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FIGURE 2. Free Cys® and Cys'"" are important for generating Intermolecular disulfide-linked species and insolubl dimentable forms of mutant

human SOD1. Various combinations of replacing Cys with Ser were introduced into wild-type (WT) and mutant (GB5R and G93A) SOD1-MycHis. Neuro-2acells
expressing SOD1-MycHis were treated with 2 pw MG132 for 24 h. Soluble fractions were analyzed by SDS-PAGE in the absence (upper panels) or presence
middle panels) of 2-ME. Insoluble fractions were analyzed by SD5-PAGE in the presence of 2-ME (lower panels). Asterisk, a disulfide-linked high molecular weight
species; arrow, an SD5-resistant dimer of mutant SOD 1. Filled circles, marked reduction of an SDS-resistant dimer with a Cys® replacement of mutant SOD1; filled
squares, further reduction of the detergent-insoluble, sedimentable form of mutant 50D1 with simultaneous Cys® and Cys''' replacements. nr, 50D1 without
replacement in cystelne residue; 4CS, all four cysteines replaced by serines

amino acids changes by the anti-SODI1 antibody. Interestingly,
none of the Cys residue replacements generated disulfide-
linked species in wild-type SODI1 proteins (Fig. 2, left panel).
Under reducing conditions, replacement of Cys® had a stronger
effect on the formation of disulfide-linked species of mutant
SOD1 than did the other three Cys residue replacements (Fig. 2,
middle and right panels, asterisk). Combinations of replacing
Cys® and one of the other Cys residues further attenuated the
aberrant disulfide-linking of mutant SOD1 seen with the single
substitution of Cys® (Fig. 2, filled circle). Under usual reducing
conditions, the same reduced oligomerization of mutant
SODI1 was observed when combinations of Cys® and other
Cys residues were replaced (Fig. 2, arrow). The detergent-
insoluble, sedimentable form of mutant SOD1 was also
reduced especially if both Cys® and Cys''' were replaced
(Fig. 2, filled square). Replacement of all four Cys residues
completely abolished the disulfide-linked species in the non-
reducing condition and the oligomeric, detergent-insoluble
form of mutant SOD1 in the reducing condition (Fig. 2, lane
4xCS). Because simultaneous substitutions of C)rs(' and
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Cys''" had the strongest effects on the formation of aberrant
species of mutant SOD1 in both non-reducing and reducing
conditions, we compared C6S and C111S mutants with C57S
and C1468 mutants in the following experiments.
Substituting Both Cys® and Cys''' Greatly Reduces High
Molecular Weight Aggregate Formation and Ubiquitylation of
Mutant SODI—In studies of polyglutamine disorders, it has
been demonstrated that high molecular weight aggregates of
mutant proteinsare retained by filtration through cellulose ace-
tate (25, 26). Cellulose acetate membranes usually bind protein
very poorly and are used to trap high molecular weight struc-
tures from complex mixtures through filtration. This assay was
also successfully applied to detect mutant SOD1 aggregation
(27). Thus we used a cellulose acetate filter trap assay to inves-
tigate whether SOD1 proteins with Cys substitutions are
retained in high molecular weight aggregates from lysates of
SOD1-MycHis expressing Neuro-2a cells. Cells were lysed in
TNE buffer, fractionated into crude denucleated, soluble, and
insoluble fractions, and each fraction was then filtered through
a 0.22-um cellulose acetate membrane. Subsequent staining
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FIGURE 3. lhphdng bath Cys*® and Cys'"" greatly reduces high molecular weight aggreg

S0D1-MycHis. A, crude, soluble, and insoluble fractions of cell lysates were
ana!yzed by filter lwp assay (upper panel). Nitrocellulose dot blots probed with anti-Myc (middle panel) and
anti-a-tubulin (lower panel) antibodies were used as loading controls. 8, in vivo ubiquitylation assay. Western
blotting of SOD1-Myc-His immunoprecipitates with anti-ubiquitin antibody demonstraled polyubiquitylation

and ubj

of mutant 50D1s and their C57, 1465 derivatives. Replacement of Cys® and

lation of mutant SOD1. nr, SOD1 without replacement in cysteine residue; 4xC5, all four cysteines

replaced by serines,

with anti-Myc antibody revealed trapped SOD1 proteins (Fig.
3A, upper panel). Interestingly, high molecular weight aggre-
gates were abundantly detected in mutant SODI1%%R,
SOD1%%*4, and their C57S and C146S derivatives. Replace-
ments of Cys® and Cys''' greatly reduced high molecular
weight structures of mutant SODI. No high molecular weight
aggregates were present in either wild-type SOD1 or their Cys-
substituted mutants.

Mutant, but not wild-type, SOD1 is conjugated to a multiu-
biquitin chain and degraded at the proteasome (20, 28). To
assess whether SOD1 proteins are ubiquitylated, we carried out
an in vivo ubiquitylation analysis by expressing SOD1Y",
SOD1%%%  SOD1°?**, and their Cys to Ser mutants in
Neuro-2a cells in the presence of the proteasome inhibitor
MG132. When SOD1 was then immunoprecipitated, mutant
SOD1s, but not wild-type SODI1, were polyubiquitylated (Fig.
3B, lane 1). Replacement of both Cys® and Cys''! abolished
ubiquitylation of mutant SOD1, whereas replacement of Cys®”
and Cys'* did not affect the ubiquitylation status of mutant
SODI1 (Fig. 3B, lane 2 versus lane 3). Wild-type SODI and its
Cys-replacement mutants were not ubiquitylated at all. Replac-
ing only one of the four Cys residues attenuated neither the
formation of high molecular weight species nor the ubiquityla-
tion of mutant SOD1 (data not shown). Thus, the presence of
both Cys® and Cys"!" is important for high molecular weight
aggregate formation and ubiquitylation of mutant SODI.
Disulfide bond formation at Cys® or Cys''" is critical step for
ubiquitylation of mutant SOD1.

Formation of Disulfide-linked Species of Mutant SODI
Strongly Correlates with Visible Aggregate Formation and
Neurotoxicity—Expression of mutant, but not wild-type,
SOD1 induces large perinuclear intracytoplasmic aggregates in
differentiated Neuro-2a cells and reduces cellular viability (20).
We analyzed the role of mutant SOD1 Cys residues in aggregate
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1P mr-Mye, WB: ant-Myc
the soluble monomeric SOD1 was

completely removed, and the
aggregates remained in the culture
dish due to their association with
unknown structures (24). The
remaining Nonidet P-40-insoluble
portion was then scraped and cen-
trifuged at 80 X g. After the cen-
trifugation at 80 X g for 15 min, the pellet fraction was found
to contain exclusively the large inclusion bodies. Replace-
ments of Cys® and Cys'!! markedly reduced the number of
inclusion bodies in G93A mutant SOD1-GFP (Fig. 4B).
Mutant SOD1%%% and SOD1%%**, but not wild-type SOD1,
are toxic in differentiated Neuro-2a cells as previously
described (20). However, replacement of the Cys®and Cys'""
residues markedly reduced this neurotoxicity (Fig. 4C),
which was not affected by replacing the Cys®” and Cys'*®
residues, There were no significant differences among the
expression levels of all the constructs (Fig. 4D). Thus,
changes in inclusion formation and toxicity are not due to
differences in altered expression. These results provide evi-
dence of direct links among intermolecular disulfide bond-
ing, ubiquitylated complex formation, visible aggregate for-
mation, and neurotoxicity,

Preferential Occurrence of Disulfide-cross-linked Mutant
SODI in the Affected Lesions of ALS Model Mice—Although
mutant SOD1 is expressed at similar levels in both neuronal
and non-neuronal tissues, the aggregated and ubiquitylated
forms are selectively found in the pathological lesions of
patients and mutant SOD1-transgenic mice (29, 30). Thus,
we next examined whether mutant SOD1 is aberrantly dis-
ulfide-linked in various tissues from symptomatic mutant
SODI1 transgenic mice. Western blotting analysis, using
anti-SOD1 antibody under reducing and non-reducing
(omitting reducing agent 2-ME) conditions, demonstrated
that the expression levels of mutant SOD1 were nearly the
same in all tissues examined. Each of the tissues showed
some of the disulfide-linked mutant SOD1species; however,
in the brain stem and spinal cord, the areas predominantly
affected in mutant SOD1-linked ALS, there was increased
formation of intermolecular disulfide-linked species of
mutant SOD1 (Fig. 5). Thus, intermolecular disulfide-linked
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FIGURE 4. For 1 of disulfide-linked species of mutant SOD1 strongly correlates with visible aggregate formation and neurotoxicity. A, the

frequency of inclusion-bearing cells transfected with wild-type (WT), GBSR, and G93A mutant SOD1-GFP and their Cys to Ser derivatives. 8, G93A mutant
SOD1-GFP inclusion bodies in 80 x g pellet. Lower panels are a high magnification image of the portion on the upper panels showing the whole pellet. The scale
bar is equivalent to 10 mm in the upper panels, and 200 pm in the lower panels. C, change in the neurotaxic effect of mutant SOD1-GFP by Cys replacements to
Ser. Cell viability was measured by the WST-1-based assay. D, all the constructs have equal expression. Transcription levels of SOD1-GFP in Neuro-2a cells
expressing WT, GBSR, and G93A mutant SOD1 and their Cys to Ser derivatives were examined by quantitative reverse transcription-PCR. Data were normalized
with glyceraldehyde-3-phosphate dehydrogenase expression and then represent relative expression levels compared with levels in cells expressing WT

SOD1-GFP. Data are mean *
cysteine residues; 4xC5, all four cysteines replaced by serines.

species are implicated as the aggregation-prone and neuro-
toxic intermediate of mutant SOD1 in vive

Effects of Cys®- and Cys'!'-mediated Disulfide Linking on the
Rate of Mutant SODI Degradation—To determine whether
replacement of Cys residues affects the degradation of SODI
proteins, we examined the stability of mutant SOD1 proteins
expressed in Neuro-2a cells (Fig. 6, A and B). Chase experi-
ments with cycloheximide, which halts all cellular protein syn-
thesis, demonstrated that replacement of Cys residues did not
influence the stability of wild-type SODI protein (Fig. 64). By
contrast, although mutant SOD1 showed the enhanced degra-
dation compared with wild-type proteins previously described
(18 -20), when both Cys® and Cys'"'" were replaced with Ser, the
degradation nfmut;ml SOD1 was markedly increased (Fig. 6B).
Replacement of Cys®” and Cys'* did not significantly change
the rate of degradation compared with Cys-native mutant
SOD1 protein.

Ubiquityl Ligase Dorfin Ubiquitylates and Promotes Deg-
radation of Disulfide-linked Mutant SOD1—We have previ-
ously shown that Dorfin physically binds and ubiquitylates
various familial ALS-linked SOD1 mutants and enhances
their degradation (20). Thus, we examined whether Cys res-
idues on SOD1 affect the binding and ubiquitylating activi-
ties of Dorfin. To this end, Dorfin was co-expressed with
wild-type or mutant SOD1 in Neuro-2a cells. Dorfin co-im-
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5.0. values of triplicate assays. Statistical analyses were carried out by analysis of variance. *, p < 0.01. nr, SOD1 without replacing

munoprecipitated with GB5R and G93A mutant SOD1s and
their Cys®”- and Cys'**-replaced derivatives (Fig. 74). How-
ever, Dorfin interacted with Cys®- and Cys'''-replaced
mutant SOD1 only very weakly and failed to bind to mutant
SOD1 when all four Cys residues were replaced (Fig. 74)
Dorfin did not bind at all to wild-type SOD1. Using an in vive
ubiquitylation assay, we further examined whether co-ex-
pressed Dorfin enhances the ubiquitylation of Cys-substi-
tuted mutant SODI1 (Fig. 78). When Cys-native or Cys®’
and Cys'*-
Dorfin, ubiquitylation of mutant SODls were increased;
however, co-expression of Dorfin with mutant SODI in
which Cys®and Cys'"' or all four Cys residues were replaced
did not promote ubiquitylation of these mutant SOD1s (Fig.
7B). Chase experiments with cycloheximide in the presence
or absence of Dorfin demonstrated that degradation of Cys.
native and Cys®’- and Cys'**-replaced mutant SOD1***
was greatly accelerated when Dorfin was overexpressed,
whereas the stability of Cys® and Cys''' or all four Cys-re-
placed mutant SOD1G93A were unaffected (Fig. 7C). We
have previously shown that Dorfin exerts neuroprotective
effects by promoting degradation of mutant SODI1 through
its ubiquityl ligase activities (20). Co-expression of Dorfin
improved the viability of Neuro-2a cells expressing Cys-
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replaced mutant SOD1s were co-expressed with
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FIGURE 5. Preferential occurrence of disulfide-cross-linked mutant S0D1
in the affected lesion of ALS model mice. Western blotting of tissue sam-
ples from two 17-week-old symptomatic G93A mutant SOD1-transgenic
mice under non-reducing (upper panel) and reducing (lower panel) condi-
tions. Cx, cerebral cortex; Cbl, cerebellum; Bs, brain stem; Sc, spinal cord; L,
liver.
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native and Cys*’- and Cys'*-replaced mutant SOD15%34
(Fig. 7D).

DISCUSSION

Mutations in the SODI gene cause familial ALS through the
gain of a toxic function, however, the nature of this toxic func-
tion remains largely unknown (31). Ubiquitylated aggregates of
mutant SOD1 proteins in affected lesions are a pathological
hallmark of the disease (32) and suggest their relation to neu-
rotoxicity. Recent biochemical studies suggest that the imma-
ture disulfide-reduced forms of the familial ALS mutant SOD1
proteins play a critical role in this neurotoxicity; in vitro, these
forms tend to misfold, oligomerize, and readily undergo incor-
rect disulfide bond formation upon mild oxidative stress (16,
33). Among the more than 100 ALS-associated human SODI
mutants, some cannot intrinsically form the essential intramo-
lecular disulfide bonds. One of the conserved Cys residues,
Cys'*, is missing in some of the mutants, such as the Leu'?® del
TT (stop at 131) and Gly'*” ins TGGG (stop at 133); however, it
has been reported that minute quantities of SOD1 aggregates
can cause the disease in mice expressing the truncated mutant,
Gly'*” ins TGGG (stop at 133) (34). Furthermore, a significant
fraction of the insoluble SOD1 aggregates in the spinal cord of
ALS model mice contain multimers cross-linked via intermo-
lecular disulfide bonds (17, 35). In the present study, we showed
that non-physiological intermolecular disulfide bonds involv-
ing Cys® and Cys'"" of the mutant SOD1 were important for
high molecular weight aggregate formation, ubiquitylation, and
neurotoxicity in vivo, all of which were dramatically reduced in
Neuro-2a cells when these residues
were replaced with serines.

Chase Time () OSDDQM*:WH‘:,‘, g . Human SOD1 has two free cys-
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FIGURE 6. Effects of disulfide-linking at Cys® and Cys'"" on the rate of mutant SOD1 degradation. Cyclo-
heximide chase analysis on Neuro-2a cells expressing (4) wild-type (WT) and (8) G93A mutant SOD1 and their
Cys to Ser derivatives. Western blots showing levels of SOD1 protein at various times after the cycloheximide
chase are in the left panels. Quantitative data on the right are mean * S.D. values of three independent
experiments. Statistical analyses were carried out by analysis of variance. *, p < 0,01, ar, 50D1 without cysteine

residue replacement; 4xCS, all four cysteines replaced by serines.
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Mutations of the Cys® residue (C6F
and C6G) still result in familial ALS
(4), and in a transgenic mouse
expressing mouse SOD1 retaining
cystines 6, 57, and 146 but lacking
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reported to specifically ubiquitylate
mutant but not wild-type SOD1 (20,
21). These studies suggest that
mutant SODI is degraded by the
ubiquitin-proteasome pathway and
that the accelerated turnover of
mutant SOD1 is mediated in part by
this pathway. Impairment of the
proteasome activities may contrib-
] ute to ALS pathogenesis (28, 41, 42).

We showed here that proteasome

inhibition led to a dose-dependent

accumulation of aberrant disul-

fide-linked high molecular weight
mutant SOD1 (Fig. 1), suggesting
that disulfide-linking mediates
ubiquitylation of mutant SODI. In
fact, we found that Dorfin ubiquity-
lated mutant SOD1 by recognizing
the Cys® and Cys'"! disulfide cross-
linked form and targeted it for pro-
teasomal degradation (Fig. 7).
Mutant SODI, in which the Cys®
and Cys''' were replaced, was not
ubiquitylated (Fig. 3), and its rate of

WH ant-Xpress.
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FIGURE 7. Ubiquityl ligase Dorfin binds, u

2 6
Chase Time (1)

tes, and promotes degradation of disulfide-linked

degradation was not affected in the
presence of Dorfin (Fig. 7). It is pos-
sible that mutant SODI1 lacking
Cys® and Cys''' may be degraded
directly by the proteasome without
ubiquitylation (43) or by autophagy
(44), but further studies are needed
to address this issue.

The appearance of mutant SOD1
aggregates in motor neurons of
familial ALS patients and mouse
models has suggested that aggrega-

12

biquityla
mutant SOD1. A, replacement of Cys® and Cys'"" nearly eliminated the interaction of Dorfin with mutant
S0D1. Various SOD1-MycHis were co-transfected with Xpress-Dorfin. After immunoprecipitation with anti-
Xpress antibody, the resulting precipitates and cell lysates were analyzed by Western blotting with anti-Myc
antibody. B, in vivo, Dorfin failed to promote ubiquitylation of mutant SOD1 with the Cys® and Cys''" replace-
ment. Westemn blotting of S0D1-Myc-His Immunoprecipitates with anti-ubiquitin antibody. €, Dorfin failed to
promote degradation of mutant SOD1 with both Cys® and Cys''' replaced. Cycloheximide chase analysis of
G93A mutant 5001 with Cys®and Cys'''-replacements (feft panel) or with Cys*” and Cys'“®-replacements (right
panel) in the presence or absence of overexpressed Xpress-Dorfin. D, Dorfin prevented neurotoxicity by
mutant SOD1 with intact Cys®and Cys'' residues. Cell viability was measured by the WST-1-based assay. Data
are mean * 5.0. values of three independent ex 1ts. Statistical analyses were carried out by unpaired ¢
test. *, p < 0.01. nr, SOD1 without replacement in cysteine residue; 4 X C5, all four cysteines replaced by serines.

tion plays an important role in neu-
rotoxicity (31). However, conflict-
ing results have been reported on
the correlation between aggregate
formation and cell death. One
report showed that aggregate for-
mation of mutant SOD1**Y and
SOD1Y'*8C does not correlate with

111 and with a G86R mutation corresponding to G85R muta-
tion in human SOD1, degeneration of motor neurons in the
spinal cord has been observed (40). These results imply that, if
one of either the Cys® or Cys''" residues is present, it can still be
a disease-causing SOD1. Our data here also revealed that
replacement of only one of the Cys residues at positions6or 111
had modest effects on the formation of aggregates (Fig. 2).
Cytoplasmic proteins are degraded mainly via two pathways,
the ubiquitin-proteasome pathway (6) and via autophagy (7).
Previous studies have shown that mutant SOD1 proteins are
turned over more rapidly than wild-type SOD1 (12, 18, 19).
Two distinct ubiquitin ligases, Dorfin and NEDL1, were
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cell death (45), whereas another
study using live cell-imaging techniques reported that the abil-
ity of mutant SOD1%%%® and SOD1%%** proteins to form aggre-
gates directly correlates with neuronal cell death (46). These
controversies also exist in other neurodegenerative diseases
(47, 48). In this study, we clearly showed a direct link among
intermolecular disulfide bond-mediated high molecular weight
complex formation, visible aggregate formation, and neurotox-
icity (Figs. 2-4).

Furukawa et al. (16) reported that formation of disulfide-
linked multimers need not involve the non-conserved Cys res-
idues, Cys® and Cys''!, and that the conserved Cys residues,
Cys*” and Cys'*, play an important role in the apo-form of

R
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SOD1 multimerization upon oxidative stress. Our results
underscore the importance of Cys® and Cys''! for high molec-
ular weight aggregate formation, ubiquitylation, and neurotox-
icity in Neuro-2a cells. This discrepancy may result from differ-
ences in experimental conditions; we studied human SOD1
proteins expressed in Neuro-2a cells, and Furukawa et al. used
the purified apo-form of human SODI1 from Escherichia coli.
Further studies will clarify the roles of each of the Cys residues
of the mutant SOD1 protein in the ALS pathogenesis in vivo by
generating transgenic mice bearing mutant SOD1 lacking Cys®
and Cys'"! or Cys*” and Cys'*.
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The ubiquitin—proteasome system (UPS) is involved in the pathoge-
netic mechanisms of neurodegenerative disorders, including amyo-
trophic lateral sclerosis (ALS). Dorfin is a ubiguitin ligase (E3) that
degrades mutant SOD1 proteins, which are responsible for familial
ALS. Although Dorfin has potential as an anti- ALS molecule, its life in
cells is short. To improve its stability and enhance its E3 activity, we
developed chimeric proteins containing the substrate-binding hydro-
phobic portion of Dorfin and the U-box domain of the carboxyl
terminus of Hse70-interacting protein (CHIP), which has strong E3
activity through the U-box domain. All the Dorfin-CHIP chimeric
proteins were more stable in cells than was wild-type Dorfin
(Dorfin™"). One of the Dorfin-CHIP chimeric proteins, Dorfin-
CHIP", ubiquitylated mutant SOD1 more effectively than did
Dorfin™" and CHIP in vivo, and degraded mutant SOD1 protein
more rapidly than Dorfin®' does. Furthermore, Dorfin-CHIP"
rescued neuronal cells from SOD1 iated toxicity and
reduced the aggresome formation induced by mutant SOD1 more
effectively than did Dorfin™ ',

© 2006 Elsevier Inc. All rights reserved,
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Amyotrophic lateral sclerosis (ALS), one of the most common
neurodegenerative disorders, is characterized by selective motor
neuron degeneration in the spinal cord, brainstem, and cortex. About
10% of ALS cases are familial; of these, 10% 20% are caused by
CwZn superoxide dismutase (SOD1) gene mutations (Rosen et al.,
1993; Cudkowicz etal., 1997). However, the precise mechamsm that
causes motor neuron death in ALS is still unknown, although many
have been proposed: oxidative toxicity, glutamate receptor abnorm-
ality, ubiquitin proteasome dysfunction, inflammatory and cytokine
activation, neurotrophic factor deficiency, mitochondrial damage,
cytoskeletal abnormalities, and activation of the apoptosis pathway
{Julien, 2001; Rowland and Shneider, 2001).

Misfolded protein accumulation, one probable cause of neuro-
degenerative disorders, including ALS, can cause the deterioration
of various cellular functions, leading to neuronal cell death (Julien,
2001; Ciechanover and Brundin, 2003). Recent findings indicate
that the ubiquitin—proteasome system (UPS), a cellular function that
recognizes and catalyzes misfolded or impaired cellular proteins
(Jungmann et al., 1993; Lee et al., 1996; Bercovich et al., 1997), is
involved in the pathogenesis of various neurodegenerative diseases,
among them ALS, Parkinson’s disease (PD), Alzheimer’s disease,
polyglutamine disease, and prion disease (Alves-Rodrigues et al,
1998; Sherman and Goldberg, 2001; Ciechanover and Brundin,
2003). The ubiquitin ligase (E3), a key molecule for the UPS, can
specifically recognize misfolded substrates and convey them to
protcasomal degradation (Scheffner et al., 1995; Glickman and
Ciechanover, 2002; Tanaka et al., 2004).

Dorfin, an E3 protein, contains an in-between-ring-finger
{RING-IBR) domain at its N-terminus. The C-terminus of Dorfin
can recognize mutant SOD1 proteins, which cause familial ALS
(Niwa et al.,, 2001; Ishigaki et al., 2002b; Niwa et al., 2002). In
cultured cells, Dorfin colocalized with aggresomes and ubiquitin-
positive inclusions, which are pathological hallmarks of neurode-
generative diseases (Hishikawa et al., 2003; Ito et al., 2003). Dorfin
also interacted with VCP/p97 in ubiquitin-positive inclusions in
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ALS and PD (Ishigaki et al., 2004). Moreover, formation of this
complex was found to be necessary for the E3 activity of Dorfin
against mutant SODI1, These findings suggest that Dorfin is
involved in the quality-control system for the abnormal proteins
that accumulate in the affected neurons in neurodegenerative
disorders.

Dorfin degrades mutant SODIs and attenuates mutant SODI-
associated toxicity in cultured cells (Niwa et al., 2002). However,
in Dorfin/mutant SOD1 double transgenic mice, we found only a
modest beneficial effect on mutant SODI-induced survival and
motor dysfunction (unpublished data). These findings, combined
with the short half-life of Dorfin protein, led us to hypothesize that
the limiting effect of the Dorfin transgene may be a consequence of
autodegradation of Dorfin, since Dorfin can execute autoubiqui-
lilation in vive (Niwa et al., 2001).

Carboxyl terminus of Hsc70-interacting protein (CHIP) is also an
E3 protein; it has a TPR domain in the N terminus and a U-box
domain in the C terminus. The U-box domain of CHIP is responsible
for its strong E3 activity, whereas the TPR domain recruits heat
shock proteins harboring misfolded client proteins such as cystic
fibrosis transmembrane conductance regulator (CFTR), denatured
luciferase, and tau (Meacham et al., 2001; Murata et al., 2001, 2003;
Hatakeyama et al., 2004; Shimura et al,, 2004),

To prolong the protein lifetime of Dorfin and thereby obtain
more potent ubiquitylation and degradation activity against mutant
SODIs than is provided by Dorfin or CHIP alone, we generated
chimeric proteins containing the substrate-binding domain of
Dorfin and the UPR domain of CHIP substitute for RING/IBR of
Dorfin. We developed 12 candidate constructs that encode Dorfin-
CHIP chimeric proteins and analyzed them for their E3 activities
and degradation abilities against mutant SOD1 protein in cultured
cells.

Experimental procedures
Plasmids and antibodies

We designed constructs expressing Dorfin-CHIP chimeric
protein. In these constructs, different-length fragments of the C-
terminus portion of Dorfin, including the hydrophobic substrate-
binding domain (amino acids 333-83R8, 333-700, and 333 454)
and the C-terminus UPR domain of CHIP with amino acids 128-
303 or without amino acids 201-303, a charged region was fused
in various combinations as shown in Fig. 2C. Briefly, Dorfin-
CHIP* ™ € % gnd ! had the C-terminus portion of Dorfin in
their N-terminus and the U-box of CHIP in their C-terminus;
Dorfin-CHIP™ & % ¥ and © had the U-box of CHIP in their N-
terminus and the C-terminus portion of Dorfin in their C-terminus.

We prepared a pCMV2/FLAG-Dorfin-CHIP chimeric vector
(Dorfin-CHIP) by polymerase chain reaction (PCR) using the
appropriate design of PCR primers with restriction sites (Clal,
Kpnl, and XBal or EcoRl, Clal, and Kpnl). The PCR products
were digested and inserted into the Clal-Kpnl site in pCMV2
vector (Sigma, St Louis, MO). These vectors have been
described previously: pFLAG-Dorfin™" (Dorfin™"), FLAG-
Dorfin®' #9158 (Dopfint1#38C1I58) - ol AG-CHIP (CHIP),
PFLAG-Mock (Mock), peDNA3.1/Myc-SODI™T (SODIWT),
peDNA3.1/Myc-SODI19** (SOD19"**), pecDNA3.1/Myc-
SODIY*F (SOD19%F), pcDNA3.1/Mye-SODIH® (SO |14k,
peDNA3. 1/Myc-SOD1* ™" (SODIYYR), pEGFP/SODIY!
(SODI™-GFP), and pEGFP/SOD19** (SODI“*™.GFP) (Ishi-
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gaki et al., 2004). We used monoclonal anti-FLAG antibody (M2,
Sigma), monoclonal anti-Myc antibody (9E10; Santa Cruz
Biotechnology, Santa Cruz, CA). monoclonal anti-HA antibody
(12CAS; Roche, Basel, Switzerland), and polyclonal anti-SODI
(SOD-100; Stressgen, San Diego, CA).

Cell culture and ransfection

We grew HEK293 cells and neuro2a (N2a) cells in Dulbecco's
modified Eagle’s medium (DMEM) containing 10% fetal calf
serum (FCS), 5 U/ml penicillin, and 50 pg/ml streptomycin. At
subconfluence, we transfected these cells with the indicated
plasmids, using Effectene reagent (Qiagen, Valencia, CA) for
HEK293 cells and Lipofectamine 2000 (Invitrogen, Carlsbad, CA)
for N2a cells, After ovemnight posttransfection, we treated the cells
with 1 pM MG 132 (Z-Leu-Leu-Leu-al; Sigma) for 16 h to inhibit
cellular proteasome activity. We analyzed the cells 2448 h afier
transfection. To differentiate N2a cells, cells were treated for 48 h
with 15 pM of retinoic acid in 2% serum medium,

Immunological analysis

Al 2448 h after transfection, we lysed cells (4% 10° in 6-cm
dishes) with 500 pl of lysis bufler consisting of 50 mM Tris HCI,
150 mM NaCl, 1% Nonidet P-40, and | mM ethylenediaminete-
traacetic acid (EDTA), as well as a protease inhibitor cocktail
(Complete Mini, Roche). The lysate was then cenirifuged at
10,000 =g for 10 min at 4°C to remove debris. We used a 10%
volume of the supernatants as the lysate for SDS-PAGE. When
immunoprecipitated, the supemnatants were precleared with protein
A/G agarose (Santa-Cruz). A specific antibody, either anti-FLAG
(M2) or anti-Myc (9E10), was then added. We incubated the
immune complexes, first at 4°C with rotation and with protein A/G
agarose (Roche) for 3 h. after which they were collected by
centrifugation and washed four times with the lysis buffer. For
protein analysis, immune complexes were dissociated by heating in
SDS-PAGE sample buffer and loaded onto SDS-PAGE. We
separated the samples by SDS-PAGE (15% gel or 5%-20% gradient
gel) and transferred them onto polyvinylidene difluoride mem-
branes, We then immunoblotted samples with specific antibodies.

Immunohistochemistry

We fixed differentiated N2a cells grown in plastic dishes in 4%
paraformaldehyde in PBS for 15 min. The cells were then blocked
for 30 min with 5% (vol/vol) normal goat serum in PBS, incubated
overnight at 4°C with anti-FLAG antibody (M2), washed with
PBS, and incubated for 30 min with Alexa 496 nm anti-mouse
antibodies (Molecular Probes, Eugene, OR). We mounted the cells
on slides and obtained images using a fluorescence microscope
(IX71; Olympus, Tokyo, Japan) equipped with a cooled charge-
coupled device camera (DP70; Olympus). Photographs were taken
using DP Controller software (Olympus).

Analysis of protein stability

We assayed the stability of proteins by pulse-chase analysis
using [**S] followed by immunoprecipitation. Metabolic labeling
was performed as described previously (Yoshida et al,, 2003).
Briefly, in the pulse-chase analysis of Dorfin proteins, HEK293
cells in 6-cm dishes were transiently transfected with | pg of
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Fig. |. Pulsechase analysis of Dorfin™" and Dorfin™ >S5 (4)
Dorfin™" or Dorfin® "5 was overexpressed in HEK293 cells. After
ovemight incubation, [*S]-labeled MeUCys pulse-chase analysis was
performed. Cells were harvested and analyzed a1 0, 1, or 3 b after labeling
and immunoprecipitation by anti-FLAG antibody (upper panels) To
determine serial changes in the amount of Dorfin™" or Dorfin® 501358
four independent experiments were performed and the amounts of Dorfin™"'
and Dorfin®" "> 1*%5  were plotted. The differences between the amounts of
Dorfin™ " and Dorfin" """ were significant st | h (p<0.01) and 3 h
after labeling (p<0.001) (lower panels). Values are the means + SE, n=4,
Statistics were done using an unpaired f-test. (B) Cells overexpressing
Dorfin™" or Dorfin® ™S were treated with different concentrations of
MGi132 for 3 b after labeling

FLAG-Dorfin™" or FLAG-Dorfin”'??%""S | pulse-chase ex-
periments using SOD19**®, N2a cells in 6-cm dishes were tran-
siently transfected with 1 pg of SOD1“***-Myc or SOD1"**-Myc
and FLAG-Mock, FLAG-Dorfin, or FLAG-Dorfin-CHIPY. FLAG-
Mock was used as a negative control. After starving the cells for
60 mim in methionine- and cysteine-free DMEM with 10% FCS, we
labeled them for 60 min with 150 pCi/ml of Pro-Mix L-[**S] in vitro
cell-labeling mix (Amersham Biosciences), Cells were chased for
different lengths of time at 37°C. In experiments with proteasomal
inhibition, we added different amounts of MG132 in medium
during the chase period. We performed immunoprecipitation using
protein A/G agarose, mouse monoclonal anti-FLAG (M2), and anti-
Myc (9E10). The intensity of the bands was quantified by
ImageGauge software (Fuji Film, Tokyo, Japan).

MTS assay

We transfected N2a cells (5000 cells per well) in 96-well
collagen-coated plates with 0.15 pg of SOD1“***.GFP and
0.05 pg of Darfin, CHIP, Dorfin-CHIP", or pCMV?2 vector (Mock)
using Effecten reagent (Qiagen). Then we performed 3-(4,5-
dimethylthiazol-2-y1)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophe-
nyl)-2H-tetruzolium inner salt (MTS) assays using Cell Titer 96

(Promega) at 48 h after incubation. This procedure has previously
been described (Ishigaki et al, 2002a).

Aggregation assay

We transfected N2a cells in 6-cm dishes with 1.0 pg of
SODI®®®.GFP and 1.0 pg of FLAG-Mock, FLAG-Dorfin,
FLAG-CHIP, or FLAG-Dorfin-CHIP". After overnight incubation,
we changed the medium to 2% FCS containing medium with
15 uM retinoic acid (RA) for differentiation. In the MG132 (+)
group, 1 uM of MG132 was added after 24 h of differentiation
stimuli. After 48 h of differentiation stimuli, we examined the cells
in their living condition by fluorescence microscopy. The
transfection ratio was equivalent (75%) among all groups. Visually
observable macro aggregation-harboring cells were counted as
“aggregation positive” cells (Fig. 7C). All cells were counted in
fields selected at mandom from the four different quadrants of the
culture dish. Counting was done by an investigator who was blind
1o the experimental condition.

Results
Dorfin degradation by the UPS in vivo

We analyzed the degradation speed of FLAG-Dorfin by the
pulse-chase method using [**S) labeling. finding that more than
half of wild-type Dorfin (Dorfin™") was degraded within 1 h
(Fig. 1A). This degradation was dose-dependently inhibited by
MG 132, a proteasome inhibitor (Fig. 1B). On the other hand, the
RING mutant form of Dorfin (Dorfin®'**¥'35%) which lacks E3
activity (Ishigaki et al., 2004), degraded significantly more slowly
than did Dorfin™" (Fig. 1A and Table 1). As shown in Fig. 1A,
Dorfin™" showed two bands, whereas Dorfin®'* ¥ had a
single band. This was also seen in our previous study (Ishigaki et
al,, 2004) and may represent posttranslational modification.

Construction of Dorfin-CHIP chimeric proteins

It is known that the C-terminus portion of Dorfin can bind to
substrates such as mutant SOD1 proteins or Synphilin-1 (Niwa et
al., 2002; Ito et al., 2003). We attempted to identify the domain of
Dorfin that mteracts with substrates. Although there was no
obvious known motif in the C-terminus of Dorfin (amino acids
333-838), its first quarter contained rich hydrophobic ammo acids
(amino acids 333-454) (Fig. 2A). Immunoprecipitation analysis
revealed that the hydrophobic region of Dorfin (amino acids
333-454) was able 10 bind to SOD1**®, indicating that this
hydrophobic region is responsible for recruiting mutant SOD| in
Dorfin protein (Fig. 2B).

To establish more effective and more stable E3 ubiquitin ligase
molecules that can recognize and degrade mutant SODIs, we

Table |
Serial changes in the amounts of Dorfin™", Dorfin™' "5 and
Dorfin-CHIP*

0h (%) 1 h (%) 3h (%)
Dorfin™" 100 437+7.0 103444
Daorfin® 3¢ 1358 100 7394138 43,7419
Dorfin-CHIP* 100 89.0+5.7 475453

Values are the mean and SD of four independent experiments.
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Fig. 2. Construction of Dorfin-CHIP chimeric proteins. (A) Dorfin has a RING/TBR domain in its N-terminus and a substrate-binding portion in the C-terminus. CHIP
contains 2 TPR domain that binds to heat-shock proteins at the N-terminus; its C-terminal U-box domain has strong E3 ubiquitin ligase activity. (B) SOD1*® Myc
and FLAG-Dorfin derivatives were overexpressed in HEK 293 cells. Cell lysates were immunoprecipitated with anti-myce antibody. Immunoblotting showed that
FLAG-Dorfin derivatives contining Dorfin'*" *** hound to SOD1“***-Myc, indicating that the hydrophobic region of Dorfin (Dorfin**' **) is essential for
interaction with mutant SOD1 in vive. (C) Scheme of engineered Dorfin-CHIP chimeric proteins. Three different lengths of C-terminal Dorfin comtaining the
hydrophobic region of Dorfin (Dorfin™* ™) und the U-box domain of CHIP with or without the charged region were fused. (D) Dorfin-CHIP chimeric proteins were
overexpressed in HEK293 cells. Harvested cells were lysed and analyzed by immunoblotting using anti-FLAG antibody.
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Fig. 3. The stability of Dorfin-CHIP chimeric proteins. Pulse-chase analysis using [**S |-Met/Cys was performed. Dorfin, CHIP, and all the Dorfin-CHIP chimeric
proteins were overexpressed in HEK293 cells and labeled with [**S]-Met/Cys. Immunoprecipitation using anti-FLAG antibody and SOD-PAGE analysis
revealed the degradaton speed of FLAG-Dorfin-CHIP chimeric proteins, The amount of each Dorfin-CHIP chimeric protein was measured by quantifying the
band using ImageGauge software.
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designed Dorfin-CHIP chimeric proteins containing both the
hydrophobic substrate-binding domain of Dorfin and the U-box
domain of CHIP, which has strong E3 activity (Fig. 2C). We
verified that all of the 12 candidate chimeric proteins were
expressed in HEK293 cells (Fig. 2D)

Expression of Dorfin-CHIP chimeric proteins in cells

The half lives ofall the Dorfin-CHIP chimeric proteins were more
than 1 h. In some of these proteins, such as Dorfin-CHIP™ “’ and ",
moderate amounts of protein still remained at 6 h after labeling,
indicating that they were degraded much more slowly than was
Dorfin™ (Fig. 3). Repetitive experiments using Dorfin-CHIP'

A

Newrobiology

of Disease 25 (2007) 331-341 3135

yiclded a significant difference between the amount of Dorfin™"
and Dorfin-CHIP" at | h and 3 h (Table 1)

E3 activity of Dorfin-CHIP chimeric proteins against mutant
SOD]

Immunoprecipitation analysis demonstrated that Dorfin and
CHIP bound to mutant SOD1°*** in equivalent amounts and that
all of the Dorfin-CHIP chimenc proteins interacted with mutant
SOD1*® iy vive. Dorfin-CHIP® o WnS k, and * bound to the
same or greater amounts of 5( MD19*® than did Dorfin, whereas
Dorfin-CHIP® © © 1 and ' did not (Fig. 4A, upper panel). None
of the Dorfin-CHIP chimeric proteins bound to SOD1™T in vivo
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Fig. 4. The E3 activity of Dorfin-CHIP chimeric proteins on mutant SODI in vive. (A) In vivo binding asssy with both wild-type and mutant SODI1s
SOD19**™. or SOD1™-Myc and FLAG derivatives of Dorfin-CHIP chimeric proteins were coexpressed in HEK293 cells. Immunoprecipitation was done
using anti-Myc antibody. Immunoblotting with anti-FLAG antibody revealed that all the Dorfin-CHIP chimeric proteins bound in vivo to SOD1 ™R Myc but
not to SODI™.Myc. Single and double asterisks indicate overexpressed human SODIs and mouse endogenous SODI, respectively. (B) In vivo
ubiquitylation assay in HEK293 cells. SOD1%**-Myc, HA-Ub, and FLAG derivatives of Dorfin-CHIP chimeric proteins were coexpressed in HEK293 cells
Immunoblotting with anti-HA antibody demonstrated the ubiquitylation level of SOD1“***.Mye by FLAG derivatives of Dorfin-CHIP chimeric proteins in
vivo. Arrows indicate 1gG light and heavy chains. Single and double asterisks indicate overexpressed SOD| and mouse endogenous SODI, respectively. (C)
In vive ubiquitylation assay in N2a cells SOD19“™ . Myc, HA-Ub, and FLAG derivatives of Dorfin-CHIP chimeric proteins were coexpressed in N2a cells
Armrows indicate 1gG light and heavy chains. Single and double asterisks indicate overexpressed human SOD s and mouse endogenous SODI, respectively
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(Fig. 4A, lower panel). Some Dorfin-CHIP chimeric proteins, such
as Dorfin-CHIP™ ©, and ', had lower amounts of both SOD1%!
and SOD1"**® in the lysates. We performed quantitative RT-PCR
using specific primers for SOD1-Mye, finding that coexpression of
Dorfin-CHIP® © or ' suppressed the mRNA expression of
overexpressed SOD1 gene (Supplememtary Fig. 1), Considering
the possibility that these Dorfin-CHIP chimeric proteins might
have unpredicted toxicity for cells by affecting gene transcription
via unknown mechanisms, we excluded them from further
analysis. Other Dorfin-CHIP proteins did not affect SODI-Myc
gene expression, which validated the comparison among 1Ps and
ubiguitylated mutant SOD1 in Figs. 4A-C.

A L
Dorfin-CHIP
soD™Mye * - - - -
S0D1 =™ pyc * o =i
S0D1**Myc wi o e
S001 ™ mye - e
S0D1 " myc el
HAUD  + + + 4 4
* Lysate
—— % | anti-SOD1
IP: anti-Flag
1B: anti-SOD1
IP: anti-Myc
IB: anti-HA

S| * |ysate
** |B: ant-SOD1

HEK293
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To assess the effectiveness of the E3 activity of Dorfin-CHIP
chimeric proteins, we did an in-vive ubiquitylation analysis by
coexpression of SOD19***.Myc, HA-Ub, and Dorfin-CHIP
chimeric proteins in HEK293 cells. We found that Dorfin and
CHIP enhanced the ubiquitylation of SOD1%**® protein and that
the ubiquitylation levels of these two E3 ligases were almost
equivalent. Moreover, Dorfin-CHIP™ ™ ¥ ¥_and " ubiquitylated
SOD1**® more effectively than did Dorfin or CHIP (Fig. 4B).

Performing the same in-vive ubiquitylation assay using N2a
cells, we observed that the levels of ubiquitylation of SOD19%*® by
Dorfin and CHIP were equivalent, as they were in HEK293 cells.
Among Dorfin-CHIP chimeric proteins, only Dorfin-CHIP'

Dorfin-CHIP"

soo™Mye 4+ - - .
001" Myc - 4

S0D1™* ppe - -
SoD1¥™mye - - +

-—T|* Lysate
+x [B: anti-SOD1

IP: anti-Flag
IB: anti-SOD1

IP: anti-Myc
IB: anti-HA

-«

<

* Lysate
#** |B: anti-SOD1

N2a

Fig. 5. Dorfin-CHIP" specifically ubiquitylates mutant SODIS in vivo. (A) In vivo binding ssay with various mutant SOD1s. SOD1™ -Mye, SOD1%" A Myc,
SOD1Y* -Mye, SODI"**".-Myc or SOD19™™-Myc. and FLAG-Darfin-CHIP" were coexpressed in HEK293 (left) and N2a cells (right). Immunoprecipitation
was done using anti-Myc antibody. Immunaoblotting with anti-FLAG antibody showed that both chimeric proteins specifically bound to mutant SOD1s in vive
Single and double asterisks indicate overexpressed SOD1 and mouse endogenous SODI, respectively. (B) In vivo ubiquitylation assay. SODI™ My,
SODI“"**-Mye, SOD1%***.-Myc, SOD1"**-Myc or SOD19*"*Myc, as well as FLAG-Dorfin-CHIP" and HA-Ub, was coexpressed in HEK293 (left) and N2a

cells (nght). Immunoblotting with anti-HA antibody showed the specific ubiquitylation of mutant SOD1-Myc by FLAG-Dorfin-CHIP" in vivo. Arrows indicate
IgG light and heavy chains. Single and double asterisks indicate overexpressed human SOD1s and mouse endogenous SOD, respectively,
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ubiguitylated SOD1“*** more effectively than did Dorfin or CHIP, SODI'"® and SODI®Y™®, but not SODI™, in HEK293 cells.
while Dorfin-CHIP™ & %/ and * did not (Fig. 4C). Thus, Dorfin- This was confirmed in N2a cells (Fig. 5A). In both HEK293 and
CHIP" was the most potent candidate of the chimeric proteins. N2a cells, Dorfin-CHIP" also ubiquitylated mutant SOD1 proteins
but not SODI™T (Fig. 5B),
Ubiguirylation of mutant SODI by Dorfin-CHIP"
Degradation of mutant SOD! by Dorfin-CHIP chimeric proteins
Dorfin specifically ubiguitylated mutant SOD1 protens, but not

sop1*? protein (Niwa et al, 2002; Ishigaki et al, 2004). To assess the degradation activity of Dorfin-CHIP" against
Similarly, Dorfin-CHIP" interacted with SOD1974, SOD19%¥, mutant SODIs, we performed the pulse-chase analysis on N2a
A B
1.0+ = Mock
= Dorfin
Chasigme 0 1 3 & (W —o— Dorfin-CHIP*
ook [ £ ~

Fr ST owEsE T A

t.;-m—d

Dorfin-CHip" [ |

Vi

254
1 3
Chasing time ()
C D
— — Mok
i e Digrfin
1.0 3= Dorfin-CHIP"
Chasingtime 0 1 3 8 (h)
Mock (SIS ERES]| S 75
born [ Em | —
- .50
Dorfin-CHIP* |/ —— i Y
254
— T ,
Chasing time (h)
D

Fig. 6. Degradation of mutant SOD1 proteins with Dorfin-CHIP". (A) Pulse-chase analysis of SOD1“*** with Dorfin-CHIP". N2a cells were coexpressed with
SOD1%*.Myc and Mock, Dorfin, and Dorfin-CHIP*. Pulse-chase experiments using [**S]-Met/Cys were done. Immunoprecipitation using anti-Myc antibody
and SOD-PAGE analysis revealed the degradation speed of SOD1™***.Mye. (B) Serial changes in the amount of SOD 1”™*** coexpressed with Mock, Dorfin, or
Dorfin-CHIP". Four independent experiments were performed and the amounts of SOD 1" were plotted. There were significant differences between Mock and
Dorfin (p<0.005), Mock and Dorfin-CHIP" (p< 0,005), and Dorfin and Dorfin-CHIP* (p<0.05) at 3 h, as well as between Mock and Dorfin (p<0.05), and Mock
and Dorfin-CHIP* (p<0.05) a1 6 h after labeling. Values are the means £ SE, n=4. Statistical analysis was done by one-way ANOVA. (C) Pulse-chase analysis of
SODI™* with Dorfin-CHIP", N2a cells were coexpressed with SOD 1" *-Myc and Mock, Dorfin, and Dorfin-CHIP" as in panel A. (D) Serial changes in the
amount of SOD19*A coexpressed with Mock, Dorfin, or Dorfin-CHIP". Four independent experiments were performed and the amounts of SOD1“*** were
plotted. There were significant differences between Mock and Dorfin (p<0.05) and Mock and Dorfin-CHIP* (p<0.01) at 3 h, as well as between Mock and
Dorfin (p<0.05), Mock and Dorfin-CHIP* (p<0.01), and Dorfin and Dorfin-CHIP" (p<0.05) at 6 h after labeling. Values are the means+ SE, n=4. Statistics
were done by one-way ANOVA. (E) The equivalent protein expression levels of Dorfin and Dorfin-CHIP". Half of the volume of samples used in the pulse-chase
analysis of panel C at 0 h was used for immunoprecipitation using anti-Flag M2 antibody. The following SOD-PAGE analysis revealed the amounts of Dorfin and
Dorfin-CHIP" in the experiment shown in panel C.
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cells, using [**S] labeled Met'Cys. The protein levels of SOD19*®
and SOD1Y"* declined more rapidly with Dorfin coexpression,
Dorfin-CHIP" remarkably declined in both SOD1%%® and
SOD19"* (Figs. 6A, C). Dorfin and Dorfin-CHIP" had similar
expression levels at 0 h of this experiment (Fig. 6E). As compared
to Mock, Dorfin showed significant declines of both SOD19"® at
3 h (p<0.001) and 6 h (p<0.05) after labeling, as shown in a
previous study (Niwa et al., 2002). Dorfin-CHIP" also significantly
accelerated the decline of SOD19%*® at 3 h (p<0.001) and 6 h
(p<0.05) after labeling again as compared to Mock. At 3 h after
labeling, a significant difference between Dorfin-CHIP" and
Dorfin was present with respect to SODI"*® degradation
(p<0.05). As compared to Dorfin, Dorfin-CHIP" also tended
toward accelerated SOD19%*® degradation at 6 h after labeling
(Fig. 6B). Similarly, Dorfin showed significant declines of
SODI%"*A a1 3 h (p<0.05) and 6 h (p<0.05) after labeling, and
Dorfin-CHIP" significantly accelerated the declines of SOD19%4
at 3 h (p=<0.01) and 6 h (p<0.01) after labeling as compared to
Mock. A significant difference between Dorfin-CHIP" and Dorfin
was present at 6 h in SOD19”** degradation (p<0.03) (Fig. 6D).

Attenuation of the toxicity of mutant SODI and decrease in the
Sformation of visible aggregations of mutant SOD! in cultured
newronal culture cells

The ability of Dorfin-CHIP chimeric proteins to attenuate
mutant SODI-related toxicity was analyzed by MTS assay using
N2a cells. The expression of SOD1*® as compared to that of
SODI™T, decreased the viability of cells. Overexpression of Dorfin
reversed the toxic effect of SOD1" whereas overexpression of
CHIP did not. Dorfin-CHIP" had a significantly greater rescue
effect on SOD19%*F.related cell toxicity than did Dorfin (Fig. 7A).
We also measured the cell viability of N2a cells overexpressing
Mock, Dorfin, and Dorfin-CHIP" with various amounts of
constructs, and found no difference in toxicity among them
(Supplementary Fig. 2).

A structure that Johnston et al. (1998) called aggresome is
formed when the capacity of a cell to degrade misfolded proteins is
exceeded. The accumulation of mutant SODI induces visible
macroaggregation, which is considered to be ‘aggresome’ in N2a
cells. We examined the subeellular localizations of Dorfin, CHIP,
and Dorfin-CHIP* by immunostaining N2a cells expressing
SOD19%R*_GFP. Dorfin was localized in aggresomes with
substrate proteins, as in our previous studies, Dorfin-CHIP" was
also seen in aggresomes, whereas the staining of CHIP was
diffusely observed in the cytosol (Fig. 7B). We counted these
visible aggregations with or without MG132 treatment. Dorfin
decreased the number of aggregation-containing cells, as has been
reported (Niwa et al, 2002), but Dorfin-CHIP* did so more

effectively, These effects were inhibited by the treatment of
MG132 (Fig. 7C).

Discussion

E3 proteins can specifically recognize and degrade accumulat-
ing aberrant proteins, which are deeply involved in the pathogen-
esis of neurodegenerative disorders, including ALS (Alves-
Rodrigues et al., 1998; Sherman and Goldberg, 2001; Ciechanover
and Brundin, 2003). For this reason, E3 profeins are candidate
molecules for use in developing therapeutic technology for
neurodegenerative diseases. Dorfin is the first E3 molecule that
has been found specifically to ubiquitylate mutant SOD!1 proteins
as well as 1o attenuate mutant SOD-associated toxicity in cultured
neuronal cells (Niwa et al., 2002),

NEDLI, a HECT type E3 ligase, has also been reported to be a
mutant SOD1-specific E3 ligase and to interact with TRAPS and
dvll (Miyazaki et al., 2004). It has also been reported that
ubiquitylation of mutant SOD1-associated complex was enhanced
by CHIP and Hsp70 in wvive (Urushitani et al, 2004). CHIP
ubiguitylated Hsp70-holding SOD1 complexes and degraded
mutant SODI, but did not directly interact with mutant SODI
(Urushitani et al., 2004). Among these E3 molecules, Dorfin seems
to be the most potentially beneficial E3 protein for use in ALS
therapy since it is the only one that has been demonstrated to reverse
mutant SOD 1 -associated toxicity (Niwa et al., 2002). Furthermore,
Dorfin has been localized in various ubiquitin-positive inclusions
such as Lewy bodies (LB) in PD, as well as LB-like inclusions in
sporadic ALS and glial cell bodies in multiple-system atrophy.
These findings mdicate that Dorfin may be mnvolved in the
pathogenesis of a broad spectrum of neurodegenerative disorders
other than familial ALS (Hishikawa et al., 2003; lto et al., 2003;
Ishigaki et al., 2004).

The half-life of Dorfin™" is, however, less than 1 h (Fig. 1,
Table 1). The amount of Dorfin is increased in the presence of
MG132, a proteasome inhibitor, indicating that Dorfin is
immediately degraded in the UPS. Since the nonfunctional RING
mutant form of Dorfin, Dorfin”'**$“'%S gegraded more slowly
than did Dorfin™", Dorfin seemed to be degraded by auto-
ubiquitylation. The degradation of Dorfin' "% s qlso
inhibited by MG132, suggesting that it is degraded by
endogenous Dorfin or other E3s, This immediate degradation of
Dorfin 1s a serious problem for its therapeutic application against
neurodegenerative diseases,

Several reports have shown that engineered chimera E3s are able
1o degrade certain substrates with high efficiency. Protac, a chimeric
protein-targeting molecule, was designed to target methionine
aminopeptidase-2 10 Skp1-Cullin-F box complex (SCF) ubiquitin
ligase complex for ubiquitylation and degradation (Sakamoto et al.,

Fig. 7. Dorfin-CHIP chimeric proteins can attenuate toxicity induced by mutant SOD1 and decrease the formation of visible aggregation of mutant SOD1 in N2a
cells. (A) N2a cells were grown in 96 collagen-coated wells (5000 cells per well) and transfected with 0.15 pg of SOD1™T and 0.05 pg of Mock or 0.15 pg of
SOD19*® and 0.05 pg of Mock, Dorfin, CHIP, or Dorfin-CHIP". After the medium was changed, MTS assays were done at 48 h of incubation. Viability was
measured as the level of absorbance (490 nm), Values are the means £ SE, n=6. Statistics were carried out by one-way ANOVA, There were significant
differences between SOD19**®.expressing cells coexpressed with Mock and SOD19%*F.gxpressing cells coexpressed with Dorfin (p<0.001), as well as between
SOD19E ing cells coexy d with Dorfin and SOD 19 ®expressing cells ¢ d with Dorfin-CHIP" (p<0.001), (B) N2a cells were transiently
expressed with SOD1“***.GFP and Mock, Dorfin, CHIP, or Dorfin-CHIP". Immunostaining with anti-FLAG antibody revealed that Dorfin, CHIP, and Dorfin-
CHIP" were localized with SOD1“***-GFP in macroaggresomes (arrows), Scale bar=20 jim (C) The visible macroaggregations in N2a cells expressing both
SOD1“***.GFP and Mock, Dorfin, CHIP, or Dorfin-CHIP" with or without MG132 treatment were counted and the ratio of cells with aggregations to those with
GFP signals was calculated. Values are the means £ SE, n=4, Statistics were done by one-way ANOVA. *p<0.01 denotes a significant difference between cells
with Mock and Dorfin or Dorfin-CHIP". **p<0.05 denotes a significant difference between cells with Dorfin and Dorfin-CHIP".
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2001, 2003 ). Oyake et al. (2002) developed double RING ubiquitin
ligases containing the RING finger domains of both BRCA and
BARDI linked 10 a substrate recognition site PCNA. Recently,
Hatakeyama et al. developed a fusion protein composed of Max,
which forms a heterodimer with ¢-Mye, and the U-box of CHIP.
This fusion protein physically interacted with c-Mye and promoted
the ubiquitylation of c-Myc. It also reduced the stability of ¢-Mye,
resulting in the suppression of transcriptional activity dependent on
c-Myc and the inhibition of tumorogenesis (Hatakeyama et al.,
2005). This indicated that the U-box portion of CHIP is able to add
an effective E3 function to a U-box-containing client protein.

We postulated that engineered forms of Dorfin could be stable
and still function as specific E3s for mutant SOD1s. Dorfin has a
RING/IBR domain in the N-terminal portion (amino acids 1-332),
but has no obvious motif in the rest of the C-lerminus (amino acids
333-838). In this study, we have demonstrated that the
hydrophobic domain of Dorfin (amino acids 333-454) is both
necessary and sufficient for substrate recruiting (Fig. 2B). In our
engineered proteins, the RING/IBR motif of N-terminal Dorfin
was replaced by the UPR domam of CHIP, which had strong E3
activity (Murata et al., 2001). Some of the engineered Dorfin-
chimeric proteins, such as Dorfin-CHIP® % ! and *, were
degraded in vive far more slowly than was wild-type Dorfin,
indicating that they were capable of being stably presented in vive
(Fig. 3). However, Dorfin-CHIPY failed to show strong ubiquity la-
tion activity against SOD19*F in HEK203 cells. Since Dorfin-
CHIP™? and " were able 10 bind to SOD19**F more strongly than
did Dorfin-CHIP, the binding activity was more important for the
E3 activity than for the protein stability.

We next showed that although all of the Dorfin-CHIP chimeric
proteins bound to mutant SOD1 in vive, some of them, such as
Dorfin-CHIP™ €, and ', bound less than others (Fig. 4A). In
HEK293 cells, Dorfin-CHIP® & % K qnd b ubiquitylated
SOD19* more effectively than did Dorfin or CHIP; however, in
N2a cells only Dorfin-CHIP" had more effective E3 activity than
did Dorfin or CHIP. This discrepancy may be due to differences
between HEK 293 and N2a cells which could provide slight
different environment for the E3 machinery. Therefore, Dorfin-
CHIP" was the most potent of the candidate chimeric proteins in
degrading mutant SOD1 in the UPS in neuronal cells. We also
showed that Dorfin-CHIP" could specifically bind 1o and
ubiquitylate mutant SOD1s but not SODI™" in vive, as Dorfin
had done (Niwa et al., 2002; Ishigaki et al., 2004) (Fig. 5). This
observation confirmed that the hydrophobic domain of Dorfin
(amino acids 333-454) is responsible for mutant SOD1 recruiting.

Pulse-chase analysis using N2a cells showed that Dorfin-CHIP"
degraded SODI*® and SOD19"** more effectively than did
Dorfin (Fig. 6). This is compatible with the finding that Dorfin-
CHIP" had a greater effect than Dorfin did on the ubiquitylation
against mutant SOD1. The cycloheximide assay verified that the
degradation ability of Dorfin-CHIP" against SOD1"*" was
stronger than that of Dorfin or CHIP in HEK293 cells (data not
shown).

Dorfin-CHIP" also reversed SODI%*®R.associated toxicity in
N2a cells more effectively than did Dorfin (Fig. 7). This
therapeutic effect of Dorfin-CHIP" was expected from its strong
E3 activity and degradation ability against SOD1"®, Visible
protein aggregations have been considered to be hallmarks of
neurodegeneration. Increased understanding of the pathway
involved in protein aggregation may demonstrate that visible
macroaggregates represent the end-stage of a molecular cascade of
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steps rather than a direct toxic insult (Ross and Poirier, 2004). Two
facts that Dorfin-CHIP" decreased aggregation formation of
SODI®™® and that this effect was inhibited by a proteasome
inhibitor should reflect the ability of Dorfin-CHIP" 10 degrade
mutant SOD1 in the UPS of cells,

Based on our present observations, Dorfin-CHIP', an en-
gineered chimeric molecule with the hydrophobic substrate-
binding domain of Dorfin and the U-box domain of CHIP, had
stronger E3 activity against mutant SODI1 than did Dorfin or CHIP.
Indeed, it not only degraded mutant SOD1 more effectively than
did Dorfin or CHIP but. as compared to Dorfin, produced marked
attenuation of mutant SOD1-associated toxicity in N2a cells, This
protective effect of Dorfin-CHIPY against mutant SODI has
potential applications 1o gene therapy for mutant SOD| transgenic
mice because this protein has a long enough life to allow the
constant removal of mutant SOD1 from neurons. Since Dorfin was
originally identified as a sporadic ALS-associated molecule
(Ishigaki et al., 2002b) and is located in the ubiquitin-positive
inclusions of various neurodegencrative diseases (Hishikawa et al.,
2003), this molecule is an appropriate candidate for future use in
gene therapy not only for familial ALS. but also for sporadic ALS
and other neurodegencrative disorders,

So far, most reports on engineered chimera E3s have targeted
cancer-promoting proteins. Dorfin-CHIP chimeric proteins are
the first chimera E3s to be intended for the treatment of
neurodegenerative diseases. Since the accumulation of ubiguity-
lated proteins in neurons is a pathological hallmark of various
neurodegenerative  diseases, development of chimera E3s like
Dorfin-CHIP", which can remove unnecessary proteins, is & new
therapeutic concept. Further analysis, including transgenic over-
expression and vector delivery of Dorfin-CHIP chimeric proteins
using ALS animal models will increase our understanding of the
potential utility of Dorfin-CHIP chimeric proteins as therapeutic
tools.
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Gene Expression Profiling toward
Understanding of ALS Pathogenesis
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ABSTRACT: Although more than 130 years have gone by since the first
description in 1869 by Jean-Martin Charcot, the mechanism underlying
the characteristic selective motor neuron degeneration in amyotrophic
lateral sclerosis (ALS) has remained elusive. Modest advances in this
research field have been achieved by the identification of copper/zinc
superoxide dismutase 1 (SOD1) as one of the causative genes for rare
familial ALS (FALS) and by the development and analysis of mutant
SOD1 transgenic mouse models. However, in sporadic ALS (SALS) with
many more patients, causative or critical genes situated upstream of the
disease pathway have not yet been elucidated and no available disease
models have been established. To approach genes causative or critical
for ALS, gene expression profiling in tissues primarily affected by the
disease has represented an attractive research strategy. We have been
working on screening these genes employing and combining several new
technologies such as ¢cDNA microarray, molecular indexing, and laser
capture microdissection. Many of the resultant genes are of intense in-
terest and may provide a powerful tool for determining the molecular
mechanisms of ALS. However, we have barely arrived at the starting
point and are confronting an enormous number of genes whose roles re-
main undetermined. Challenging tasks lie ahead of us such as identifying
which genes are really causative for ALS and developing a disease model
of SALS with due consideration for the expression changes in those genes.

KEyworbps: ALS; SOD1; gene expression analysis; cDNA microarray;
molecular indexing; laser capture microdissection

INTRODUCTION

Amyotrophic lateral sclerosis (ALS) is a neurodegenerative and fatal human
disorder characterized by loss of motor neurons in the spinal cord, brain stem,
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and motor cortex, presenting as weakness of the limbs, speech abnormalities,
and difficulties in swallowing.' The terminal phases of the disease involve res-
piratory insufficiency and half of the patients die within 3 years after the onset
of symptoms. ALS can be inherited as an autosomal dominant trait in a subset
of individuals who make up 5% to 10% of the total population of those affected.
In addition, 20% to 30% of familial ALS (FALS) cases are associated with a
mutation in the copper/zinc superoxide dismutase 1 gene (SOD1).2 However,
more than 90% of ALS patients are sporadic, not showing any familial trait.
Since there have been no available disease models for sporadic ALS (SALS)
as of now, transgenic mouse models or cell culture models® of ALS associated
with SOD1 mutations have proven very useful in studying the initial mech-
anisms underlying this neurodegenerative disease of unknown etiology. The
use of an animal model makes it possible and easy to investigate the different
stages of disease progression including the early preclinical phase.

One of the experimental approaches toward a more comprehensive under-
standing of the molecular changes occurring in ALS is gene expression study*
employing array-based methods or a differential display and its related tech-
niques. Using transgenic mouse models expressing the SOD1 gene with a
G93A mutation, we performed cDNA microarray analysis® to reveal the tran-
scriptional profiles of affected tissues, namely, spinal anterior horn tissues.
This analysis revealed an upregulation of genes related to an inflammatory
process together with a change in apoptosis-related gene expression at the
presymptomatic stage prior to motor neuron death.

Next, we extended our gene expression study from mouse to human post-
mortem spinal anterior horn tissues obtained from SALS patients. In this anal-
ysis, we employed a molecular indexing technique, a modified version of the
differential display developed by Kato in 1995.% These PCR-based screening
procedures have the advantage of being able to cover an unrestricted range of
expressed genes including even hitherto unknown ones. As a result, we have
successfully cloned a novel gene designated “dorfin,”” the expression of which
was upregulated in SALS spinal cords.

Using spinal anterior horn tissues of SOD1 mutant mice or SALS patients
as starting materials, these gene expression studies®’ have shed considerable
light on the pathogenesis of FALS and SALS. However, in the spinal anterior
horn tissues of ALS spinal cords, there are reduced numbers of motor neurons
with glial cell proliferation. The alteration of the gene expression in the spinal
anterior horn tissues could reflect the number of motor neurons and glial cells
during disease progression. Such a disadvantage in using anterior horn tissues
as starting materials prompted us to try to extract a pure motor neuron-specific
gene expression profile. To this end, we employed the technology of laser
capture microdissection® combined with T7-based RNA amplification and
cDNA microarrays, which culminated in the successful detection of a total of
196 genes considered important for the SALS molecular mechanism.’
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GENE EXPRESSION ANALYSIS FOR MUTANT SOD1 MOUSE
MODEL OF ALS

We analyzed both temporal and differential gene expressions in the lumbar
spinal anterior horn tissues of the transgenic mouse models expressing the
SOD1 gene with a G93A mutation and the controls.” In this analysis, we de-
tected a significant upregulation of 30 specific transcripts and downregulation
of 7 transcripts in the spinal cords of mutant SOD1 mice® (TABLE 1). Before
11 weeks of age, mutant SOD1 mice are free of a disease phenotype, but they
begin to decline rapidly in motor function after 14 weeks. The employment of
mice for gene expression analysis provides a great advantage in obtaining data
in the preclinical stage.

Interestingly, we found an upregulation of genes related to an inflamma-
tory process together with a change in apoptosis-related gene expression at
11 weeks of age in the preclinical stage prior to motor neuron death.® The
representative inflammatory-related genes elevated in their expression at this
stage were the tumor necrosis factor (TNF)-a gene, which is a proinflamma-
tory cytokine, and the Janus tyrosine-protein kinase 3 (JAK3), a necessary
component of cytokine receptor signaling (TABLE 1). At a subsequent dis-
case stage of 14 or 17 weeks of age, many more genes associated with an
inflammatory process such as cathepsin D, serine protease inhibitor (SPI) 24,
and cystatin C precursor, CD68, CD147, and clusterin increased their expres-
sion (TABLE 1). A histopathological evaluation showed glial cell activation
and proliferation as early as 11 weeks of age and continuing to advance until
17 weeks.'? A temporal increase in the expression level observed in these genes
might reflect an inflammatory response with activated microglia and reactive
astrocytes.

On the other hand, caspase-1, an initiator of the neuronal apoptotic cascade,
was also upregulated at a presymptomatic 11 weeks of age (TABLE 1). An in-
terrelationship between the inflammatory reaction and apoptotic pathway has
been demonstrated. In addition to its role as an initiator of neuronal apop-
totis, extracellular caspase-1 converts interleukin-1f (IL-1B) into a mature
form. Thus, caspase-| activation in motor neurons contributes to an inflam-
matory pathway with early astrocytosis and microglial activation in mutant
SOD1 mice. In contrast, there is strong evidence for an inflammatory response
involving microglial activation that leads to neuronal apoptosis.'! Activated
microglia express neurotoxic cytokines and substances such as TNF-a, pro-
teases, oxyradicals, and small reactive molecules.'” A nearly simultaneous
upregulation of genes related to an inflammatory process and apoptotic initia-
tion at the preclinical stage might contribute to the relentless neurodegenerative
process making for a detrimental cycle. At 14 weeks of age, an early phase
of the symptomatic stage, a key executioner of apoptosis, caspase-3, resulting
from caspase-1 activation, began to be upregulated.'® This finding agrees with



