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Our main research goal is to better understand
the molecular mechanism underlying the development of
motor-system-associated neurodegenerative diseases, in-
cluding amyotrophic lateral sclerosis (ALS) and Parkin-
son’s disease. Our current research is focused on the func-
tional analysis of superoxide dismutase 1 (SOD1) and
Parkin, which are the genes responsible for familial au-
tosomal dominant ALS and autosomal recessive juvenile
parkinsonism (AR-JP), respectively. We are currently
adopting a way to develop and analyze molecular, cellu-
lar and animal models of these diseases.

We are also interested in the possibility of using anti-
cell death genes as a therapy of neurodegenerative dis-
eases. Inhibitor of apoptosis proteins (IAPs) are evolu-
tionally very well conserved anti-apoptotic proteins. We
have found that some of human IAPs are direct inhibitors
of a subset of cysteine proteinases called caspases, which
play central roles in the execution of apoptosis. Given
that the apoptotic machinery is essential for neurodegener-
ative process, IAPs are promising candidates for the gene
therapy of neurodegenerative diseases. We are examin-
ing whether TAPs can block neurodegenerative processes

oooooo

of disease model animals.

1. Investigation of the mechanism underlying
selective motor neuronal death induced by mutant
SOD1

Amyotrophic lateral screlosis (ALS) is a fatal progres-
sive paralytic disorder of unknown cause involving mo-
tor neurons of the brain and spinal cord. Approximately
5-10% of ALS cases are familial and inherited. More
than 90 kinds of mutations (mostly missense mutations)
in Cu/Zn superoxide dismutase-1(SOD1) have been iden-
tified in about 20% of patients with the familial ALS
(FALS). Enzymological analysis of mutant SOD1 proteins
and studies on mutant SOD1 overexpressing transgenic
mice demonstrated no correlation between SOD activity
and the severity of the disease, suggesting that mutant
SOD1 induces motor neuron death not because of losing
SOD activity but because of gain of a new adverse func-
tion. The mechanism of the new toxic function, however,
is yet to be elucidated.

(1) Mechanisms whereby mutant SOD1 is degraded
through ubiquitin-proteasome pathway

Previous reports have strongly suggested that ubiquitin-
proteasomal pathway is involved in the degradation of mu-
tant superoxide dismutase 1 (SOD1) proteins, although di-
rect evidence has not been provided. We found that the
misfolded and oligomerized mutant SOD1 proteins were
degraded through ubiquitin-proteasome pathway, which
result in impairment of the proteasomal function and mo-
tor neuronal death. Oxidative stress contributes to aug-
mentation of abnormal conformation and enhanced ubiqg-
uitination of mutant SOD1. We further elucidated that
heat-shock protein (Hsp) or heat shock cognate (Hsc)
70 and the carboxyl terminus of the Hsc70-interacting
protein (CHIP) are involved in proteasomal degradation
of mutant SOD1. Only mutant SOD1 interacted with
Hsp/Hsc70 in vivo, and in vitro experiments revealed that
Hsp/Hsc70 preferentially interacted with apo-SOD1 or
dithiothreitol (DTT)-treated holo-SOD1, compared with
metallated or oxidized form. CHIP, a binding partner
of Hsp/Hsc70, interacted with only mutant SOD1 and
promoted their degradation. Interestingly, both Hsp70
and CHIP promoted polyubiquitination of mutant SOD1-
associated molecules, but not of mutant SOD1, indicating
that mutant SOD1 is not a substrate of CHIP. Moreover,
mutant SOD1-associated Hsp/Hsc70, a known substrate
of CHIP, was polyubiquitinated in vivo, and polyubiqui-
tinated Hsc70 by CHIP interacted with the S5a subunit
of the 26S proteasome in vitro. Furthermore, CHIP was
predominantly expressed in spinal neurons, and ubiquiti-
nated inclusions in the spinal motor neurons of hSOD1%934
transgenic mice were CHIP-immunoreactive. Taken to-
gether, we propose a novel pathway in which ubiquitinated
Hsp/Hsc70 might deliver mutant SOD1 and facilitate its
degradation at the proteasome.

(2) The role of caspases in the disease progression of
mutant SOD1 transgenic ALS model

Mutant copper/zinc superoxide dismutase (SOD1)
overexpressing transgenic mouse, a mouse model for fa-
milial amyotrophic lateral sclerosis (ALS), provides an ex-
cellent resource for developing novel therapies for ALS.
Several observations suggest that mitochondria-dependent
apoptotic signaling including caspase-9 activation may
play an important role in mutant SOD1-related neurode-
generation. To elucidate the role of caspase-9 in ALS,
we examined the effect of different caspase-inhibitory pro-
teins, an inhibitor of X chromosome-linked inhibitor of
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apoptosis (XIAP), a mammalian inhibitor of caspase-3,
-7 and -9, and p35, a baculoviral broad caspase-inhibitor
that does not inhibit caspase-9. When expressed in spinal
motor neurons of mutant hSOD1%%%4 transgenic mouse
using transgenic techniques, XIAP attenuated disease-
progression without delaying onset. In contrast, p35 de-
layed onset without slowing disease-progression. Moreover,
caspase-9 was activated in spinal motor neurons of human
ALS subjects. These data strongly suggest that caspase-
9 plays a crucial role in disease-progression of ALS and
constitutes a promising therapeutic target.

(3) The role of calcium permeable AMPA receptors in
selective motor neuronal degeneration in ALS mouse model

Misfolding and subsequent aggregation of mutant
SOD1 proteins have been suggested to be responsible for
selective death of spinal motoneurons in SOD1-related fa-
milial amyotrophic lateral sclerosis (ALS), although the
factors mediating such conversion are almost unknown.
Focusing on motoneuron-specific expression of Ca?"-
permeable (GluR2 subunit-lacking) a-amino-3-hydroxy-5-
methyl-4-isoxazole propionic acid (AMPA)-type glutamate
receptors, we generated chat-GluR2 transgenic mice with
significantly reduced Ca®*-permeability of the receptors.
Crossbreeding of the ASOD1 %% transgenic mouse model
of ALS with chat-GluR2 mice led to markedly delayed dis-
ease onset (by 19.3% ) and mortality (by 14.3% ), with
concomitantly delayed release of cytochorome ¢ from mi-
tochondria, induction of coz2, and conversion of SOD1 pro-
teins into abnormal forms in cytoplasm and mitochondria.
Moreover, levels of protein oxidation, which causes confor-
mational changes to SOD1 in vitro, were reduced in double
transgenic mice. These results indicate that Ca®"-influx
through atypical AMPA receptors thus promotes misfold-
ing of mutant SOD1 protein, probably by enhancing cellu-
lar oxidative stress, contributing to selective motoneuron
degeneration in ALS.

2. Functional analysis of Parkin, the gene re-
sponsible for autosomal recessive juvenile Parkin-
sonism

Autosomal recessive juvenile parkinsonism (AR-JP)
is a distinct clinical entity characterized by typical
parkinsonism, dystonia and superb dopa responsive-
ness. Neuropathological hallmarks are selective degen-
eration of the pigmented neurons in the substantia ni-
gra (SN) and locus ceruleus without Lewy body forma-
tion. In 1998, a Japanese collaborative research group
led by Dr. Yoshikuni Mizuno (Juntendo University) and
Dr. Nobuyoshi Shimizu (Keio University) identified a
novel parkin gene as a causative gene for AR-JP. Parkin
protein is a ubiquitously expressed 465 amino-acid protein
with a ubiquitin-homology domain at its NHa-terminus
and a RING finger-like motif near its COOH-terminus.
We have shown that Parkin is a RING-type E3 ubiqg-
uitin ligase and identified misfolded Pael receptor (Pael-
R) as its substrate. When overexpressed in cells, Pael-R
tends to become misfolded, insoluble, and ubiquitinated.
The insoluble Pael receptor leads to ER stress-induced cell
death. Parkin specifically promotes ubiquitination and
subsequent degradation of misfolded Pael-R, resulting in
suppression of the cell death induced by the accumulation
of misfolded Pael receptor in the ER. Moreover, the in-
soluble form of Pael receptor accumulates in the brains of
AR-JP patients.

(1) Analysis of the physiological function of Parkin and
its cofactors

Twp-dimensional (2D) electrophoresis of co-immuno-

680

precipitates of FLAG-tagged Parkin expressed in SH-
SY5Y cells demonstrated two different Parkin binding
protein. Mass spectrometry and Western blot analysis
revealed these proteins correspond to Hsp70 and Car-
boxy -terminal of Hsc70 interacting protein (CHIP). Fur-
ther study showed that CHIP, Hsp70, Parkin, and Pael-
R formed a complex in wvitro and in vivo. The amount
of CHIP in the complex was increased during ER, stress.
CHIP promoted the dissociation of Hsp70 from Parkin and
Pael-R, thus facilitating Parkin-mediated Pael-R ubiqui-
tination. Moreover, CHIP enhanced Parkin-mediated in
vitro ubiquitination of Pael-R in the absence of Hsp70.
Furthermore, CHIP enhanced the ability of Parkin to
inhibit cell death induced by Pael-R. Taken together,
these results indicate that CHIP is a mammalian E4-like
molecule that positively regulates Parkin E3 activity.

(2) Generation and analysis of animal models for AR-
JP

Establishment of an animal model for AR-JP that
should be invaluable for the study of pathophysiology and
development of therapy. A transgenic drosophila express-
ing Pael-R was created in collaboration with Dr. Bingwei
Lu at Stanford University. We established an organismal
system that panneuronal expression of Pael-R causes age-
dependent selective degeneration of Drosophila dopaminer-
gic (DA) neurons. Coexpression of Parkin degrades Pael-R
and suppresses its toxicity, whereas interfering with en-
dogenous Drosophila Parkin function promotes Pael-R ac-
cumulation and augments its toxicity. Furthermore, over-
expression of Parkin can mitigate alpha-Synuclein-induced
neuritic pathology and suppress its toxicity. Our study im-
plicates Parkin as a central player in the molecular path-
way of Parkinson’s disease (PD) and suggests that ma-
nipulating Parkin expression may provide a novel avenue
of PD therapy. Regarding mouse model of AR-JP, Parkin-
KO mouse and Pael-R transgenic mice have been generated
and currently under analysis.

(3) Analysis of gene located upstream of Parkin (Glup)

We and others have identified a reverse strand gene lo-
cated upstream of the parkin gene in the human genome.
The gene product, termed Glup/PACRG, forms a large
molecular chaperone complex containing heat shock pro-
teins 70 and 90 and chaperonin components. Glup sup-
pressed cell death induced by accumulation of unfolded
Pael receptor (Pael-R), a substrate of Parkin. On the other
hand, Glup facilitated the formation of inclusions consist-
ing of Pael-R, molecular chaperones, protein degradation
molecules, and Glup itself, when proteasome is inhibited.
Glup knockdown attenuated the formation of Pael-R in-
clusions, which resulted in the promotion of cell death
with extensive vacuolization. Moreover, Glup turned out
to be a component of Lewy bodies in Parkinson’s disease
cases. These data suggest that Glup may play an impor-
tant role in the formation of Lewy bodies and protection
of dopaminergic neurons against Parkinson’s disease.

3. Elucidation of the mechanism of action and
the physiological role of inhibitor of apoptosis pro-
tein (IAP) family

The inhibitor of apoptosis (IAP) family of proteins has
an evolutionarily conserved role in regulating programmed
cell death in animals ranging from insects to humans. Most
of the TAPs of various species have been shown to block
apoptosis when overexpressed in cultured cells and all con-
tain at least one baculovirus IAP repeat (BIR) domain. We
have shown that X-linked IAP (XIAP), c-IAP1 and c-IAP2
are direct inhibitors of active 3, 7 and 9, which play critical
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roles in the execution of apoptosis. A structure-function
analysis of XIAP revealed that BIR2 is the minimal essen-
tial domain of XIAP required for inhibition of caspase-3
and -7, whereas BIR3 and its surrounding sequences are re-
sponsible for caspase-9 inhibiton. We found that caspase-3
and caspase-7 were inhibited by XIAP in distinct modes.
On the other hand, IAPs with strong apoptotis-inhibitory
activities including XIAP, c-IAP1 and ¢-IAP2 carry RING-
finger motif at their COOH-termini. We have shown that
XIAP is an E3 ubiquitin ligase for caspase-3 in vivo and the
E3 activity contributes to anti-apoptotic activity of XIAP.

Moreover, we have identified HtrA2/Omi serine pro-
tease as an inhibitor of IAPs.

(1) The mechanisms whereby HtrA2 inhibits the func-
tion of IAPs

Omi/HtrA2 is a mitochondrial serine protease that is
released into the cytosol during apoptosis and promotes
cytochrome ¢ (Cyt c) dependent caspase activation by
neutralizing inhibitor of apoptosis proteins (IAPs) via its
IAP-binding motif. The protease activity of Omi/HtrA2
also contributes to the progression of both apoptosis and
caspase-independent cell death. In this study, we found
that wild-type Omi/HtrA2 is more effective at caspase ac-
tivation than a catalytically inactive mutant of Omi/HtrA2
in response to apoptotic stimuli, such as UV irradia-
tion or tumor necrosis factor. Although similar levels
of Omi/HtrA2 expression, XIAP-binding activity, and
Omi/HtrA2 mitochondrial release were observed among
cells transfected with catalytically inactive and wild-type
Omi/HtrA2 protein, XIAP protein expression after UV
irradiation was significantly reduced in cells transfected
with wild-type Omi/HtrA2. Recombinant Omi/HtrA2
was observed to catalytically cleave IAPs and to inacti-
vate XIAP in vitro, suggesting that the protease activity
of Omi/HtrA2 might be responsible for its IAP-inhibiting
activity. Extramitochondrial expression of Omi/HtrA2 in-
directly induced permeabilization of the outer mitochon-
drial membrane and subsequent Cyt c-dependent caspase
activation in HeLa cells. These results indicate that pro-
tease activity of Omi/HtrA2 promotes caspase activation
through multiple pathways.

(2) Molecular cloning of the substrates of HtrA2

Using expression cloning, we have isolated several can-
didate molecules that are cleaved by HtrA2 in vitro. The
functional analysis is underway.
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