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(SP) (1:100; Zymed, San Francisco, CA), calcitonin gene-refated

protein (CGRP) (1:2000; Chemicon, Temecula, CA), neurokinin
receptor (NK1) (Dr. R. Shigemoto, Kyoto University, Japan), or
Fos (1:1000; Santa Cruz Biotechnology, Santa Cruz, CA) for 20
h at 4°C, followed by incubation with biotinylated goat anti-rabbit
[gG (Vector Labs, Burlingame, CA; 1:100 in blocking solution)
and fluorescein isothiocyanate (FITC) avidin D (1:100; Vector

Labs). For Fos immunostaining of the spinal cord, after incubation |

with an avidin-biotin enzyme complex {Vector Labs; 1:100 in
blocking solution) for 90 min at room temperature, immunoreac-
tion was visualized using an ammonium nickel sulfate enhanced
diaminobenzidine (DAB) reaction. We counted cells in 7 serial

sections of the DRG and 10 sections of the spinal cord. The .

number of Dan-, SP-, and CGRP-IR neurons in the DRG, and Fos-
[R neurons in the lamin_ae I, I, and those in the deep layers
(laminae MI-VTI} were counted.

Double-labeling immunohistochemistry

After incubation with rabbit antibody to Dan for 20 h at 4°C,
sections were incubated with goat anti-rabbit Alexa 488 (FITC)
(1:400; Molecular Probes Inc., Eugene, OR).

Sections were incubated with mouse antibody to CGRP (marker
for peptergic small neurons; 1-2000; Chemicon, Temecula, CA),
isolection B4 (IB4; marker for non-peptidergic small neurons;
1:1000; Chemicon, Temecula, CA), guinea pig antibedy to P2X3
(marker for non-peptidergic small neurons; 1:2000; Neuromic,
Minneapolis, MN), or mouse antibody to neurofilament 200
(NF200; marker for myelinated A fiber s neurons; 1:1000; Che-
micon, Temecula, CA) for 20 h at 4°C CGRP, isolectin B4, P2X3
and NF200 were visualized by following incubation with goat anti-
mouse Alexa 594 (Texas red; 1:400), streptavidin Alexa 594 (Texas
red; 1:400), goat anti-guinea pig Alexa 594 (Texas red; 1:400), and
goat anti-mouse Alexa 594 (Texas red; 1:400), respectively.

Statistical analysis ;r

The differences among the groups were compared using
ANQVA. Differences were consxdercd to be statistically significant
at P < 0.05. :
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- Identification of novel human neuronal leucine-rich repeat
(hNLRR) family genes and inverse association of expression

of Nbla10449/aNLRR-1 and Nbla10677/WNLRR-3 with
the prognosis of primary neuroblastomas
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Abstract. To search for novel prognostic indicators, we
previously cloned >2,000 novel genes from primary neuro-
blastoma (NBL) cDNA libraties and screened for differential
expression between the subsets with favorable (stage 1 or 2
with a single copy of MYCN) and unfavorable (stage 3 or 4
with amplification of MYCN) prognosis. From them, we
have identified 3 genes of human neuronal leucine-rich
repeat protein (NLRR) family: Nblal(0449/hNLRR-1,
NblaD006IMNLRR-2/GACI and Nblal0677/hNLRR-3. An
additional family member, hNLRR-5, was also found by
homology search against public database. NLRR family
proteins have been proposed to function as a neuronal adhesion
molecule or soluble ligand binding receptor like Drosophila toll
and s/it with multiple domains including 11 sets of extracellular
leucine-rich repeat (LRR)-motifs. However, the functional
role of the NLRR protein family has been elusive. Our present
study shows that ANLRR mRNAs are preferentially expressed
in nervous system and/or adrenal gland. In cancer cell lines,
hNLRR-1, hNLRR-3 and hNLRR-5 are expressed at high
levels in the neural crest-derived cells. Most remarkably, in
primary NBLs, hNLRR-1 is significantly expressed at high
levels in unfavorable subsets as compared to favorable ones,
whereas the expression pattern of hNLRR-3 and hNLRR-5 is
the opposite. In order to understand the function of these
receptors, we have used newbomn mouse superior cervical
ganglion (SCG) cells which are dependent on nerve growth
factor (NGF) for their survival. Expression of the mouse
counterparts of hWLRR-2 and hVLRR-3 is up-regulated after
NGF-induced differentiation and down-regulated after NGF
depletion-induced apoptosis. On the other hand, expression of
hNLRR-I and hNLRR-5 is inversely regulated in the same
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system. These results have suggested that the regulation of the
hNLRR family genes may be associated with NGF signaling
pathway in both SCG cells and neuroblastoma. Our
quantitative real-time RT-PCR analysis using 99 primary
NBLs has revealed that high levels of hNLRR-! expression
are significantly associated with older age (>1 year,
p=0.0001), advanced stages (p=0.0007), low expression of
TrkA (p=0.011), and MYCN amplification (p=0.0001), while
those of hNLRR-3 expression are significantly correlated with
the favorable prognostic indicators.- Furthermore,
multivariate analysis reveals that expression of hNLRR-I is
an independent prognostic indicator in human neuro-
blastoma. Thus, our results demonstrate that, despite being
members of the same family, hNLRR-I and hNLRR-3 may
share different biological function among the NBL subsets,
and that their expression level becomes novel prognostic
indicators of NBL.

Introduction

a7
T

Neuroblastoma (NBL) is one of the most commeon pediatric
tumors originating from sympathoadrenal lineage of the
neural crest. NBL shows variable biological behavior which
characterizes different clinical subsets {1). The tumors found
in young children, <1 year of age usually regress spontaneously,
while those in the older children are often aggressive leading
to poor outcome. Recent advances in molecular biology have
identified the important molecules involved in the regulation
of growth, differentiation and programmed cell death during
development of the sympathoadrenal cells (2), some of which
link to the modulation of NBL biology. These include Trk
family tyrosine kinase receptors and MYCN proto-oncogene.
TrkA, a high-affinity receptor for nerve growth factor (NGF),
is expressed in favorable subsets of NBL and regulates
differentiation and/or regression of the tumor cells (3). On
the other hand, TrkB, a receptor for brain-derived
neurotrophic factor (BDNF) and neurotrophin-4 (NT-4), is
expressed in NBLs with unfavorable prognosis. An autocrine
loop of BDNF/NT-4 and TrkB may promote tumor cell
survival and increase their invasiveness (4). Amplification of
MYCN is significantly associated with allelic loss of the

[

-
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distal region of chromosome 1, and both are indicators of
poor prognoesis. A recent report suggests that MYCN

oncoprotein induces expression of /d-2 with a helix-loop--

helix domain and in turn negatively regulates Rb tumor
_ suppressor in NBL (5). However, many important genes may
still be missing for better understanding of NBL biology as
well as predicting the prognosis. In order to identify novel

NBL-related genes and promote better understanding of the -
molecular mechanism of NBL genesis and its bnology, -

differential screening method hhs been applied (6).

We have previously conStructed full-length-enriched ™

oligocapping cDNA libraries from different subsets of primary

NBL (6,7). One derived from the mixture of favorable NBLs

in stage 1 with single-copy of MYCN, and the other from
unfavorable NBLs in stage 3 and 4 with MYCN amplification.
We have finished end-sequencing of 2,500 clones obtained
from each library, and found that the expression profile
is markedly different between the subsets. So far, 1,800
independent genes from these iibraﬁes have been subjected to
semi-quantitative RT-PCR ‘using 16 favorable and 16
unfavorable NBLs to find the genes differentially expressed
between favorable (F) and unfavorable (UF) subsets (8,9).

In this study, we have identified novel human NLRR family
genes that are differentially exgressed among the NBL subsets.
NLRRs are proteins with leucine-rich repeat (LRR) domains
which may be involved in protein-protein interactions (10}.
They may also function as cell-adhesion molecules or signaling
receptors implicated in regulation of the neural development.
Expression of the hNLRR-1/Nbla10449 gene is significantly
associated with short survival as well as conventional poor-
prognostic factors, whereas that of the hNLRR-3/Nblal0677
gene is increased in favorable subset of NBL. Our results
suggest that the differential expressxon of hNLRR genes among
the NBL subsets is involved in the regulation of growth,
differentiation and cell death of human NBL.

Materials and methods

Patients. We studied tumors. from 99 children with NBL
diagnosed between 1995-1999. Fifty-four Japanese patients
were identified by a mass screening program started in 1985
{9,10). The selection of tumers for this study was solely
based on the availability of a sufficient amount of tumor
tissue, from which DNA and A could be prepared for the
analyses described below.” 1.

The diagnosis of NBL was confirmed by hlStOlOglC___

assessment of the tumor specimen obtained at surgery
according to the classification of Shimada ef a/ (11). There
were 57 tumors with favorable histology, and 42 with

unfavorable histology. The tumors were staged according to

the International Neuroblastorha Staging System (INSS) (12):
Thirty-eight tumors (36 identified by mass screening) were
stage 1, 14 (11 identified by mass screening) stage 2, 5
(3 identified by mass screening) stage 4s, 10 (3 identified by
mass screening) stage 3, and 32 (1 identified by mass

screening) stage 4. The patients were treated according to the

protocols previously descnbed (13).

l' -

Tumor samples and cell lines: Fresh, frozen tumorous tissues
were sent to the Division of Biochemistry, Chiba Cancer

HAMANO et af: IDENTIFICATION OF NOVEL HUMAN NLRR GENES FROM NEUROBLASTOMA

Center Research Institute, from various hospitals in Japan

with informed consent from the patient's parents. All samples .

were obtained by surgery (or biopsy) and stored at -80°C,
Studies were approved by the Institutional Review Board of
the Chiba Cancer Center. Human cell lines which we used
included NBL (CHP134, CHP901, GANB, GOTO, IMR32,
SMS-KAN, SMS-KCN, KP-N-NS, LAN-5, NB-1, NB-9,

~NBKM-1, NB. (Tu)-1, NLF, NMB, RTBM1, SMS-SAN,
SK-N-BE, SK-N-DZ, TNB, TGW, LHN, NGF, NB69, NBL-S,
“7 OAN, SK-N-AS, SK-N-SH, SH-SY5Y, and CNB-RT), . -
~ostedsarcoma (OST, Saos2, and NOSI), rhabdomyosaréoma

(RMS-MK and ASPS-KY), colorectal adenocarcinoma

{COLO320, SW480, and LOVQ), a hepatocellular cancer

(HepG2), breast cancer (MOA-MB-453 and MB231),
melanoma (G361, G32TG, A875), a thyroid cancer (TTC11),

a gastric cancer (KATO3), esophageal cancer (ECGI10), a

pancreatic cancer {ASPC1) and a lung cancer cell lines (A549).. .
The cells were cultured in the RPMI-1640 medium (Nissui
Pharmaceutical Co. Ltd., Tokyo) with 10% fetal bovine
serum and 50 pg/ml penicillin/streptomycin at humidified
5% CO,/95% air at 37°C.

Primary culture of newborn mouse superior cervical ganglion
cells. The SCG neurons were isolated from newborn mice,

“and treated with 50 ng/ml of NGF for 5 days, as previously

reported (14). RNAs were isolated 12, 24, and 48 h after
depleting NGF and adding anti-NGF antibody (1% v/v).

Northern blot analysis, Multiple Tissue Northern blot
purchased from Clontech (Palo Alto, CA, USA) was used for
Northern analysis with ¢cDNA fragments labeled with
a-[*?P]dCTP as probes. Hybridization was performed in the

_~ExpressHyb hybridization buffer (Clontech) at 68°C for 1 h.
" Membrane was washed twice in 2X §SC/0.05% SDS at room

temperature for 30 min, twice in 0.1X §8C/0.1% SDS at 50°C
for 40 min. After washing, the filter was autoradiographed
with X-ray film, The membrane was boiled in 0.1% SDS for
10 min for reprobmg, and rehybndlzed with B-actin as a

- control.

Semi-quantitative RT-PCR. cDNA was synthesized from 5 pg
of total RNA in a 20 pl reaction mixture containing 200 units
of Superscript II reverse transcriptase (Life Technologies,
Inc.) and Pd(N); random hexamer (Takara Shuzo Co., Ltd.,

. Ohtsu, Japan). The tesulting cDNA fragments were diluted -

to be a 1:10 solutaon for PCR templates The. following

pairs of forward and reverse primer sets were prepared for =~

amplification: NLRR-1, 5'-GTCGATGTCCATGAATACAAC
CT-3' and 5'-CAAGGCT AATGACGGCAAAC-3'; NLRR-2,

"5-TGACCTATTCCTGACGG-3! and 5'-AAATCACAGTCT.... . . -;

CGGGC-3'; NLRR-3, 5-ACTCTTGCCTAATACCCTGAC-3'
and 5'-AGATGGTATTCGAGCACTTTG-3'; GAPDH,
5'-CTGCACCAACAATATCCC-3' and 5-GTAGAGACA

.GGGTTTCAC-3". All PCR amplifications were performed -

with a Perkin-Elmer Corp. GeneAmp PCR 9700, using rTaq "
polymerase (Takara Shuzo Co., Ltd.) with 35 cycles of
sequential denaturation {95°C for 15 sec) and annealmg—
extension (58°C for 15 sec and 72°C for 1 min). GAPDH was
used as a control and amplified under the same condition
except for reduced amplification cycles to 28. PCR templates
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were standardized by its GAPDH expression before performing
semi-quantitative PCR. The products were electrophoresed
on 2.0% agarose gels and stained with ethdium bromide for
visualization.

Quantitative real-time RT-PCR. ¢DNA was prepared by the
same method as in the semi-quantitative RT-PCR and 2 pl of
the 40-fold dilution was used for each PCR reaction. Primers
and TagMan probes for Nblal0449 and Nblal0677 were
designed using the primer design software Primer Express™
_ (Perkin-Elmer Applied Biosystéms). TagMan GAPDH control
reagent kit (Perkin-Elmer Applied Biosystems) was used for
GAPDH expression as a control. Reaction mixture (25 pl),

containing 2 pl of cDNA, 1X TagMan mixture, 0.3 pM
forward and reverse primers, and 0.2 pM TagMan probe
were used for PCR. The condition of PCR was as follows:
2 min at 50°C (stage 1), 10 min at 95°C (stage 2), and then
50 cycles of amplification for 15 sec at 95°C and 1 min at 60°C
(stage 3).

Statistical analysis. The student's t-tests were used to explore
possible associations between Nbla!l 0449 hNLRR-I expression
and other factors, such as age. Since the values of the
Nbla10449/WNLRR-1 and Nblal0677/hNLRR-3 expression
were skewed, a log transformation was used to achieve the
normality when using t-test and Cox regression. The distinction
between high and low levels of Nblal0449 was based on the
median value (low, Nblal0449 <0.31 d.u.; high, Nbla10449
>0.31 d.u.), regardless of tumor stage, MYCN copy number,
or survival. The distinction between high and low levels of
Nblal0677 was based on the median value (low, Nblal0677
<1.04 d.u.; high, Nblal0677>1.04 d.u.), regardless of tumor
stage, MYCN copy number, or survival. Kaplan-Meier survival
curves were calculated, and survival distributions were
compared using the log-rank test. Cox regression models
were used to explore associations between Nblal(449/
Nblal0677, age, MYCN copy number, mass screening, tumor
origin and survival. Statistical significance was declared if
the p value was <0.05. Statistical analysis was performed using
Stata 6.0. (Stata Statistical Software: Release 6.0 College
Station, Stata Corporation, TX, 1999).

Results

Hdentification of novel human homologues of NLRR family
genes, Nblal0449/hNLRR-! and Nblal0677/hNLRR-3, and
their differential expression between favorable and unfavorable
subsets of neuroblastoma. To identify the genes differentially
expressed between favorable and unfavorable NBLs, semi-
quantitative RT-PCR analyses were performed. Sixteen
favorable (F) and 16 unfavorable (UF) NBLs were used as
PCR templates after normalization by GAPDH expression.
So far, ~1,800 independent genes from the NBL cDNA libraries
have been surveyed, resulting in the approximately 300 genes
with differential expression between the subsets (8,9).
Among them, we found Nblal 0449 and Nblal0677 genes that
are highly homologous to the mouse NLRR-I and NLRR-3
genes, respectively. Nblal0449/hNLRR-1 was preferentially
expressed in UF NBLs, whereas Nblal0677/hNLRR-3 was
highly expressed in F NBLs (Fig. 3A).

.-
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Full-length ¢cDNA cloning and structure of human NLRR-1,
NLRR-2, NLRR-3 and NLRR-5 genes. Wg performed.
sequencing of whole inserts of Nbla!0449 and Nblal0677
and defined their full-length cDNA sequences. In addition,

during the process, we also identified human NLRR-5 by homo- -

logy search on the database. Furthermore, the other clone,
Nbla00061, was found to be the same gene as. ‘GACI which
we renamed as hWLRR-2. NLRR-4 has recently been reported
by another group (15).

Nbla10449/WNLRR-1. A full-length Nblal0449 genes
comprised 3,060 bp, with an open reading frame (ORF) of
2,151 bp. The deduced protein was 716 a.a. in length, and
included 2 hydrophobic stretches corresponding to a signal
peptide at the extreme N-terminal region and a deduced trans-
membrane domain close to the C-terminal region (Fig. 1A).
Analysis of the extracellular domain revealed the presence of
11 leucine-rich repeats encompassed by flanking cystein
cluster, a leucine-rich repeat N-termina! domain (LRRNT}
and a leucine-rich repeat C-terminal domain (LRRCT), a single
immunogloblin C2 type domain, and a fibronectin type III
domain (Fig. 1). Homology search against public database
showed that Nblal0449 was identical to the human EST
KI4A1497 (GenBank/DDBJ accession number AB040930)
which lacked the N-terminal region and was similar to
2 leucine-rich repeat proteins, mNLRR-I (acc. no. D45913) and
Xenopus XNLRR-1 (acc. no. AB014462). The identities of
deduced Nbla10449 protein to mNLRR-! and xNLRR-1 were
92 and 75%, respectively. We also analyzed genomic structure
of Nblal0449, and found that this gene comprised of single
exon without any intron and mapped to chromosome 3p region.

Nblal0677/hNLRR-3. Nblal0677 comprised 2,471 bp
with an ORF of 2,127bp (acc. no. AB0609367) without intron,
and mapped to chromosome 7q31. The deduced protein
contained 708 a.a. and had a similar structure to Nbla10449/
hNLRR-1 (Fig. 1A). In addition, the RGD sequence, an
integrin-binding domain, was found in the leucine-rich repeats.
Homeology search showed that Nblal(677 was identical to
human ¢cDNA FLJ11129 (acc. no. AK001991) and highly
similar to the leucine-rich repeat proteins of mouse (nNLRR-3;
acc. no. D49802) and rat ({fNLRR-3; acc. no..AF291437).
Therefore, Nbla10677 seemed to be a human NLRR-3. The
Nblal0677/hNLRR-3 showed 85 and 83% similarity to
mNLRR-3 and iNLRR-3 proteins, respectively.

Nbla0061/GACIMNLRR-2. The Nbla0006] cDNA clone
comprised 3,206 bp including a partial ORF of 2,142 bp.
Sequence analysis revealed that it is identical to a glioma
amplified on chromosome 1 gene, GAC! (acc. no. AF030435),
mapped to chromosome 1g32.1. The GACI protein, which
was previously reported to be a member of an NLRR. protein
family (15), had 713 a.a. with a similar structure to NLRR-1
and 3 (Fig. 1). GACI showed 98% identity to mNLRR-2,
although the latter was reported as only a partial sequence
(16). It showed only 54 and 50% identities to MINLRR-1 and
mNLRR-3, respectively, indicating that Nbla00061/GAC! is
a human counterpart of mNLRR-2.

mNLRR-4 was cloned by another group from hemangio-
blast-like cell line derived from E11.5 mouse AGM and its -
predicted protein has 4 LRRs, fibronectin 3 dnd EGF-like
motives in the extracellular region (Rump A et al, The
Molecular Biology Society of Japan Conference, Yokohama,
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Figure 1. Structures and deduced amino acid sequences of ANLRR families, A,

Schematic representation of ANLRR-1, hNLRR-2, hNLRR-3 and hNLRR-5

whose proteins consist of 716, 713, 708 and 606 a.a., respectively. SP, predicted signal peptide; TM, predicted transmembrane region; LRRNT, leucine-rich
repeat N-terminal domain; LRRCT, leucine-tich repeat C-terminal domain; LRR, leucine-rich repeat; Igc2, immunoglobutin C-2 type domain; FN 111,
fibronectin type III domain. B, A:mno acid alignment of the LRR domains of ANLRR families. Eleven ropeats of LRR motif are shown by Roman numerals.

Consensus sequences are lughhghted and shown below.

i

abs. 4P-500 and 4P-501, 2001). hNLRR-5 has no EGF-like
motif and has 11 LRRs, and ‘we failed to identify its human
counterpart in the database or our NBL cDNA libraries.
hNLRR-5. Homology search against proteins deduced from
genomic-sequences on chromosome 9p revealed the presence
of another family member of NLRR {acc. no. CAC22713). Its
deduced protein was 606 a.a. in length and had a similar
structure to the other NLRR members. However, a
fibronectin domain was not included in this product, It showed
56 and 53% identities to mouse hypothetical protein (acc, no.
BAB32403) and Macaca fascicularis hypothetical protein
(acc. no. BAB(03557), respectively, suggesting that they were
mouse and Macaca fascicularis counterparts of ANLRR-5.

Expression of RNLRR family genes in human tissues. To
examine whether ANLRR genes display neuron-specific
expression, Northern analysis and semi-quantitative RT-PCR
were performed. Among several human fetal tissues, hNLRR-{,
hNLRR-2 and hNLRR-3 mRNAs were strongly expressed in
brain at the size of 4.0-4.5 kb (Fig. 2A). By contrast, \NLRR-5
was ubiquitously expressed in all main fetal organs. The size

of hNLRR-2 transcript in the liver was smaller than that in the
other tissues. In adult human tissues, all WWLRR-1, hNLRR-2,
hNLRR-3 and hNLRR-5 were also preferentially expressed at
high levels in the nerve tissues (Fig. 2B).

Expression of RNLRR family genes in neuroblastoma and cell
lines. Expression of hNLRR family genes was measured in
primary neuroblastomas and cell lines using semi-quantitative
RT-PCR. As shown in Fig 3A, Nblal0449/hNLRR-1 was
highly expressed in UF NBLs, whereas Nblal0677/hNLRR-3
and hNLRR-5 were preferentially expressed in the F NBLs.
Nbla00061/hNLRR-2 seemed to be equally expressed between
both subsets. In NBL cell lines, expression of NLRR-1 was
observed relatively more frequently in the lines with MYCN
amplification than in those with a single copy of the gene. On
the other hand, NLRR-3 appeared to be expressed rather

frequently in the cell lines without MYCN amplificafion.

Interestingly, however, there was a tendency that the cells

“with high expression of NLRR-1 also had a high levels of

expression of NLRR-3 {(Fig. 3B). The expression of both
hNLRR-2 and hNLRR-5 was found in most NBL cell lines.
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Figure 2. Expression of hWNLRRs mRNA in human normal tissues. A, Northem blot analysis of hWLRRs mRNA in human fetal tissues. As a control for the
amount of RNA, the same filter was rehybridized with 8-actin. B, Semi-quantitative RT-PCR of hVLRRs in multiple huinan tissues. Total RNA of 25 adult
and 2 fetal tissues. As a control, same cDNA templates were amplified by GAPDH primers.

We then examined whether or not there was any genomic
amplification of hNLRR-1 or hNLRR-2 because that of
Nblal0449/WNLRR-1 was preferentially expressed in
UF NBLs, and that of GACI/hWNLRR-2 was reported to be
amplified in the primary glioblastoma and anaplastic astro-
cytoma {15). However, our Southemn blot analysis showed
that neither of both genes was amplified in NBL cell lines so
far examined (CHP134, IMR32, NB-9, NLF, TGW, NGP,
NB69, NBL-S, SK-N-AS and SH-SY5Y) (data not shown).
As regards the other cancer cell lines, expression of hNLRR
family members was relatively restricted to the ostecsarcoma
and rhabdomyosarcoma cell lines (Fig. 3C). The low levels
of hNLRR-3 and hNLRR-5 expression were also seen in
melanoma cell lines. Furthermore, expression of hNLRR-2
was observed in the cell lines of colon, thyroid {(medullary
thyroid cancer), esophagus and lung. These results suggested
that hWLRRs were preferentially expressed in the cell lines
derived from neural crest cells.

Changes in expression of the NLRR family genes during
NGF-induced differentiation and NGF-depletion-induced
apoptosis in newborn mouse SCG neurons in primary culture.
To investigate the role of NLRR family molecules in NGF/

TrkA-mediated signaling, we next used newborn mouse SCG
neurons, from which NBL is derived. As reported previously,
NGF induced marked morphological differentiation of SCG
neurons (14). NGF-induced neurite extension was observed
on day 2 and was enhanced thereafter by increasing in number
and length (Fig. 4A, NGF*). The depletion! of NGF by
treating the cells with anti-NGF antibody indufed neuronal
programmed cell death (Fig. 4A, NGF). As shown in Fig. 4B,
expression of mNLRR-I and mNLRR-5 was down-regulated
during NGF-induced neuronal differentiation, and was up-
regulated after NGF deprivation (Fig. 4B). On the other
hand, expression of mNLRR-2 and mNLRR-3 was slightly
up-regulated when they were treated with NGF, and was
significantly down-regulated after NGF deprivation (Fig. 4B),
suggesting that expression of mNVLRR genes might be related
to the NGF signaling. ' ’

Prognostic significance of expression of Nblal0449/hNLRR-1
and Nblal0677/hNLRR-3 in primary neuroblastomas. To
evaluate the clinical significance, expression of Nblal(0449/
WNLRR-I and Nblal0677/hNLRR-3 in 99 NBLs was
statistically analyzed. Table I gives the mean and standard
error (SEM) of hNLRR-1/Nblal0449 and hNLRR-3/Nblal 0677
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-
£ -



Yt
T

: o

1462 mmiwo et al: IDENTIFICATION OF NOVEL HUMAN NLRR GENES FROM NEUROBLASTOMA

Favorable NBLs (F) Unfavarable NBLs (UF)

i 'z 343878 FIDNI2INITE-T T IS LIS IWHRZWHMWE -

Kbl ¢
hNLAR-T
NEROGOET ¢
ANLRR.Z
MOICTOBIT £ T e
trny FPUF Fann £po e g et v R At
nataRs Fouf FEEEEt I T S T Y T
CAPDH - [ ————y o p————— ey p————
B
MYCN LYCN
amplification single copy
I 1 1 1
= z
- on - —gun L4 o
Neurohlastoma ezl line §§§§§=5§2-a.sﬁn“§;fgﬂ*z= ggxégéﬁ
omacelline LRSSz esEEETSaraEEEoRE B2AEY:E
NBia10449{ hNLRA-1 & - ma
NDIGD00E T F RNLRR-2
Nbia10677 | hNLRR-3
HNLRR-S
GAPDH
£
g.
3
: _ 3 )
z iﬁl"ig égg 8-2_“‘-_2 A5 On - -
¢ -0t -JT;-;*“E«"(,-E B
TR LR E LR E
NDI210499 7 ANLAR i icadvended -
Nbia00061 T hNLRR-2
NbIa10677 # hNLRR-3

hNLARS Bl - _
[P TT T TVIN i e e s s i i s . 0 vl o 4 00 0

Figure 3. Expression of hVLRR family genes in primary NBLs, NBL cell lines and other cancer cell lines. A, Differential expression of hVLRR family genes
in 16 favorable and 16 unfavorable NBLs. mRNA expression was detected by semi-quantitative RT-PCR procedure, The expression of GAPDH is shown asa
control, Lanes 1-16; favorable NBEs (F, stage | or 2, with a single copy of MYCN), lanes 17-32; unfavorable NBLs (UF, stage 3 or 4, with MYCN
amplification). B, Expression of hNLRRs mRNA in NBL cell lines. Twenty-three NBL cell lines with MYCN amplification and 7 cell lines with a single copy
of MYCN were used for semi-quantitative RT-PCR as templates. C, Expression of hVLRRs mRNA in the other cancer cell lines. Semi-quantitative RT-PCR
analysis was performed using ¢cDNA and control GAPDH primers. Tumor origins are shown on the top.

expression by age, turnor stage, TriA expression, MYCN copy . expression of Trkd (p=0.011)," MYCN amplification (p=00001) o

number, origin, and mass screening. High expression of  and sporadic tumors (p=0.0004), but not with the tumor origin
hNLRR-1/Nblal0449 were significantly associated with  (p=0.4). The results of log-rank test showed that a high level of
>1 year of age (p=0.0001), advanced stage (p=0.0007), low hNLRR-I/Nblal(449 expression was significantly associated
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Figure 4. Changes in mRNA expression of mouse NLRR family genes in
mouse superior cervical ganglion (SCG) cells treated with NGF in primary
culture. A, Effect of NGF on newborm mouse SCG neurons in primary
culture, The pictures were taken on day 0 and 5 (NGF*) in the presence of
50 ng/ml NGF. NGF was then depleted from the raedium by adding 1% viv
anti-NGF antibody for 36 h (NGF). B, Changes in expression of mNLRRs
mRNA during NGF-induced differentiation and NGF depletion-induced
apoptosis in newbom mouse SCG neurons in primary culture, SCG neurons
were cultured for § days with NGF and then further cultured with or without
NGF for 12, 24, 48 h. c5jun and Bim, positive control gene; Tubulin, used
for standardization of the cDNA concentration,

with an unfavorable outcome (p=0.028). On the other hand,
there was significant correlation between high levels of
Nbilal(0677/hNLRR-3 expression and younger age (p=0.0018),
favorable stage (p=0.0007), high levels of Trkd expression
{p=0.021), single copy of MYCN {p=0.0002) and the tumors
found by mass screening (p=0.0049), but not with the tumor
ornigin {p=0.33).

The univariate Cox regression was employed to examine
the individual relationship of each variable to survival
(Table II). These variables were: hNLRR-1/Nblal0449 (log),
hNLRR-3/Nblal0677 (log), age (>1 year vs. <1 year), tumor
stage (3+4 vs. 1+2+4s, MYCN copy number (I copy vs.
>1 copy), mass screening (+ vs. -), and origin (adrenal gland
vs. others). Expression of hNLRR-1/Nblal0449 (p=0.005),
age (p<0.0005), MYCN copy number (p<0.0005}), mass
screening (p=0.001) were found to be statistically of prognostic
importance. The results in Table I show that hNLRR-1/
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Figure 5. Kaplan-Meier survival curves for the 48 patients with low expression
and the 51 patients with high expression,
{x

Nblal0449 expression was an independent prognostic factor
from age, MYCN copy number and mass screening in primary
NBLs. . ’

B

Discussion

In the present study, we identified the full-length human
neuronal leucine-rich repeat protein (NLRR) family genes
preferentially expressed in the nervous system‘and adrenal
gland: Nblal0449MNLRR-1, Nbla00061/hNLRR-2/GACI,
Nblai0677/hNLRR-3 and hNLRR-5. In primary NBLs, the
levels of hNLRR-I expression are significantly higher in the
unfavorable subsets than those in the favorable tumors,
whereas the expression pattern of hVLRR-3 and hWNLRR-5 is
the opposite. The results from the experiments using mouse
SCG neurons treated with NGF in the primary culture have
suggested that both mNLRR-2 and NLRR-3 are the molecules
relating to promotion of neuronal survival or differenﬁation,
while mVLRR-I and mNLRR-5 function as those promoting
cell growth or enhancing apoptosis. Furthermor%, expression
of hNLRR-1 has been found as a significant indicator of poor
outcome of NBLs, whereas that of hNLRR-3 is associated
with other favorable prognostic factors. Thus, hNLRR family
members appear to differently regulate functions of neuronal
cells as well as those of neuroblastoma. "

A protein with leucine-rich repeat (LRR) domains was
first identified in an a-2-glycoprotein of human serum (17).
LRR-containing proteins represent a diverse grdup of mole-
cules with different functions and cellular locations in a variety
of organs. LRR domains provide an ideal conformation for
binding to other proteins and this structure is thought to be
involved in protein-protein interaction (10). Many LRR-
containing proteins have been shown to function as cell-
adhesion molecules or signaling receptors and are implicated
in a variety of events in neural development. For example,
adhesive LRR-containing proteins and small proteoglycans
such as osteoinductive factor (OIF) bind various components
of the extracellular matrix and growth factors. Interestingly,
OfF binds the transforming growth factors, TGF-8 and TGF-B2,
and is involved in bone formation (18). The neurotrophin
receptors, Trks, also possess the LRR domains in the extra-
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Table 1. Correlation between expressmn of Nblal0449/hNLRR-1 or Nblal(677/hANLRR-3 and other pl’OgﬂOSth factors

{Student's t-test). S e T A e

B I VOO —— ES Lo e

Nblal044/ANLRR-1

Nblal0677ANLRR-3.

. Mean = SEM

Variable | No. Mean + SEM p-value p-value -
Age

<1 year 63 0.8410.21 |0.0001 | 5.05+0.93 .0.0018
>1 year 36 3.97+1.44 - 2.53X077 ' o
Tumor stage : ' S

1,2,4s | 57 0.68+0.17 . 0.0007 . 536+L.00 100007
3,4 42 374EL2s .., 2483068 :
TrkA expression :

Low 45 3504117 0.011 3.1320.77 0.021
High . 5 0.7110.18 4.97£1.02
MYCN copy no.

Amplified 29 5.19+1.75 0.0001 1.71£0.90 0.0002
Single 70 0.6510.14 5.1410.86
Origin o ,

Adrenal gland ' 63 2.1610.75 0.4_ 4.181£0.90

Others 36 1.67+0.79 4.0610.93
Mass screening ‘

+ M 0.6710.18 0.0004 5.00+1.02 0.0049 .
- 45 3.55£1.17 2.980.76 '

Table II. Cox regression modeis using Nblal 0449/hNLRR-1

expression and dichotomous factors of age, Trkd expressmn,, :

MYCN amplification, and origin (n=99).

Model Variable p-value
A Nblal0449/hWNLRR-1 0.005

B Nbilal(0677/hNLRR-3 0.15

C Age (>1 vs. <1 year) <0.005

D MYCN (1 copy vs. amplification) <0.005 -
E Origin (adrenal gland vs. others) 0.079

F ¢ 0,001 -

Mass screening (+ V8. =)

cellular region. In Drosophil@, some LRR domain-containing
molecules such as toll, slit, connectin, chaoptin and tartan

play an important role in- regulatmg neural development__m

(19-23).

The LRR motif includes Iilghly hydrophobic amino ac:ds“. .

and a repeat structure conmstmg of about 24 residues (20).
NLRR family proteins contain in its extracellular region an
immunoglobulin C-2 type domain and a fibronectin type III
domain i addition to 11 sets of LRR motif (24). NLRR family

genes were first isolated from a mouse brain cDNA library .

(16,25), and then 3 distinct isoforms (mNLRR-1, MNLRR-2
and mNLRR-3) have been identified in zebrafish, Xenopus,

- mouse, rat and Macaca faczcularxs {16,24-26). The ﬁmcnon - '._ s .
~of these NLRR proteins is poorly understood except that . .. ...
. Vexpressmn of MNLRR-3 was increased after cortical brain

injury (27} and that rNLRR-3 expression is regulated through
the Ras-MAPK signaling pathway in fibroblasts (28).

The deduced amino acid sequences of hANLRRs are highly
conserved in the domains of LRR, LRRNT, LRRCT, Igc2
and FNII, except that hWLRR-5 does not have the FNIII
domain. Many LRR proteins with LRRNT and LRRCT
domains have been proposed to function in the regulation of
neural differentiation and/or developmental processes as
adhesive proteins and/or receptors (10). In addition to LRR,

the Igc2 and FNIII domains in the extracellular, region are : -

often found in the moleciles expressed in the central nervous
system (26) and in several neuronal cell-adhesion molecules

of the immunoglobulin superfam:ly such as N-CAM and L1

(29).. Although hNLRRS and other. NLRRs have no known -

signaling domain in the cytoplasmic region, a number of .. .~

conserved stretches are found (Fig. 1). Especially, NLRR-1

_ and NLRR-3 have been shown to have a conserved stretchof . .
- 11 ‘amino acids (ELYPPLINLWE) with 2 clathrin mediated” ]
endocytosis motifs, 2 tyrosine-based  signal confomung tothe . ...
"~ YXRF motif (30,31}, and a dilencine-type motif (32). Endo-

cytosis and recycling mechanisms are relevant for cell adhesion
molecules like integrins during cell migration (33,34).
Although the function of NLRR protein is poorly under-
stood, there are some clues in recent reports. mNLRR-3
expression is increased in layers 2-3 in cerebral cortex after
cortical injury, suggesting that this molecule plays a role in

033
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the regulation of synaptic re-organization (27). ZNLRR has
also been proposed to have function as a neuronal-specific
adhesion molecule or soluble ligand binding receptor during
regeneration of the zebrafish central nervous system after
injury, because retinal ganglion cells and descending spinal
cord neurons strongly increased expression of ZNLRR after
axotomy in the adult (24).

The SCG/NGF system utilized in this study also provides
a helpful hint to consider the neuronal function of hNLRRs.
NLRR-1 may be involved in growth promotion in NBL by
suppressing neuronal differentiation according to the result
showing that the expression of mNLRR-I is down-regulated
when the cells were treated with NGF. On the other hand,
NLRR-3 may play a role in regulating differentiation to
extend neurites and in neuronal survival of NBL cells since
the expression of mNLRR-3 was up-regulated by NGF and
down-regulated after deprivation of NGF. These results are
consistent with their differential expression pattern between
favorable and unfavorable subsets of NBL.

In favorable NBLs as well as the cell lines with a single
copy of MYCN, hNLRR-I expression was low as compared
with the MYCN-amplified cells, suggesting that MYCN could
influence the hNLRR-] expression. Interestingly, we have
identified MYCN transcription factor-binding motifs (E-boxes)
in the promoter region of the NLRR-I gene. Like hNLRR-3,
hNLRR-2 may also be involved in controlling neural cell

survival as supposed from the result obtained in the

NGF/SCG system. Ubiquitous hNLRR-2 expression in NBLs
suggests that hNLRR-2 plays a role in maintaining cell survival.
Of interest, hNLRR-2 is often amplified in glioma as described

" below. hNLRR-5 shows similar change in expression to

hNLRR-! in the system of NGF-treated SCG neurons, albeit
it is highly expressed in favorable NBLs. This suggests that
hNLRR-$ may function as a proapoptotic molecule in NBL.
Thus, each hNLRR member may have distinct biological
function in NBL as well as neuronal cells. As the deduced
intracellular region at the extreme C-terminus of hNLRR
proteins has variable amino acid sequences, it may play a role
in determining the differential function of ENLRR family
receptors. '

There are a few reports showing the relationship between

LRR or NLRR and human cancer. GAC! (/hNLRR-2), mapped

to chromosome 1q32.1, is amplified and overexpressed in
glioblastoma multiforme and anaplastic astrocytoma (15).
Another report shows that expression of INLRR-3, which was
cloned by the subtractive screening using fibrosarcoma cells
overexpressing c-Ha-ras, is regulated through the Ras-MAPK
pathway, albeit the role in cancer cells is unknown (28). Trk
family receptor tyrosine kinases have 3 LRRs in the
extracellular domain, whose alteration can cause onco
genic activation in some cancers (35). Interestingly, TrkA
and TrkB also show an inverse expression pattern between
favorable and unfavorable NBLs, that is very similar to the
pattern of hWLRR-! and hNLRR-3 expression, Since expression
levels of TrkA and TrkB are powerful prognestic factors in
NBLs, those of hNLRR-1 and hWLRR-3 may also be important
in predicting the patient's outcome. Indeed, our present data
suggest that expression of both RNLRR-1 and hNLRR-3 is
inversely associated with the prognosis as well as other
prognostic factors.
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Approximately 20% of familial amyotrophic lateral
sclerosis (FALS) arises from germ-line mutations in the
superoxide dismutase-1 (SODI1) gene. However, the
molecular mechanisms underlying the process have
been elusive. Here, we show that a neuronal homo-
logous to EGAP carbexyl terminus (HECT)-type ubiq-
uitin-protein isopeptide ligase (NEDL1) physically binds
translocon-associated protein-5 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 SOD1I 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 resulis
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,
pneurcdegenerative 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 strue-
ture of mutant SOD1 is critical 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 S0D1
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 tigsues, including the spinal cord, and
selectively binds to and ubiquitinates mutant (but not wild-
type) SOD1. NEDL1 is physically associated with translocon-
associated protein-8 (TRAP-5), one of the endoplasmic reticu-
lum (ER) translocon components that has previously been
reported to bind mutant SOD1 (8, 10). Both NEDL1 and
TRAP-5 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 NEDL?I 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 (Dv11) for ubiquitination-mediated degradation and
that mutant (but not wild-type) SOD1 affects the function of
Dvll. Our ohservations suggest that NEDL] 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 pehicillin, 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 uM.

RNA Analysis—A human multiple tissue mRNA blot and a fetal
human multiple mRNA blet (Invitrogen) were hybridized with a *?P-
labeled Apal-Seal restriction ﬁ-agment of NEDLI ¢DNA 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 & 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 ug of purified
glutathione S-transferase fusion proteins, 0.25 ug of yeast ubiquitin-
activating enzyme (E1) (BostonBiochem, Cambridge, MA), 1 ul of crude
lysates from Escherichia eoli expressing ubiquitin carrier proteins (E2),
end 10 pg of bovine ubiquitin (Sigma) were incubated in 250 mm

Tris-HCl (pH 7.6), 1.2 M NaCl, 50 mm ATP, 10 mym 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 antibody 1B3 (Medical & Biological Laboratories, Nagoya,
Japan).

Immunofluorescence Steining—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-NEDLI antibody {diluted 1:100). The primary antibody was
detected with fluorescein isothiocyanateconjugated goat anti-rabbit
IgG (diluted 1:500; Jackson ImmunoResearch Laboratories, Inc., West
Grove, PA). Images were taken usmg an Qlympus confocal microscopy
system,

Yeast Two-hybrid Screenmg—-Yeast two-hybrid screening was per-
formed using the Gal4-based Matchmaker two-hybrid system with the
¢DNA libraries derived from fetal human brain (first screening) and

adult human brain {second screenmg) (Clontech, Palo Alts, CA). Sac-
charomyces cerevisize CG1945 cells were transformed with pAS2-1-

NEDL1-1 {amino acids 757-1114; first screening) or pA52-1-NEDL1-2
(amino acids 382-1448; second screening), which did not activate the
transcription- of locZ alone. The transformants were subsequently
transformed with the cDNA libraty, and the lacZ-positive colonies were
selected. The plasmid DNAs were extracted from these positive colo-
niesg, and their nucleotide sequences were determined.
Immunoprecipitation and Western Blot Analysis—Anti-NEDL1 and
anti-TRAP- polyclone! antibodies were raised in rabbits against an
NEDL1 oligopeptide (amino acids 460-482) and @ TRAP-5 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 mum Tris-HCl (pH 7.8), 150

mM NaCl, 1% Nonidet P-40, 1 mpt EDTA, and 1 my phenylmethylaul-.

fonyl fluoride supplemented with protease inhibitor mixture (Sigma).
Whole cell lynstes were immunoprecipitated with anti-NEDL1, anti-
FLAG (M2; Sigma), or anti-Myc (9B11; Cell Signaling Technology,
Beverly, MA) antibody. Immine complexes were recovered on protein
G-Sepharose beads, eluted by boiling in Laemmbi sample buffer, elec-
trophoresed on SDS-polyacrylamide gel, and then transferred to a poly-
vinylidene difluoride membrane (Immeobilon, Millipore Corp., Bedforad,
MA) by electroblotting. For ubiquitination experiments, cell lysis was
performed in radicimmune precipitation assay buffer (10 mm Tris-HC1
(pH 7.4), 150 mm NaCl, 1% Nonidet, P40, 0.1% sodiurm 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,
Ine. and Southern Biotechnology Associates, Inc., Birmingham, AL).

Immunoreactive bands were detected by the enhanced chemilumines- -

cence technique (ECL, Amershdm Biosciences). For the detection of

c-Jun phosphorylation, we used nti-c-Jun (sc- 45, Santa Cruz Biotech-
nology, Santa Cruz, CA) or antl- phospho-Ser®® ¢c-Jun (Cell Signaling-

Technology) antibedy.
Cloning of Human NEDLI ¢DNA—A forward primer (5'-GGTTTT-

NEDLI Targets Mutant Superoxide Dismutase-1

TAGGCCTGGCCACC-3') and a reverse primer (5-CAATGAGGTA-

. CATGCCAATCC-3") were used to amplify the 5'-part of the NEDL{

¢DNA using cDNA libraries derived from human nearoblastoma and
fetal human brain (Stratagene, La Jolla, CA) as templates. The full-
length human NEDLI ¢DNA 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 ¢DNA (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 plasm:ds for
hemagglutinin-tagged and His,-tagged ubiquitin were kind gifts of D.
Bohmann. The full-length NEDLI eDNA was ingerted 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 into pIRESpuro2. Similarly, the FLAG or Myc
epitope tag sequence was attached to the C terminus of TRAP-5. Also
similarly, the FLAG or Mye epitope tag sequence wag attached to the
N terminus of Dvll, Codmg sequences were venﬁed by aum:nated
DNA sequencing. s

Protein Stability Eaperzmenta—NeuruZa cells were transfected w1th
the expression plasmid for the wild-type or mutant form of SODI with
or without the NEDLI1 expression plasmid. Twenty-four hours after
transfection, cycloheximide (50 ug/ml) was added to the culture me-
dium, and the cells were harvested at the indicated time points by lysia
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 "immunchistochemical 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 13 months (case 1), and that of the
brother, who died at age 85, 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 neurclogically and neurepatho-
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 entibodies were visualized by . the

avid.iﬂ-biot;inimzﬁunoperoxidase complex method.

RESULTS

Clonmg and Expressulm of the NEDL1 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 neurcblastoma
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 prognoesis and in aggressive tumors

with poor prognosis. Among these genes, we found a partial . .. . =

¢DNA sequence with an HECT-like domain (Ndla0078) that
partially matched the KIAA0322 gene. Because KIAAQ322
lacks a 5'-coding region, we used a genome-based PCR pro-
cedure to clone the corresponding full-length ¢DNA. 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. 1A). 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). Tts
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Fic. 1. Amino acid sequence, brain-specific expression, and subcellular localization of NEDL1 E3. 4, alignment of conserved amino
acid sequences of human NEDL1 (RNEDLI) and its mouse homolog (mNEDLI), Numbers on the right indicate the number of residues to the
initiator methionine. The C2 domain (shaded), two WW domains (dashed boxes), 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 punel) human tissues were analyzed by
Northern blotting using a ¥*P-labeled human NEDLI ¢DNA 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 anslysis for NEDL! 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-NEDLI
polyclonal antibody, followed by flucrescein 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 NEDL]-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)}NEDL]1. Polyubiquitinated bacterial proteins appeafed to migrate -

in a high molecular mass complex. b, 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 peuronal 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 CHF134 cells and
CO08-7 cells transiently expressing NEDL1 (Fig. 1D). The in
vitro system containing UbhcHS5¢ or UbcH7 demonstrated that
NEDL?2 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 &
full-length ¢cDNA for TRAP-$; this was of considerable interest,
as TRAP-8 was previously reported to hind mutant (G85R and
G934), but not wild-type, SOD1 (9). TRAP-§ is a protein com-
ponent of the translocon in the ER membrane (10). We there-
fore examined the interaction among NEDL1, TRAP-§, and
S0D1 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 endogencus TRAP-$ probably through
the region of two WW domains, as originally suggested by the
result of two-hybrid screening. Surprisingly, NEDL1 bound to
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
NEDL1-mutant SOD1 interaction, the binding intensity be-
tween TRAP-§ and mutant SOD1 was also dependent on the
disease severity (Fig. 2D). These observations suggest that .
NEDL1 and TRAP-§ 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-5 was direct {data not
shown). It therefore appears that mutant SOD1 forms tightly
bound protein complexes with NEDL1 and TRAP-5 and that
the tightness of binding in the complex is determined in part by
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Fic. 2. NEDL]1 interacts with TRAP-5 and FALS-a.ssocijnted mutant forms of SOD1, but not with wild-type SOD1. A, NEDL1 interacts
with TRAP-5. COS-7 cells were cotransfected with the indicated expression plasmids, and whole cell lysates were immunoprecipitated (ZP) with

anti-FLAG (first panel) or anti-NEDL1 (second panel) anhbody Immunoprecipitates were analyzed by immunoblotting (IB) wsing the indicated

antibodies, Whole cell lysates werg analyzed for expression levels of each protein by immunoblot analysis (¢hird and fourth panels). Detection was

performed with horseradish percxidase-conjugated secondary antibodies. B, NEDL1 also binds to endogencus TRAP-3. C, interaction between -

NEDL1 and mutant SOD1. Whole cell lysates from COS-7 cells overexpressing NEDLI and one of the FLAG-tagged S0D1 mutants or wild-type
S0D1 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 expreéssion of NEDL! or FLAG-tagged SOD1 mutants was analyzed by immunoblotting using anti-
NEDL] (¢hird panel) or anti-FLAG (fourth panel) antibody, respectively. Patients carrying the SOD1(C6F) aiid SOD1(A4V) mutations have a rapid.

clinical course, whereas mutant SOD1(L126S), SOD1(H46R), or SOD1(DJ0A) is associated with a slow clinical course. D, interaction of TRAP-5. -

with mutant SOD1, COS-7 cells were transiently cotransfected with the expression plasmid for FLAG-tagged TRAP-5 and the expression plasmid
encoding one of the Mye-tagged SOD1 mutants or wild-type (WT) S0D1. Whole cell lysates were immunoprecipitated with anti-Myc {first panel)
or anti-FLAG (second panel) antibody, followed by immunoblotting with anti-FLAG or anti-Myc antibody, respecl:wely The levels of overexpression
of FLAG-tagged TRAP-§ (¢hird panel) and Myc-tagged SOD1 (fourth panel) were analyzed by unmunoblottmg using s.nn-FLAG and anh Myc
antibodies, respectively.

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

Determination of the Intergction Domains—We next exam- . -

ined the domains of NEDL1 required for formation of the
SOD1-NEDLI'TRAP-8 complex. We generated various con-

structs of NEDL1 with deletions of each domain. Fig. 8 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(GI3A). Mutant SOD1(A4V) was also associated with
NEDL1 through the same region, and TRAP-S bound to the two
WW domains of NEDL1 (data not shown).

NEDL1I Ubiquitinates Mutant SOD1 for Degradation De-
pending on the Disease Severity of FALS—Because NEDLI is
an E3, we next {ested whether it ubiquitinates TRAP-§ and
mutant SOD1 for degradation. As shown in Fig. 44, NEDL1
clearly ubiquitinated mutant SOD1(A4V), but not TRAP-3

i, .
(data not gshown). Furthermore, the degree of ubic{ﬁitination 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 NEDLI1. As reported previously (46),
mutant S0D1 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
NEDLI1 proportionately to the disease severity of FALS caused
by the particular SOD1 mutant (A4V > G93A > H46R =
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- s - o Fia. 5. NEDL1 immunohistochemical analyses. A, immunohisto-
Mans L wwe o s w—— o NEDL1 chemical analysis of NEDLI in normal human spinal cord. NEDL1-
o : . v em Cpositivé anterior horn cells-are evident {errow), although the immuno-

i ‘ Magnification. x520. B, NEDL1 immunohistochemistry in . normal .
mouse spinal cord. Normal anterior horn cells are positive for NEDL1
{errow). 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

B SODWT} . NEDL1-positive reaction products were mostly restricted to the coresof .. ..
the core and halo-type LBHIs {arrowheads). In the LBHI-bearing neu-
. rons and residual neurons, the antibody to NEDL1 also stained the -
SODHWT+NEDL1 neuronal cell body. There was no counterstaining. Magnification X540,

D, NEDLI immunostaining in a spinal cord LBHI from an SODI(H46R)
transgenic mouse. An ill defined LBHI in the SOD(H46R) tranagenic
mouse was positive for NEDL1; this jll defined LBHI shows a diffuse
staining pattern (arrowhead). The staining intensity in the residual
neurons gtained by anti-NEDL1 antibody varied from neuron to neu-
ron. The section was counterstained with hematoxylin. Magnification
x770.

SODAY)

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
; ‘_ﬁ'am'eshﬁ 126 mutatlon of' SODI (11 12) One case had “neu-

SODHMAER)
column involvement, whereas the other had multisystem de-

generation in addition to motor neuron digturbance. We also
performed NEDL1 immunostaining in specimens obtained

from mutant SODI(H46R) transgenic mice at 180 days, by

Fic. 4. NEDL1-dependent ubiquitination and degradation of . . e : : : .
mutant forms of SOD1 correlate broadly with their respective which time th'ey ‘show clinical motor eflg-'ns in the hind limbs
clinical phenotypes. A, NEDL1 ubiquitinates mutant SOD1 in a  (13). The specificity of the NEDL1 staining was confirmed by
mutant type-dependent manner. COS-7 cells were transiently cotrans-  pretreating the specimens with an excess of NEDL1 antigen.
fected with the indicated expression plasmids. Whole cell lysates from  NEDL1 immunoreactivity in the spinal cords of the human

transfected COS-7 eells were immunoprecipitated with anti-Myc anti- : . - .
body, and immunoprecipitates were analyzed by Western blotting with control cases was identical to that of normal mice: immunore

anti-ubiquitin (Ub) antibody (upper panel). The bracket indicates slowly activity was identified predominantly in the cytoplasm of the

SOD1(H4SRI+NEDL1 I

- reactivity for NEDL1 is somewhat faint. There was no counterstaining. - .. ..

migrating ubiquitinated forms of SOD1. Whole cell lysates were ana- neurons of the spinal cords (Fig. 5, A and B). The LBHIs in the':«

lyzed by immunoblotting with anti-NEDL1 entibody to confirm the anterior horn cells of two FALS patients and transgenic mice

expreasion of transfected NEDL1 {lower panel). The running positions o} qwed equivalent immunoreactivity for NEDL1. Although the ' - -

of molecular weight markers are indicated on the left. B, half-lives of | . . A . -
wild-type (WT) and mutant SODI proteins in the presence or absence of intensity of NEDL1 immunoreactivity in neuronal LBHIs var-

NEDLI1. Cell lysates were harvested from Neuro2a cells transfected ied, most of the LBHIs were immunoreactive for NEDL1 (Fig, "
with SOD1 alone or with SODI plus NEDLI at different time pointsas 5, C and D). The reaction products were generally restricted to

indicated after the addition of cycloheximide (CHX; final concentration d halo-type P
of 50 pg/ml) and were analyzed for SOD1 protein levels by Western the cares of the core an. N LBHIs that showed eosino

blotting with anti-FLAG antibody. In the presence of NEDLI, the Phili¢ cores with pale peripheral halos upon hematoxylin and
half lives of various mutant SODI proteins were reduced also roughly  eosin staining (Fig. 5C); by contrast, immunopositive NEDL1 -

dependent, on the disease severity of FALS (A4V > G93A > H46R). . . in ill defined LBHIs was distributed throughout the inclusions. - -

. ‘ . (Fig. 5D). NEDL1 immunoreactivity in the residual neurons in
wild-type). Thus, NEDL] targeted mutant SOD1 for ubiquitin- humans and mice was identified primarily in cell bodies. Thus,
mediated degradatmn in the cell in parallel with the binding NEDL! immunostaining was clearly positive in the FALS-
intensity. related LBHIs that were also pomtwe for ubiquitin and SOD1 .

Immunoh:stochem;stry—One of the characteristic cytopatho- (data not shown). .

logical changes of mutant SQD1-linked FALS is the formation - NEDLI Targets Dz.;hevelled 1 far szquztm-mecﬁa:ed Pro—- i o

of neuronal Lewy body-hke hyaline inclusions (LBHIs) that tein Degradation—We next hypothesized that the physioclogical
confam aggregates of SOD1 and uvbiquitin (24). We therefore function of NEDL1 to mediate ubiquitination is interfered with

. ToE o
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F1G. 6. Dvl1 is a substrate of NEDLL1, and its functions are disturbed by mutant SOD1(A4V). A, schematic illustration of full-length DvI1l
and three ¢lones obtained by yeast two-hybrid screening. Human Dvl1 eonsists 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 elusters, 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, NEDL1 interacts with Dvl1.
Myc-tagged Dvl1 was overexpressed together with NEDL? in Neuro2a cells. Whole cell lysates were immunaprecipitated (IP) with anti-NEDL1
antibody, followed by immunoblotting (IB) with anti-Mye antibody (upper panel). The expression levels of Mye-tagged Dvll were analyzed by

immunoblotting using anti-Mye antibody (lower panel). C, NEDL1 ubigquitinates Dvl1 in Neuro2a cells. Tha cells were transiently fected 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-Mye antibody and then immunocblotted with anti-ubiquitin
antibody (left panel). The ladder of bands denoted by the brocket appeared to be ubiquitinated Dvll. The expression of XPRESS-NEDL1 was
analyzed by immunoblotting using anti-XPRESS antibedy, The membrane was reprobed with anti-Myc antibody (right panel). D, Dvl1 is degraded
by NEDL1. Neurc2a cells were transfected with the expression plasmid for FLAG-tagged Dvil with or without the NEDL1 expression plasmid.
Transfected cells were harvested at different time points as indicated after the addition of cycloheximide (CHX; final concentration of 50 pg/ml),
and Dvl1 protein levels were analyzed by Western blotting with anti-FLAG antibody. In the presence of NEDL1, the half-lives of FLAG-Dvil were
significantly reduced, E, Dvl1 binds to mutant SOD1(A4V), and the degree of ita binding is enhanced in the presence of NEDLI. Whole cell lysates
prepered 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 antibedy
against the phosphorylated form of c-Jun (upper panel) or with anti-c-Jun antibody (lower panel). wt/WT, wild-type.

by mutant SOD1, To test this hypothesis, we again performed.

yeast two-hybrid sereening 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 eell polarity signaling (25-27).
Between the DEP domain and C-terminal end, there are three

proline-rich clusters urique 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 NEDLY: interacted
with Dvll in the C-terminal half (Fig. 64). In Neuro2a cells,
NEDL1 co-immunoprecipitated with Dvl1 (Fig. 6B) and ubig-
uitinated it for degradation (Fig. 6, C and D). Thus, Dvl1l may
be one of the physiological targets of NEDL1 E3. As recent
studies strongly suggest that the eytotoxicity 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 intérest, Dvll bound to
mutant SOD1{A4V), and complex formation was increased in
the presence of NEDL] 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/g-catenin/T-
cell factor pathway, but also the JNK/c-Jun pathway. (27).
Therefore, we next examined whether the Dvll-induced phos-
phorylation of ¢-Jun at Ser®? was affected by the tight complex
formation induced by inclusion of mutant SOD1. As shown in
Fig. 6F, ¢~Jun phosphorylation induced by overexpression of
Dvll was sigrificantly suppressed by coexpression w:th mutant
SOD1(A4V) in COS-T cells.

DISCUSSION
Qur 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-5 localized at the ER translocon. The TRAP com-

plex has recently been showin to facilitate the initiation of -

protein translocation in a substrate-specific marner (29). The
NEDL1-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 hom
motor neurons, suggesting that, although mutant SOD1 is
ubiquitinated for degradation by NEDL1, the mutant
SOD1-NEDL1-TRAP-8 complex aggregates within the LBHIs.
Itis also conceivable that fragmentation of the Golgi apparatus

reported in ALS patients and fransgenic 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) NEDL1, alone or with TRAP-§, ubiquitinates and aggregates
mutant SOD1, thereby decreasing the function of mutant
S0D1; 2) NEDL1 and TRAP-$ form aggregates with mutant
50D1 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 fltimately 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 iz important for motor
neuron viability.

To further understand the role of NEDL1 in motor néuron
death, we searched for the physiological targets of NEDL1 and
identified Dvll. As expected, Dvll ig ubiquitinated for degra- -
dation by NEDL1. Surprisingly, however, Dvl1 also interacts
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 multimodule signal
transducer localized in the eellular 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 Dvll
expression is high in neuronal tissues (33). As far as we know,
NEDL1 is the first E3 for Dvl1, interacting with the C-terminal
region containing three proline-rich clusters. A recent report. -

suggests that Dvll regulates mierotubule stability through in- -
hibition of glycogen synthase kinase-33 (34). Because cytoskel: -

etal abnormalities have been reported in ALS motor neurons
(35), it is possible that the effect of mutant S0D1 on NEDLI1-
mediated Dvll degradation is involved in the motor neuron

death. Furthermore, Dvll is abundant in the postsynaptic .
- ical School) for critical comments.and reading the manuscript. We -

membrane region at the nevfomuscular junction (36) that is
reported to be involved in several neurodegenerative disorders
(37, 38). Of interest, Dvll is mapped to chromosome 1p3s6,
which is a commonly deleted region in many human cancers,
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including neurcblastoma (39). As NEDL1 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 Dvll.

"NEDL1, TRAP-5, mutant SOD1, and Dvl1 appear to form a
complex roughly proportionately to the disease severity of
FALS caused by the particular SOD1 mutant. Qur 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 NEDL1 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-$ 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
S0D1 may conversely affect the physiclogical function of -

NEDL1, as demonstrated by a decrease in Dvll-inducad

phosphorylation of ¢-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 NEDL! and mutant SOD1 and ubiquitination of the
latter by NEDL1 roughly parallel the disease severity caused
by the particular SOD1 mytant, whereas Dorfin similarly ubiq-

uitinates mutant forms of SOD1. In addition, we have identi-. j‘.
- fied Dvll and TRAP-§ 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 mportant in the
development of the FALS phenotype.

In conclusion, we have identified a novel neuronal E3

(NEDL1) that interacts with TRAP-§ 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 ag 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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