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with no peptide, followed by treatment for 24 h with 10 uM MG132
alone. These cells with ubiquitin-positive inclusions were co-stained
with antibodies against plxBa or IxBa.

Cell viability assay. Cell viability assay was performed using 2-(2-
methoxy-4-nitrophenyl)-3-(4-nitrophenyl)-5-(2,4-disulfophenyl)-2H-
tetrazolium monosodium salt assay, as described previously [25]. The
differentiated SH-SYSY cells were plated on a 96-well plate and
incubated for 24 h at 37 °C in 5% CO,. The cells were preincubated for
3 h with 40 uM of either wild-type or mutant NBD peptide, followed
by treatment for 24 h with 40 pM of each NBD peptide in the presence
or absence of 10 M MG132. The cells were simultaneously preincu-
bated for 3 h with no peptide, followed by treatment for 24 h with
10 uM MG132 alone. The live cell count was assayed using Cell
Counting Kit-8 according to the instructions provided by Doujin (Cell
Counting Kit-8; Kumamoto, Japan).

Statistical analysis. All data are expressed as means & SEM.
Comparisons between groups were performed using analysis of vari-
ance (Tukey’s multiple ¢ test).

A p value <0.05 indicated statistically significant differences.

Results

Phosphorylated IixBu and SCF" TP complex are
novel components of Lewy bodies

We first examined whether LB contain plxBa and the
components of SCFPTCP complex, which are major
downstream components of the TNF-« signaling path-
way. Immunohistochemical analysis revealed that anti-
plkBo and ROCI antibodies predominantly recognized
the LB in PD cases (Figs. |A and B). Immunostaining
with anti-NF-«xB p65 antibody also showed the staining
of LB (Fig. IC). Anti-pIkBa and anti-ROCI1 signals
were strongly present in the halo region of LB, and
the anti-NF-kB-p635 signal was present in the core re-
gion. In contrast, such immunoreactivities for pIxBo
ROC! and NF-xB were not observed in the control
brains and when the primary antibody was omitted in
PD and DLB brains (data not shown).

In the next step, the isolated LB were used to
investigate whether these proteins are associated with
LB. Confocal laser-scanning microscopic examination
of sections prepared from freshly isolated LB from
postmortem brains of DLB showed immunoreactivities
for pIkBa, ROCI, Cul-1, and B-TrCP (Figs. ID, G, J,
and M). LB were identifiable by their strong o-synuc-
lein staining in smears of isolated LB from DLB cor-
tex (Figs. IE, H, K, and N), but not in sections from
a normal control cortex (data not shown). These
immunoreactivities for the indicated antibodies in LB
were distributed across or sometimes more concen-
trated in the central region of LB (Figs. IF, I, L,
and O). Counting of a-synuclein-positive LB indicated
that 80-90% of the cortical LB (n = 300, pooled from
three DLB cases) were also positive for ROC1 and
Cul-1. A similar staining pattern was also observed
in LB isolated from the substantia nigra (SN) of PD
(data not shown).

Localization of pIkBa, ROCI, and Cul-1 in
eytoplasmic inclusions of SH-SYSY cells

As a model for the formation of cytoplasmic inclu-
sions, we used SH-SYS5Y cell lines treated with
MGI32 [26]. Localization of pIkBa, ROCI, and Cul-1
was investigated after the addition of 10 uM MG132
for 24 h in differentiated SH-SY5Y cells. Proteasomal
dysfunction caused typical cytoplasmic inclusions that
were stained with anti-ubiquitin (Ub) antibodies, and
interestingly many, if not all, ubiquitinated inclusions
were also positive for plkBa, ROCI, and Cul-1 (Figs.
2A-C). Under normal conditions without MG132, the
cells displayed low-level cytoplasmic staining for the
indicated proteins (data not shown). Although we exam-
ined the effect of TNF-a on the formation of the inclu-
sions, no inclusions that contained ubiquitin and
plxBa were observed after treatment with TNF-o alone.
In addition, the effect of simultaneous treatment with
TNF-o and MG132 was not significantly different from
the results of MG132 treatment alone (data not shown).

We next examined whether these cells also contained
a-synuclein in such cytoplasmic ubiquitinated inclu-
sions. Following proteasomal inhibition with 10 uM
MGI132, some of the ubiquitinated cytoplasmic inclu-
sions also exhibited a-synuclein immunoreactivity
(Fig. 2D). Moreover, we examined whether plxBa and
components of the SCF complex colocalize with o-syn-
uclein in the presence of 10 pM MG132. The a-synuc-
lein-positive inclusions were also immunoreactive for
plkBa ROC1 and Cul-1 following treatment with
10 uM MG132 (Figs. 2E~G). The proportion of cells
treated with 10 pM MG132 that contained aggregates
immunoreactive for both plkBa and a-synuclein was
7.98 £1.14%. In contrast, the proportion of 10 uM
MGI132-treated cells containing inclusions positive for
both plkBa and ubiquitin was 23.19 + 3.84%, suggest-
ing the relative low frequency of a-synuclein/pIxBa-con-
taining inclusions (see Fig. 5B). Inclusions containing
only ubiquitin, a-synuclein, or pIkBa were also noted,
and their size was also comparatively heterogeneous
(data not shown).

Inhibition of proteasomes increases phosphorylated
IkBo level in SH-SY5Y cells

We examined the migration pattern of endogenous
ubiquitin or plxBa by SDS-PAGE in differentiated
SH-SY5Y cells following proteasomal inhibition with
MG132 and/or TNF-a for 24 h. Cells were treated as
indicated in Fig. 3, and then the resulting cell extracts
were separated into detergent-soluble and detergent-in-
soluble fractions. Treatment with 10 uM MGI132 re-
sulted in accumulation of high-molecular weight
ubiquitin—protein conjugates particularly within the
insoluble fractions but not in TNF-a alone and control
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Fig. 1. Identification of phosphorylated IxBo and components of SCF*T P in Lewy bodies. (Upper panel) Paraffin sections of autopsied human
brain samples with PD were immunostained with antibodies against plkBa (A), ROC1 (B), and NF-xB p65 (C). Lewy bodies are marked by
arrowheads. Scale bars = 20 pm (A—C). (Lower panel) Colocalization of a-synuclein (aSyn), plxBa, and components of SCEPTCP in isolated LB
from DLB (Dementia with LB) cases. LB were identified by a-synuclein staining. Each preparation was doubly stained with sheep anti-o-synuclein
(E, H, K, and N) and various antibodies against plkBa (D), ROCI (G}, Cul-1 (J), and B-TrCP (M), and analyzed with a laser-scanning confocal
microscope. Panels (F, I, L, and O) at right correspond to merged images; yellow-colored structures indicate colocalization. Scale bars = 10 pm

(D-0).

cells (Fig. 3A). Unexpectedly, the effect of TNF-o was
very weak in SH-SY5Y cells, because no massive reduc-
tion of IxBo was observed upon treatment with TNF-a
for 1, 12, or 24 h (Fig. 3C and data not shown). This
finding was in marked contrast to the almost complete

disappearance of IxBa in HeLa cells treated with
20 ng/ml TNF-o within 1 h (data not shown). However,
TNF-a significantly increased the pIxBa level (Fig. 3B),
indicating the existence of TNF-o response to a lesser
extent in SH-SYSY cells. It is of note that MG132 alone
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Fig. 2. Proteasomal inhibition leads to formation of plxBa-positive
cytoplasmic inclusions in SH-SY5Y cells. Differentiated SH-SY5Y
cells were treated with 10 uM MG132 for 24 h, fixed and then double-
stained with various combinations of antibodies as indicated. (A-D)
Cytoplasmic inclusions positive for ubiquitin (Ub) were co-stained for
plxBa (A), ROC1 (B), Cul-1 (C), and a-synuclein (D). Arrowheads
indicate the inclusions. Regions of overlap between ubiquitin (green)
and immunoreactivities of the indicated proteins (red) appear in yellow
color. (E-G) a-Synuclein (2Syn)-positive cytoplasmic inclusions were
co-stained for plkBa (E), ROCI (F), and Cul-1 (G). Regions of
overlap between a-synuclein (green) and immunoreactivities of the
indicated proteins (red) appear in yellow color. Scale bar = 10 um.

increased the pIxBa level in the cells (Fig. 3B), although
additive effects of TNF-o and MG132 were not observed
for phosphorylation of IkxBa. Intriguingly, when deter-
gent-soluble and -insoluble fractions were immunaoblot-
ted with anti-pIkBe or anti-IkBo antibody, both
proteins were clearly detected in the detergent-insoluble
fraction after treatment with 10 uM MGI132 but not in
TNF-o alone and control cells (Figs. 3B and C). In addi-
tion, simultaneous treatment with TNF-o and MG132
had no significant effects in comparison with MG132
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Fig. 3. Inhibition of the proteasome results in accumulation of pIkBa
within the detergent-insoluble fraction of SH-SY5Y cells. The cells
were treated for 24 h with 10 tM MG132 and/or 20 ng/ml TNF-a, and
the cell lysates were processed for Western blotting, as described in
Materials and methods. The protein was blotted onto PVDF mem-
branes and probed with antibodies against ubiquitin (A), pIkBa (B),
and IxBa (C). Note that anti-IxBo antibody reacted both phosphor-
ylated and unphosphorylated forms. «-Actin served as a loading
control (D). Asterisk indicates a non-specific band.

treatment alone. Thus, it is clear that IkBa, perhaps its
phosphorylated form, is incorporated into the deter-
gent-insoluble fraction under the conditions of protea-
some inhibition.

The NBD peptide inhibits plicBe entry into cytoplasmic
ubiquitin-positive inclusions

The presence of pIkBa in LB of autopsied brains of
PD patients and ubiquitinated inclusions in SH-SY5Y
in the present study led us to examine whether inhibition
of IKK, which phosphorylates IxBao, alters the processes
of inclusion formation and cell death. First, we deter-
mined the optimal concentration of the cell-permeable
NBD peptide, which is known to block the activity of
IKK. To study the effect of NBD, SH-SY5Y cells were
pre-treated with various concentrations of wild-type
NBD for 3 h and then stimulated by 20 ng/ml TNF-q.
In the present study, we used 40 uM NBD as the opti-
mal concentration to block phosphorylation of IxBer.
We also examined the effect of high concentrations of
the NBD peptide (about 1000 pM), as described previ-
ously [21], but peptide toxicity was observed in our cell
lines.

We next treated the cells with MG132 in the presence
or absence of NBD peptide and then performed double



314 K. Nodu et al. | Biochemical and Biophysical Research Communications 331 (2005) 309-317

staining using antibodies for pIxBo, IkBa, and ubiqui-
tin. Ubiquitinated inclusions containing plkBa were
identified in cells treated with MG132 alone or with
MG132 in the presence of mutant NBD lacking inhibi-
tory activity for IKK. On the other hand, while ubiqui-
tinated inclusions were observed in cells treated with
MG132 in the presence of wild-type NBD, only a few
cells contained ubiquitinated inclusions positive for
plkBa (Fig. 4A). In addition, the use of an antibody

MG132+MUT NBD

Controi

MG132+MUT NBD

Fig. 4. Wild-type NBD decreases plkBa level within the ubiquitinated
inclusions in SH-SY5Y cells. The cells were treated for 24 h with
10 pM MG132 alone, or with 10 uM MG132 in the presence of 40 pM
of either wild-type (WT NBD) or mutant NBD peptide (MUT NBD)
as indicated in Materials and methods. Cells with ubiquitinated
inclusions were co-stained with plkBa (A) and IkBo (B). Arrowheads
indicate the ubiquitinated inclusions. Regions of overlap between
ubiquitin (green) and immunoreactivities of the indicated proteins
(red) are shown in yellow color. Scale bar = 20 pm.

for IxBa in the presence of wild-type NBD was also
associated with reduced number of cells with ubiquiti-
nated inclusions positive for IxBa, compared with those
treated with MG132 or MG132 in the presence of mu-
tant NBD (Fig. 4B), indicating that phosphorylation
of TxBa may be required for its incorporation into cyto-
plasmic inclusions generated by proteasome inhibition.

We then counted the number of cells with aggregated
immunoreactivity for both ubiquitin and plkBa anti-
bodies under basal condition and following treatment
with 10 pM MG132 with or without NBD peptide. It
is worth noting that whereas approximately 50% of total
cells contained ubiquitin-positive inclusions, plkBa-po-
sitive inclusions were below 25% (Figs. 5A and B), sug-
gesting that pIkBo is not incorporated into all
inclusions. Wild-type NBD significantly decreased the
number of cells with ubiquitinated inclusions (Fig. SA,
p <0.05), and cells with cytoplasmic inclusions positive
for pIxBa and ubiquitin, compared with cells treated
with MG132 alone (Fig. 5B, p <0.001). In comparison,
mutant NBD did not show the same effects on phos-
phorylation of IxBo as wild-type NBD. Finally, we
examined the toxicity of 10 uM MG132 on these cell
lines. Treatment with 10 pM MG132 reduced cell viabil-
ity to 37.84 &+ 1.46%. In contrast, wild-type NBD did
not influence cell viability under proteasomal inhibition
(Fig. 5C).

Discussion

The appearance of LB in SN is a prominent feature in
PD, but the pathogenic role of such inclusions remains
elusive. In this study, we identified novel components
including plkBa and components of SCFPTCP Jigase
in LB. To date, several studies have reported that the
UPP-related proteins (such as ubiquitin, the 20S protea-
some subunit, and HSP70) are localized in LB of PD
[27,28]. These findings indicate that there appears to
be an important correlation between some pathological
alteration in UPP and the formation of LB in PD. In
this regard, the pathogenic nature of proteasomal dys-
function has been studied in experimental models using
a proteasome inhibitor. It has been demonstrated that
inhibition of proteasomal function induces the forma-
tion of cytoplasmic inclusions immunoreactive for ubig-
uitin and o-synuclein in PCI12 cells and mesencephalic
cultures [20,29]. These observations suggest that protea-
somal dysfunction is associated with the development of
cytoplasmic inclusions that may have features similar to
those of LB, in terms of containing two proteins; i.e.,
o-synuclein and ubiquitin, described as the major com-
ponents of LB 2]

plkBo and SCF ligase are also involved in UPP-re-
lated proteins, and these molecules have not been ade-
quately studied in PD. Therefore, to explore how these
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Fig. 5. Effects of NBD on formation of plxBa-containing inclusions and cell death caused by proteasomal inhibition. After the cells were treated as
explained in Fig. 4, the proportions of cells with cytoplasmic inclusions were determined. (A) The proportion of cells with ubiquitin-positive
inclusions was calculated relative to fotal cells. (B) The proportion of cells with ubiquitinated inclusions containing plkBa was calculated relative to
total cells. In each experiment, 10 fields of 50 cells were counted. Similar effects of NBD were seen in two or more independent experiments. Data are
means &= SEM. *p < 0.05; **p < 0.001 for differences between cell lines (Tukey’s multiple ¢ test). NS, not significant. (C) Cell viability was assessed as
described in Materials and methods, and is expressed as the percentage of untreated cells. Similar results were seen in three independent experiments.
Values are means + SEM, each n = 8. **p < 0.001 for differences between cell lines (Tukey’s multiple # test).

molecules are present in LB would be important in con-
sidering the process of LB formation. In our cell culture
model, inhibition of normal proteasomal function by
MGI132 also induced the formation of ubiquitinated
cytoplasmic inclusions containing a-synuclein, and this
finding is consistent with previous reports [20,29], as de-
scribed above. Intriguingly, our results showed that
these inclusions were positive for pIxBa and some com-
ponents of its ligase that are found in the LB. These
findings suggest that the existence of pIlkBo in LB is
more likely and proteasomal dysfunction is an impor-
tant factor in the formation of cytoplasmic inclusions.

Using SDS-PAGE analysis of detergent-soluble and -
insoluble fractions, we found high-molecular weight
ubiquitinated proteins particularly in the detergent-in-
soluble fraction, and pIxBa in the insoluble fraction fol-
lowing proteasomal inhibition with MG132. In contrast,
after incubation with TNF-o alone, neither high-molec-
ular weight ubiquitinated bands nor pIxBa was detected
in the insoluble fractions, and cytoplasmic inclusions
containing ubiquitin and plkBa were not observed.
These findings suggest that phosphorylation of IkBa
alone is insufficient for the formation of cytoplasmic
inclusions, and there appears to be a strong causal link
between the accumulation of poorly degraded proteins,
resulting from proteasomal dysfunction, and the forma-
tion of cytoplasmic inclusions.

We also showed that the presence of plkBa in the
ubiquitinated inclusions was markedly inhibited by a
specific IKK inhibitor, under the conditions of MG132

treatment. This finding also supports the above-men-
tioned data that plkBo is involved in the cytoplasmic
inclusions resulting from proteasomal inhibition in our
SH-SYSY cells. In addition, this finding provides us a
further possibility. In some neurodegenerative disorders,
the ubiquitin-positive inclusions are considered to in-
volve the ubiquitin—protein conjugates [28,30]. How-
ever, it is not clear which types of proteins are directly
polyubiquitinated in LB. IxBo is phosphorylated by
IKK, and pIxBa is polyubiquitinated by the SCFP TP,
then degraded by the 26S proteasome. Thus, it is con-
ceivable that once phosphorylation of IxBa is inhibited,
neither polyubiquitination after its phosphorylation nor
accumulation of IkBa into inclusion bodies is observed.
We demonstrated that wild-type NBD peptide reduced
the proportion of not only ubiquitin-positive inclusions,
but also ubiquitinated inclusions containing pIkBe.
Based on our finding, it is possible that the polyubiqui-
tination of pIkBa resulting from proteasomal dysfunc-
tion triggers its entry into ubiquitinated cytoplasmic
inclusions.

It is still not clear whether LB are cytoprotective or
cytotoxic for neurons in the SN of PD. Recent studies
suggest that the formation of protein aggregates or
intracellular inclusions may be beneficial for cell survival
rather than enhance cell death [31,32]. In the present
study, exposure to MG132 alone or MG132 in the pres-
ence of wild-type NBD peptide did not alter cell viability
whereas the same conditions decreased the ubiquitinated
cytoplasmic inclusions. This finding at least supports the
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conclusion of the above studies [31,32], i.e., the forma-
tion of cytoplasmic inclusions is not a toxic response
against cell survival. Viewed from a different angle,
our finding may suggest that inclusion bodies formed
following proteasomal inhibition are independent of cell
death.

In conclusion, we demonstrated the presence of
pIkBa in LB of PD, and that similar inclusion bodies
are produced in the presence of significant proteasomal
dysfunction in cultured cells. Our observations in cul-
tured cells may reflect, at least in part, the formation
of LB in dopaminergic neurons of PD.
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Abstract

Parkin, a product of the gene responsible for autosomal recessive juvenile parkinsonism (AR-JP), is an important player in the
pathogenic process of Parkinson’s disease (PD). Despite numerous studies including search for the substrate of parkin as an E3 ubig-
uitin-protein ligase, the mechanism by which loss-of-function of parkin induces selective dopaminergic neuronal death remains
unclear. Related to this issue, here we show that antisense knockdown of parkin causes apoptotic cell death of human dopaminergic
SH-SYS5Y cells associated with caspase activation and accompanied by accumulation of oxidative dopamine (DA) metabolites due
to auto-oxidation of DOPA and DA. Forced expression of a-synuclein (o-SN), another familial PD gene product, prevented accu-
mulation of oxidative DOPA/DA metabolites and cell death caused by parkin loss. Our findings indicate that both parkin and o-SN
share a common pathway in DA metabolism whose abnormality leads to accumulation of oxidative DA metabolites and subsequent
cell death.
© 2005 Elsevier Inc. All rights reserved.
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Parkinson’s disease (PD) is the second most com-
mon neurodegenerative disorder primarily caused by
selective loss of dopaminergic neurons in the midbrain
substantia nigra pars compacta. Familial PD has been
highlighted to study the mechanisms underlying neuro-
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degeneration in PD, although only 5-10% of patients
with PD are of the familial form of PD [1,2]. To date,
10 causative genes have been mapped and cloned in
familial PD by linkage studies, which have significantly
enhanced our understanding of the genetic mechanisms
of PD [3]. Of these genes, parkin, the causative gene
(PARK2) of AR-JP, representing the most prevalent
form of familial PD [4], is of special interest, because
it encodes an E3 ubiquitin-protein ligase [5], which
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covalently attaches ubiquitin to target proteins, desig-
nating them for destruction by the proteasome [6,7].
These findings suggest that impediment of parkin leads
to deterioration of dopaminergic neurons and that PD,
at least AR-JP, is caused by the failure of proteolysis
mediated by the ubiquitin-proteasome system {8]. Since
then, our knowledge about parkin has expanded, and
indeed at present various putative substrates, e.g.,
CDCrel-1, synphilin-1, .«-SN22 (O-glycosylated form
of a-synuclein [¢-SNJ), Pael-R, and cyclin E have been
identified [9-14]. Moreover, negative regulation of par-
kin E3 activity by parkin modification, such as nitra-
tion and phosphorylation, has been reported [15-17],
but the pathophysiological role of parkin is still poorly
understood.

One crucial issue that needs to be investigated is why
AR-JP brains show severe neuronal loss with gliosis in
the substantia nigra and mild neuronal loss in the locus
coeruleus and why dopaminergic neurons in the sub-
stantia nigra are particularly vulnerable to the loss-of-
function effect of parkin, though parkin is expressed
ubiquitously throughout the brain. To define how the
loss-of-function of parkin induces selective dopaminer-
gic neuronal death in the midbrain, we interfered with
endogenous parkin mRNA, a potentially suitable in vi-
tro model of AR-JP for investigating the mechanism of
selective dopaminergic neuronal death. To knock down
the level of parkin in cells, we designed a full-length hu-
man parkin antisense (abbreviated as-parkin) using an
adenovirus vector that has a high multiplicity of infec-
tion (moi) toward post-mitotic cells or cell lines which
has neuronal characteristics and is an excellent tool to
search for the effect of as-parkin on differentiated SH-
SYS5Y cells that exhibit features characteristic of dopa-
minergic neurons.

Here, we report that as-parkin selectively induced
apoptosis of SH-SYS5Y cells in a caspase-dependent
manner. We also found that loss of parkin resulted
in accumulation of endogenous L-3,4-dihydroxyphenyl-
alanine (DOPA)- and dopamine (DA)-chromes derived
from auto-oxidation of DOPA/DA-quinones, which
mediates the toxic effect by covalently binding to the
thiol group of proteins and consequently disintegrates
cellular integrity and eventually causes cell death [18-
20} o-SN is a putative protein associated with mem-
brane transport or signal transduction but of unknown
function. a-SN gene mutations such as missense or
multiplication cause familial autosomal dominant PD
[21-27]. We found that forced expression of a-SN sup-
pressed the loss of cell viability and accumulation of
oxidative DOPA/DA metabolites caused by loss of
parkin. Based on these findings, we propose that par-
kin and a-SN contribute to a common DA metabolic
pathway; the impairment of which may lead to selec-
tive degeneration of dopaminergic neurons and conse-
quently to PD.

Materials and methods

Adenoviruses. We used the adenoviral plasmid (pAdEasy-1) and the
shuttle vector (p-shuttle-CMV) (Q.Bio gene). Various cDNAs used
were inserted into the shuttle vector. The shuttle vector plasmid was
linearized with Pmel. Electrocompetent Escherichia coli BI5183 cells
were added and electroporation was performed in 2-mm cuvettes in a
Gene Pulser electroporator. Cells were inoculated onto 10-cm Petri
dish containing LB-agar and 50 jig/ml kanamycin. Smaller colonies
were picked and grown in 2 ml LB-broth (Sigma Chemical St. Louis,
MO) containing 50 pg/ml kanamycin. Recombination was confirmed
with Pacl. Approximately 5 x 10° cells were plated onto 10-cm culture
dish. Ten micrograms of plasmid DNA linearized by Pmel, 12 pl
FuGENEG6 (Roche Molecular Systems, NJ), and 500 ul OptiMEM
(Gibco-BRL) were mixed and transfected, according to the protocol
provided by the manufacturer. After 7-10 days, the cells were collected
by scraping off the 10-cm dish together with floating cells in the culture.
The supernatant was removed after low-speed centrifugation. After
sonicating the pellet, the cells were resuspended into 1 ml Dulbecco’s
modified Eagle’s medium (DMEM) and frozen to —80 °C. In the next
step, 500 il of viral lysate was used to infect 7 x 107 cells in 15-cm dish.
This process was repeated 1-3 times. Viruses were purified by CsCl
banding; the final yield was 10'° plaque forming units.

Cells and cell culture, Human neuroblastoma cells (SH-SYS5Y) and
HeLa cells were obtained from American Type Culture Collection. The
cells were maintained in growth medium (DMEM, Sigma, supple-
mented with 10% fetal bovine serum [Gibco-BRL, Gaithersburg, MD],
100 U/ml penicillin, and 100 pg/ml streptomycin) at 37 °C under 5%
CO,. SH-SYSY cells were cultured with 100 uM of all trans-retinoic
acid in dimethyl sulfoxide (DMSO) (Sigma R-2625) for 3 to 4 days for
differentiation. The cells were infected with the antisense adenovirus at
150 moi; LacZ at 150 and 5 moi, wild and mutant o-SN adenovirus at
5moi. Cells were collected 36h after infection, centrifuged, and
analyzed.

Western blotting. Infected or control cells were lysed in Laemmlh
SDS sample buffer. Proteins were separated by sodium dodecyl sul-
fate-polyacrylamide gel electrophoresis (SDS-PAGE) (NuPAGE,
Invitrogen, San Diego, CA) and transferred onto polyvinylidene
difluoride (PVDF) membrane. Western blotting was performed
according to the ECL protocol provided by the supplier (Invitrogen,
San Diego, CA) using specific antibodies of parkin and cleaved cas-
pases (Cell Signaling Technology, Beverly, MA), o-SN (BD Trans-
duction Laboratories, Lexington, KY), and B-Gal (Promega, Madison,
WI).

Cell survival assay. Cells were infected with as-parkin or LacZ
adenovirus and incubated for 48 h in 96-well plate. Cell viability was
evaluated using the WST8, MTT reduction assay. Briefly, the solution
of 0.1 mg/ml MTT in DMEM was added to each well and incubated
for 2 h. The transmission was evaluated at 450 and 655 nm by 96-well
microplate reader (Bio-Rad, Richmond, CA).

TUNEL assay. Terminal-deoxynucleotidyl transferase mediated
d-UTP nick end labeling (TUNEL) assay was performed using for-
malin-fixed, ApopTag In Situ Apoptosis Detection Kits (Intergen,
Purchase, NY). Fragmented DNA was labeled by fluorescein isothi-
ocyanate (FITC) and observed under a fluorescence microscope.

Measurements of DOPAIDA-chromes. Thirty-six hours after
infection, cells were solubilized in 500 pl of 1% Triton X-100 solution
for 2h and then centrifuged at 20,000g for 30 min at 4 °C. The
supernatant was used as cell extract and was incubated for 3 min at
room temperature. After 10% TCA protein precipitation, the genera-
tion of DOPA/DA-quinones was estimated by measuring the absor-
bance of the incubation supernatant at 475 nm based on the formation
of DOPA/DA-chromes. The amount of DOPA/DA-chromes was
calculated from a standard curve constructed using known amounts of
DA and 0.01 mg/ml tyrosinase. The protein concentration in the cell
extracts was determined by using the BCA Protein Assay Reagent Kit
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(Pierce Chemical, Rockford, IL) with bovine serum albumin as a
standard.

Statistical analysis. All data were expressed as means + SEM.
Differences between groups were examined for statistical significance
using Dunnett’s ¢ test or Turkey's multiple ¢ test. A P value less than
0.05 denoted the presence of a statistically significant difference.

Results and discussion
Antisense parkin causes loss of viability of SH-SY5Y cells

We first examined the effect of knockdown of par-
kin on the viability of human neuroblastoma cells
(SH-SY5Y). These cells contain dopaminergic machin-
ery and can differentiate into neuronal-like phenotypes
when treated for 3-5 days with retinoic acid (RA),
accompanied by arrest of cell proliferation and in-
creased dopamine metabolism [28,29]. Infection of
SH-SY5Y with full-length human as-parkin adenovi-
rus caused deterioration of cell viability, as monitored
by 3-(4,5-dimethylthiazol-2-yl1)-2,5-diphenyltetrazolium
bromide (MTT) reduction assay. The differential
SH-SYS5Y cell death effect was observed in the range
between 50 and 250 moi titer of as-parkin adenovirus
(data not shown) and thereafter we routinely used
150 moi titer (Fig. 1A, left panel). Control p-galactosi-
dase (8-Gal) adenovirus had no effect on cell viability,
although PB-Gal was highly expressed in SH-SY5Y
cells (Fig. 1A, right panel). Infection of cells with
as-parkin caused a marked decrease of endogenous
parkin protein level in differentiated SH-SYSY cells,
without altering actin level in the cells (Fig. 1A, right
panel). The effect of as-parkin was abrogated, upon
co-infection with sense-parkin (data not shown).

Effect of antisense parkin is cell-type specific

Intriguingly, we found that the effect of as-parkin on
cell viability was much less in undifferentiated growing
SH-SYS3Y cells compared with differentiated cells
(Fig. 1B, left panel). In addition, as-parkin did not influ-
ence cell viability of Hela cells derived from human
adenocarcinoma of the uterine cervix, which do not ex-
press parkin protein and lack the dopamine metabolic
pathway (Fig. 1B, right panel). Thus, antisense knock-
down of parkin exerts its effect based on the cell type,
and the effects are observed in a dopaminergic neuron-
specific manner, and depend on the differentiation state
of dopaminergic neurons.

Antisense parkin induces apoptotic cell death

As shown in Fig. IC, the cells appeared clear when
their morphology was compared with uninfected (con-
trol) and B-Gal expressing cells. SH-SYSY cells infected
with as-parkin adenovirus showed morphological
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Fig. 1. Parkin knockdown is associated with loss of SH-SYSY cell
viability, (A) Effects of antisense parkin (as-parkin) and LacZ.
Adenoviruses were infected for 48 h with 150 moi titers as indicated
on the differentiated SH-SY5Y cells that had been pre-cultured with
RA for 4 days. Cell viability was determined by the MTT assay (left
panel). The results are expressed as percentage of MTT activity of
uninfected cells (control). Data represent means = SEM of 8
determinations. *P < 0.0 versus control group (Dunnett’s ¢ test).
Cells that had been treated for 48 h with 150 moi titers of as-parkin
and LacZ adenoviruses were lysed in Laemmli SDS sample buffer,
and the proteins were separated by SDS-PAGE, followed by
Western blotting with antibodies against parkin, PB-galactosidase
(B-Gal), and actin (right panel). (B) Undifferentiated SH-SYS5Y cells
without treatment with RA and HeLa cells were treated for 48 h
with as-parkin adenovirus. The cell viability was measured and
represented as indicated. (C) Morphological changes in differentiated
SH-SYS5Y cells upon knockdown of parkin. The cells were infected
for 48 h with as-parkin and LacZ adenovirus vectors or left
uninfected (control). Note the presence of apoptotic cells. Bar,
100 pum.
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changes typical of apoptosis. To determine the nature of SH-SYS5Y cells showed nuclear condensation and frag-

cell death induced by as-parkin, we performed TUNEL mentation. In contrast, these changes were rarely ob-

assay. As shown in Fig. 2A, as-parkin-treated served in B-Gal-expressing SH-SYS5Y cells. In support
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Fig. 2. Parkin knockdown induces apoptosis. (A) Detection of cells with nuclear DNA fragmentation due to parkin knockdown by TUNEL assay.
Differentiated SH-SY5Y cells were treated for 48 h with as-parkin and LacZ adenoviruses (150 moi). TUNEL assay was performed to detect
apoptotic cells. TUNEL-positive cells (green) were detected (TdT enzyme is labeled with FITC green fluorescence). Nuclei were counterstained with
TOTO3 (red). Bar, 20 um. (B) Activation of caspase-3, -6, and -9 by as-parkin. After infection with as-parkin and LacZ adenoviruses as for a, the cell
extracts were used for Western blot analysis using antibodies against cleaved caspase-3, -6, and -9. Arrowheads on the right indicated corresponding
caspases. Note that anti-cleaved caspase-3 and -6 antibodies did not react with their native forms. (C) Effects of a ‘pan’ caspase inhibitor on apoptosis
induced by the loss of parkin. The inhibitor was added at 100 pM when cells were treated by as-parkin adenovirus as for (A). Note that the caspase
inhibitor significantly blocked parkin knockdown-induced deterioration of cell viability. Data represent means == SEM of 8 determinations.
*P < 0.05 versus control (uninfected) group (Dunnett’s ¢ test).
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of the TUNEL findings, we also detected activation of
caspase-3, -6, and -9 in SH-SYSY cells under parkin
knockdown (Fig. 2B). In addition, Western blot analysis
showed cleaved poly(ADP)-ribose polymerase (PARP)
in the course of as-parkin infection and a time-dependent
increase of the 25-kDa cleaved fragment, confirming the
activation of caspase(s) (data not shown). Further exper-
iments showed that application of a pan-caspase inhibi-
tor for 6h before infection significantly prevented
apoptotic cell death as determined by the MTT reduction
assay (Fig. 2C). Taken together, these results suggest that
as-parkin-induced SH-SYSY cell death is likely to be
mediated by activation of the caspase cascade.

Antisense parkin increases DOPAIDA metabolites

Next we examined the effect of «-SN on the viability
and DOPA/DA-chrome level in differentiated SH-SY5Y
cells with a reference to parkin loss. These experiments
were based on previous studies describing abnormal
DA metabolism in a-SN-deficient mice [30] and o-SN
binding to DA-quinones [31]. For this purpose, we con-
structed adenovirus vectors expressing o-SN, and first
tested its effect on the expression of parkin. o-SN and
its PD-linked mutants (Ala30Pro and Ala53Thr) had
no effect on the levels of parkin, irrespective of the treat-
ment of as-parkin (Figs. 4A and B). It is of note that
a-SN did not express at significant levels in SH-SY5Y
cells under present conditions. Then, we investigated
the effect of a-SN on the as-parkin-induced loss of cell
viability. As shown in Fig. 4A, infection of SH-SY5Y
cells by both adenovirus vectors expressing o-SN and
as-parkin caused marked reduction of their cellular
chrome levels and resulted in amelioration of as-par-
kin-induced deterioration of cell viability (Fig. 4B).
Intriguingly, coinfection of cells with wild-type o-SN
and as-parkin adenoviruses abrogated as-parkin-in-
duced accumulation of DOPA/DA-chrome. However,
o-SN mutants (Ala30Pro and Ala53Thr) and B-Gal
expression did not reduce the generation of DOPA/
DA-chrome by as-parkin. Thus, it seems that the a-
SN-induced suppression of apoptosis was associated
with a reduction in the DOPA/DA-chrome level in o-
SN expressing SH-SYS5Y cells. These results suggest that
o-SN inhibits apoptosis induced by parkin knockdown
by blocking the generation of DOPA/DA-chromes;
i.e., DOPA/DA-quinones.

Antisense parkin-induced extensive apoptosis of dif-
ferentiated dopaminergic SH-SYSY cells but limited
apoptosis of undifferentiated SH-SYS5Y cells and no
apoptosis of HeLa cells, indicating cell-type specificity.
With regard to the cell-specific vulnerability, an impor-
tant factor seems to be dopamine (DA) metabolism,
which is a peculiar feature of dopaminergic neurons. In-
deed, the differentiated SH-SYS5Y cells retain a high DA
metabolic pathway [28,29]. DA is a molecule prone to

oxidation and it contributes to the generation of reactive
oxygen species, which when in abundance can cause oxi-
dative injury of various cellular components{18.20]. In-
deed, abnormally high levels of these free radicals in
dopaminergic neurons have been implicated as environ-
mental factors causing not only sporadic PD but also
AR-JP [32,33]. We tested the effects of as-parkin infec-
tion on the level of endogenous DOPA- and DA-
chromes (DOPA/DA-chromes), which are derived from
DOPA- and DA-quinones, respectively, whose metabo-
lites could originate from cytosolic DOPA or DA oxida-
tion [18,20]. Thus, the amounts of DOPA/DA-chromes
reflect those of endogenous DOPA/DA-quinones.
DOPA/DA-chrome levels were significantly high in par-
kin knockdown cells whereas there was no change in
B-Gal expressing ones (Fig. 4A). These findings suggest
that parkin knockdown-induced apoptosis is mediated
by an increase in DOPA/DA-chromes.

Recently, four groups independently reported the
generation of a mouse model that lacks the parkin
gene, which display certain abnormalities of dopamine
metabolism [34-37]. However, these parkin knockout
mice had only subtle phenotypes exhibiting a largely
normal gross brain morphology. Based on the patho-
logic findings, all the parkin null mice showed no neu-
ronal loss in the SN. This is in marked contrast to our
in vitro system described in this study, in which parkin
knockdown induced activation of the caspase cascade
and apoptosis of dopaminergic SH-SYSY cells. Why
do parkin knockout mice lack the abnormalities seen
in AR-JP patients? One plausible explanation is the
presence of a putative molecule(s) that suppresses
the defect induced by loss-of-function of parkin, and
the abundant presence of such molecule(s) in the brain
should be linked to the pathogenesis of PD. Here, we
propose that o-SN is the molecule that compensates
for the loss of parkin, since a-SN prevented apoptotic
cell death induced by as-parkin. In this regard, Western
blot analysis showed that the dopaminergic SH-SYSY
cells did not express a-SN at significant levels (Fig.
3A, lanes 2 and 4), which is in marked contrast to
the high abundance of dopaminergic neurons in vivo
[38]. Regardless of the compensatory role of o-SN for
the loss-of-function of parkin in the AR-JP, o-SN
probably cannot cope with the accumulation of toxic
molecules in the absence of parkin and thus apoptotic
neuronal death perhaps occurs gradually, leading to
degeneration of dopaminergic neurons and conse-
quently the development of early-onset PD. We pro-
vide the first evidence for the anti-apoptotic role of
o-SN and its involvement in the common pathway of
parkin.

To date, several studies have demonstrated that
o-SN exerts protective effects against various cellular
stresses such as oxidative damage and related apoptosis
of neurons [39,40] Considering the reason why muta-
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A As-parkin (150 mof) - - + +
0-SN (5 moi) + - + -
LacZ (5 moi) - + - +
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o-SN(WT)
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B As-parkin (150 moi) - - + +
0-SN A30P (5 moi)
0-SN AS3T (5 moi) - + - +
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o-SN(Mutant)

Actin

Fig. 3. Expression levels of parkin, «-SN, and LacZ. The expression
levels of parkin, wild, and mutant o-SN, and LacZ in SH-SYSY cells
treated for 48 h with adenoviruses were monitored by Western blot
analysis.

tion of a-SN causes familial PD, it is clear that this type
of disease is due to the gain-of-toxic function of the
a-SN mutants with missense mutations, differing from
the neuroprotective roles of the wild-type o-SN. In
addition, a-SN proteins with disease-causing missense
mutations tend to generate protofibrils [31,41], suggest-
ing that protein misfolding including «-SN plays a key
role in the pathogenesis of PD. In contrast, at high con-
centrations, it oligomerizes to B-pleated sheets known
as protofibrils (i.e., fibrillar polymers with amyloid-like
characteristics). Indeed, multiplication of o-SN has
been reported in the autosomal dominant form of
PD, indicating that overproduction of this protein af-
fects the cellular damages. In this regard, there is a dis-
crepancy between the protective role of a-SN in the
present study and combination of PD and a-SN multi-
plication. This could be explained by appropriate phys-
iological level of synuclein [40]. Thus, in patients with
a-SN multiplication, the copy numbers of this gene
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Fig. 4. a-Synuclein inhibits parkin knockdown-induced apoptosis
and accumulation of DOPA- and DA-quinones. (A) Cellular level of
DOPA/DA-chromes. After the differentiated SH-SYSY cells were
treated for 36 h with as-parkin, wild, and mutant «-SN, LacZ, and
adenoviruses, cellular DOPA/DA-chromes were measured. Note the
profound decrease of DOPA/DA-chromes in o-SN-expressing
SH-SY5Y cells. Data are means+ SEM of 10 determinations.
*P < 0.05 versus control group (Turkey’s multiple ¢ test). (B) Effects
of overexpression of wild and mutant «-SN on as-parkin-induced
deterioration of cell viability. Differentiated SH-SY5Y cells were
treated for 48 h with as-parkin adenovirus. Cells were coinfected with
LacZ and o-SN adenovirus (5 moi) and at 150 moi titers of as-parkin
adenovirus. The cell viability was measured and represented as in
Fig. 1A (left panel).

may be related to the clinical severity of PD; patients
with triplicate «-SN show dementia with Lewy bodies
[24]); while those with duplicate levels do not show
dementia [26,27].
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It remains unclear why dopaminergic neurons of the
substantia nigra are selectively vulnerable to the loss of
parkin in AR-JP patients. In the present study, we pro-
vided a clue for this enigmatic puzzle. Considering the
specificity of the lesions in PD, it is possible that the high
oxidative state associated with DA metabolism may
cause deterioration of dopaminergic neurons. The mech-
anism underlying increased oxidative stress may involve
DA itself, because oxidation of cytosolic DOPA/DA
may be deleterious to neurons. Indeed, DA causes apop-
totic cell death as evident by morphological nuclear
changes and DNA fragmentation [42-44]. In this regard,
we showed here that as-parkin directed loss of parkin
leads to abnormality of DOPA/DA metabolism, which
resulted in the generation of DOPA/DA-quinones in
SH-SY5Y cells. Thus, DA and its metabolites seem to
exert cytotoxicity mainly by generating highly reactive
quinones through auto-oxidation. On the other hand,
the toxicity of DOPA and DA is due to the generation
of reactive oxygen species that could disrupt cellular
integrity, causing cell death. However, the reason for
the production of oxidative DOPA/DA-metabolites fol-
lowing loss of parkin is not clear at present.

Our results showed for the first time that loss of par-
kin leads to death of differentiated dopaminergic cells in
vitro. This cell-based experiment enhances our under-
standing of the pathophysiology of PD and could be
potentially useful for drug screening. Our results also
showed that «-SN and parkin are involved in DA
metabolism and that aberrant regulation of DA is
accompanied by accumulation of oxidative DOPA/DA
metabolites.
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Abstract

The carboxyl terminus of heat-shock cognate (Hsc)70-inter-
acting protein (CHIP) is a ubiquitin E3 ligase that can colla-
borate with molecular chaperones to facilitate protein folding
and prevent protein aggregation. Previous studies showed
that, together with heat-shock protein (Hsp)70, CHIP can
regulate tau ubiquitination and degradation in a cell culture
system. Ubiquitinated tau is one component in neurofibrillary
tangles (NFTs), which are a major histopathological feature of
Alzheimer's disease (AD). However, the precise sequence of
events leading to NFT formation and the mechanisms
involved remain unclear. To confirm CHIP's role in suppres-
sing NFT formation in vivo, we performed a quantitative
analysis of CHIP in human and mouse brains. We found in-
creased levels of CHIP and Hsp70 in AD compared with
normal controls. CHIP levels in both AD and controls corres-
ponded directly to Hsp90 levels, but not to Hsp70 or Hsc70
levels. In AD samples, CHIP was inversely proportional to

sarkosyl-insoluble tau accumulation. In a JNPL3 mouse brain
tauopathy model, CHIP was widely distributed but weakly
expressed in spinal cord, which was the most prominent
region for tau inclusions and neuronal loss. Protein levels of
CHIP in cerebellar regions of JNPL3 mice were significantly
higher than in non-transgenic littermates. Human tau was
more highly expressed in this region of mouse brains, but only
moderate levels of sarkosyl-insoluble tau were detected. This
was confirmed when increased insoluble tau accumulation
was found in mice lacking CHIP. These findings suggest that
increases in CHIP may protect against NFT formation in the
early stages of AD. If confirmed, this would indicate that the
quality-control machinery in a neuron might play an important
role in retarding the pathogenesis of tauopathies.

Keywords: Alzheimer's disease, carboxyl terminus of heat-
shock cognate 70-interacting protein, heat-shock protein,
molecular chaperone, neurofibrillary tangle, tau.
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The carboxyl terminus of heat-shock cognate (Hsc)70-
interacting protein (CHIP) is a key molecule in protein
quality-control processes that links the ubiquitin—protea-
some and chaperone systems (Murata et al. 2001). CHIP
has the U-box domain that facilitates ubiquitin-conjugating
enzyme (E2)-dependent ubiquitination (Hatakeyama et al.
2001). CHIP was originally discovered as a co-chaperone
with a tetratricopeptide repeat-containing protein that
negatively regulates the ATPase and chaperone activities
of Hsc70 (Ballinger et al. 1999). The biochemical effects
of CHIP have been well characterized using cell culture
systems. Various molecules have been identified as CHIP
substrates, including the glucocorticoid receptor (Connell
et al. 2001), the misfolded cystic fibrosis transmembrane-
conductance regulator (CFTR) (Meacham ef al. 2001),
heat-denatured luciferase (Murata et al. 2001), the trans-
membrane receptor tyrosine kinase ErbB2 (Xu et al. 2002)
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and microtubule-associated protein tau (Petrucelli et al.
2004; Shimura et al. 2004). We found that CHIP directly
mediates tau ubiquitination without heat-shock proteins
(Hsps) in vitro, preferentially interacts with four-repeat tau,
and protects against vulnerability of P301L mutated tau
expressing cells (Hatakeyama er al. 2004). However, little
is known about the biochemical features of CHIP in the
brain. Only immunohistochemical analyses have been
reported, including those that show anti-CHIP antibody-
positive tau inclusions in several tauopathies including
Alzheimer’s disease (AD), progressive supranuclear palsy,
corticobasal degeneration and Pick’s disease (Hatakeyama
et al. 2004; Petrucelli er al. 2004), and anti-CHIP anti-
body-positive Lewy body-like hyaline inclusions in a
familial amyotrophic lateral sclerosis mouse model (Uru-
shitani ef al. 2004).

Tau is a neuronal microtubule-binding protein that
normally enhances microtubule stability. However, it can
be hyperphosphorylated in pathogenic conditions, and
detach from microtubules and accumulate in the neuro-
fibrillary tangles (NFTs) that are one of neuropathological
hallmarks of AD (Grundke-Igbal ef al. 1986). Despite the
suspected role of tau phosphorylation in NFT formation,
the precise sequence of events leading to NFT formation
and the mechanisms involved remain poorly understood. In
addition to tau phosphorylation, other abnormal post-
translational modifications have been observed including
ubiquitination, glycosylation, glycation, polyamination,
nitration and proteolysis (for review, see Gong et al.
2005). In most neurodegenerative diseases, anti-ubiquitin
antibody- and anti-proteasome antibody-positive inclusions
were detected in affected neurons (for review, see Sherman
and Goldberg 2001), so the ubiquitin—proteasome may be
one mechanism responsible for tau degradation in tauopa-
thies.  Various molecular chaperones were also
colocalized in protein aggregates that are characteristic of
neurodegenerative diseases (for review, see Muchowski
and Wacker 2005). CHIP may attenuate NFT formation as
a bridging mechanism between molecular chaperones and
the ubiquitin—proteasome system.

In the present study, human AD brain, INPL3 mice (Lewis
et al. 2000) expressing human P301L mutant tau that is
associated with frontotemporal dementia and parkinsonism
linked to chromosome 17, and a novel CHIP knockout
mouse were used to investigate the in vivo roles of CHIP in
regulating tau ubiquitination, degradation and aggregation.
We found increased levels of CHIP in AD brains that were
inversely proportional to the amount of accumulated tau. The
level of CHIP corresponded with the level of Hsp90 but not
with that of Hsp70 or Hsc70. These in vivo studies of CHIP
biochemistry suggest the existence of a Hsp90—CHIP
chaperone system, which plays an ameliorating role in the
early stages of tauopathies.

Biochemical features of CHIP in brain 1255

Materials and methods

Antibodies

Polyclonal CHIP antibodies (R1) were prepared in rabbits (Imai
et al. 2002). Antiserum specific for recombinant CHIP with a His-
Tag sequence was purchased from Calbiochem (La Jolla, CA, USA).
El (Kenessey ef al. 1997), a polyclonal antibody specific to human
tau (amino acids 19-33, according to the numbering of a longest
isoform of human tau unphosphorylated), was prepared in our
laboratory. Polyclonal tau antibody tauC was raised against tau
polypeptide corresponding to amino acid residues 422-438. Anti-
Tau5 and pS199 (phosphorylation site at Ser199) were purchased
from Biosource International (Camarillo, CA, USA). Anti-Taul was
from Chemicon (Temecula, CA, USA). Monoclonal antibody to tau
phosphorylated at ser396/Ser404 (PHF-1) was provided by Dr Peter
Davies (Jicha et al. 1999). Monoclonal antibodies to Hsp90, Hsp70,
B-actin, neuron-specific enolase (NSE) and ubiquitin were pur-
chased from Santa Cruz Biotechnology (Santa Cruz, CA, USA),
Chemicon, Sigma (St Louis, MO, USA) Upstate (Charlottesville,
VA, USA) and MBL (Nagoya, Japan) respectively. Polyclonal
antibody to Hsc70 was purchased from MBL. For western blotting,
antibodies were used at the following dilutions in blocking solution:
CHIP, 1 : 5000; El, 1 : 5000; tauC, 1 : 5000; taul, 1 : 2000; tau5,
1 :2000; pS199, 1 :5000; PHF-1, 1 :2000; Hsp90, 1 :2000;
Hsp70, 1:1000; B-actin, 1 : 10 000; NSE, 1 : 1000; ubiquitin,
1 : 500; Hsc70, 1 : 1000.

Human brain

Temporal cortices from nine AD (ADI1 to AD9) and six non-AD
controls (C1 to C6) were obtained. They were processed for western
blotting as described below. The age, sex and post-mortem intervals
of each subject were: AD2, 85 years, male, 10 h; AD3, 77 years,
female, 2.5 h; AD4, 66 years, female, 2.5 h; AD5, 79 years, male,
1.5 h; AD7, 66 years, male, 2.5 h; ADS8, 60 years, female, 3 h; C1,
57 years, female, 8 h; C2, 69 years, male; C3, 69 years, male; C4,
68 years, male, 6 h; C6, 65 years, female. Information about
remaining samples was not available (described in Yan et al. 1994).

JNPL3 mice and littermates

Female hemizygous JNPL3 mice (Tau MI with B6D2F1 back-
ground; Taconic Laboratories Germantown, NY, USA) were
obtained at 8 weeks of age. INPL3 mice express the 4RON isoform
of human P301L mutant tau and are characterized as developing
NFTs, as well as sarkosyl-insoluble tau in an age-dependent manner
(Lewis et al. 2001; Sahara ef al. 2002). Transgenic (Tg) mice and
non-Tg littermates were bred by mating hemizygous JNPL3 mice
with C57BL/6J Jcl (Clea, Tokyo, Japan). Mice were genotyped for
the fau transgene by PCR between exons 9 and 13 of human tau
cDNA. Animals were housed under controlled conditions with a
[2-h day-night cycle. They were killed between 1.5 and
11.6 months after birth. The age ranges of the JNPL3 mice were
1.5 months (# = 2), 4-5 months (7 = 2), 6~7 months (n = 3), 8-
9 months (n = 3) and 10-11 months (n = 2). The age ranges of
non-Tg mice were 1.5 months (n = 1), 4-5 months (n = 3), 6—
7 months (# = 2) and 8-9 months (n = 3). Procedures involving
animals and their care were approved by the Animal Care and Use
Committee of RIKEN.
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Tissue extraction

Mouse brains were separated into eight regions: olfactory bulb,
cerebral cortex, hippocampus, diencephalons, midbrain, pons and
medulla oblongata, cerebellum and spinal cord. These regions were
quickly frozen on dry ice and stored at —80°C. Each sample was
homogenized subsequently in five volumes of Tris-buffered saline
(TBS) containing protease and phosphatase inhibitors [25 mm Tris/
HCL, pH 7.4, 150 mm NaCl, 1 mm EDTA, | mm EGTA, 5 mm
sodium pyrophosphate, 30 mm B-glycerophosphate, 30 mm sodium
fluoride and 1 mm phenylmethylsulfonyl fluoride (PMSF)]. The
homogenates were centrifuged at 27 000 g for 15 min at 4°C to
obtain a supernatant (TBS sup) and pellet fractions. Pellets were
re-homogenized in five volumes of high-salt/sucrose buffer (0.8 m
NaCl, 10% sucrose, 10 mm Tris/HCI, pH 7.4, | mm EGTA, 1 mm
PMSF) and centrifuged as above. The supernatants were collected
and incubated with sarkosy! (Sigma; 1% final concentration) for 1 h
at 37°C, followed by centrifugation at 150 000 g for 1 h at 4°C to
obtain salt and sarkosyl-soluble and sarkosyl-insoluble pellets (srk-
ppt fractions). To determine the extent of post-mortem protein
degradation, hemibrains were kept at room temperature (25°C) for
various time intervals (1, 2, 4, 8, 24 and 70 h) after the death of 7-
month-old female CS7BL/6J] mice. As a control, the other
hemibrains were quickly frozen in dry ice and stored at —80°C.
Each sample was homogenized in TBS buffer containing protease
and phosphatase inhibitors, and was centrifuged at 27 000 g for
15 min at 4°C. The supernatants were used for western blot analysis.

CHIP knockout mice

The first six exons of the CHIP gene were replaced with a PGK-neo
selection cassette by homologous recombination. Germline transfer
of the targeted allele was successful. Mice heterozygous at the CHIP
locus were maintained on a C57BL/6 background. Mice aged
2.5 months (wild type n = 1, heterozygous n = 1, homozygous
n=1) and 18 months (wild type n =4, heterozygous n =4,
homozygous n = 4) were killed, and hemibrains were quickly
frozen on dry ice and stored at —80°C. As described previously
(Ishihara et al. 1999; Tanemura et al. 2002), tissue extracts were
sequentially fractionated with the following buffers: reassembly
buffer (RAB; 0.1 M 2-(N-Morpholino)ethanesulfonic Acid (MES),
I mM EGTA, 0.5 mm MgSOy, 0.75 M NaCl, 0.02 M NaF, | mm
PMSF and protease inhibitor cocktail, pH 7.0), RAB containing 1 M
sucrose, RIPA buffer [50 m Tris, 150 mm NaCl, 1% NP-40, 5 mm
EDTA, 0.5% sodium deoxycholate and 0.1% sodium dodecyl
sulfate (SDS), pH 8.0], RIPA buffer containing 1% SDS, and TBS
containing 1% SDS. The final pellet was solubilized in 70% formic
acid and reconstituted in Laemmli SDS-polyacrylamide gel elec-
trophoresis (PAGE) sample buffer after lyophilization.

Western blotting

Fractionated tissue extracts were dissolved in sample buffer contain-
ing B-mercaptoethanol (0.01%). The boiled extracts were separated by
gel electrophoresis on 10% or 4-20% gradient SDS—PAGE gels, and
transferred to nitrocellulose membranes (Schieicher & Schuell
BioScience, Dassel, Germany). After blocking with a blocking
solution containing 5% non-fat milk, 0.1% goat serum and 0.1%
Tween-20 in phosphate-buffered saline (PBS), the membranes were
incubated with various antibodies, washed to remove excess
antibodies, and then incubated with peroxidase-conjugated goat

anti-rabbit antibodies (1 : 5000; Jackson ImmunoResearch, West
Grove, PA, USA) or anti-mouse IgG (1 : 5000; Jackson ImmunoRe-
search). Bound antibodies were detected using an enhanced chemi-
luminescence system, SuperSignal West Pico (Pierce Biotechnology,
Rockford, IL, USA). For specificity testing of anti-CHIP antibody,
pre-absorption was performed. Recombinant His-tagged CHIP was
resuspended in 1% bovine serum albumin, 0.1% goat serum and 0.1%
Tween-20 in PBS to a concentration of 40 pug/mL. The solution was
added to dilute CHIP antibody to a final dilution of 1 : 5000. The
mixture was rotated for 2 h at room temperature, then centrifuged at
12 000 gfor5 min. The supernatant was separated from the pelletand
used for western blotting. Quantitation and visual analysis of
immunoreactivity were performed with a computer-linked LAS-
1000 Bio-Imaging Analyzer System (Fujifilm, Tokyo, Japan) using
the software program Image Gauge 3.0 (Fujifilm).

Statistical analysis

The correlation between the levels of CHIP in AD brain and control
brain, and between CHIP and Hsp levels, was tested by unpaired
t-test with Welch correction. The correlation between the level of
CHIP and PHF-tau was tested using Pearson correlation. Data were
analyzed with InStat for Macintosh, version 3.0a (Graphpad, San
Diego, CA, USA). The level of significance was set at p < 0.05.

Results

Identification of CHIP in brain extracts

CHIP, a 35-kDa cytoplasmic protein, is highly expressed in
adult striated muscle with less expression in the pancreas and
brain. It is also expressed broadly in tissue culture (Ballinger
et al. 1999). Polyclonal CHIP antibodies from both laborat-
ory and commetcial sources were used for western blotting.
Both were raised from full-length CHIP recombinant protein.
Samples from human embryonic kidney (HEK)293 cells
showed the strongest immunoreactive band with a mobility
size of 35 kDa (Fig. l1a). Both mouse and human brain
extracts showed a single 35-kDa band in the blot with R1
antibody. This band was absorbed by preincubation of
primary antibody with recombinant protein. The blot with the
Calbiochem antibody showed a 35-kDa band of the same
intensity in each sample, but additional bands were detected.
These data suggest that the 35-kDa band was the protein
product of CHIP and that the R1 antibody is more specific to
CHIP than the antibody from Calbiochem. We also detected
doublet bands in human materials using the enlarged
electrophoretic condition (Fig. 1b). For quantitative analysis,
we excluded the upper band in human materials because the
mobility of the lower band was same as the 35-kDa band in
mouse brain (Fig. ib) and all the human brain samples
showed similar extensions of the upper band (Fig. 2a).

Levels of CHIP in AD brain were higher than levels in
non-AD controls

Quantitative western blotting analyses revealed variable
levels of the 35-kDa band in human brain extracts (Fig. 2a).
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Fig. 1 Identification of CHIP using specific antibodies. (a) Replicated
membranes containing human embryonic kidney (HEK)293 cells,
mouse brain and human brain extracts were immunoblotted with anti-
CHIP antibodies [preabsorbed R1, R1 and Calbiochem (CALBIO)].
One set of membranes was stained with poncea. A 35-kDa band
(arrowhead) was detected with both R1 and Calbiochem antibodies
but completely absorbed by recombinant CHIP. (b) Human brain
extracts contained doublet bands. The lower band in human brain
iindicated by arrowhead was identical to the band in mouse brain.

Before making comparisons between AD and non-AD
controls, both sarkosyl-insoluble tau and SDS-insoluble P-
amyloid were analyzed by western blotting to confirm
diagnostic information. PHF-1-positive triplet bands were
detected in all nine AD cases but not in the non-AD controls
when sarkosyl-insoluble fractions derived from over 40 mg
wet-weight of brain tissue were loaded (data not shown).
SDS-insoluble B-amyloid was detected in all AD cases and
some non-AD controls (data not shown). To compare protein
levels of CHIP and Hsp between AD and non-AD controls,
the amount of B-actin was used for normalization of protein
levels. Levels of CHIP were significantly higher in AD brain
compared with non-AD controls (p = 0.040; unpaired -test
with Welch correction) (Fig. 2b). A significant increase in
Hsp70 levels in AD compared with control brains was
observed (p = 0.0032) (Fig. 2d), but no significant differ-
ence in either Hsp90 or Hsc70 (p = 0.84 and p = 0.57
respectively) (Fig. 2¢). Comparing individual samples, CHIP
and Hsp90 levels were directly related, but CHP levels were
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not related to those of either Hsp70 or Hsc70 (Figs 2a and e).
The correlation between the levels of CHIP and Hsp90 was
highly significant (+ = 0.71, p = 0.0029, n =15; Pearson
correlation). When the amount of NSE was used for
normalization, the same statistical results were obtained
(data not shown).

Inverse relationship between CHIP and PHF-1 antibody-
immunoreactive tau (PHF-tau) in AD brain

To determine whether NFT formation in AD brain is
influenced by the protein level of CHIP, the amount of
CHIP, normalized with respect to 3-actin in the TBS-soluble
fraction, was plotted against PHF-tau in the sarkosyl-
insoluble fraction. These were samples that tested positive
for highly phosphorylated tau. Although detailed information
on the pathological course for each AD case was not
available, the relative amount of PHF-tau revealed through
biochemical studies provided detailed information about the
NFT pathogenesis in each. This information correlated with
the severity of disease (Dickson et al. 2000; Johnson and
Bailey 2002). As shown in Fig. 2(a), the intensity of PHF-tau
staining varied among the AD cases as did that of both CHIP
and Hsp90. Interestingly, the amount of PHF-tau was
inversely proportional to amount of CHIP (+ = — 0.83,
p = 0.0051, n = 9; Pearson correlation) (Fig. 2f). As des-
cribed previously, levels of Hsp90 in AD cases with mature
PHF-tau accumulation were lower than those in immature or
non-AD cases (Dou et al. 2003). Conversely, soluble tau
levels were not influenced by either CHIP or Hsp90 levels.
To determine whether the sequestration of CHIP with NFTs
occurred during pathogenesis, we analyzed CHIP levels in
the sarkosyl-insoluble fraction (Fig. 2a). Consistent with the
results of the anti-CHIP blot of the TBS sup fraction,
the level of sarkosyl-insoluble CHIP was inversely related
to the PHF-tau level. Sarkosyl-insoluble CHIP in controls
was also detected with similar intensity to that in AD cases.
These data suggest that CHIP precipitated in this fraction in a
PHF-tau-independent manner.

Effect of post-mortem interval on protein levels of CHIP
Large variations in CHIP and Hsp90 protein levels were
found among control and AD brains (Fig. 2a). To exclude the
possibility of post-mortem protein degradation, we attempted
the comparative protein quantification of mouse brains with
several post-mortem intervals. Coomassie Brilliant Blue
staining of polyacrylamide gels showed visible protein
degradation after a post-mortem interval of 24 h (Fig. 3).
However, western blots for CHIP, Hsp90, Hsp70 and B-actin
showed constant protein levels. Only tau protein levels were
affected by the post-mortem interval. The observed mobility
shift may correspond to dephosphorylation. These data
strongly suggest that protein levels of CHIP and Hsps
extracted from both human and mouse brains were not
affected by the post-mortem interval.
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Distribution of CHIP in mouse brain

Since the discovery of CHIP (Ballinger ef al. 1999) and its
role as E3 ligase (Hatakeyama et al. 2001; Jiang et al. 2001,
Murata et al. 2001), liitle research has been conducted to
determine its in vivo protein properties. In the present study
the distribution of CHIP in mouse brain was investigated
using biochemical strategies. CHIP was found to be highly
expressed in the olfactory bulb, cerebral cortex, hippocampus
and cerebellum, moderately expressed in the diencephalons,
midbrain and pons/medulla oblongata, but weakly expressed
in the spinal cord (Fig. 4a). Hsp90 was broadly expressed
throughout the mouse brain, whereas Hsp70 was highly
expressed in cerebral cortex and hippocampus with only
moderate expression in other brain regions (Fig. 4a). The
distribution patterns of the three chaperone-related proteins
in mouse samples were not identical. CHIP distribution in
mouse brain corresponded with tau distribution except in the

CHIP tevel (CHIP/beta-acting

plotted against sarkosyl-insoluble PHF-tau
level. p < 0.01 (n = 9; Pearson correlation).

olfactory bulb. The distribution patterns of CHIP, Hsp90 and
Hsp70 did not vary with age or sex (data not shown).

Increased level of CHIP in JNPL3 mouse brain

To search for linkages between abnormal tau accumulation
and CHIP expression, JNPL3 mouse brains were analyzed;
64-kDa tau was observed in the sarkosyl-insoluble fraction
from the midbrain, pons/medulla oblongata and spinal cord
regions of 9.5-month-old female JNPL3 mouse (Fig. 4b,
middle panel). As described previously (Sahara ef al. 2002),
human P301L tau protein expression was higher in the
hindbrain regions, including midbrain, pons/medulla oblong-
ata, cerebellum and spinal cord, than in the forebrain regions,
including cerebral cortex, hippocampus and diencephalons
(Fig. 4b, upper panel). Interestingly, the cerebellum had the
highest levels of exogenous tau protein but only moderate
levels of sarkosyl-insoluble tau. The distribution pattern of
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