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F16. 3. Localigation of Hepl0Se and Hsc70/Hsp70 in COS-7
cells with tARS7 tes. A, control COS-7 cells were fixed, and
endogenous Hspl0ba (red) or Hsp70 (red) was detected by indirect
immunoflucrescence using anti-Hspl05 or anti-Hsp70 antibedy, respec-
tively. Nuclear morphology (blue) was detected by staining with Ho-
echst 33342. B and C, COS-7 cells were transfected with the expression
plasmid for tAR24 (+ tAR24) or tARS7 (+ tAR97) and incubated further
for 72 h. tAR24 or tAR97 (green) was detscted by the green fluorescence
of GFP, and endogenous Hep106a (red) (B) and Hap70 (red) (C) were
detected by indirect immunofiuorescence. Nuclear morphology (blue)
was observed by staining with Hoechst 33842, D, COS-7 cells were
cotransfected with expression plasmids for Hep105a and tAR24 (+
Hspl05, + tAR24) or Hspl05« and tAR97 (+ Hspl05, + tAR97) and
incubated further for 72 h. Nuclear morphology (blue) stained with
Hoechst 33342 and tAR97 (green) and Hap105a (red) by indirect immu-
nofluorescence was cbserved.

treated in formic acid for 5 min at room temperature and with trypsin
(Dako) for 20 min at 37 °C. The tissue sections were blocked with
normal goat serum (1:20) and incubated with rabbit anti-mouse Hsp105
antibody (1:100). The sections were incubated with biotinylated goat
anti-rabbit IgG (Vector Laboratories), and immune complexes were
visualized using streptavidin-horseradish peroxidase (Dako) and 38,3'-
diaminobenzidine (Dojindo) substrate and counterstained with methyl
green. For the immunchistochemistry of tissues of SBMA patients,
paraffin-embedded sections of the spinal cord and scrotal skin from nine
patients with clinicopathologically and genetically confirmed SBMA
(age 51-84 years, mean 64.3 years) were examined using rabbit anti-
human Hspl05 antibody (1:100).

RESULTS

Aggregation of Truncated AR with an Expanded Polyglu-
tamine Tract and Induction Apoptosis in COS-7 and SK-N-SH
Cells—Truncated ARs containing 24, 65, or 97 polyglutamine
repeats (tAR24, tAR65, or tAR97, respectively) were tran-
siently expressed in non-neuronal (COS-7) and neuronal cells
(SK-N-SH) (Fig. 1). Because these tAR constructs were con-
nected with GFP at the C terminus, the cellular localization of
these chimerical peptides was detected by fluorescence micros-
copy. tAR65 or tAR97, but not tAR24, aggregated in cytoplasm
and/or nucleus in non-neuronal CO8-7 cells as well as neuronal
SK-N-SH celis, as shown previously in the neuronal Neuro2a
cell line (29). Proportions of cells with aggregates increased
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depending on the incubation time after transfection and poly-
glutamine repeat length. Approximately 45 and 60% of GFP-
positive cells had aggregates in the COS-7 and SK-N-SH cell
lines, respectively, at 72 h after transfection of the expression
plasmid for tAR97. Among the cells with aggregates of tAR97,
intranuclear aggregates were detected in 40 and 8% of trans-
fected COS-7 and SK-N-SH cells, respectively (data not shown).

Under these conditions, apoptotic cells with condensed chro-
matin were observed in 12 and 18% of all COS-7 cells express-
ing GFP at 48 and 72 h after transfection of the expression
plasmid for tAR97, respectively (Fig. 24). In contrast, cells
expressing tAR24 showed little apoptotic morphology after the
transfection (Fig. 24). Most apoptotic cells had aggregates of
tAR97 in the nucleus, whereas cells containing cytoplasmic
agpgregates exhibited few apoptotic features (Fig. 2B). Further-
more, when the presence of fragmented DNA was assessed by
the TUNEL method, the cells with intranuclear aggregates,
but not cells with cytoplasmic aggregates, were found to be
positive (Fig. 2C). These findings suggested that the intranu-
clear aggregates induced apoptosis in COS-7 cells. Similar re-
sults were obtained with SK-N-SH cells (data not shown).
Thus, although both non-neuronal and neuronal cells could be
utilized as a cell model of SBMA, we used the COS-7 model for
further study because the cells expressed the transfected plas-
mids markedly well.

Colocalization of Hspl05¢ and Hsp70 with Aggregates of
Truncated AR—We next examined the cellular distribution of
Hspl05a and Hsp70 in COS-7 cells by indirect immunofiuores-
cence using anti-human Hspl05 and anti-Hsp70 antibodies.
Under nonstressed conditions, endogenous Hspl05a and
Hsc70/Hsp70 were localized mainly in the cytoplasm of cells
(Fig. 3A). When tAR24 was transiently expressed in COS-7
cells, both endogenous Hepl05a and Hsp70 were also detected
in the cytoplasm of the cells (Fig. 3, B and C). In contrast, when
tAR97 was transiently expressed in COS-7 cells, endogenous
Hsp70 was colocalized to the aggregates of tAR97, whereas
endogenous Hspl06a was not. However, when overexpressed
with tARS7 in cells, Hspl05a was colocalized to the aggregates
of tARS7 (Fig. 3D), whereas HsplOba was localized to the
cytoplasm of cells in which tAR97 was not expressed. Thus, the
increased amounts of Hepl05«a in cells seemed necessary for
the interaction with and binding to the tAR containing an
expanded polyglutamine tract. )

Overexpression of Hsp105a Reduced Aggregation of tAR97—
Hspl105a prevents the aggregation of denatured protein in vitro
(45) and suppresses apoptotic cell death induced by various
forms of stress in neuronal PC12 cells (44). Because the over-
expressed HsplOS5a colocalized to intracellular aggregates of
tAR97 (Fig. 8), we next examined the effects of Hsp105« on the
aggregation of tAR containing an expanded polyglutamine
tract. When expresgion plasmids for Hsp106« and tAR97 were
cotransfected into COS-7 cells, the proportion of cells with
tAR97 aggregates was reduced to ~50% of that transfected
without Hapl06a (Fig. 4, A and B). Overexpression of Hsp70 or
Hap40 also suppressed the formation of aggregates similarly to
Hspl105a, and Hsp70 and Hsp40 in combination suppressed the
formation strongly. However, the suppression of aggregation by
Hsp70 and Hsp40 was not enhanced by the coexpression of
Hspl06a.

When cellular toxicity was analyzed by examining the nu-
clear morphology of cells stained with Hoechst 33342, numbers
of apoptotic cells with condensed chromatin were found to be
markedly reduced by coexpression of Hsp105« with tAR97 (Fig.
4C). Overexpression of Hsp70 and/or Hsp40 also suppressed
apoptotic cell death caused by expression of tAR97. Further-
more, when various amounts of Hspl05a were coexpressed
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F1a. 4, Effects of Hapl05« on aggre-
gation of tARO7. A, COS-T cells were
cotransfected with expression plasmids
for tAR97 (0.5 pg) and peDNAS.1 vector,
Hsp105, Hsp70, and/or Hap40 (1 pg each)
and incubated further for 72 h. Typical
images of fluorescence of GFP are shown.
B, rates of cells with aggregates versus
GFP-positive calls ave shown, C, rates of
apoptotic cells with condensed chromatin
versus GFP-positive cells are shown. Val-
ues in B and C represent the mean = 8,D.
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Fic. 6. Hepl08a suppresses aggregation of tARS7 and cellular
toxicity in a dose-dependent manner. The expresgion plasmids for
empty vector, Hap106e, and/or tARST were introduced into COS-T cells,
and the cells were incubated further for 72 h. GFP fluoregcence was
observed using a confocal lager scan microscope, Rates of cells with
aggregates or apoptotic cells/GFP-positive cells are shown as closed or
opened bars, respectively. Values represent the mean = 8.D. of three
independent experiments. Statistical significance was determined us-
ing Student’s £ taat; %, p < 0.01 versus control with vector. Lower panels
show Western blots of Hspl06a and Hsp70 in the cells.

with tAR97, the aggregation of tAR97 and apoptosis were both
suppreased depending on eellular levels of Hspl0ba (Fig. B).
Under these conditions, cellular levels of endogenous Hsp70
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were not changed by overexpression of Hspl05« (Fig. 5, lower
panel). These findings strongly suggested that when overex-
pressed, Hepl06a suppressed effectively not only the formation
of aggregates but also the expanded polyglutamine-mediated
cellular toxicity.

Identification the Domain of Hsp105a Required for Suppres-
sion of tAR97 Aggregation—Hspl05a is composed of N-termi-
nal ATP binding, central B-sheet, loop and C-terminal a-helix
domains, similar to the Hap70 family proteins. To determine
the domain of Hspl05ax esgential to suppress the aggregation
caused by expansion of the polyglutamine tract, we constructed
expression plasmids for various deletion mutants of Hapl06¢,
as shown in Fig. 6A. When coexpressed with tAR97 in COS-7
cells, the Hspl05a mutant C8 or AL gignificantly suppressed
the aggregation of tARS7 as did wild-type Hep105c (Fig. 68).
However, other deletion mutants failed to suppress the aggre-
gation of tAR97. Because the C3 and AL mutants contain both
B-sheet and a-helix domains, these domaine seemed to be es-
sential £o suppreas the aggregation caused by expansion of the
polyglutamine tract.

Hspl06a: Inhibits Aggregotion of GST-tARGS in Vitro—To
examine further whether Hapl05a can dirvectly suppress ag-
gragation of the expanded polyglutamine tract, we analyzed
the effects of Hepl06a on the aggregation of tARGBE in vitro
(Fig. 7). GST-tAR65-HA was incubated with or without
Hspl0ba or its mutant, and insoluble aggregates that formed
during the incubation were collected on cellulose acetate mem-
branes. Hepl05a suppressed the aggregation of tARG5 in a
dose-dependent manner (Fig. 7A). Furthermore, the aggrega-
tion was suppressed by wild-type Hspl05a and the mutants C3
and AL but not by other deletion mutants (Fig. 7B). Thus, it
was suggested that Hep105« itself suppressed the aggregation
of fruncated AR containing an expanded polyglutamine with-
out other cellular components and that both the B-sheet and
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¥16. 6. Domain of Hspl05« required for suppression of aggre-
gation of tARS7. A, schematic dimgram of deletion mutants of
Hepl05a. B, COS-7 cells were cotransfected with expression plasmid for
tAR97 and deletion mutant of Hepl06a end incubated further for 72 h.
GFP fluorescence was observed using a confocal 1aser scan microscope.
Rates of cells with aggregates versus GFP-positive cells are shown.
Values represent the mean * S.D. of three independent experiments.
Statistical significance was determined using Student’s ¢ test; *, p <
0.01 versus control with vector.

a-helix domains of Hsp105a seemed necessary for the suppres-
sion in vitro as well as in vivo.

Immunohistochemistry of Hsp105a in Nuclear Inclusions in
the Tissues of SBMA Patients and Transgenic Mice—Nuclear
inclusions containing mutant and truncated AR with an ex-
panded polyglutamine have been shown to occur in residual
motor neurons in the brain stem and spinal cord (4) and also in
the skin, testis, and some other visceral organs of SBMA pa-
tients (5). We next examined whether Hsp1056a localizes in the
nuclear inclusions in these tissues of SBMA patients. As shown
in Fig. 8, A and B, Hsp105a staining was observed in nuclear
inclusions in neurons of the spinal anterior horn and scrotal
skin epidermal cells. Furthermore, when male transgenic mice
carrying a full-length AR with an expanded polyglutamine (97
repeats) tract and showing neuropathologic changes equivalent
to human SBMA (49) were examined immunohistochemically,
Hsp10ba was also detected in nuclear inclusions in neurons of
the spinal anterior horn and muscle cells (Fig. 8, C and D).
However, although Hepl05a was commonly observed in nu-
clear inclusions in scrotal ekin epidermal cells of SBMA pa-
tients and in muscle cells of the fransgenic mice, only a few
Hepl105-immunoreactive nuclear inclusions were observed in
neurons of the spinal anterior horn of either patients or mice.

DISCUSSION

Hapl0Ba is a stress protein expressed at an especially high
level in mammalian brain (43) and has an antiapoptotic effect
in neuronal cells (44). Hepl0ba prevents the aggregation of
denatured proteins caused by heat shock in vitro but has not
been ghown to have chaperone activity (45). Here, we showed
that Hsp106a suppressed not only the formation of intracellu-
lar aggregates but also apoptosis caused by an expansion of the
polyglutamine tract in a cellular model of SBMA. Hspl05a is
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T16. 7. Hep105e inhibits the rggregation of tAREE in vitre. A, 1
ps GST-tAR65-HA was incubated with 2 or 4 pus Hep105w or 4 pa BSA
at 25 °C for 16 h. B, 1 pat GST-tARGS-HA was incubated with Hap10be,
various deletion mutants of Hspl0B6a, or BSA (4 pM each) at 25 °C for
16 h. Then, aggregates were trapped on cellulose acetate membranes
and detected by immunoblotting using anti-HA antibody. Densities of
spots were quantified, and relative rates of tAR65 retained on mem-
branes are shown 28 an aggregation index. Values represent the
mean * S.D. of three independent experiments. Statistical significance
was determined using Student’s ¢ teat; *, p < 0.01 versus control with
BSA.

H

composed of N-terminal ATP binding, central B-sheet, loop, and
C-terminal o-helix domains, similar to the Hsp70 family pro-
teins. For the suppression of aggregation of truncated AR con-
taining an expanded polyglutamine tract, p-sheet and a-helix
domains of Hspl05a were essential in vivo and in viiro. Hep70
binds unfolded proteins at the B-sheet domain and prevents
aggregation of denatured proteins (50), and the a-helix domain
ia eassential for stable binding to the substrate protein (50).
Recently, we found that the g-sheet domain of Hspl105a could
bind to denatured proteins.? Because Hspl05a mutants with
B-sheet but not c-helix domains did not prevent the aggrega-
tion of truncated AR containing an expanded polyglutamine
tract in vivo and in vitro, the e-helix domain may be necessary
for stabilization of the Hepl0S5a-substrate complexes as is
Hsp70.

Hsep70 and Hsp40 have recently been identified as important
regulators of polyglutamine aggregation and/or cell death in
cellular models of polyglutamine disease (29). Hsp70 promotes
protein folding by an ATP-dependent process involving
polypeptide segments enriched in hydrophobic residues (50, 51)
and cooperates in this function with members of the Hsp40
family (562). The binding of Hsp70 to substrate proteins may
prevent protein aggregation directly by shielding the interac-
tive surfaces of nonnative polypeptides. Suppression of poly-
glutamine-induced neurotoxicity by expression of Hsp40 alone

2 N. Yamagishi, K. Ishihara, and T. Hataysama, unpublished data.
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is most likely caused by the ability to activate the endogenous
Hsp70 for suppression of the neurotoxicity. Heve, we showed
that overexpression of Hsp105« alone suppressed the aggrega-
tion of truricated AR containing an expanded polyglutamine
tract similarly to Hsp70 or Hep40, whereas Hap70 and Hsp40
in combination suppressed the aggregation much more mark-
edly. However, because the suppression of aggregation by
Hsp70 and Hsp40 was not enhanced by the coexpression of
Hep106a, Hepl05x and Hsp70/Hsp40 seem to suppress the
polyglutamine-induced neurotoxicity by similar mechanisms.

In polyglutamine diseases such as spinocerebellar ataxia
type 3/Machado-~Joseph disease, Hep70 colocalizes in intracel-
lular aggregates, whereas Hep105« is not found in the aggre-
gates (27). In the present study, Hepl05 was detected in nu-
clear inclusions in neurons of the apinal anterior horn and
scrotal skin epidermal cells of SBMA patients and also in
neurons of the spinal anterior horn and musele cells of SBMA
transgenic mice, although only a few Hspl05-immunoreactive
nuclear inclusions were observed in neurons of the spinal cord
of the patients and mice. On the other hand, in a cellular model
of SBMA, endogenous Hsp70 but not endogenous Hepl05a
localized to aggregates of tAR97, although the overexpressed
Hspl05« localized to the aggregates of tARS7. Because Hsp70
exists in much larger amounts than Hspl05« in cells, Hsp70
may interact preferentially with truncated AR containing an
expanded polyglutamine tract. However, when Hepl05c was
overexpressed in the cells, reaching high levels, it seemed to
bind and localize to fruncated AR containing an expanded
polyglutamine tract like Hep70. Thus, the existence of molec-
ular chaperones at high concentrations in cells may be essen-
tial to prevent the aggregation of truncated AR containing an
expanded polyglutamine tract.

The intranuclear aggregation of truncated AR containing an
expanded polyglutamine tract and apoptotic cell death coin-
cided in the cellular model of SBMA, and both processes were
suppressed by overexpression of Hepl05«x. As to the mecha-
nism by which Hspl06a suppresses the apoptosis caused by
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expansion of the polyglutamine tract, one posgibility is that
suppression of aggregation by Hepl05a mediates suppression
of apoptosis. Key components of the transcription apparatus,
such as cAMP response element binding protein-binding pro-
tein, pb3, and TAF;130, are sequestered in polyglutamine-
containing inclusions, then the expanded polyglutamine tract
causes altered gene transcription (30, 83-57). By preventing
the formation of intranuclear aggregates, Hspl06a may sup-
press the alteration of gene transcription caused by an ex-
panded polyglutamine tract and eventually apoptotic cell
death.

Another poseibility is that the abilities of Hep106a to sup-
press agpregate formation and cellular toxicity cavsed by ex-
pansion of the polyglutamine tract are independent. Recently,
molecular chaperones, such as Hsp70, Hsp40, and Hsp27, were
shown to suppress an expanded polyglutamme-msdlated cellu-
lar toxicity independently of suppression of aggregation (85,
36). Although the relationship between the aggregation and the
induction of apoptogis remains unknown, the suppression of
cellular tozicity by molecular chaperones may be caused by the
ability to inhibit apoptosis. Hep105« suppresses heat shock-
induced apoptosis in neuronal cells by preventing the activa-
tion of e-Jun N-terminal kinase (44). Because e-Jun N-terminal
kinase is activated by the expanded polyglutamine tract (58),
Hep105« may also suppress the cellular toxicity by its ability to
inhibit apoptosis.

In conclusion, we identified Hspl05x as a novel molecule
that reduces aggregation and cellular toxicity caused by an
expansiop of the polyglutamine tract. Moelecular chaperones,
such as Hep105a, Hep70, Hap40, and Hsp27, seem to suppress
cell toxicity caused by an expansion of the polyglutamine tract.
These findings suggest thet increasing the expression levels or
enhancing the funetion of chaperohes in neurons may open up
a promising approach to the treatment of polyglutamine dis-
eases, although more studiea are required to determine the
precise mechanism of neurodegeneration of CAG repeat
diseases.
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Dorfin Localizes to the Ubiquitylated Inclusions in
Parkinson’s Disease, Dementia with Lewy Bodies,
Multiple System Atrophy, and Amyotrophic Lateral

Sclerosis
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From the Depariment of Neurology,* Nagoya University Graduate
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In many neurodegenerative discases, the cytopatho-
logical halilmark is the presence of ubiquitylated in-
clusions consisting of inscluble protein aggregates.
Lewy bodies in Parkinson’s disease and dementia
with Lewy bodies disease, glial cell inclusions in mul-
tiple system atrophy, and hyaline inclusions in amyo-
trophic lateral sclerosis (ALS) are representative of
these inclusions, The elucidation of the components
of these inclusions and the mechanisms underlylng
inclusion formation is important in uncovering the
pathogenesis of these disorders. We hypothesized
that Dorfin, a perinuclearly located E3 ubiquitin li-
gase, participates in the formation of ubiquitylated
inclusions in a wide range of neurodegenerative dis-
eases, Here, we report that affinity-purified anti-Dor-
fin antibody labeled ubiquitylated inclusions of Par-
kinson’s disease, dementia with Lewy bodies disease,
multiple system atrophy, and sporadic and familial
ALS. A double-immunofizorescence study revealed
that Dorfin shows a distribution pattern parallel (o
that of ubiquitin. Furthermore, by a filter trap assay,
we detected that Dorfin is present in the ubiguitylated
high-molecular weight structures derived from these
diseases. These results suggest that Dorfin plays a
crucial role in the formation of ubiquitylated inclu-
sions of a-synucleinopathy and ALS. However, be-
cause we falled to show the dirvect binding of
a-synuclein with Dorfin, future investigations into
the binding partner(s) of Dorfin will be needed to
deepen our understanding of the pathophysiology of
a-synucleinopathy and ALS. (Am J Patbol 2003
163:609-619) v

Protein aggregates are farmed when the cell fails to
further degrade misfolded or mutated proteins. Protein

aggregates are generally difficult to unfold or degrade;
their formation in cells is related to the pathogenesis of
several common aging-related neurodegenerative dis-
eases including Parkinson's disease (PD), amyotrophic
lateral sclerosis (ALS), polyglutamine disease (Hunting-
ton’s disease and spinoccerebellar ataxias resulting from
an expanded CAG repeat in their causative gene), and
Alzheimer's disease.’? These group of disorders are
called conformational diseases, in which the underlying
protein aggregation results from g-sheet linkages.? Fur-
thermore, the characteristic intracsliular inciusions com-
posed of aggregated ubiquitylated protein surrounded
by disorganized filaments are the common histopatho-
jogical halimark of many neurodegenerative diseases.®
Lewy bodies (LBs) in PD and dementia with Lewy bodies
(DLB), glial cell inclusions (GCIs) in muiltiple system at-
rophy (MSA), and hyaline and skein-like inclusions in ALS
are representative of such inciusions.*~2 To elucidate the
mechanisms underlying inclusion body formation and
neurodegeneration, it is important to know which protein
components are involved.

We have reported previously that Dorfin is predomi-
nantly localized in neuronal hyaline inclusions found in
familial ALS with SOD7 mutation and in SOD719%%-trans-
genic mice.® Dorfin is a gene product we cloned from the
anterior horn tissues of the human spinal cord.® lts
mRNA is ubiguitously expressed through the central ner-
vous system, including the spinal cord. Dorfin contains a
RING-finger/IBR (in-between ring-finger) domain'-'3 at
its N-terminus and mediates E3 ubiquitin (Ub) ligase
activity.*® Dorfin physically binds and ubiquitylates vari-
ous SOD1 mutants derived from familial ALS patients and
enhances their degradation, but it has no effect on the
stability of wild-type SOD1.2 Overexpression of Dorfin
protects neural cells against the toxic effects of mutant
SOD1 and reduces SOD1 inclusions.® Our previous re-
sults indicate that Dorfin protects neurons by recognizing
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and then ubiquitylating mutant SOD1 proteins, subse-
quently targeting them for proteasomal degradation.
Mutant SOD1 protein is fairly unstable compared to its
wild-type, and toxic gain of function is thought to be
related to this unstable conformation.#1® Recently, CHIP
(carboxy! terminus of Hsc70-interacting protein), U-box
type E3, has been shown to interact with Hsp90 or Hsp70
and to ubiquitylate unfolded proteins trapped by these
molecular chaperones, thus acting as a quality control
£3.'6-18 The physiological role of Dorfin remains un-
known, but it may be regarded as another quality control
E3 because it can discriminate between the normal and
abnormal status of SOD1 proteins.® In cultured cells,
Dorfin resides in the perinuclear region and forms aggre-
some-like structures.'® Aggresomes are perinuclear cy-
toplasmic inclusions containing misfolded ubiquitylated
proteins that appear when the cell fails to further degrade
such proteins.’®2° Thus, an important and interesting
question in this context is whether Dorfin plays a role in
neurodegenerative diseases with cytosolic ubiquitylated
inclusions other than familial ALS with SOD1 mutations
through ubiquitylation of target proteins. To address this
guestion, using immunchistochemical analysis of Dorfin,
we examined various neurodegenerative diseases with
ubiquitylated inclusion bodies, including a-synucleinopa-
thy (sporadic PD, DLB, and MSA) as well as motor neuron
disease (sporadic and familial ALS). We here report that
Dorfin co-localizes to the ubiquitylated inclusion bodies in
these neurodegenerative diseases, and we suggest that
Dorfin plays an important role in the disease process.

Materials and Methods
Tissue Samples

The participants of this study were five PD patients (age,
67 1o 79 years; four men and one women), five cases of
DLB (age, 65 to 78 years; four men and one women), five
with MSA (age, 60 o 72 years; three men and two wom-
en), two men with sporadic ALS (SALS) (age, 68 and 69
years), one man with familial ALS (FALS) (57 years), and
five controls without neurological disease (C; age, 61 o
78 years; four men and one women). Diagnoses of all
cases were confirmed by clinical and pathological diag-
nostic criteria for each disease.2"23 The brain and spinal
cord were removed at autopsy performed 4 to 12 hours
postmortem. The midbrain for PD, cerebral cortex of the
temporal lobe for DLB, putamen and midbrain for MSA,
and the spinal cords for SALS and FALS were excised
and subjected fo extensive study for each disease. These
tissues were fixed in 20% buffered formalin and embed-
ded in paraffin.

Characterization of Anti-Dorfin Antibody

Polyclonal rabbit antiserum (Dorfin-30) was raised against
a C-terminal portion (amino acids 678 to 690) of Dorfin
as described.’® A synthetic -peptide, RKIHNRYEGKD-
VSKHKRN (corresponding to amino acid sequence of
residues 396 to 413 of Dorfin}, was used for immunization

in rabbit and affinity-purified to raise another polyclonal
antiserum against Dorfin (Dorfin-41). Brain {cerebral cor-
tex and putamen) and spinal cord tissues from normal
controls without neurological disease were homogenized
in sodium dodecyl sulfate (SDS) lysis buffer (10 mmol/L
Tris, pH 8.0, 150 mmol/l. NaCl, 2% SDS) with a protease
inhibitor mixture (Complete; Roche Diagnostics, Basel,
Switzeriand) and were fractionated by centrifugation at
16,000 X g. The protein concentration was determined
with a DC protein assay kit (Bio-Rad, Hercules, CA), and
supernatants were used for Western blotting analysis.
Construction of an N-terminal Xpress-tagged Dorfin ex-
pression vector (pcDNA4/HisMax-Dorfin) and Myc-
tagged Ub expression vector (pcDNA3.1Myc-Ub) was
reported elsewhere.’® A C-terminal Myc-tagged Dorfin
expression vector was constructed from cDNA contain-
ing the entire coding region of Dorfin inserted in-frame
into the Kpnl and Xbal site of pcDNAS. 1/MycHis(+) vec-
tor (Invitrogen, Carlsbad, CA). A N-terminal FLAG-tagged
Dorfin expression vector was constructed from cDNA
containing the entire coding region of Dorfin inserted
in-frame into the Clal and Kpnl site of pFLAG-CMV-2
vector (Sigma, St. Louis, MO). pcDNAS3.1(+)FLAG-CHIP
and pcDNAB.1(+)FLAG-parkin were kind gifts from Dr.
Keiji Tanaka (Tokyo Metropolitan Institute of Medical Sci-
ence) and Dr. Nobutaka Hattori (Juntendo University
Schoo! of Medicine), respectively. Human embryonic kid-
ney 293 (HEK293) cells were maintained in Dulbecco’s
modified Eagle’s medium with 10% fetal calf serum.
Transfections were performed using the Effectene trans-
fection reagent (Qiagen, Hilden, Germany). Cells were
cultured for 24 hours and lysed in TNES lysis buffer (50
mmol/L Tris, 1560 mmol/L NaCl, 1% Nonidet P-40, and
0.1% SDS) with a protease inhibitor mixture (Roche Di-
agnostics). The protein concentration was determined
with a DC protein assay kit (Bio-Rad), and lysates were
electrophoresed by SDS-polyacrylamide gel electro-
phoresis and transferred to Hybond-P polyvinylidene di-
fluoride membrane (Amersham Pharmacia, Piscataway,
NJ) for Western blotting. The membranes were blocked in
5% milk in Tris-buffered saline (TBS) containing 0.1%
Tween-20, and incubated overnight at 4°C with Dorfin
antiserum (1:5000 dilution). The blots were then washed
three times for 10 minutes each in TBS with 0.1% Tween
20, followed by a 1-hour incubation in horseradish per-
oxidase coupled to secondary antibody (1:5000 dilution,
Amersham Pharmacia). The blots were then washed
three times for 10 minutes each in TBS with 0.1% Tween
20 before incubation in enhanced chemiluminescence
reagent (Amersham Pharmacia) and exposure to film.

Immunohistochemistry and Immunoelectron
Microscopy

immunohistochemistry was performed as described pre-
viously.24~28 Four-um-thick sections were obtained from
the paraffin-embedded midbrain, cerebral cortex, puta-
men, hippocampus, and spinal cord of the patients with
PD, DLB, MSA, SALS, FALS, and controls, respectively.
These sections were immunostained using the avidin-



biotin-peroxidase complex method with 3.3-diaminoben-
zidine tetrahydrochloride {Wako, Osaka, Japan) as a
chromogen. The immunolabeled sections were lightly
counterstained with hematoxylin. Dorfin antiserum (1:200
dilution in both Dorfin-30 and Dorfin-41), and anti-Ub
(P4D1, 1: 400 dilution; Santa Cruz Biotechnology, Santa
Cruz, CA) antibodies were used. For staining with anti-
Dorfin antiserum, the sections were pretreated with 99%
formic acid (Wako) for 5 minutes at room temperature.
Specificity of anti-Dorfin antibody on immunaostaining for
human tissue was assessed by the preabsorption of an-
tibody with peptide antigen. To assess the co-localization
of Dorfin and Ub, a double-labsling immunofluorescence
study was performed on the selected sections with a
combination of anti-Dorfin and anti-Ub antibodies. Anti-
Dorfin antibody was visualized by anti-rabbit goat IgG
coupled with Alexa Fluor 568 (Molecular Probes, Eugene,
OR), and anti-Ub antibody was visualized with anti-
mouse sheep igG coupled with Alexa Fluor 488 (Molec-
ular Probes), and observed under a LSM-510 confocal
microscope (Carl Zeiss, Gottingen, Germany). To assess
Dorfin immunoreactivity in ubiquitylated inclusions, serial
sections were prepared for every two serial sections; one
was stained with anti-Dorfin antibody and the other with
anti-Ub antibody. The ratio of Dorfin-positive inclusion
bodies among Ub-positive inclusions was evaluated by
assessing 40 to 120 Ub-positive inclusion bodies in each
case of PD, DLB, MSA, and at least 10 inclusion bodies in
FALS and SALS.

Immunoelectron microscopy was performed as previ-
ously described.?*?® The selected deparaffinized sec-
tions were immunostained with Dorfin-30 antibody in the
same manner, then washed in phosphate buffer, post-
fixed with 1% osmium tetroxide, dehydrated in a graded
series of ethanol, and embedded in epoxy resin. Ultrathin
sections were prepared and examined under an H-7000
electron microscope (Hitachi, Tokyo, Japan). Each immu-
nohistochemical reaction was ascertained by substituting
normal rabbit or mouse sera for the primary antibodies,
and no specific peroxidase reactions occurred in these
contro] experiments. »

Filter Trap Assay

For this assay, ~100- to 200-mg tissues from the cerebral
cortex of DLB, putamen of MSA, and the cerebral cortex
and spinal cord of ALS and control were used. A filter frap
assay was performed as previously described.?” Tissues
were homogenized in 10 vol of TBS. Homogenates were
centrifuged at 800 X g for 10 minutes at 4°C and the
supernatants were diluted with 10 vol of TBS with 0.1%
SDS. Protein concentrations were determined with a DC
protein assay kit (Bio-Rad) and, using a slot blot device
(Bio-Rad), the supernatants were filtered under vacuum
through 0.22-um cellulose acetate membranes (Sartori-
us, Gottingen, Germany) followed by two washes in TBS.
The membranes were then incubated in 5% dry milk in
TBS at room temperature for 1 hour, followed by an
overnight incubation at 4°C with Dorfin-30 (1:5000 dilu-
tion), anti-Ub (1:1000 dilution; Zymed, San Francisco,
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CA) or anti~a-synuclein (LB509, 1:1000 dilution; Zymed)
antibody in TBS with 0.1% Tween 20. Horseradish per-
oxidase-conjugated second antibodies (1:5000, Amer-
sham Pharmacia) were used and detected with en-
hanced chemiluminescence reagent (Amersham
Pharmacia). To confirm equal loading of proteins, the
same samples were filter trapped using 0.45-um nitro-
cellulose membranes (Bio-Rad) and were probed with
anti-a-tubulin antibody (1:1000 diiution, Sigma).

Fractionation of Normal and Diseased
Brain Tissues

Approximately 100- to 200-mg tissues of cingulate gyrus
from normal or DLB brains, 200-mg tissues of putamen
from MSA brains, or 400-mg ALS spinal cord were ho-
mogenized in 10 vol of lysis buffer A (50 mmol/L Tris-HCI
at pH 7.5, 500 mmol/l. NaCl, 5 mmol/L ethylenediami-
netetraacetic acid, and 10 mmol/L. NaF) with a protease
inhibitor mixture (Complete, Roche Diagnostics) and cen-
trifuged at 16,000 X g for 30 minutes at 4°C. Resulting
peliets were sequentially extracted by homogenization in
Triton X-100 (buffer A containing 1% Triton X-100), and
urea (50 mmol/L Tris-HCI, 8 mol/L. urea, 1 mmol/l. EGTA)
followed by centrifugation at 100,000 X g.

Immunoprecipitation

a-Synuclein cDNA was amplified by polymerase chain
reaction from human brain ¢cDNAs and cloned into the
EcoRYV site of pcDNA3.1/MycHis(+) (Invitrogen). To gen-
erate the mutant e-synuclein expression vector, A30P
and A53T mutations were introduced into the pcDNA3.1/
MycHis-a-synuclein with a QuickChange site-directed
mutagenesis Kit (Stratagene, La Jolla, CA) according to
Lee and colleagues.2® Construction of pcDNA3.1/My-
cHis-wild-type and G85R mutant SOD1 vector was pre-
viously described.® Xpress-tagged Dorfin (pcDNA4/His-
Max-Dorfin) and Myc-tagged a-synuclein or SOD1 were
transiently expressed using the Effectene transfection
reagent (Qiagen) in HEK293 cells. Cells were lysed in
TNES lysis buffer with a protease inhibitor mixture (Roche
Diagnostics). To inhibit cellular proteasome activity, cells
were freated with 0.5 umoll. MG132 (Z-Leu-Leu-Leu-al;
Sigma) for 16 hours after overnight posttransfection. immu-
noprecipitation from the transfected cell lysates was per-
formed with 2 ug of anti-Xpress antibody (Invitrogen) and
protein A/G Plus agarose (Santa Cruz Biotechnology), and
then washed four times in lysis buffer. Immunoprecipitates
were analyzed by Western blotting with enhanced chemi-
luminescence detection reagents (Amersham Pharmagcia).

Results
Specificity of Anti-Dorfin Antibody

To examine the pathophysiological role of Dorfin, we
raised affinity-purified antisera to two separate regions of
human Dorfin (Figure 1A) and characterized their speci-



612 Hishikawa et al
AJP August 2003, Vol. 163, No. 2

A

[ e T by b=
oot S50 b

a7

f?‘x?%"

(kDa) (xDg)
£50-| 850
160~ 150
100~ e i 45805 100~ s 4
78" 78|
ar- A
25~ 5

Figure 1. Characterization of affinity-purified antibody to human Dorfin. Az
Schematic diagram of human Dorfin and peptide antibodies. IBR, in-between
ring-finger; NLS, nuclear localization signal-like sequence. B: SDS-polyacryl-
amide gel electrophoresis and Western blotting analysis of the extracted
protein from human central nervous tissues. Soluble extracts from normal
adult brains (cerebral cortex and putamen) and spinal cord (50 pg each)
were used and probed with antibodies to Dosfin. Note that antiserum pre-
absorbed with excess peptide antigen shows no staining. C: SDS-polyacryl-
amide gel electrophoresis and Western blotting analysis of lysates of HEK293
- cells expressing Xpress-Dorfin (left) or Dorfin-Myc (right). Note that only
C-terminal Myc-tagged Dorfin shows truncated fragment. 3z Specific binding
of anti-Dorfin antibodies to Dorfin proteins, Lysates of HEK293 cells express-
ing FLAG-tagged Dotfin, parkin, and CHIP were analyzed by Western blot-
ting with antibodies to Dosfin, Both Dotfin-30 and Dorfin-41 recognize only
Dorfin fusion proteins. B: Anti-Dotfin antibodies do not cross-react with
a-synuclein and Ub. Lysates of HEK293 cells expressing Myc-tagged
a-synuclein and Ub were analyzed by Western blotting with antibodies to
Dorfin. Both Dorfin-30 and Dorfin-41 recognize only endogenous Dorfin.
Asterisks on the right indicate endogenous Dorfin,

ficity. First, we tested Dorfin antisera by Western blotting
under reduced conditions agalinst brain and spinal cord
tissues from a control subject without neurological dis-
ease. In this assay, both Dorfin-30 (amino acids 678 to
690) and Dorfin-41 (amino acids 396 to 413) recognized
these tissues’ cognate antigens in a specific manner, and
recognized ~98-kd and ~52-kd protein of human brain
extracts as well as those of spinal cord extracts (Figure
1B, left). Their reactivities were abolished by preabsorp-
tion with the excess of peptide antigens (Figure 1B, right).
The ~88-kd protein probably corresponds to the full-
length Dorfin protein because the calculated molecular
weight of Dorfin is ~91 kd. The ~52-kd band is thought to
be a truncated C-terminal fragment of Dorfin recognized
by Dorfin antiserum. To confirm this inference, we next

examined the size of N-terminal Xpress-tagged and C-
terminal Myc-tagged Dorfin fusion proteins expressed in
the cultured cell line HEK293 by Western blotting. Both
anti-Xpress and anti-Myc antibody recognized ~102-kd
full-length proteins, but only anti-Myc antibody to the
C-terminal tag revealed the ~60-kd truncated C-terminal
fragment (Figure 1C). Similar resuits have been reported
by another laboratory, using various mouse tissues with
anti-XYbp antiserum (XYbp is a mouse orthologue of Dor-
fin) in Western blotting analysis.?® Furthermore, we deter-
mined the selective specificity of our antibodies to Dorfin.
We assessed whether our antibodies recognize other E3
ligases, although two epitope regions, we have chosen to
create anti-Dorfin antibodies, show no homology to other
proteins with BLASTp searches in the database of Na-
tional Center for Biotechnology Information. We chose E3
ligases, parkin, and CHIP as controls, because parkin
has RING-finger/IBR domain,” localizes in the LBs,
and ubiquitylates unfolded protein(s)®! as well as Dorfin,
and CHIP is also E3 ligase for abnormal proteins as the
so-called protein quality control ligase'®~'® and interacts
with parkin to enhance its activity.*2 N-terminal FLAG-
tagged fusion proteins of Dorfin, parkin, and CHIP were
examined by Western blotting with Dorfin-30 and Dor-
fin-41 antibodies. Both anti-Dorfin antibodies recognized
~102-kd full-length fusion proteins and endogenous Dor-
fin, but did not recognized parkin and CHIP at all (Figure
1D). in addition, we confirmed that anti-Dorfin antibodies
do not cross-react with a-synuclein and Ub (Figure 1E).

Dorfin Localizes to Ubiquitylated Inclusion
Bodies of PD, DLB, MSA, and ALS

To assess Dorfin immunoreactivity in the involved lesions
of the central nervous system of neurodegenerative dis-
eases, we examined the inclusion body-rich regions of
the brain and spinal cord sections from sporadic PD,
DLB, MSA, sporadic and farmilial ALS, and normal con-
trols by light and electron microscopic immunohisto-
chemistry.

In PD, both anti-Dorfin antisera, Dorfin-30 and Dorfin-
41, labeled LBs of various types existing inside and out-
side the substantia nigra. More intense immunoreactivity
was observed in LBs with Dorfin-41 antibodies. The pe-
ripheral rims of typical LBs, either round or elongated, in
neuronal cell bodies and in processes were strongly
stained, whereas the central cores remained unstained or
only weakly stained (Figure 2; A, B, and M). The pale
body, Lewy neuritis, axonal spheroids in substantia nigra,
and the glial inclusions were also immunostained by both
anti-Dorfin antibodies (Figure 2, C and N). Ubiquitin was
predominantly seen in rims of LBs, but sometimes in the
core of LB. Most, if not all, e-synuclein-positive LBs are
also ubiquitin-positive®® and we have previously shown
that Dorfin co-localized with ubiquitylated hyaline inciu-
sions in ALS.® Thus, we counted Dorfin-positive inclu-
sions in comparison with ubiguitin. Serial sections stained
with anti-Dorfin and anti-Ub antibodies showed that
40.9 + 12.1% of Ub-positive LBs were positive for Dorfin-
30, and 92.2 = 11.8% of them were positive for Dorfin-41
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Figure 2. Light microscopic Dotfin immunohistochemistry in neuronal and glial inclusions of PD, DLB, MSA, SALS, and FALS. Immunostainings with Dorfin-30
antibody (&=I, P=X) and Dosfin-41 antibody (M-0) are shown. LBs in the substantial nigral neurons (A and M) and in the Edinger-Westphal nucleus (B) of PD
patients are heavily Dorfin-immunoreactive, GCIs (C) and Lewy neuritis (N) of PD patients are also Dorfin-immunoreactive. Cortical LBs in the temporal cortex
of the DLB patient are Dofin-positive (D and 0). Glial inclusions of the oligodendroglia in MSA patients in the putamen are Dorfin-immunoreactive (E, B, P, and
Q). Dorfin is also localized in the cytoplasmic inclusions of the spinal motor neurons of SALS patients (G and H). Dotfin is localized in the LB-like inclusions (I,
J, and R) and skein-like inclusions (K and L) in the remaining motor neurons of the FALS spinal cord. Each inclusion was strongly immunostained by Dorfin (T,
v, and X), whereas preabsorbed antibody abolished most immunoreactivity (8, U, and W). 8 and T: LBs in pigmented neuron of the substantia nigra in PD. U
and V: GCls of the putamen in MSA. W and X: LB-like inclusion of hypoglossal neuron of a FALS case. Scale bar in A is equivalent to: 20 pm (4, B, G, J, L, and
M); 10 pm (C, D, I, and 0); 5 um (E, B, P, and Q); 16 um (H, K, and B), 52 pm (W), 12 pm (8-V); 8 um (W and X).
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Table 1. Dorfin and Ubiquitin Immunoreactivity in Neuronal and Glial Inclusions of PD, DLB, MSA, and ALS

Dorfin (+) inclusions

Ubiquitin (+) inclusions

Antibody (assessed number) (assessed number) Dorfin (+)fubiquitin (+) (%)

PD (n = 5)

Dorfin-30 338 = 11.4 68.6 = 105 40.9 = 121

Dorfin-41 b24 £ 6.5 57.2 x 41 922+ 118
DLB (n = 5)

Dorfin-30 342 + 12.8 53.6 + 17.8 62.6 = 13.7

Dorfin-41 524+ 43 64.0 = 8.0 854 + 9.2
MSA (n = 5)

Dorfin-30 85.0 &= 18.5 125.0 = 28.9 70.9 = 205

Dorfin-41 69.0 = 135 738 £ 02 9029 +75
SALS (n = 2)

Dorfin-30 7 17 41.2

Dorfin-41 4 17 235
FALS (n = 1)

Dorfin-30 15 31 48.4

Dorfin-41 14 31 452

(+), Immunoreactive,

Numbers of Dorfin- and ubiquitin-immunoreactive inclusions were assessed on 10 consecutive sections. Values are shown as mean + SD for

samples indicated in parentheses.

(Table 1). In DLB, Dorfin-30 and Dorfin-41 labeled the
cortical type LB (Figure 2, D and O). Lewy neurites in the
hippocampal CA2-3 region and glial inclusions were also
immunolabeled by anti-Dorfin antibody as they were in
PD (data not shown). The 62.6 = 13.7% of the Ub-
positive cortical L. Bs were immunoreactive for Dorfin-30,
and the 85.4 * 9.2% of them were immunoreactive for
Dorfin-41 (Table 1). In MSA, GCis observed in the oligo-
dendroglia were immunostained by anti-Dorfin antibody.
Dorfin-immunoreactive inclusions appear as flame-
shaped (Figure 2, E and P) or sickle-shaped (Figure 2, F
and Q) in glial cells. The 70.9 * 20.5% of ubiquitin-
positive GCls were labeled by. Dorfin-30 antibody, and
92.2 + 11.8% were by Dorfin-41 antibody (Table 1). Only
a few of the neuronal cytoplasmic inclusions and neuro-
nal and glial nuclear inclusions were positive for Dorfin
(data not shown). In SALS and FALS, eosinophilic, Ub-
positive cytoplasmic inclusions and skein-like inclusions
were found in motor neurons of the spinal cord.” LB-like
hyaline inclusions (LBHIs) were also ubiquitylated.” Dor-
fin-30 and Dorfin-41 labeled some of these inclusions,
such as the ring-, round-, irregular round-, filamentous
rod-, and loose ball-shaped types (Figure 2; G to L and
R). Dorfin immunoreactivity was strongly present in the
central core of the round- or irregular round-shaped in-
clusions, and in the middle layer of the ring-shaped in-
clusions, whereas the outer layers of these inclusions
were less immunoreactive (Figure 2; H 1o J). The Bunina
body, which was negative for anti-Ub antibody, was not
stained with Dorfin-30 and Dorfin-41 antibody (data not
shown). Dorfin-30 was positive at 48.4% of Ub-positive
inclusions in SALS and 41.2% in FALS, and Dorfin-41 was
positive at 23.5% in SALS and 45.2% in FALS (Table 1).
These inclusions were only weakly stained by Dorfin-41.
Preabsorbed anti-Dorfin antibody abolished most immu-
noreactivity (Figure 2; S to X), indicating that our anti-
Dorfin antibody specifically recognizes Dorfin-epitopes
on the inclusions of these tissues. in normal control, no
Dorfin-immunoreactive structure was detected (data not
shown).

A double-labeled immunofiuorescence study revealed
that Dorfin-30 and Ub were co-localized in LBs (Figure 3;
A 1o C). Pale bodies, which have been considered to be
the precursors of LB,3* and Lewy neurites were also
immunolabeled by anti-Dorfin and anti-Ub antibodies
(Figure 3; D to F). GCls in MSA (Figure 3; G to 1), and the
hyaline inclusions in FALS (Figure 3; J to L) were also
Dorfin- and Ub-immunoreactive.

At the immunoelectron microscopic level, Dorfin-30
immunoreactivity was localized on filamentous struc-
tures, particularly the halo of the L.Bs that was composed
of the radially arranged intermediate filaments associated
with granular materials and vesicular structures. These
radial filaments and associated structures were strongly
immunostained by anti-Dorfin antibody, whereas the cen-
tral core was not stained (Figure 4, A and B). Thus, the
staining profile of Dorfin was very similar to that of Ub and
a-synuclein,® but different from that of parkin, which
localizes predominantly to the core of LBs.%° Dorfin im-
munoreactivity in GCI of MSA was composed of randomly
arranged tubules or filamentous structures associated
with granular materials (Figure 4, C and D). In FALS, the
thicker, granule-coated filaments were decorated by the
Dorfin immunoreactive deposit and formed the core,
whereas the thinner filaments without a granular coating
were not recognized by anti-Dorfin antibody and formed
the halo (Figure 4, E and F).

Dorfin Accumulation in Ubiquitylated
High-Molecular Weight Complexes

In studies of polyglutamine disorders, it has been dem-
onstrated that high-molecular weight aggregates of mu-
tant proteins are retained by filtration through celiulose
acetate.®3° |n a SOD7-transgenic mice ALS model, this
assay is also applied to detect mutant SOD1 aggrega-
tion.2” Cellulose acetate membranes usually bind protein
very poorly and are used to filter high-molecular weight
structures from complex mixtures.3® Thus we investi-
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Figure 3. Co-localization of Dorfin-30 immunoreactivity with Ub in neuro-
nal and glial inclusions. Sections were doubly labeled with Dorfin antiserum
and an antibody against Ub and analyzed with a laser-scanning confocal
microscope. Panels at lefi (green) comrespond to Ub, middle panels (red)
correspond to Dorfin, and panels at gight correspond to merged images;
structures in yellow indicate co-localization. Dorfin is co-localized with Ub in
ubiquitylated inclusions in the nigral neusons of PD (A-F), in glial cells in the
putamen of MSA (G-I), and in spinal motor neurons of FALS (J-L). Co-
localization of Dorfin and Ub is also seen in the pale body (arrow) and Lewy
neurite (asterisk) in (D-F). Scale bar in A is equivalent to: 20 pm (A-C and
J-L); 100 pm (D-F); 5 pm (G-D).

gated whether Dorfin is retained in high-molecular weight
aggregates from a-synucieinopathy and ALS tissues by
cellulose acetate filter trap assay. Homogenates of brain
and spinal cord tissues from DLB, MSA, SALS, and con-
trols were solubilized in TBS with 0.1% SDS, then filtered
through a 0.22-um cellulose acetate membrane. We have
chosen the cerebral cortex for DLB, putamen for MSA,
and the cerebral cortex and spinal cord for SALS for this
assay, because these regions exhibit the most prominent
pathology in each disease. Subsequent staining with
Dorfin antiserum revealed trapped proteins (Figure bA,
top), which were also recognized by antibodies to Ub
(Figure 5A, top middie). Furthermore, in DLB and MSA
brains, a-synuclein was trapped, as expected (Figure bA,
bottom middle). Interestingly, high-molecular weight ag-
gregates were difficult to detect in extracts of the cerebral
cortex of SALS, in which pathological changes are less
severe compared to those in the spinal cord. No high-
molecular weight aggregate was present in either brain
or spinal cord samples from normal control.

Sequential detergent extraction methods have been
successfully applied to detect high-molecular weight
complexes in brain of patients with a-synucleinopa-
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thies.37-38 We used this method to detect insoluble Dorfin
molecules in inclusion-rich tissues. Buffer- and Triton
X-100-soluble ~98-kd and ~52-kd Dorfin were detected
in brains from normal control as well as from DLB, MSA,
and ALS patients (Figure 5B). In contrast to urea extracts
of normal brain that were devoid of Dorfin immunoreac-
tivities, ~98-kd full-length and ~52-kd truncated Dorfin
were found in urea extracts from DLB, MSA, and ALS
patients (Figure 5B). Bands, ~200 kd, ~45 kd and ~35
kd bands, were also detected (Figure 5B). These Dorfin-
immunoreactive bands were not recognized by anti-Ub
antibody (data not shown), and higher molecular weight
bands may represent dimeric forms of Dorfin and smaller
molecular weight species may be processed products of
Dorfin.

These observations indicated that Dorfin is present in
high-molecular weight structures in the tissues of
a-synucleinopathy and ALS, suggesting that Dorfin is a
major component of aggregated and ubiquitylated pro-
teins forming inclusion bodies in these neurodegenera-
tive disorders. Full-length Dorfin antigen is present in
abnormal inclusions, but Triton-insoluble-urea-soluble
higher molecular weight Dorfin and processed fragments
seem to be major building blocks for inclusion bodies.

Dorfin Does Not Bind to Wild-Type and Mutant
a-Synuclein

a-Synuclein is the main structural component of the in-
soluble protein aggregates that form the LBs of PD and
DLB as well as the GCls of MSA%® and it has been
shown to be ubiquitylated by an E3 Ub ligase, parkin.*°
As demonsirated, Dorfin is another major component of
inclusion bodies in a-synucleinopathy, and because it
has E3 activity,®'° we examined whether it interacts with
a-synuclein in vivo. To this end, Xpress-tagged Dorfin was
co-expressed with Myc-tagged wild-type or mutant forms
of a-synuclein in HEK293 cells (Figure 6). In our experi-
mental system, exogenously expressed a-synuclein was
not phosphorylated (data not shown). Western blotting
analysis after immunoprecipitation revealed that Dorfin
binds with neither wild-type nor mutant e-synuclein. How-
ever, it strongly bound with mutant SOD1 (Figure 6), as
we reported previously.® In vitro ubiquitylation assay us-
ing immunoprecipitated a-synuclein from transformed
HEK293 cells, Dorfin did not ubiquitytate wild-type and
mutant a-synuclein (data not shown).

Discussion

in the present study, we showed that Dorfin co-localizes
to the ubiquitylated inclusions in common neurodegen-
erative diseases, including LBs in PD and DLB, GCls in
MSA, and hyaline and skein-like inclusions in ALS. More-
over, filter-trapped high-molecular weight structures con-
tained Dorfin, indicating that it is a major constituent of
these inclusions irrespective of the different disease eti-
ologies and different morphological features of these in-
clusion bodies.
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Figure 4. Immunoelectron microscopy of the neuronal and glial inclusions of PD, MSA, and FALS using the Dosfin-30 antibody. A and B: Typical LB
immunostained with anfi-Dorfin antibody in a pigmented neuron of substantia nigra in PD. The peripheral radiating filaments are strongly stained, and the central
core is not Dorfin-immunoreactive. The immunoreactive filaments labeled with anti-Dosfin-30 antibody in A are shown at higher magnification (arsows in B) from
area in the square in A. B shows that granular and fibrous materials are strongly positive for Dorfin, and are arranged radially. € and D GCI of the oligodendrocyte
is positive for Dorfin immunoreactivity in MSA. The granular materials (arrowheads in D) and the fibrous structures (arrows in D) are stongly stained with the Dorfin
antibody from area in the sguare in C. E and F: LB-like hyaline inclusion in the spinal motor nevrons in FALS, The filamentous structures (asrows in F) in the central
core are strongly stained with anti-Dosfin antibody, but the filaments in the halo are not. F shows higher magnification of the central core region (sqguare) in E. The
granule-associated thick filaments are decorated. Scale bar in 4 is equivalent to: 5.5 pum (A and B); 2.5 pm (C); 0.8 pm (B); 0.83 pm (D); 0.85 pm ().
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Figure 5. Dorfin accumulation in ubiquitylated high-molecular weight com-
plexes. &: Detection of Dorfin in high-molecular weight structures in DLB,
MSA, and SALS. Homogenates from brain and spinal cord of these diseases
were filtered through cellulose acetate membranes and detected with Dor-
fin-30 antibody (top), anti-Ub antibody (top middle), and anti-a-synuclein
antibody (bottom middle). Cx, cerebral cortex; Put, putamen; Sp, spinal
cord. Nitrocellulose slot-blot probed with anti-a-tubulin antibody was used
to confirm loading of equal amounts of samples (bottom). These results
were replicated in duplicate experiments with different DLB, MSA, SALS, and
contro! cases. B: Sequential extraction of Dorfin. Brains (normal, DLB, and
MSA) and spinal cord (ALS) samples were sequentially extracted based on

. their solubility into Tris-HC], Triton X-100, and urea buffers. Dotfin immu-
noreactivities were recovered in Tris and Triton fractions as ~98-kd and
~52-kd bands. In addition to these bands, Dorfin-30 antibody detected
~200-kd, ~45-kd, and ~35-kd bands in DLB, MSA, and ALS urea extracts,
but not in normal brain urea extract. The arrowheads indicate ~98-kd
full-length and ~52-kd truncated Dorfin bands.

The following among our reported observations sup-
port the view that Dorfin plays an important role in the
formation of ubiquitylated inclusion bodies in a-synucle-
inopathy and ALS: 1) the presence of Dorfin in the inclu-
sion bodies of these diseases, 2) the parallei distribution
patterns of Ub and Dorfin, 3) the perinuclear aggresome-
like localization of Dorfin in cultured cells,'® and 4) the E3
Ub ligase function of Dorfin and the resultant generation
of mutant SOD1-(Ub)n conjugates.®'® The relation of
Dorfin to a-synucleinopathies and ALS shows striking
similarities to the relation between parkin and PD. Parkin,
a gene product responsible for one of the most common
forms of familial PD,*' was shown to have E3 Ub ligase
activity.®14042-4% |t was recently demonstrated that an
O-glycosylated a-synuclein is the substrate of parkin,*®
and that parkin localizes to the 1.Bs of sporadic PD and
DLB.2° A fink between sporadic and familial PD through
a-synuclein and parkin suggests that common molecular
pathogenetic mechanisms underlie PD. The accumuia-
tion of toxic or undesired proteins in neurons may result
from a primary failure of degradation systems, and could
subsequently lead to neurodegeneration. Alternatively,
the constant production of high levels of impaired pro-
ieins may become a burden on the protein degradation
pracess through the Ub-proteasome pathway, gradually
overwhelming the capacity of the proteasome to degrade
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IP: antl-Xpress
WB: anti-Xpress

Figure 6. Dorfin binds to mutant SOD1 but not to a-synuclein. Myc-tagged
wild-type and mutant ea-synucleins were co-transfected with Xpress-tagged
Dorfin into HEK293 cells. After irnmunoprecipitation with anti-Xpress anti-
body, the resulting precipitates were analyzed by Western blotting. Myc-
tagged wild-type SOD1 and mutant SOD1%%® were used for negative and
positive controls, respectively.

toxic proteins and subsequently leading to the accumu-
jation of ubiquitylated proteins and eventual neuronal cell -
death. Such a scenario is consistent with a recent report
that impairment of the Ub-proteasome system is caused
by protein aggregation.*®

From this perspective, it is conceivable that familial
and sporadic forms of ALS also share a common patho-
genstic mechanism with PD involving the dysfunction of
the Ub-proteasome pathway. Iin sporadic ALS, posttrans-
lationally modified unknown substrates of Dorfin other
than mutant SOD1 might accumulate in ubiquitylated
form and play a role in the pathogenesis of the disease.
Therefore, it is important to identify the protein(s) that is
(are) the substrate(s) of the E3 activity of Dorfin for an
understanding of the pathogenetic mechanism of spo-
radic ALS. In addition, substrates of Dorfin other than
a-synuclein may play an important role in the pathogen-
esis of sporadic PD, DLB, and MSA, or a postiranslational
modification (eg, glycosylation,*® phosphorylation*”“8)
of a-synuclein may be necessary to be a substrate for
Dorfin, because we failed to show the interaction be-
tween Dorfin and nonmodified a-synuciein overex-
pressed in HEK293 cells in this report. Furthermore, our
findings raise the possibility that PD, DLB, MSA, and ALS
are etiologically distinct, but share a biochemically com-
mon metabolic pathway through Dorfin leading to the
formation of ubiquitylated inclusion bodies and to neuro-
nal cell degeneration.

The generation of Dorfin knockout mice may determine
whether Dorfin is essential to form ubiquitylated inclusion
bodies and is indispensable to prevent neurons from the
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toxic insult of protein aggregation. It may reveal what
specific roles and relationships Dorfin and parkin have
with one another as members of an E3 Ub ligase family
containing a RING-finger/iBR domain.
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Summary

Three genes commonly causing Charcot-Marie~-Tooth
disease (CMT) encode myelin-related proteins: peri-
pheral myelin protein 22 (PMP22), myelin protein zero
(MPZ) and connexin 32 (Cx32). Demyelinating versus
axonal phenotypes are major issues in CMT associated
with mutations of these genes. We electrophysiologically,
pathologically and genetically evaluated demyelinating
and axonal features of 205 Japanese patients with
PMIP22 duplication, MPZ mutations or Cx32 mutations.
PMP22 duplication caused mainly demyelinating phene-
types with slowed motor nerve conduction velocity
(MCV) and demyelinating histopathology, while axonal
features were variably present. Two distinctive pheno-
typic subgroups were present in patients with MPZ
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mutations: one showed preserved MCV and exclusively
axonal pathological features, while the other was exclu-
sively demyelinating. These axonal and demyelinating
phenotypes were well concordant among siblings in indi-
vidual families, and MPZ mutations did not overlap
among these two subgroups, suggesting that the nature
and position of the MPZ mutations mainly determine the
axonal and demyelinating phenotypes. Patients with
Cx32 mutations showed intermediate slowing of MCV,
predominantly axonal features and relatively mild
demyelinating pathology. These axonal and demyelinat-
ing features were present concomitantly in individual
patients to a variable extent. The relative severity of axo-
nal and demyelinating features was not associated with



particular Cx32 mutations. Median nerve MCV and
overall histopathological phenotype changed little with
disease advancement. Axonal features of diminished
amplitudes of compound muscle saction potentials
(CMAPs), axonal loss, axonal sprouvting and neuropathic
muscle wasting all changed as disease advanced,
especially in PMP22 duplication and Cx32 mutations.
Median nerve MCVs were well maintained independ-
ently of age, disease duration and the severity of clinical
and pathological abnormalities, confirming that median
nerve MCV is an excellent marker for the genetically
determined mneuropathic phenotypes. Amplitude of
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CMAPs was correlated significantly with distal muscle
strength in PMIP22 duplication, MPZ mutations and
Cx32 mutations, while MCV slowing was net, indicating
that clinical wealmess resulfs from redvced pumbers of
functional large axons, not from demyelination. Thus,
the three major myelin-related protein mutations
induced varied degrees of axonal and demyelinating phe-
notypic features according to the specific gene mutation
as well as the stage of disease advancement, while clinic-
ally evident muscle wasting was atéributable to loss of
functioning large axons.

Abbreviations: CK = creatine kinase; CMAP = compound muscle action potential, CMT = Charcot-Marie~Tooth disease;
‘Cx32 = connexin 32; DL = distal latency; MCV = motor nerve conduction velocity; MPZ = myelin protein zero; PMP22 =
peripheral myelin protein 22; SCV = sensory nerve conduction velocity; SNAP = sensory nerve action potential

Introduction

Charcot-Marie-Tooth disease (CMT) refers to a pathologic-
ally and genetically heterogeneous group of motor and
sensory neuropathies characterized by slowly progressive
weakness, muscle atrophy and sensory impairment, all most
marked in the distal part of the legs. Two major phenotypes
have been distinguished (Dyck and Lambert, 1968; Buchthal
and Behse, 1977; Harding and Thomas, 1980). Type 1
(CMT1), the demyelinating form of CMT, results in a marked
decrease in nerve conduction velocity (NCV) and segmental
demyelination of peripheral nerves; type 2 (CMT2), the
axonal form of CMT, shows primarily axonal involvement,
with normal or slightly decreased NCV, as well as nerve fibre
loss and axonal sprouting. In addition, a group showing
features intermediate between those of types 1 and 2 has also
been described (Bradley e al., 1977). Many causative genes
have been identified, prompting proposals for a new classi-
fication (Harding, 1995; Kamholz et al., 2000; Reilly, 2000).
Heterozygous duplication of the locus for the peripheral
nerve myelin protein 22 (PMP22) gene on chromosome
17pl11.2 is found in most patients with demyelinating
CMT1A (Lupski et al., 1991; Raeymaekers er al., 1991;
Matsunami et al., 1992; Patel et al., 1992; Timmerman et al.,
1992). Occasionally, a point mutation in the PMP22 gene
rather than duplication is found in CMT1A patients (Nelis
et al., 1996; Kovach et al., 1999). CMTI1B, another
demyelinating form, has been found to result from mutations
in the myelin protein zero (MPZ) gene (Hayasaka et al.,
1993). Disease in another group of patients results from
mutations of the connexin 32 (Cx32) gene (Bergoffen et al.,
1993; Ionasescu et al, 1994, 1996). These three genes
encoding myelin-related proteins are the major causes of
CMT with demyelination. Recently, rare gene mutations in
the early growth response protein (EGR2), myotubularin-
related protein 2 (MTMR2), N-myc downstream-regulated
gene 1 (NDRG-1), periaxin (PRX) and ganglioside-induced

differentiation-associated protein 1 (GDAP1) genes have
been found in patients with the demyelinating form (Warner
et al., 1998; Bolino et al., 2000; Kalaydjieva et al., 2000;
Guilbot et al., 2001; Nagarajan et al., 2001; Yoshihara et al.,
2001; Baxter et al., 2002). Several genes causing CMT type 2
have also been identified, including neurofilament L (NF-L)
the kinesin motor superfamily (KIF1Bb) and lamin A/C
nuclear envelope proteins, as well as GDAP1 (Mersiyanova
et al., 2000; Zhao et al., 2001; De Sandre-Giovannoli e al.,
2002; Cuesta et al., 2002).

CMT phenotypes caused by different gene abnormalities
have been widely analysed, but no firm consensus has been
established (Boerkoel er al., 2002). In patients with Cx32
mutations, some authors considered the demyelinating pro-
cess to predominate (Scherer, 1999; Scherer and Fischbeck,
1999; Tabaraud et al., 1999; Gutierrez et al., 2000), while
others favoured a primarily axonal neuropathy (Hahn et al.,
1990, 2001; Birouk et al., 1998; Senderek et al., 1999). As for
MPZ mutations, several families with an axonal phenotype
have been reported (Gabreels-Festen et al., 1996; Marrosu
et al., 1998; Chapon et al., 1999; De Jonghe et al., 1999; Misu
et al., 2000; Boerkoel et al., 2002), suggesting a subgroup of
patients with MPZ mutations causing a primarily axonal
neuropathy. Wide variation has been shown in pathological
findings, nerve conduction data, axonal and demyelinating
severity, associated symptoms and prognosis in patients with
MPZ, Cx32 and PMP22 gene abnormalities (Killian ez al.,
1996; Birouk et al., 1997, 1998; Thomas et al., 1997;
Senderek ez al., 1999; Dubourg ef al., 20014; Boerkoel et al.,
2002). Phenotypic variation and the underlying gene abnor-
malities remain to be defined.

Axonal involvement has been reported in CMT1A, a
demyelinating form (Dyck et al., 1989; Garcia et al., 1998;
Krajewski er al., 2000), as evidenced by decreased amplitude
of muscle action potentials and by pathological abnormalities



136 N. Hattori et al.

(Dyck et al., 1993; Garcia et al., 1998; Krajewski et al.,
2000). In CMT1 patients, axonal involvement progressed in a
time-dependent manner during a longitudinal study (Dyck
et al., 1989). Furthermore, conduction velocity and amplitude
or neuropathic deficits at the first and last examinations in
CMT1 were significantly correlated, suggesting an associ-
ation between early slowing of conduction and subsequent
neuropathic disability (Dyck et al., 1989). These observations
suggest that axonal involvement related to disease progres-
sion in demyelinating neuropathy is clinically important.
However, demyelinating and axonal features that alter as
disease progresses have not been assessed conclusively in
CMT, particularly in forms other than CMT1A.

In addition, most studies of CMT phenotypic—genotypic
variation have been performed in Caucasian populations;
thus, features of CMT phenotypic—genotypic variation in
Asian populations have not been elucidated. The frequency
distribution of the breakpoint for PMP22 duplication at the
CMT1A-REP (repeat) in 17p11.2 has been documented to be
very similar among Caucasian and Asian populations
(Yamamoto et al., 1997), while the prevalence of CMT1A
in the Japanese population has been considered to be
extremely low compared with frequencies in Caucasians,
although definitive comparative epidemiological studies have
not been reported.

We therefore conducted a clinical, electrophysiological,
histopathological and genetic smady of 205 Japanese CMT
patients with one of the three most common causative gene
abnormalities, viz. abnormalities of PMP22, MPZ and Cx32,
which involve major myelin-related proteins. We focused
particularly on the demyelinating and axonal phenotypic
features of these¢ CMT patients,

Patients and methods

Patients and DNA diagnosis

Two hundred and five CMT patients from 124 families with a
DNA diagnosis of PMP22 duplication (118 patients from 74
families), MPZ mutations (45 patients from 26 families) or
Cx32 mutations (42 patients from 24 families; male only)
were registered by the Study Group for Hereditary
Neuropathy in Japan, working under the auspices of the
Ministry of Health, Labour and Welfare of Japan. In the case
of Cx32 mutations, gender effects on phenotypic expression
are known to be profound (Nicholson and Nash, 1993; Birouk
et al., 1998; Dubourg et al., 2001b), so only male patients
were selected for our genotype—phenotype analysis. DNA
analysis was performed in the Department of Neurology,
Nagoya University Graduate School of Medicine, the
Department of Pediatrics, Yamagata University School of
Medicine, the Department of Neurology, Kagoshima
University School of Medicine, or the Department of
Neurology, Osaka University School of Medicine. In most
cases, the PMP22 duplication was detected by Southern
analysis, probing with PMP22 cDNA, the polymorphic

markers VAW409R3 and EW401, and the CMT1A-REP
fragments (Ikegami et al., 1997, Yamamoto er al.,, 1997,
1998). Hybridization with the probes pNEA102, pHK1.0P
and pHKS5.2P, mapping within the CMT1A-REP, was used to
determine the location of crossover breakpoints, which were
clustered in a 700-base pair (bp) region of the CMT1A-REP.
Quantitation of hybridized signals for each band was
performed to evaluate duplicate gene dosage using a
phosphor-image analyser (BAS-2000I; Fujix, Tokyo,
Japan). In some cases, fluorescence in situ hybridization
(FISH) was employed to detect PMP22 gene duplication.

A non-isotopic RNase cleavage assay (NIRCA) was
employed as a screening test for MPZ and Cx32 mutations
using a method described previously (Yoshihara er al., 2000).
The MPZ and Cx32 genes, separated into three and two
fragments respectively, were amplified with the polymerase
chain reaction (PCR). Sequences of the forward (F) and
reverse (R) primers were as follows:

For the MPZ gene: F1, 5-CTA GGG ATT TTA AGC AGG
TTC C-3’ and R1, 5-ATT GCT GAG AGA CAC CTG AGT
CC-3’ for exon 1; F2, §5-CCA TAG GTG CAT CTG ATT
CC-3" and R2, 5-CCT CCT TAG CCC AAT TTA TC-3’ for
exon 2; and F3, 5-CAG CTG TGT TCT CAT TAG GGT
CCT C-3’ and R3, 5-GCT CAT CCT TTC GTA GCT CCA
TCT C-3’ for exons 3-6. For the Cx32 gene: F4, 5-AGT
GAC AGG GAG GTG TGA ATG AG-3’ and R4, 5-AGG
GGT AGA CGT CGC ACT TGA C-3’ for part 1 of exon 2;
and F5, 5’-TTT GAG GCC GTC TTC ATG TAT GTC-3’ and
R5, 5'-AGT AGC CAG GGA AGG AAG GTT TTG-3’ for
part 2 of exon 2. '

The bacteriophage T7 promoter sequence 5-TAA TAC
GAC TCA CTA TAG GG-3’ was attached to each primer at
the 5" end. PCR amplification was performed using AmpliTaq
Gold (Perkin Elmer, Wellesley, MA, USA). Initial amplifi-
cation conditions were 95°C for 9 min for denaturation,
followed by 35 cycles of denaturing at 95°C for 1 min,
annealing at 60°C for 1 min and elongation at 72°C for 2 min.
NIRCA was performed using a MutationScreener kit
(Ambion, Austin, TX, USA) according to the manufacturer’s
protocol. This assay system is based on the properties of the
RNase enzyme that cleaves single base-pair mismatches of
hybridized RNA duplexes produced in vitro by generating
sense and antisense transcripts of each PCR product using the
specific primer pairs. The bacteriophage RNA T7 promoter
sequence integrated into the forward and reverse primers
allowed the PCR products to be converted to RNA. Sense and
antisense RNA transcripts were hybridized, and RNA-RNA
hybrids were then treated with an optimized RNase mixture
(RNase I and RNase T1) to cleave the duplexes at the
mismatch positions. RNase-digested products were electro-
phoresed through 2.5% agarose gels. PCR products were
purified from the unreacted primers and nucleotides using a
QIAquick PCR Purification kit (Qiagen, Valencia, CA, USA)
according to the manufacturer’s protocol. Duplicate ampli-
fications analysed by NIRCA were performed to avoid false-
positive results arising from PCR errors. Purified products
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Table 1 Clinical features in 205 CMT patients with PMP22 duplication, MPZ mutations and Cx32 mutations

Clinical features PMP22 duplication = MPZ mutations Cx32 mutations
Total MCV =38 m/s MCV >38 wm/s
(n = 118) (n = 45) (n = 28) (=17 (n = 42)

Age (years) 445 + 192 369 + 15.1 303 + 15.1 48.8 = 24.5 432 + 214
Age of onset (years) 20.3 * 16.3 209 + 233 132 * 153 34.0 + 24.8 224 + 19.0
Disease duration (years) 227 + 173 15.2 £ 10.7 17.1 = 13.5 14.8 = 11.9 17.5 * 19.8
Sex, male/female (n) 58/60 20/35 13/15 710 42/0
Muscle weakness: n (%) 118 (100) 45 (100) 28 (100) 17 (100) 42 (100)
Muscular atrophy: n (%) 98 (83) 39 (86) 24 (86) 15 (88) 36 (86)
Muscular hypertrophy: n (%) 5@ 3(N 2(M 1(6) 00
Sensory impairment: n (%) 105 (89) 40 (89) 25 (89) 15 (88) 36 (86)
Areflexia: n (%) 118 (100) 32 (71) 22 (78) 10 (59) 34 (81)
Associated symptoms: n (%)

Deafness 22 7 (16) 2 5 (29) 4(9)

Pupillary abnormality 0O 8 (18) 2 6 (35) 3N

Scoliosis 6 (5) 6 (13) 311 317 2 (5)

Dementia 0 (0) 0 () 0O 0O 1)
Serum CK elevation: n (%) 4 (3) 14 (30) 6 (21) 8 (47) 9 (21
CSF protein elevation: n (%) 61 (52) 34 (76) 21 (75) 13 (76) 16 (38)
ADL score (modified Rankin score): n (%)

0 74 (62) 22 (50) 15 (53) 7 (41) 4(9)

1 32 (26) 11 (24) 9 (32) 2(12) 30 (72)

2 5 (6) 5(11) 31D 2 (12) 2 (5

3 4 (5) 6 (13) 14 5(29) 3D

4 1(1) 1) 0©) 1 (6) 3¢

5 0©) 0 (0) 00 0 (VX (V)]

For Cx32 mutations, male patients were selected. ADL = activities of daily living.

were sequenced directly using a Thermo Sequenase Cy5.5
terminator cycle sequencing kit (Amersham Biosciences,
Piscataway, NJ, USA) and analysed with a GeneRapid
sequencer system (Amersham, Pharmacia). In some cases,
FISH was employed to detect PMP22 gene duplication. As
the patients with point mutations of the PMP22 gene are not
included in this paper, ‘PMP22 mutation’ means ‘PMP22
duplication’.

Informed consent was granted by subjects beforehand
according to the guidelines of the Ethics Committee of
Nagoya University Graduate School of Medicine or those of
the regional ethics committee for each institution.

Clinical assessment

Clinical information was assessed in a standardized manner,
including motor and sensory impairment, deep tendon
reflexes, muscular atrophy or hypertrophy, foot deformity
and autonomic impairment. Weakness was assessed in
proximal muscles (deltoid, biceps, triceps muscles in the
arm; iliopsoas, quadriceps muscles in the legs) as well as
distal muscles (thenar, interosseous, finger flexion muscles in
the arms; ankle dorsiflexion and toe dorsiflexion muscles in
the legs) according to UK Medical Research Council (MRC)
criteria (Hattori ez al., 1999). Impairment was assessed for
various sensory modalities (vibration, joint position, pain and
light touch) as mild, moderate or severe. Associated findings,
including deafness, pupillary abnormalities, scoliosis and

dementia, were also assessed. Routine blood chemistry results
were reviewed, as were those of CSF analysis and cranial and
limb MRI. Detailed family histories were obtained.

Ability to carry out activiies of daily living was
evaluated according to the modified Rankin scale as
follows: 0, normal; 1, non-disabling symptoms not
interfering with lifestyle; 2, minor disability from symp-
toms leading to some restrictions of lifestyle but not
interfering with patients’ capacity to look after them-
selves; 3, moderate disability from symptoms that
significantly interfered with lifestyle or prevented fully
independent existence; 4, moderately severe disability
from symptoms that clearly precluded independent exist-
ence, although patients did not need constant attention
day and night; 5, severe disability involving total
dependence, including constant care day and night.

Electrophysiological analysis

Nerve conduction was assessed for the median, ulnar, tibial and
sural nerves. Recordings were performed by standard methods
using surface stimulating and recording electrodes (Hattori
et al., 1999; Misu et al., 1999, 2000; Koike et al., 2001). Motor
nerve conduction velocity (MCV), distal motor latency (DL)
and compound muscle action potential (CMAP) were recorded
for the median, ulnar and tibial nerves. Sensory nerve
conduction velocity (SCV) and sensory nerve action potential
(SNAP) were assessed for the median and sural nerves.



