revealed a subtype of FALS with posterior column in-
volvement (PCI). This subtype is characterized by the de-
generation of the middle root zones of the posterior col-
umn, Clarke nuclei, and the posterior spinocerebellar tracts,
in addition to spinal cord motor neuron lesions, A long-
term surviving patient with a clinical course of 11 years

umn involvement type, + detected, ND not determined, As as-
phyxia, /H intraperitoneal hemorrhage, RD respiratory distress,
Pn pneumonia)

Case Age Sex Cause FALS SOD1 mutation FALS subtype Neuronal
(years) of Death  Duration LBHI
Japanese Oki family
1 46 F As 18 months 2-bp deletion (126) PCI +
2 65 M IH 11 years 2-bp deletion (126) PCI and degeneration +
of other systems
American C family
3 39 M RD 7 months A4V PCI +
4 46 M Pn 8 months A4V PCI +
5 66 M Pn I year ND PCI +
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< Fig.2 Serial transverse sections through the lumbar segments of

the normal human spinal cords. A Light microscopic preparation
stained with HE. B, C Immunostaining for GPx1 (B) and Prx2 (C).
GPx1 and Prx2 immunoreactivities are found diffusely in the neu-
ropil with considerably less intensity (arrowheads). No counter-
staining (HE hematoxylin and eosin, GPx/ glutathione peroxi-
dasel, Prx2 peroxiredoxin2). Bar A (also for B, C) 2mm

Fig.3 Detection of Prx2 and GPx1 in the normal motor neurons
of the human spinal cord. A~D Serial sections. A Staining with HE.
B Immunostaining with the antibody against GPx1, showing GPx 1~
positive neurons. C Immunostaining with the antibody to Prx2. Im-
munoreactivity is identified in most of the neurons. Thus, most of
the normal motor neurons in the spinal cord co-express both GPx1
(B) and Prx2 (C), although their staining intensities in neurons
vary. D Immunostaining with anti-Prx2 antibody pretreated with
an excess of the synthetic Prx2 peptide. No immunoreaction prod-
ucts are observed in the motor neurons and neuropil. E GPx1 im-
munostaining of the neuronal cytoplasm and proximal dendrites is
observed, but no intranuclear localization is seen. F Prx2 immuno-
staining of the neuronal cytoplasm and proximal dendrites is ob-
served, and a nucleus of the neuron is also immunostained by the
anti-Prx2 antibody. B~F No counterstaining (/E hematoxylin and
eosin, GPx] glutathione peroxidasel, Prx2 peroxiredoxin2). Bars
A (also for B-D) 100 um; E, F 50 lm

(case 2 in Table 1) showed multisystem degeneration in
addition to the features of FALS with PCIL Neuronal Lewy
body-like hyaline inclusions (LBHIs) were present in all
five FALS cases. As observed in HE preparations, the neu-
ronal LBHIs in the FALS patients were essentially identi-
cal to those in the H46R and G93A transgenic rats; the in-
clusions were round eosinophilic or paler inclusions and
often showed eosinophilic cores with pale peripheral ha-
los. In mutant SOD1-linked FALS patients, the neuronal
LBHIs were generally composed of eosinophilic cores with
pale peripheral halos and sometimes showed ill-defined
forms that consisted of obscure eosinophilic materials. In
H46R and G93A transgenic rats, the intracytoplasmic
LBHIs with cores and halos were less frequently observed
and round or sausage-like LBHIs, which were though to
be intradendritic LBHIs, were often seen in the neuropil,
although these round or sausage-like LBHIs in the neu-
ropil were not remarkable in the human FALS patients.
Histochemically, most of the neuronal LBHIs in the H46R
and G93A transgenic rats were argyrophilic in Gallyas-
Braak stain, and they were generally blue to violet after
Masson’s trichrome or Mallory azan staining, similar to
the histochemical findings of the neuronal LBHIs of the
human FALS patients. The spinal cords of normal indi-
viduals in both humans and rats did not exhibit any distinct
histopathological alterations.

When control and representative paraffin sections were
incubated with PBS alone (i.e., no primary antibody), no

staining was detected. Prx2 immunoreactivity in normal

spinal cords was identified in almost all neurons. In addi-
tion, Prx2-immunostaining was found throughout the neu-
ropil with considerably lower intensity (Fig. 2A, C). With
respect to the intracellular localization of Prx2, immuno-
staining of the neuronal cytoplasm and proximal dendrites
was specifically observed (Fig.3A, C). Additionally, the
nuclei of some neurons were immunostained by the anti-
Prx2 antibody, albeit the staining of positively stained nu-
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Fig.4dA-C Serial sections of a typical LBHI with a core and halo
in neurons from the spinal cord of an FALS patient with a two-
base pair deletion in the SOD1 gene. A Immunostaining for SOD1:
immunoreactivity is mostly restricted to the halo. B Immunostain-
ing for GPx1: immunoreactivity is located in the SOD1-positive
portion of the LBHI, C Immunoreactivity for Prx2. Co-localization
of the three proteins SOD1, GPx1 and Prx2 in the LBHI is evident.
D-F Serial sections of a core and halo-type LBHI in a transgenic
rat expressing human SOD1 with an H46R mutation. Immunostain-
ing for SOD1 (D), GPx1 (E) and Prx2 (F). Similar stainability and
immunolocalization of SOD1, GPx1 and Prx2 in the LBHI are ob-
served (LBHI Lewy body-like hyaline inclusion, FALS familial
amyotrophic lateral sclerosis, SOD/ superoxide dismutase 1, GPx/
glutathione peroxidasel, Prx2 peroxiredoxin2). A~F No counter-
staining. Bars A (also for B, C), D (also for E, F) 25 fm

clei varied (Fig. 3F). Incubation of sections with anti-Prx2
antibody that had been pretreated with an excess of the
synthetic Prx2 produced no staining (Fig. 3D).

A neuropil staining pattern similar to that for Prx2 was
observed with GPx1; weak GPx1 immunoreactivity was
diffusely seen in the neuropil in transverse sections of the
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Fig. SA—C Serial sections of an LBHI in an FALS patient with an
A4V mutation in SODI1 gene. Immunostaining for SOD1 (A),
GPx1 (B) and Prx2 (C). Co-localization of the three proteins in the
LBHI is mainly observed in the core (A-C). D-F Serial sections of
an LBHI in an FALS patient with a two-base pair deletion in the
SOD1 gene. Immunostaining for SOD1 (D), GPx1 (E) and Prx2
(F). Immunostaining GPx1 (E) and Prx2 (F) are observed in only
part of the SOD1-positive LBHI. The precise intra-inclusional im-
munolocalizations of these three proteins differ from each other in
this LBHI (LBHI Lewy body-like hyaline inclusion, FALS familial
amyotrophic lateral sclerosis, SOD/ superoxide dismutase 1, GPxl
glutathione peroxidasel, Prx2 peroxiredoxin2). Bars A (also for B,
C), D (also for E, F) 25 pm

spinal cords (Fig. 2A, B). GPx1 immunostaining was ob-
served in the cytoplasm with cell bodies and proximal
dendrites being essentially identified (Fig.3A, B, E), but
no intranuclear staining was observed (Fig.3B, E). The
stainability and intensity of Prx2 and GPx1 in the normal
anterior horn cells of the spinal cords in humans were iden-
tical to those in rats. Therefore, almost all of the normal
motor neurons in the spinal cords co-expressed both Prx2

and GPx1 (Fig. 3A-C), although the staining intensities of
positively stained neurons varied.

Corroborating recent findings [12, 13, 16, 19, 27, 30},
almost all of the neuronal LBHIs in both the FALS pa-
tients from two different families and races (Japanese Oki
family and American C family) and the transgenic rats ex-
pressing two different human SOD1 mutations (H46R and
G93A) were intensely immunostained by the antibody
against human SOD1 (Figs. 4A, D; 5A, D; 6A; TA). Most
neuronal LBHIs were also immunoreactive for Prx2,
although the intensity of Prx2 immunoreactivity in the
LBHIs varied. (Figs. 4C, F; 5C, F; 6B). The LBHIs in the
neurons of the FALS patients and transgenic rats (H46R
and G93A) showed a similar immunoreactivity for Prx2.
The Prx2 immunolocalization in many intracytoplasmic
and intraneuritic LBHIs was similar to that of SODI in
both diseases. In core and halo-type LBHIs, the reaction
product deposits of the antibody against Prx2 were gener-
ally restricted to the periphery (Fig. 4C, F), and were some-
times localized in the cores alone (Fig. 5C). In ill-defined
LBHIs, Prx2 immunostaining was distributed throughout
each inclusion. In some inclusions, however, expression of
Prx2 was observed in only part of the inclusion (Fig. 5F).
With respect to the GPx1 immunostaining in the neuronal
LBHIs, similar stainability and immunolocalization to Prx2
were confirmed in the core and halo types as well as the
ill-defined forms; most LBHIs in neurons were immunos-
tained by the anti-GPx1 antibody with various intensities
(Figs. 4B, E; 5B, E; 7B). The immunoreactivity for GPx1
in the FALS patients was similar to that in the transgenic
rats (H46R and G93A). Like Prx2, the immunolocaliza-
tion of GPx1 was similar to that of SODI in both diseases.
GPx1-immunoreactive products in many core and halo-
type inclusions were mainly localized in the periphery por-
tions (Fig. 4B, E), but sometimes in the core portions alone
(Fig. 5B). In some inclusions, the reaction products were
confined to certain regions of each inclusion (Fig. SE).

Noticeably, the co-localization of the three proteins
SOD1, Prx2 and GPx1 in neuronal LBHIs in SOD1-mu-
tated FALS patients and transgenic rats (H46R and G93A)
was evident (Figs. 4, 5, 6, 7), although all three immunore-
active intensities varied. With respect to the intra-inclu-
sional localization, many inclusions showed similar co-lo-
calizations of these three proteins (Figs.4, 5A-C). In
some LBHIs, the precise intra-inclusional immunolocal-
izations of the three proteins differed: Prx2 (Fig.5D, F)
and GPx1 (Fig. 5D, E) immunostaining was observed in
only some areas of the SOD1-positive LBHIs.

Discussion

Under normal physiological conditions, Prx2 and GPx1
immunoreactivities in the spinal cord anterior horns in hu-
mans and rats are primarily identified in the neurons: cy-
toplasmic staining with both antibodies is observed in al-
most all of the anterior horn cells. Like Prx1 [26, 33], in-
tranuclear localization in some neurons is also observed in
Prx2 immunostaining. Considering that endogenous Prx2
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