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Abstract

A dominant mutation in the gene for copper-zinc superoxide
dismutase (SOD1) is the most frequent cause of the inherited
form of amyotrophic lateral sclerosis. Mutant SOD1 provokes
progressive degeneration of motor neurons by an unidentified
acquired toxicity. Exploiting both affinity purification and mass
spectrometry, we identified a novel interaction between heat-
shock protein 105 (Hsp105) and mutant SOD1. We detected
this interaction both in spinal cord extracts of mutant SOD1%%%*
transgenic mice and in culiured neuroblastoma cells.
Expression of Hsp105, which is found in mouse motor neu-

rons, was depressed in the spinal cords of SOD1%%** mice as
disease progressed, while fevels of expression of two other
heat-shock proteins, Hsp70 and Hsp27, were elevated.
Moreover, Hsp105 suppressed the formation of mutant
SOD1-containing aggregates in cultured cells. These resuits
suggest that techniques that raise levels of Hsp105 might be
promising tools for alleviation of the mutant SOD1 toxicity.
Keywords: amyotrophic lateral sclerosis, Cu/Zn superoxide
dismutase (or superoxide dismutase 1), heat-shock protein
105.

J. Neurochem. (2007) 102, 1497-1505.

Amyotrophic lateral sclerosis (ALS) is an adult-onset neu-
rodegenerative disease causing the selective loss of motor
neurons, which results in progressive and ultimately fatal
paralysis of skeletal muscles. Death usually occurs within 2—
S years after onset of the disease and is related to respiratory-
muscle weakness. Ten percent of cases of ALS are inherited,
and the most frequent cause of inherited ALS is dominant
mutations in the gene for CwZn superoxide dismutase
(SOD1). More than 100 different mutations in SOD1 have
been identified, all of which provoke uniform disease
phenotype that is similar to the phenotype of the sporadic
disease. Transgenic mice and rats expressing a mutant human
gene for SOD1 develop an ALS phenotype, although deletion
of SOD1 from mice does not cause motor neuron disease,
providing evidence for acquired toxicity due to mutant SOD1
(Bendotti and Carri 2004; Bruijn et al. 2004).

Several hypotheses have been proposed to explain the
mechanism of mutant SOD1-mediated toxicity, including
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formation of protein aggregates due to reduced conforma-
tional stability, mitochondrial dysfunction, excitotoxicity,
abnormal axonal transport, mutant-derived oxidative dam-
age, lack of growth factors, and inflammation. However, the
exact mechanism responsible for motor neuron degeneration
remains unknown. One plausible hypothesis is linked to the
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impairment of protein-quality control. Accumulation of
mutant SOD1 might result in (i) saturation of the protein-
folding and protein-degradation machinery that handles
mutant proteins and/or (ii) disruption of vital intracellular
processes by misfolded, oligomeric species of SOD1. In such
cases, it is likely that mutant SOD1 might provoke toxicity
through abnommal interactions between mutant SOD1 and
other proteins. In this context, identification of proteins that
interact with mutant SOD1 might provide clues to the toxic
effects of the mutant protein. Mutant but not wild-type (WT)
SOD1 has been found to interact with proteins that are
involved in protein-quality control, for example, several heat-
shock proteins such as Hsp70 (Shinder ef al. 2001; Okado-
Matsumoto and Fridovich 2002), Hspd0, oB-crystallin
(Shinder ef al. 2001), and Hsp27 (Okado-Matsumoto and
Fridovich 2002) and E3 ligases such as dorfin (Niwa et al.
2002), NEDL1 (Miyazaki et al. 2004), and carboxy terminus
of the Hsc70-interacting protein (Choi et al. 2004; Urushitani
et al. 2004).

Abnormal expression of heat-shock proteins has been
detected in mutant SOD1 mouse models. Increased expres-
sion of Hsp70 in mutant SODIl-expressing fibroblasts
(Bruening ef al. 1999) and of Hsp27 (also referred to as
Hsp25) in spinal cord lysates of symptomatic SOD1%%A
mice (Vleminckx et al. 2002) has been reported, but
decreased expression of Hsp27 has also been found in motor
neurons from symptomatic SOD1%** mice (Maatkamp
et al. 2004). Hsp70/Hsc70 were found in aggregates of
mutant SOD1 in the motor neurons of symptomatic mutant
SOD1 mice (Watanabe ef al. 2001; Liu ef al. 2005). These
findings support the hypothesis that depletion of chaperone
proteins might be responsible for the toxicity of mutant
SOD1. Over-expression of Hsp70 in mutant SOD1 mice did
not reverse the disease process (Liu ef al. 2005), whereas
activation of heat shock factor (HSF)-1, a transcription factor
for heat-shock proteins, by administration of arimoclomol
extended the life span of mutant SOD1 mice (Kieran et al.
2004). Such observations suggest that modulation of heat-
shock responses might be an attractive strategy for treatment
of motor neuron disease. Thus, it seems appropriate to
elucidate the mechanism(s) of misregulation of heat-shock
proteins that is linked to mutant SOD1-mediated toxicity,
which remains poorly understood.

To uncover the properties of mutant SOD1 as they relate to
protein-quality control, we investigated the proteins that
interact with mutant SOD1 by immunoprecipitation (IP) and
subsequent mass spectrometric (MS) analysis. We identified
heat-shock protein 105 (Hsp105) as a novel mutant SOD1-
interacting protein, and we detected this interaction in spinal
cord extracts of mutant SOD19°* transgenic mice. Levels of
expression of Hspl05, which is detected in mouse motor
neurons, were depressed in the spinal cords of SOD1%%%4
mice during disease progression, although levels of expres-
sion of other heat-shock protein rose. In addition, Hsp105
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suppressed the aggregation of mutant SOD1 in cultured cells.
Together, our findings indicate that raising levels of Hsp105
may alleviate the mutant SOD1-mediated toxicity.

Materials and methods

Plasmids

The coding region of human WT SOD]1 ¢cDNA was cloned into the
expression vector pcDNA3.1(+) (Invitrogen, Carlsbad, CA, USA)
and various mutations in SOD] were generated (Oeda ef al. 2001)
by site-directed mutagenesis using a Mutan™-Super Express Km
kit (Takara, Otsu, Japan), in accordance with the manufacturer’s
instruction. Then a FLAG tag was introduced at the carboxyl
terminus of SOD1 and its mutant derivatives by PCR. A fragment of
c¢DNA encoding mouse Hspl05 (Yasuda et al. 1995) was cloned
into the pcDNA4/TO vector (Invitrogen).

Antibodies

The primary antibodies used for immunoblots or IP inchuded anti- -
SOD1 antibody (Stressgen Biotechnologies, Victoria, BC, Canada),
anti-FLAG antibody (M2; Sigma, St Louis, MO, USA), anti-B-actin
antibody (Sigma), mouse anti-Hsp105 antibody (BD Biosciences,
San Jose, CA, USA), anti-Hsp70 antibody (Santa Cruz Biotechno-
logy, Santa Cruz, CA, USA), anti-Hsp27 antibody (Santa Cruz
Biotechnology), and anti-B-galactosidase antibody (Chemicon,
Temecula, CA, USA). For immunofluorescence staining, we used
rabbit anti-Hsp105 antibody (Stressgen Biotechnologies) and SMI32
antibody (Sternberger Monaclonals, Baltimore, MA, USA). Secon-
dary antibodies for immunoblots were anti-rabbit IgG conjugated
with horseradish peroxidase (HRP; GE Healthcare, Piscataway, NJ,
USA), anti-mouse IgG conjugated with HRP (GE Healthcare), and
anti-goat IgG conjugated with HRP (Santa Cruz Biotechnology).

Culture and transfection of cells

Neuro2A and human embryonic kidney (HEK)293T cells were
maintained in Dulbecco’s modified Eagle’s medium, supplemented
with 10% fetal bovine serum, 100 IU/mL penicillin, 100 pg/mL
streptomycin, and 2 mmolL glutamine. Cells were transiently
transfected with Lipofectamine™ 2000 (Invitrogen) according to
the manufacturer’s instruction. After 24 h, cells were harvested and
cellular proteins were subjected to IP or immunoblotting.

Transgenic mice

Mutant (B6SJL-TgN [SOD1-G93A] 1Gur) and WT (B6SJL-Tg
[SOD1] 2Gur/) SOD1 transgenic mice were obtained from the
Jackson Laboratory (Bar Harbor, ME, USA). Mice were genotyped
by PCR with the following sense and antisense primers: §'-
CATCAGCCCTAATCCATCTGA-3’ and 5-CGCGACTAACAAT-
CAAAGTGA-3, respectively. Mice were housed and treated in
compliance with the ‘Guidelines for Animal Experiments’ of Kyoto
University, Japan.

Preparation of lysates and IP of proteins

Lysates were prepared, on ice, from cells or tissue in lysis buffer
(10 mmol/L Tris-HCI, pH 7.8, 1% Nonidet P-40, 0.15 mol/L NaCl,
1 mmolV/L. EDTA, and 10 pg/mL aprotinin). After centrifugation
(21 600 g, 30 min, 4°C), the clarified supematants were used for
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subsequent analysis unless specified. Protein concentrations were
determined by Bradford’s assay (Bio-Rad, Hercules, CA, USA). For
IP, aliquots of 600 pg of protein in 1000 pL of lysis buffer were
incubated for 12 h at 4°C with protein G-Sepharose (GE Health-
care). Then they were incubated with rabbit anti-SOD1 (3 pg) or
mouse anti-FLAG antibodies (8.8 pg) or normal IgG for 1 h. The
antibody—antigen complexes were then incubated with 10 uL of
protein G-Sepharose for another hour. After immunoprecipitates had
been washed five times with 1000 pL of lysis buffer, protein
complexes were eluted with 15 pL of sample buffer for sodium
dodecyl sulfate—polyacrylamide gel electrophoresis (SDS-PAGE)
0.125 mol/L Tris—HClI, pH 6.8, 4% SDS, 20% glycerol, 20 mmol/L
dithiothreitol, and 0.002% bromo phenol blue) and immediately
boiled for 5 min. Supemnatants, after clarification by centrifugation,
were loaded on a 2-15% polyacrylamide gradient gel (PAGmini;
Daiichi Pure Chemicals, Tokyo, Japan) for SDS-PAGE.

Immunoblotting

Lysates prepared in lysis buffer or the whole tissue homogenates,
which were prepared by homogenization of spinal cord with the
equal volume of SDS sample buffer, were fractionated with SDS—
PAGE, then transferred to a polyvinylidene difluoride membrane
(Millipore Corporation, Bedford, MA, USA). Membranes were
incubated with primary antibodies and appropriate HRP-conjugated
secondary antibodies. Immunoreactive proteins on membranes were
visualized with the enhanced chemiluminescence western blotting
detection reagents (GE Healthcare).

MS

Proteins were identified by MS as described previously (Jensen
et al. 1996). In brief, after SDS-PAGE, proteins were visualized by
silver staining (PlusOne; GE Healthcare) and bands of proteins were
excised from gels. After ovemight in-gel digestions at 37°C of
proteins with trypsin in a buffer that contained 50 mmol/L
ammonium bicarbonate (pH 8.0) and 2% acetonitrile, molecular-
mass analysis of tryptic peptides was performed by matrix-assisted
laser desorption/ionization time-of-flight MS (MALDI-TOF/MS)
with an Ultraflex MALDI-TOF/TOF system (Bruker Daltonics,
Billerica, MA, USA). The acquired mass spectral data were queried
against the National Center for Biotechnology Information non-
redundant database using the Mascot (Matrix Science, London, UK)
search engine with a peptide mass tolerance of 0.15 Da and
allowance for up to two trypsin misclnvageé.

Filter trap assay

Filtration of lysates through a cellulose acetate membrane (0.2-pm
pores; Advantec, Dublin, CA, USA) was performed with a 96-well
dot-blot apparatus (Bio-Rad) as described previously (Wang et al.
2002a) with minor modifications. In brief, HEK293T cells were
cultured on 35-mm dishes to 70-80% confluence. Cells were co-
transfected with 0.6 pg of empty vector or of plasmids encoding
LacZ or Hspl05, together with 1 pg of plasmid encoding
SODI®®*A_FLAG. After incubation for 48 h, cells were harvested
with phosphate-buffered saline (PBS) and briefly sonicated. Lysates
were centrifuged at 800 g for 10 min at 4°C and the concentrations
of proteins in the supematants were determined. Aliquots of 200 pg
of protein in 400 pL of lysis buffer (PBS, 1% SDS) were gently
vacuum-filtered through a membrane. Membranes were washed
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twice with tris-buffered saline-0.05% Tween20 and analyzed by
immunoblotting.

Immunofluorescence staining

For immunofluorescence staining, mice were deeply anesthetized
with pentobarbital and perfused transcardially with 4% p-formalde-
hyde in PBS. The lumbar spinal cord was dissected out, fixed
ovemight in 4% p-formaldehyde in PBS, and cryoprotected with 30%
sucrose in PBS before freezing. Ten-micron cryosections were
mounted on slides. After blocking with blocking buffer (5% normal
goat serum and 0.3% Triton X-100 in PBS) for half an hour at 25°C,
the sections were incubated overnight at 4°C with a mixture of mouse
SMI32 antibody (1 : 4000) and rabbit anti-Hspl0S5 antibody
(1 : 100). Bound antibodies were detected with Alexa Fluor 488-
conjugated anti-rabbit IgG and Alexa Fluor 594-conjugated anti-
mouse IgG antibodies (1 : 1000; Molecular Probes, Eugene, OR,
USA). Double-immunostained fluorescent images were recorded
with a Leica DMRXA2 confocal microscope (Leica, Wetzlar,
Germany).

Statistical analysis

Signals on films were quantified with NTH image software (National
Institutes of Health, Bethesda, MD, USA). Statistical significance
was assessed by one-way ANovA followed by Scheffe’s post hoc test
using the KaleidaGraph program (Synergy Software, Reading, PA,
USA). Statistical significance was set at a probability value of less
than 0.05.

Results

Identification of proteins that interact with mutant SOD1
in Neuro2A cells by MALDI-TOF/MS

We attempted to identify proteins that interact specifically
with ALS-associated mutant SOD1 proteins by IP and
subsequent MS analysis, as illustrated in Fig. la. We
transfected Neuro2A cells transiently with plasmids that
encoded SOD1V-FLAG, SOD1%**®.FLAG, or SOD1%**-
FLAG. After 24 h, proteins in lysates from transfected
Neuro2A cells were immunoprecipitated with anti-FLAG
antibody or control mouse IgG. The immunoprecipitates
were fractionated by SDS-PAGE, which was followed by
silver staining (Figs 1b and c). We considered all bands in
lanes 1, 5, and 6 to represent non-specifically interacting
proteins, as they were generated in the absence of mutant
SOD1 (lane 1), in the presence of control IgG (lane 5), or in
the absence of antibody for IP (lane 6). We detected bands of
a protein of ~19 kDa in lanes 2 and 4 and of a protein of
~18 kDa in lane 3, each of which was confirmed to be
exogenous SODI1-FLAG by immumoblotting (data not
shown). We identified two specific bands of proteins of
approximately 70 kDa (p70) and 105 kDa (p105), respect-
ively, that were visualized exclusively in both lanes 3 and 4
(Figs 1b and c). These two bands were excised and subjected
to MALDI-TOF/MS analysis. A search for a protein similar
to p70 gave 28 matches (m/z; 1081.53, 1197.57, 1199.59,
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(d) Band fraction Protein name Sequence coverage (%)
p105 heat-shock protein 105 (g117390885)  13.7
p70 heat-shock cognata protein 70 (gi42542422)  56.9

Flg. 1 |dentification of amyotrophic lateral sclerosis-associated mu-
tant superoxide dismutase 1 (SOD1) -interacting proteins by sodium
dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) and
matrix-assisted laser desomtionfionization time-of-flight mass
spectrometry (MALDI-TOF/MS) analysis. (a) Scheme for the experi-
ments designed to identify proteins that interact with mutant SOD1. (b
and ¢) Mutant SOD1-interacting proteins, as visualized by silver
staining. Arrows indicate interacting proteins (p70 and p105 in lanes 3
and 4), 1gG heavy chain (HC), IgG light chain (LC), and FLAG-tagged
human SOD1 (lanes 2-4). The G85R mutant form of SOD1 migrates
faster than the wild type (lane 3). Asterisks (* and **) denote non-
specific bands. Figure 1c shows an enlarged view of the region of the
photograph that includes proteins of 50-150 kDa proteins in Fig. 1b.
Two proteins that interacted specifically with mutant SOD1 are
apparent (p70 and p105; lanes 3 and 4). The mobilities of these cor-
respond to molecular masses of ~70 kDa (p70) and ~105 kDa (p105),
respectively. These two bands were excised and were prepared for
MS analyﬂs. (d) MS analysis of the excised proteins in Fig. 1c. Per-
centage sequence coverage of each protein is shown.

1228.55, 1235.54, 1252.59, 1253.56, 1391.67, 1410.62,
1480.71, 1481.77, 1487.67, 1616.76, 1649.78, 1653.81,
1659.84, 1691.73, 1787.97, 1805.86, 1837.97, 1952.04,
1981.99, 2206.09, 2260.13, 2514.34, 2774.37, 2911.63, and
2997.52) with Hsc70 (heat-shock cognate protein 70) with
56.9% sequence coverage. In the analysis of p10S, although
the sequence coverage (13.7%) was lower than that of p70,
10 peaks of the theoretical mass fingerprint of Hsp105 (heat-
shock protein 105) matched with the mass observed (m/z;
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1133.56, 1321.62, 1388.67, 1479.70, 1481.75, 1487.75,
1562.77, 1637.78, 2035.13, and 2111.03) (Fig. 1d).

Those data highly suggested Hsc70 was interacted with
mutant SOD1 proteins as previously reported (Shinder et al.
2001). More interestingly, the MS analysis also suggested a
novel interaction between Hsp105 and mutant SOD1, which
required further confirmation.

Interaction of mutant SOD1 with Hsp105 both in
cultured neuroblastoma cells and in mouse spinal cord
Having identified a possible novel interaction between
Hsp105 and mutant SODI1, we decided to investigate the
role of Hspl05 in the toxicity of mutant SOD1. We first
confirmed the interaction between different mutant forms of
SOD1 and endogenous Hspl05 in Neuro2A cells. We
transiently transfected Neuro2A cells with plasmids that
expressed FLAG-tagged SOD1 (WT) and its mutant deriv-
atives (D96N, D90A, G85R, and G93A). Then we immu-
noprecipitated proteins in lysates with anti-FLAG antibody.
Immunoprecipitated proteins were examined by immuno-
blotting for the presence of Hsp105 (Fig. 2a, upper panel)
and SOD1-FLAG (Fig. 2a, second panel). Only G85R and
G93A mutant forms of SOD1, which cause motor neuron
disease as a dominant trait, interacted with Hsp105; WT
SOD1, D96N, and D90A mutant forms of SOD1 did not.
The lack of interaction of SOD1™** and SOD1%*™ with
Hsp105 suggested the lower toxicity of those mutants. This
observation reflects the facts that SOD1°%* causes motor
neuron disease as a mainly recessive trait (Andersen et al.
1996) and that the DI6N mutation has been reported as a
non-disease-associated mutation, though controversial (Hand
et al. 2001; Parton et al. 2001).

Next, we used mouse tissue to examine whether the
interaction between mutant SOD1 and Hsp10S might occur
in vivo. Lysates of spinal cord and of liver cells from non-
transgenic, SOD1%¥" and SOD1%** mice were treated with
anti-SOD1 antibody and immunoprecipitates were examined
for the presence of Hspl05 (Fig. 2b, upper panel) and SOD1
(Fig. 2b, second panel). In spinal cord extracts, SOD1%%34
co-immunoprecipitated with Hspl05 (lane 3), while
SOD1™" interacted with Hspl105 at a lower level (lane 2).
No evident interaction between SOD1 and Hsp105 was
detected in liver, a tissue that is not affected in ALS.

Although it has been reported that Hsp105 is expressed in
brain at higher levels (Lee-Yoon et al. 1995; Yasuda et al.
1995), the cell type(s) that expresses Hsp105 in the spinal
cord is unknown. We examined whether Hsp105 is expressed
in motor neurons by immunofluorescence staining of spinal
cord from non-transgenic mice. Motor neurons that were
immunostained with the SMI32 antibody were immunoposi-
tive for Hsp105 (Fig. 2¢, arowheads), whereas non-motor
neurons were also stained with anti-Hspl105 antibody
(Fig. 2¢c, arrows). Within the motor neurons, Hsp105 was
mainly localized in the cytoplasm, as is SODI1.
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Fig. 2 Hsp105 interacts with mutant superoxide dismutase 1 (SOD1)
both in neurcblastoma cells in culture and in mouse spinal cord. (a)
Lysates of Neuro2A cells that had been transiently transfected with
FLAG-tagged wild-type (WT, lane 1) or mutant SOD1 expression
vector (lanes 2-6) were immunoprecipitated with anti-FLAG antibody
(lanes 1-5) or normal IgG (lane 6). Immunoprecipitates wers analyzed
by immunoblotting specific for Hsp105 (top panef) or FLAG (second
panel). The arrowhead and the asterisk indicate Hsp105 and non-
specific bands, respectively. Ten micrograms (as protein) of each ly-
sate that was subjected to immunoprecipitation were analyzed by
immunoblotting (third and fourth panels). (b) Proteins in extracts of
spinal cord and of liver from non-transgenic, SOD"", and SOD%**
mice were immunoprecipitated with anti-SOD1 antibody. Blots were
probed for Hsp105 (top panel) or SOD1 (second panel). Eight micro-
grams (as protein) of the lysate used for immunoprecipitation were
immunoblotted with indicated antibodies (third and fourth panets). The
armmowhead and the asterisk indicate human SOD1 and endogenous
mouse SODA1, respectively. (c) Confocal fluorescence micrographs of
lumbar spinal cord from a non-transgenic mouse after double staining
with SMI32 antibody (left panel) and anti-Hsp105 antibody (middle
panel), and the merged image (right pane!). Amowheads indicate
motor neurons that immunoreacted with both antibodies. Arrows
indicate non-motor neurons that immunoreacted with only anti-Hsp105
antibody. Hsp105 was mainly localized in the cytoplasm of motor
neurons. Scale bars: 50 ym.

Decreased expression of Hsp105 during disease
progression in SOD1°%** mice

Heat-shock responses such as increased levels of Hsp27,
Hsp70, and Hsp90 have been reported in the spinal cords of
mutant SOD1 transgenic mice (Vleminckx et al. 2002; Liu
et al 2005). To examine changes in levels of heat-shock
proteins, including Hspl105, we performed immunoblotting
analyses of Hsp105, Hsp70, and Hsp27 in the brain, spinal
cord, and liver of SOD™T mice at 5 months of age and in
SOD1%%*2 mice at two different ages. By contrast to levels
of other heat-shock proteins, the level of Hsp105 was lower
in the spinal cord of symptomatic SOD1%°*A mice (4-months

© 2007 The Authors
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Fig. 3 Decreases in the levels of expression of Hspi05 in the
spinal cord during disease progression in superoxide dismutase 1
(SOD1%%*4) mice. (a) Immunoblotting analysis of Hsp105, Hsp70, and
Hsp27 in the brain, spinal cord, and liver of SOD1"" and SOD1°%4
mice at two different ages, as indicated. A total of 15 pg of protein was
loaded in each lane. The level of Hsp105 was lower in the spinal cord
of symptomatic SOD1°%** mice (4 months; lane 6) than in pre-
symptomatic SOD15%** mice (2.5 months; lane 5) (upper panel). The
same membrane was immunoprobed for Hsp70 (second panel),
Hsp27 (third panel), hSOD1 (fourth panef), and B-actin as a loading
control (fifth panel). (b) Immunoblotting analysis of Hsp105, Hsp70,
and Hsp27 in the spinal cord of early pre-symptomatic (40-day old),
late pre-symptomatic (72-day old), symptomatic (117-day old), and
end-stage (135-day old) SOD1°%* mice (n = 3 at each time point). A
total of 15 pg of protein was loaded in each lane. Membranes were
blotted with the indicated antibodies. (c) Densitometric analysis of the
immunoblots shown in Fig. 3b. Results are expressed relative to the
intensity of signals for 40-day-old mice, which were normalized to
100%. Values are expressed as means + SE. Asterisks indicate sig-
nificant difference (p < 0.05). (d) Immunobilotting analysis of Hsp105
using whole hamogenates from the spinal cord of SOD1%%* mice at
pre-symptomatic (40-day old) and end-stage (135-day old). A total of
40 g of protein was loaded in each lane. Membranes were blotted
with the indicated antibodies.

old) than in that of pre-symptomatic SOD1%** mice (2.5-

months old) (Fig. 3a, upper panel, lanes 5 and 6).

To investigate the level of expression of heat-shock
proteins in SOD1%%4 mouse spinal cord in grater detail,
we performed immunoblotting analysis of Hsp105, Hsp70,
and Hsp27 in spinal cords from early pre-symptomatic (40-
day old), late pre-symptomatic (72-day old), symptomatic
(117-day old), and end-stage (135-day old) SOD1%”** mice
(Fig. 3b). Decreased levels of Hsp10S were apparent as early
as late pre-symptomatic stage (72 days). However, the
decrease did not reach statistical significance. The expression
of Hspl05 was significantly depressed as the disease
progressed, whereas the levels of expression of both Hsp70
and Hsp27 were elevated at the symptomatic stage and the
end-stage (Figs 3b and c). Semi-quantitative immunoblotting
confimned =~50% decrease of level of Hspl05 in the spinal
cord lysates from end-stage SOD1%%** mice (135-day old)
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compared with ones from pre-symptomatic mice (40-day
old) (Fig. S1).

To investigate whether the decrease in Hsp105 level was
associated with the recruitment of Hsp105 to NP-40-insol-
uble fraction, we performed immunoblotting analysis using
whole homogenates from the spinal cord of SOD1%°%4 mice
at pre-symptomatic and end-stage. Whole homogenates were
prepared by homogenizing mouse spinal cords with sample
buffer for SDS-PAGE and analyzed by immunobloting. The
significant decrease in Hspl05 level at end-stage was still
observed (Fig. 3d), suggesting that the decrease of Hsp105
was unlikely to be due to the sequestration of Hsp105 into
the insoluble fraction.

Inhibition by Hsp10S of the formation of mutant SOD1-
containing aggregates in cultured cells

Intracellular inclusions that are strongly immunopositive for
SOD1 are found in the motor neurons of mutant SOD1
transgenic mice and in human ALS patients with a mutation
in SOD1 (Bruijn ef al. 1998). These misfolded, detergent-
resistant protein aggregates are considered to be relevant to
progression of the disease as increased accumulation of these
aggregates has been observed in symptomatic mutant SOD1
mice (Bruijn et al. 1997; Johnston et al. 2000; Wang et al.
2002b). To determine whether Hsp105 can suppress the
formation of mutant SOD1-containing aggregates, we stud-
ied the effects of over-expression of Hspl05 on the
aggregation of mutant SOD1 in a filter trap assay. We co-
transfected HEK293T cells with an SOD1®A-FLAG
expression vector together with the empty vector, a vector
that encoded P-galactosidase or a vector that encoded
Hspl05. After 48 h, we harvested the cells and processed
them for the filter trap assay. We examined the SDS-insoluble

Blot: FLAG (SOD1) |

Blot: LacZ

Blot: Hsp105 .
Blot: FLAG (SOD1) } -
Blot p-actin :

Flg. 4 Hsp105 suppressed the aggregation of mutant superoxide
dismutase 1 (SOD1) in cultured cells. HEK293T cells were co-trans-
fected with an SOD15%A.FLAG expression vector together with the
empty vector, an expression vector for p-galactosidase (LacZ), or an
expression vector for Hsp105, as indicated. Lysates were analyzed by
the filter trap assay with subsequent immunoblotting with anti-FLAG
antibody, as described in the text (upper panel). The experiment was
repeated three times with essentially the same results. Lower panels
show the results of analysis of input in the filter trap assay.

© 2007 The Authors

SOD1 aggregates that were retained on cellulose acetate
membranes by immunoblotting. Hsp105 significantly sup-
pressed the aggregation of mutant SOD1 (Fig. 4, upper
panel). Moreover, the level of expression of SOD1%%%4 in
HEK?293T cells was very similar in all the samples examined.
Taken together, the results indicate that Hsp105 reduced the
level of mutant SOD1-containing aggregates by inhibiting
the formation of aggregates rather than by facilitating their

degradation.

Discussion

In the present study, we have identified a novel interaction
between Hsp105 and mutant SOD] both in cultured cells and
in 2 mouse model. Although the involvement of other heat-
shock proteins has been demonstrated in mutant SODI-
mediated toxicity, we demonstrated, for the first time to our
knowledge, a decrease in the level of expression of Hsp105,
specifically, from the symptomatic to the end-stage of disease
in the mutant SOD1 mouse model unlike other heat-shock
proteins (Fig. 3). This result might be explained by several
properties of Hsp105, which make it uniquely different from
Hsp70, a major molecular chaperone that is involved in the
folding of newly synthesized and misfolded proteins, even
though these heat-shock proteins are structurally similar.
Hsp10S5, which is a constitutively expressed 105-kDa
protein whose synthesis is enhanced by the various stress
stimuli, is concentrated in the brain, which suggests a specific
role for Hspl05 in stress responses within the nervous
system (Lee-Yoon et al. 1995; Yasuda et al. 1995). Hsp105
exhibits significant homology at the amino acid level to
Hsp70, in particular in the amino-terminal ATPase domain.
The chaperone activity of Hsp70/Hsc70 (Hsp70s) is con-
trolled by a series of ATP-dependent reaction cycles that
consist of the binding of ATP, hydrolysis of ATP, and
nucleotide exchange (Buchberger et al. 1995; McCarty et al.
1995; Rudiger et al. 1997). By contrast, Hsp105 does not
require ATP to prevent the aggregation of denatured proteins
(Yamagishi ef al. 2003), but it does act as a nucleotide-
exchange factor for Hsp70s, which suggests a role for
Hsp105 in supporting the functions of Hsp70s (Dragovic
et al. 2006; Raviol ef al. 2006). Hsp10S binds to denatured
proteins in vitro and maintains these proteins in a folding-
competent state rather than refolding them itself (Oh et al.
1997, 1999; Yamagishi et al. 2003). Thus, Hsp105 might
function not only in collaboration with Hsp70s but also as a
substitute for Hsp70s under severe stress condition, when
cellular supplies of ATP have been markedly depleted. In
motor neurons that express mutant SOD1, Hsp70s might not
be functional, since the level of cellular ATP is likely to be
low as a result of consumption by Hsp70s and the ubiquitin-
proteasome system. This scenario might explain the failure of
over-expression of Hsp70 to mitigate the toxicity of mutant
SOD1 in mice (Liu ef al. 2005). Therefore, rather than
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Hsp70, Hspl0S might be a promising candidate for a
suppressor of mutant SOD1 toxicity.

We observed the decreased level of Hsp105 in spinal cord
of SOD1%%** mice as disease progressed (Fig. 3b) and
further confirmed ~50% decrease in Hsp105 levels at end-
stage by semi-quantitative immunoblotting analysis
(Fig. S1). This result might partly reflect the loss of motor
neurons, which contain abundant Hsp105 proteins. However,
considering the facts that lumbar spinal cord sections of
SOD1%°34 mice at the end-stage show approximately 50%
loss of motor neurons (Kostic et al. 1997; Bendotti and Carri
2004) and that Hspl05 is expressed not only in motor
neurons but also in non-motor neurons (Fig. 2c), it is less
likely that Hsp10S was decreased as a consequence of only
motor neuronal loss. Immunoblotting analysis of whole
spinal cord homogenates also revealed the decreased level of
Hsp105 in spinal cord of SOD1%°*4 mice (Fig. 3d). There-
fore, although a fraction of Hspl05 might be lost in
aggregates, a significant part of Hspl05 is likely to be
consumed or degraded by interacting with mutant SOD1.

Consistent with the reports of the ability of Hspl0S to
maintain denatured proteins in a folding-competent state (Oh
et al 1997, 1999; Yamagishi ef al. 2003), we have shown
that Hsp10S is able to suppress the formation of aggregates
of mutant SOD1 in cultured cells. Mutant SOD1-containing
aggregates immunoreact strongly with antibodies raised
against ubiquitin, and this phenomenon is common to all
mutant SOD1-expressing mouse models (Bruijn et al. 1998;
Wang et al. 2003; Jonsson et al. 2004) and human patients
(Bruijn et al. 1998; Kato et al. 2000; Watanabe et al. 2001).
These findings, together with decreased expression of
Hspl105 in symptomatic SOD1%** mice, suggest that
depletion of Hsp105 might contribute to the process of
motor neuron degeneration through the accumulation of
aggregates of misfolded mutant SOD1.

Hspl0S is essential for cell survival in eukaryotes.
Combined deletion in yeast cells of the SSE] and SSE2
genes, which encode members of the Hsp105/110 family, is
lethal (Raviol et al. 2006). Moreover, recessive mutations in
the SIL! gene, whose product functions as a nucleotide-
exchange factor for the protein of the Hsp70 family, Bip
(GRP78), are responsible for Marinesco—Sjégren syndrome,
which is characterized by cerebellar atrophy with degener-
ation of Purkinje and granule cells (Anttonen et al. 2005;
Senderek et al. 2005). Combined with recent reports that
Hsp10S is a nucleotide-exchange factor for Hsp70s, these
findings provide a link between a functional deficit in a
nucleotide-exchange factor for the proteins of the Hsp70
family and neurodegeneration. With respect to neuronal
survival, over-expression of Hspl05 has an anti-apoptotic
effect in cultured neuronal PC12 cells (Hatayama et al.
2001). Hsp105 suppresses apoptosis in a cell culture model
of polyglutamine disease, a neurodegenerative disease
caused by the toxicity that is derived from a misfolded
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mutant protein (Ishihara et al. 2003). Moreover, we observed
Hsp105 prevented caspase-activation induced by proteasom-
al inhibition with lactacystin in neuroblastoma cell line
(Yamashita ef al., unpublished data). These results suggest
that enhanced expression of Hspl05 might contribute to
prevention of motor neuron degeneration through its anti-
apoptotic property.

Increased expression of Hsp70s in spinal cord lysates from
our SOD1%°** mice and from SOD1%®*® mice (Liu et al.
2005), together with the impaired heat-shock response of
Hsp70 in mutant SOD1-expressing motor neurons (Batulan
et al. 2003), suggests the enhanced expression of Hsp70s in
glial cells. In accordance with this hypothesis, elevated levels
of Hsp27 were also observed in the glial cells of SOD1%*4
mice (Vleminckx ef al. 2002). However, this scenario does
not apply to Hsp10S, because (i) continuous decreases in
levels of Hsp105 were observed throughout the course of the
disease and (ii) Hsp105 is concentrated in neurons and not in
glial cells (Hylander et al. 2000). Absence of the induction of
expression of Hspl05 in non-neuronal glial cells might
exacerbate the toxicity of mutant SODI1 as the toxicity of the
mutant protein to motor neurons is non-cell autonomous
(Clement et al. 2003; Boillee et al. 2006).

Over-expression of Hsp70 did not ameliorate the condition
of mutant SOD1 mice (Liu ef al. 2005). By contrast, the
pharmacological activation of HSF-1, a transcription factor
for heat-shock proteins, extended the life span of mutant
SOD1 mice by enhancing the expression of Hsp70s and
Hsp90. In the cited study, the level of Hspl05 was not
measured (Kieran ef al. 2004). In spinal and bulbar muscular
atrophy mouse model, in which accumulation of misfolded
polyglutamine protein causes motor neuron degeneration,
pharmacological induction of the expression of HSF-1 by
geranylgeranylacetone alleviated polyglutamine-mediated
motor neuron disease and activation of HSF-1 was shown
to induce the expression of Hsp70, Hsp90, and Hsp10S but
not of Hsp27, Hsp40, and Hsp60 (Katsuno et al. 2005). In
view of our observation of depleted supplies of Hsp10S in
SOD1%** mice, a requirement for enhanced synthesis of
Hsp70s, Hsp90, and Hsp105 in both neuronal cells and non-
neuronal neighboring cells might be crucial for the mitigation
of mutant SOD1-mediated toxicity.
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Figure | A T2 weighted axial head MRI shows haemosiderin deposition along the cerebellar folia and on;ound the brain stem (single arrows). Also shown is

the posteriorly
showing the

located cystic structure {double arrows). (B) T2 weighted sagittal head MRI shows the posteriorly
fic structure (single arrow) and fracture of the inner table {double arrow). (D) Axial head CT (bony window) showing the discontinuity in the

located cystic structure. (C) Axial head CT

inner skull table. {E1, E2) CT myelogram showing extravasation of contrast from the fourth ventricle [E1) into the cystic structure (E2). {F1) Dural defect noted

at the time of the suboceipital cranioctomy.

This was

CSF was flowing into the cyst. (F2) Site after repair of dural defect.

likely bleeding source. It is speculative whether
exposure of CSF to extradural tissue may lead
to SS by an unidentified mechanism. Given the
long natural history of SS, the available follow-
up duration of 3 months is too brief to assess
response to the intervention. Intradiploic CSF
fistulas are exceedingly rare.* They are gener-
ally benign and are often related to trauma or
neurosurgical procedures. No case with asso-
ciated SS has been reported.
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PINK1, a gene product of PARKS,

accumulates in a-synucleinopathy

brains

a-Synucleinopathy is an entity of neurodegen-
erative diseases such as Parkinson’s disease
(PD), dementia with Lewy bodies (DLB) and
multiple system atrophy (MSA), that involves
accumulation of a-synuclein in the brain.
PINK1 (PTEN induced kinase 1) is a novel
gene recently identified as causative in auto-
somal recessive early onset parkinsonism
(PARKS6). In the present study, we examined
the localisation of PINKI in the brains of
patients with a-synucleinopathy and found
PINK1 in glial cytoplasmic inclusions (GCls)
in MSA, as well as in Lewy bodies (LBs) in PD
and DLB. These findings imply that PINK1 may
be involved in the formation of LBs and GCls,
suggesting that PINK1 is one of the major
pathological proteins in a-synucleinopathy.

leading to the cyst through the defect in the inner table and was ovedying the fourth ventricle from which

Methods

The cDNA of PINK1, corresponding to 112-520
amino acids of the protein, was subcloned in a
vector pET30(a) with a His tag. Anti-PINKI1
antibody was generated against recombinant
His tagged PINK1 by immunising a rabbit. The
obtained antibody was affinity purified. A
postmortem brain sample from a normal
patient was homogenised, subjected to sodium
dodecyl sulphate-polyacrylamide gel electro-
phoresis and transferred to a membrane. After
blocking in Tris buffered saline with 5% dry
milk, the membrane was incubated with anti-
PINKI1 antibody (1:1000). The membrane was
then incubated with a secondary antibody
(1:2500; Amersham, Buckinghamshire, UK),
and visualised with an enhanced chemilumi-
nescent substrate (Pierce, Rockford, Illinois,
USA). Immunohistochemical analysis was car-
ried out with paraffin embedded midbrain
sections from patients with sporadic PD, DLB
and MSA, and from normal controls (n=6, 3,
6 and 6, respectively). First, localisation of
PINKI protein in normal human brain was
examined by carrying out double staining of
PINK1 (1:500) and cytochrome c¢ (1:1000,
mouse monoclonal; Pharmingen, Germany).
Sections from patients with PD, DLB and MSA,
and from normal controls were immuno-
stained with anti-PINK1 antibody as pre-
viously described.’

Results

Immunoblotting analysis revealed that the
anti-PINK1 antibody detected a major band
of approximately 50 kDa, corresponding to
mature PINKI1 protein (PINK1 without a
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Figure 1
kinase 1 {PINK1) anti

cytochrome c in the substantia nigra of a norma

(A). The anfi mainly defected
which corresponds to the mature form mm l r}\ly

o band ot a moleculor weight of 50 kDe,

Immunob|otﬁne of a normal human brain (non-fractionated sample) with anti-PTEN induced

B) Double immunofluorescent staining of PINK1 and
control brain. Note that PINK1 and cytochrome ¢

colocalised well. Scale bar is 50 um. Immunchistochemical analyses of PINK1 in @ normal human
control [C, I} and in the brains of patients with a-synucleinopathy (D-H, J). In the normal control,
substantial PINK1 immunoreadivily was detected in the cy'jlasm of the substantia nigra (A). In

Parkinson’s disease, PINK1 mosHy accumulated in the halo

Lewy bodies (LBs) (D-H). Some LBs were

stained in the core (H). In the crus cerebri of the normal control, no immunostaining was observed (1),
whereas in patients with multiple system afrophy, extensive and diffuse staining was seen in almost all

glial cytoplasmic indusions (J, insert). Scale

mitochondrial targeting signal), and a weak
additional band at 40 kDa (fig 1A). An absorp-
tion experiment revealed that the antibody
specifically recognised PINK] protein. Double
staining of PINK1 and cytochrome ¢ showed dot-
like stainings in the cytoplasm (fig 1B). PINK1
and cytochrome ¢ were colocalised, suggesting
that PINKI is localised to the mitochondria. In
the immunohistochemical analysis, dot-like

www.jnnp.com

r is 50 um in B~J and 10 um in J (insert).

staining of PINKI was observed in the cytoplasm
of the substantia nigra of a normal control
(fig 1C). In patients with PD and DLB, the
majority of LBs were detected by the antibody. In
most LBs, PINK1 was localised more intensely in
the halo (fig 1D-G) whereas the core was more
intensely stained in some LBs (fig 1H). In the
crus cerebri of the normal control, no immunos-
taining was detected (fig 1I); however, in MSA
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brains, immunostaining demonstrated extensive
distribution of immunoreactive GCIs (fig 1J).
Almost all GCIs were detected by the antibody
and stained diffusely in the cytoplasm (fig 1J,
insert). For negative controls, some slides under-
went the same procedure without the primary
antibody and showed no staining (data not
shown).

Discussion

Immunoblotting analysis revealed that anti-
PINKI antibody mainly recognised the mature
form of PINKI (fig 1A). It also seems that
normal neurons express substantial amounts
of PINKI at baseline (fig 1A-C). In the present
study, we showed that PINK! is a novel
component of LBs and Lewy neuritis, suggest-
ing that PINKI1 is involved in LB formation in
PD and DLB. We previously suggested that LBs
are formed because of the disposal process of
aberrant proteins, which otherwise could be
cytotoxic.' * The present study suggests that
PINKI might be involved in the pathway.
PINKI is a putative mitochondrial kinase,
and may be associated with the phosphoryla-
tion of proteins.’ The mechanism by which
PINKI is related with LB formation is unclear.
One possibility is that PINK1 becomes
unfolded and insoluble. Such PINKI protein
might accumulate in the inclusions. Another
possibility is that PINK1 acquires activity
changes. As a result, some substrates of
PINKI might also be altered and accumulate
in LBs. Most cases of PARK6 are recessive,
caused by homozygous PINKI gene mutation,
and loss of its function has been argued.
Therefore, the latter hypothesis is more likely.
Why PINKI, a predicted mitochondrial pro-
tein, accumulates in cytoplasmic inclusions
needs to be addressed. Although the reason is
unclear, several studies have revealed mito-
chondrial dysfunction in PD, and it may be
involved in the participation of PINK1 in LB
formation.

It should also be noted that PINKI1 is
detected in GCIs of brains from patients with
MSA. To date, several molecules have been
suggested to be associated, genetically or
experimentally, with  a-synucleinopathy,
including the following: a-synuclein, Parkin,
synphilin-1 and Pael-R. Among these mole-
cules, only a-synuclein and synphilin-1 have
been shown to be present in both LBs and
GCIs.* PINK1 is the third molecule whose
accumulation in these indusions was con-
firned. In anther study, however, it was
reported that cortical LBs and GCIs are
PINKI negative.’ The antibody used in the
study by Gandhi et al does not recognise
50kDa PINKI in the insoluble fraction
whereas our antibody detected only 50 kDa
PINKI in the whole fraction. Therefore, it is
possible that the different solubility of PINKI
protein influenced the discrepancy; that is, if
PINK1 in GCIs is still soluble, our antibody
may be more sensitive to the protein in GCIs.
The present result supports the possibility that
PINKI is involved in the common pathway of
a-synucleinopathy, an entity of a neurode-
generative disorder, sharing a common cas-
cade arising from the accumulation of «-
synuclein to inclusion formation and cell
death. Further proteomic investigations may
clarify the normal and aberrant roles of
PINKI protein and, ideally, the mechanism of
inclusion formation and therapeutics of «-
synucleinopathy.
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Diffusion tensor tracking of fornix
infarction

Focal damage to the fornices is uncommon and
may be due to surgical removal of ventricular
cysts and tumours.’ We report a case of
bilateral fornix infarction with reduced frac-
tional anisotropy values at 3 T after anterior
communicating artery aneurysm clipping. -

A healthy 33-year-old woman was admitted
to our hospital with the incidental finding of
an anterior communicating artery (ACoA)
aneurysm on magnetic resonance angiography.
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Neurological examination was normal. Digital
subtraction angiography visualised a broad
based, tapered and 4 mm sized aneurysm of
the ACoA and a median callosal artery (fig 1C).
The ACoA aneurysm was treated with surgical
clipping because of its irregular configuration.
After surgery, the patient was drowsy with
fluctuating impaired vigilance. She was disor-
iented in time, space and person, and revealed
anterograde amnesia and amnesic aphasia. Her
relatives noticed personality changes, psycho-
motor slowing and decreased spontaneity of
speech and behaviour. Apart from transient
mild right sided facial paresis, motor function
of the limbs, deep tendon reflexes, sensory and
coordinative examination and cranial nerves
were normal. During the next 5 weeks of

Figure 1 (A—E) Axial {A) and coronar (B) MRI sections demonstrating a hyperintense lesion on fluid

aftenual
post

inversion recovery images of

the corpus callosum and the
ative (D) digital subtraction angiography with oblique projection revealed

rnix. Initial (C) and
diffuse severe

vascular narrowing of the median callosal artery. Fibre racking of the partially infarcted fomix (E} and
in a healthy 34-year-old woman (F). Several erroneous tracts were lraced which were exduded in o

second step (see frontal fibres on the right).
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Cell Type-Specific Upregulation of Parkin in
Response to ER Stress

HUA-QIN WANG,!* YUZURU IMAL?* AYANE KATAOKA,?
and RYOSUKE TAKAHASHI!

ABSTRACT

Parkin is the gene responsible for a familial form of Parkinson’s disease (PD) termed autosomal recessive juve-
nile parkinsonism (AR-JP)/PARK2. Parkin has been shown to protect cells from endoplasmic reticulum (ER)
stress and oxidative stress, presumably due to its ubiquitin ligase (E3) activity that targets proteins for protea-
somal degradation. Although the authors showed that parkin is upregulated in response to ER stress, subse-
quent reports suggest that it does not represent a universal unfolded protein response (UPR). Here the authors
report different regulation of parkin in response to ER stress in different cell lines, demonstrating upregulation
of parkin as a cell type-specific response to ER stress. 2-Mercaptoethanol (2-ME) and tunicamycin increased
the expression of parkin in SH-SYSY (H) cells, Neuro2a cells, Goto-P3 cells, but not in SH-SYSY (J) cells and
IMR32 cells. In parallel with these studies, similar upregulation of the parkin coregulated gene (PACRG)/gene
adjacent to parkin (Glup) was also observed by ER stress. Luciferase assays failed to detect the transcriptional
activation of 500 bp parkin/Glup promoter in response to ER stress. These results indicate that induction of
parkin by ER stress represents a cell type-specific response. Antioxid. Redox Signal. 9, 533-541.

INTRODUCTION

this protein, and it has been shown it can function as an ubig-
uitin ligase (E3) (27). Emerging data suggest that parkin may
protect cells from premature death by targeting misfolded or

PARKTNSON’S DISEASE (PD) is the most common neurode-
damaged proteins for degradation via the ubiquitin protea-

generative movement disorder characterized by a pro-

gressive loss of dopaminergic neurons in the substantia nigra
pars compacta. Most cases of PD are sporadic and the etio-
logy of the disease remains unclear. However, recent identifi-
cation of genes responsible for relatively rare familial forms
of PD, which comprise 5-10% of PD, significantly advanced
our understanding of the molecular mechanisms underlying
PD (4, 22).

Parkin is the gene responsible for autosomal recessive ju-
venile parkinsonism (AR-JP)/PARK2, the most common
form of familial PD (1, 16, 20). Since the identification of
parkin, many studies focused on elucidating the function of

some pathway (9, 11, 35). The majority of parkin mutations
are found to either impair its binding to putative substrates or
render its ligase activity defective, thus resulting in a
decrease in its activity. Therefore, endoplasmic reticulum
(ER) stress [also known as unfolded protein response (UPR)
stress] derived from accumulation of misfolded or damaged
proteins because of the absence of parkin might represent as a
mechanism underlying the dopaminergic neurodegeneration
(12, 29, 30). ER stress has also been implicated in a-synu-
clein- or PD toxins-induced neuronal cell death. Induction of
AS53T a-synuclein expression induced expression of CHOP

Department of Neurology, Kyoto University Graduate School of Medicine, Kyoto, Japan.
2Department of Pathology and Geriatric Research, Stanford University School of Medicine, Palo Alto, California.

3BSI, RIKEN, Saitama, Japan.
“4These authors contributed equally to this work.
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and BiP, as well as increased phosphorylation of elF2a and
activation of caspase-12. Most importantly, suppression of
ER stress partially protected PC12 cells from a-synuclein-
mediated cell death, suggesting that ER stress at least in part,
contributes to a-synuclein-induced cell death (28). In addi-
tion, numerous changes in genes associated with UPR were
identified in toxins-induced PD cell models (6, 25, 34).
Moreover, neurons, which generally have small capacity to
deal with ER stress by inducing an appropriate UPR are more
sensitive to PD mimicking toxins (25). Collectively, these re-
searches raise the possibility of widespread involvement of
ER stress in the pathogenesis of PD.

Several studies have implied that the physiological role of
parkin may be directly related to unfolded protein stress and
the UPR pathway (9, 11). The ER-associated E2 enzymes,
Ubc6 and Ubc7, apparently function as collaborating partners
of parkin, indicating that parkin acts as part of the ER-
associated degradation (ERAD) machinery. We have reported
that ER stress caused by accumulation of unfolded protein up-
regulates parkin mRNA and protein levels, and that overexpres-
sion of parkin prevents unfolded protein stress-induced
dopaminergic cell death (5, 11). However, there is a discrepancy
among these reports on the induction of parkin upon ER stress
(5, 11, 18, 21, 32). To clarify this point, we investigated the al-
teration of parkin expression upon ER stress in a panel of cell
lines. The present experiments confirm our previous results that
parkin mRNA and protein levels are increased in a subset of cell
lines, but not in the rest of the cell lines. Thus, response to ER
stress by increasing the expression of parkin appears to be cell-
type specific, and inability to upregulate parkin might result in
a higher vulnerability to ER stress.

MATERIALS AND METHODS

Plasmids, antibodies, and reagents

The sequence between human Parkin and Glup genes was
cloned by polymerase chain reaction (PCR) from genomic
DNA of SH-SYS5Y cells and subcloned into the reporter plas-
mid pGL4 (Promega, Madison, WI). Anti-Parkin, anti-Glup,
and anti-Hdj2 antibodies were described elsewhere (8, 9, 11).
Anti-BiP (N-20), anti-Hsp70 (K-20), and anti-Hsc-70 (K-19)
antibodies were purchased from Santa Cruz Biotechnology
(Santa Cruz, CA). Anti-actin (C4), anti-TCPla (CTA-184),
and anti-tyrosine hydroxylase (TH) (MAB318) antibodies
were obtained from Roche Diagnostics (Mannheim, Germany),
StressGen (San Diego, CA), and Chemicon (Billerica, MA),
respectively. Tunicamycin, 2-mercaptoethanol (2-ME), retinoic
acid, 12-O-tetradecanoylphorbol 13-acetate (TPA), and NS,
2’-O-dibutyryladenosine-3’,5’-cyclic monophosphate (dcAMP)
were obtained from Nakalai tesque (Kyoto, Japan). Nerve
growth factor 2.5S and MG-132 were purchased from Sigma (St.
Louis, MI) and the Peptide Institute (Osaka, Japan), respectively.

Cell culture and transfection

Human SH-SYSY cell lines were obtained from M. Nomura
(Hokkaido University) and N. Hattori (Juntendo University)
and termed SH-SY5Y (H) and (J) in this article, respectively.
SH-SY5Y and mouse Neuro2a cell lines were maintained in
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Dulbecco’s modified Eagle’s medium (DMEM), supple-
mented with 10% bovine fetal calf serum (FCS). Human
GOTO-P3 cells, obtained from RIKEN Cell Bank (Saitama,
Japan), were maintained in RPM11640 plus 10% FCS.
IMR32 cells, obtained from Cell Resource Center for Bio-
medical Research (Tohoku University), were maintained in
Eagle’s minimum essential medium plus 10% FCS and 1 mM
sodium pyruvate. Transfection was performed with Lipofect-
amine 2000 (Invitrogen, Carlsbad, CA) according to the man-
ufacturer’s instructions. phRluc-TK synthetic renilla vector
(Promega) expressing Renilla luciferase was also transfected
into the cell cultures simultaneously to act as a control for
transfection efficiency, in a molar ratio of 1:10 (phRluc-TK
vs. pGL4). Twenty-four hours after transfection, the cells
were treated with vehicle or ER stress inducers for the indi-
cated time and the transcriptional activities were determined
by measuring the luminescent signal produced by the firefly
luciferase reporter.

Luciferase assay

The luciferase activity was determined using the Dual-
Luciferase ® Reporter Assay System (Promega), according to
the manufacturer’s user protocol. The activities of firefly
(Photinus pyralis) and Renilla (Renilla reniformis) luciferases
were measured sequentially from a single sample. Firefly lu-
ciferase activities were normalized by Renilla activities to correct
for differences in transfection efficiencies. All transfection exper-
iments were repeated at least three times in triplicate. Statistical
significance was analyzed by Student’s ¢ test. Firefly luciferase
activities normalized by Renilla activities are presented as fold
induction relative to the normalized firefly luciferase activity
in cells transfected with the pGL4 empty vector only, which
was taken as 1.0.

Quantitative RT-PCR

Tagman EZ RT-PCR was carried out as previously de-
scribed (11). The reverse transcript (RT) parameters (initial
step, 50°C 2 min; RT, 60°C 30 min; deactivation for the reverse
transcriptase, 95°C 5 min) and thermal cycling parameters (de-
naturation, 94°C 20 sec; annealing/extension, 62°C 1 min;
each 40 cycles) were used according to the manufacturer’s
protocol. The primers and probe sequences were as
follows: human parkin forward primer, 5'-TACGTGCACA-
GACGTCAGGAG; human parkin priming and reverse primer,
5"-GACAGCCAGCCACACAAGGC; human parkin probe, 5'-
CAACTCCCGCCACGTGATTTGCTTAGACTG; human TCPla
forward primer, 5'-AAACTATGCAACCAGCATGGG; human
TCPla priming and reverse primer, 5'-GGGCCT-
CATTATGAAAAGCTCTT; human TCPla probe, 5'-
TCTCGGGAACAGCTTGCGATTGC; human Glup forward
primer, 5'-TCCTCCCTGTCCTGAACATCTT; human Glup
priming and reverse primer, 5'-CTCGAAGGCCTCCAGT-
GTCT; human Glup probe, 5'-TCCGGAGACGGCATTGAC-
TACAGCC,; human glyceraldehyde- 3-phosphate dehydrogenase
(GAPDH) forward primer, 5'-GAAGGTGAAGGTCGGAGTC;
human GAPDH priming and reverse primer, 5'-GAAGATGGT-
GATGGGATTC; human GAPDH probe, 5-CAAGCTTCC-
CGTTCTCAGCC; mouse parkin forward primer, 5'-TGTG-
GAGCACACCCAACCT; mouse parkin priming and reverse
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primer, 5'-GCGCCTGTTGCTGGTGAT; mouse parkin probe, 5'-
AGACAAGGACACGTCGGTAGCTTTGAACCT; mouse Glup
forward primer, 5'-GCTTTCTGAAATGACGTTTCCC; mouse
Glup priming and reverse primer, 5'-CCGTGTTCCAGCAT-
GTCG; mouse Glup probe, 5'- TGAGTTTTTTGCTCGGCGAG-
GAATCC. The primers and probe of mouse GAPDH were used
from rodent GAPDH contro! reagent (Applied Biosystems,
Warrington, UK). The validity of GAPDH as a housekeeping
gene was confirmed by no significant change in mRNA during
each stress treatment.

Western blot

Each mouse tissue (C57Black/6, 4 weeks old) was dis-
sected, and homogenized with a Teflon homogenizer in tissue
lysis buffer (20 mM Tris-HCI, pH 7.5, containing 120 mM
NaCl, 5 mM EDTA, 1% Triton-X 100) with Complete pro-
tease inhibitors cocktail (Roche, Mannheim, Germany).
‘Twenty pg of soluble protein from each tissue was subjected
to Western blot analysis. Cultured cells were lysed in cell
lysis buffer (20 mdM HEPES, pH 7.4, containing 120 mM
NaCl, 5 mM EDTA, 10% glycerol, 1% Triton X-100) with
Complete protease inhibitors cocktail. Soluble cell lysate was
analyzed by Western blot analysis with ECL detection
reagents (Amersham Bioscience, Buckinghamshire, UK).

RESULTS

Upregulation of parkin is a cell type-specific
response to ER stress

To confirm whether induction of parkin is specifically
induced by ER stress, we evaluated the effect of a variety of
cytotoxic agents on the transcription of parkin or Glup in
SH-SYSY (H) cells. Using primers specific for parkin, Glup,
and GAPDH, mRNA levels of parkin in SH-SY5Y (H) cells
cultured under various stress conditions for indicated time
were measured by quantitative RT-PCR (Fig. 1). The PCR
product for each mRNAs formed a single band (Fig. 1A).
Consistent with our previous report, treating cells with the re-
ducing agent 2-mercaptoethanol (2-ME; 7.5 mM) or the N-gly-
cosylation inhibitor tunicamycin (Tunica; 10 ug/ml), both of
which are known to cause ER stress, resulted in a significant
increase of parkin mRNA levels at 12 and 24 h. In contrast,
treatment with the proteasome inhibitor MG-132 (20 pM) or
short wavelength ultraviolet light (UV; 40 J/m?) failed to alter
the mRNA level of parkin. Concomitant with upregulation of
parkin mRNA, Glup mRNA also increased upon 2-ME or tu-
nicamycin treatment, consistent with the fact that these genes
share a common promoter and are co-regulated. However,
TCPla mRNA, which increased upon proteasome inhibition,
was unaltered upon treatment with 2-ME or tunicamycin,
indicating that parkin or Glup upregulation is specifically
increased in response to ER stress in SH-SYS5Y (H) cells
(Fig. 1B).

In addition to SH-SYSY (H) cells, 2-ME and tunicamycin
also increased parkin and Glup mRNAs in several other neu-
ronal cell lines, including Neuro2a cells (Fig. 1C) and
GOTO-P3 cells (Fig. 1D). However, no change was observed
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in IMR 32 cells (Fig. 1E). Given the different response by
parkin alteration upon 2-ME or tunicamycin treatment, our
results indicate that upregulation of parkin upon ER stress is
cell-type specific.

We then performed Western blot analysis to determine if
ER stress also altered parkin expression at the protein level.
Consistent with the observation of increased parkin and Glup
mRNAs, the parkin and Glup protein expression levels were
increased during the ER stress tests in SH-SYS5Y (H)
(Fig. 2A). The parkin protein was also slightly increased upon
MG-132 treatment (Fig. 2A). Given that parkin mRNA level
is unaltered and parkin protein is degraded through protea-
some, increased parkin protein might be due to decreased
degradation of parkin by proteasome inhibition. Heat shock
proteins Hsp70 and BiP were also increased upon treatment
with ER stress inducers, whereas Hsc70 and HDJ-2 proteins
showed no or minor changes (Fig. 2A). Although MG-132
treatment significantly induced TCPla transcript (Fig. 1B),
the protein level remains unaltered (Fig. 2A). Concomitant
with ER stress-induced increases in parkin and Glup mRNAs,
their protein levels were also increased in Neuro2a cells (Fig.
2B). Although both 2-ME and tunicamycin significantly
induced parkin and Glup mRNAs in GOTO-P3 (Fig. 1D),
increased parkin and Glup protein levels were only observed
in 2-ME treatment (Fig. 2C). Unexpectedly, rather than
increases, decreases in parkin and Glup proteins were
observed upon tunicamycin treatment (Fig. 2C). Reduction of
Glup protein was observed in tunicamycin-treated IMR32
cells, whereas an increase was observed upon 2-ME treat-
ment (Fig. 2D), although both tunicamycin and 2-ME had no
effect on Glup mRNA levels (Fig. 1E). An truncated band of
parkin was observed in IMR32, and treatment with 2-ME for
24 h caused an increase in this truncated molecule (Fig. 2D),
possibly derived from cleavage of full length parkin by acti-
vated caspases (14, 15).

Two kinds of SH-SY5Y cell lines demonstrate
different characters

Since parkin is differently regulated upon ER stress in a
panel of cell lines studied, existence of conflicting data re-
garding the upregulation of parkin upon tunicamycin treat-
ment in SH-SYSY cells prompted us to investigate whether
this difference is due to different features of SH-SY5Y, possi-
bly derived from different manipulations (such as mainte-
nance or passage conditions) between different laboratories.
We therefore compared the effects of a variety of stress
inducers on parkin expression in two SH-SYSY cell lines,
which we obtained from two different laboratories. Both
2-ME and tunicamycin treatment increased parkin mRNA
level, whereas hydrogen peroxide (H,0,; 600 pM), high
osmolarity (0.3 M sorbitol), the DNA alkylating agent
(methyl methanesulfonate (MMS); 100 pg/ml), UV radiation,
and heat shock (HS; 42°C, 1 h) had little or no effect in
SH-SY5Y(H) cells. However, SH-SY (J) cells responded dif-
ferently: Dramatic reduction in the parkin mRNA level was
observed under UV radiation, whereas 2-ME and tuni-
camycin had no obvious effect (Fig. 3A). We surmised the
different responsiveness might be due to distinct features
between these two kinds of SH-SY5Y cells. The effects of
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(A) Total cell lysates from SH-SY5Y (H) cells in Fig. 1B were

analyzed by Western blotting with antibodies against the indicated proteins. ER stress response was assessed by the induction of
BiP. Total protein level of each sample was confirmed by the amount of actin. (B-D) Total cell lysate from various neural cell lines
[(B) Neuro2a; (C) GOTO-P3; (D) IMR32 cells] loaded with ER stress (2-ME, 7.5 mM; Tunica, 10 ug/ml) for the indicated times,
were analyzed by Western blotting as in (A). An asterisk in (D) indicates the putative processed molecules of parkin.

various differentiation reagents on these cells were therefore
investigated. Tyrosine hydroxylase (TH), a dopaminergic
neuronal differentiation marker of SH-SYSY cells, was
dramatically induced wupon addition of 12-O-tetrade-
canoylphorbol 13-acetate (TPA, 160 nM) or N¢, 2’-O-dibu-
tyryladenosine-3':5'-cyclic monophosphate (dcAMP, 1 mM)
in SH-SYSY (J) cells. In contrast, SH-SY5Y (H) cells were
quite refractory to differentiation into dopaminergic neuronal
phenotype, only a slight increase of TH was observed under
the same conditions (Fig. 3B).

Increased parkin and Glup mRNAs upon ER stress
are not due to direct transcriptional activation
Quantitative RT-PCR demonstrated increased parkin and

Glup mRNA levels upon ER stress in SH-SYSY (H) cells.
However, it was not clear whether the increase in parkin

mRNA was due to transcriptional or post-transcriptional
regulation. We then measured the transcriptional activity of
the 500 bp parkin core promoter using luciferase reporter
gene assays. The parkin promoter has been found to function
as a bidirectional promoter, regulating not only transcription
of parkin, but also transcription of Glup, a gene located 204
bp upstream of and antisense to the parkin gene (Fig. 4A).
Promoter constructs were transfected into SH-SYSY (H) cells
(Fig. 4B, left) or Neuro2a cells (Fig. 4B, right) and luciferase
activity was assayed for basal levels and in response to 2-ME
or tunicamycin. Both the parkin promoter vector and the Glup
promoter vector failed to show any significant alteration in tran-
scription levels relative to vehicle treated controls (Fig. 4B).
This suggested that the increase in parkin and Glup mRNA
levels observed in earlier experiments may not be due to di-
rect transcriptional activation of the core promoter region of
parkin or Glup.
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FIG. 3. Characterization of two kinds of SH-SYS5Y cell lines.
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(A) SH-SYS5Y (H) and (J) cells were treated with a variety of

stresses [hydrogen peroxide (H,0,, 600 uM), high osmolarity (sorbitol, 0.3 M), a DNA alkylating agent methyl methanesul-
fonate (MMS, 100 pg/ml), short-wavelength ultraviolet light (UV, 40 J/m?), and heat shock (42°C for 1 h)]. After 5 h, total RNA
was extracted and subject to quantitative RT-PCR as in Figure 1B. The error bars represent the standard deviation (S.D.) calculated
from triplicate samples. (B) SH-SYSY (H) and (J) cells were cultured with media with 5% horse serum and 5% bovine fetal calf serum
containing retinoic acid (RA, 10 M), nerve growth factor-2.5S (NGE 100 ng/ml), 12-O-tetradecanoylphorbol 13-acetate (TPA,
160 nM), or Nb, 2’'-O-dibutyryladenosine-3’:5’-cyclic monophosphate (dcAMP, | mM). These media were exchanged every 2 days.
After 7 days, mRNA level of parkin normalized with GAPDH (Graph) was assessed as in Fig. 1B, and protein level of tyrosine
hydroxylase (TH) was analyzed by Western blotting. The error bars of the graph represent the standard deviation (S.D.) calculated

from triplicate samples.

Tissue distribution of mouse parkin and
Glup proteins

Mouse parkin and Glup protein levels were measured in
various tissues using Western blot analysis. Mouse Glup pro-
tein is mainly expressed in central nervous systems, with al-
most no protein expression in periphery tissues except for
bladder and testis. On the other hand, parkin protein is rather
ubiquitously expressed compared with Glup, abundant in
central nervous systems, stomach, kidney, thymus, bladder,
and testis (Fig. 5). These distinct tissue distribution patterns
of parkin and Glup suggest that the protein expression levels
of these proteins are regulated differently, although they share
the same core promoter.

DISCUSSION

Parkin is generally thought to be neuroprotective due to its
role in the ubiquitin proteasome system. Parkin functions as
an E3 ligase, targeting specific substrate proteins for degra-
dation by the proteasome. It is conceivable that accumulation
of some proteins, which cannot properly degraded because of
the absence of parkin, causes ER dysfunction and ER stress.
Several studies have focused on the regulation of endogenous

parkin in the presence of ER stress. However, there is great
disagreement in the literature regarding the expression of
parkin upon ER stress. Our previous studies have shown that
both parkin mRNA and protein levels were increased upon
ER stress in SH-SYSY cells (11). Higashi et al. (5) also dem-
onstrated that parkin protein, as well as ER chaperones BiP
and PDI, was upregulated in SH-SY5Y cells upon exposure
to manganese (Mn) and overexpression of parkin protected
cells from Mn-induced cell death. However, West et al. (32)
demonstrated a lack of association between parkin and
ER stress in SH-SY5Y cells. On the other hand, Mengesdorf
et al. (21) reported that parkin mRNA was increased upon ex-
posure to thapsigargin in rat cortical neuron cultures, whereas
they failed to observe increased parkin protein level. Finally,
Ledesma et al. (18) showed that when astrocytes and neurons
were exposed to conditions associated with ER stress, a
selective increase of parkin was observed in rat astrocytes but
not hippocampal neurons. These apparent discrepancies
prompted us to clarify the association between parkin and
ER stress.

In our present studies, we have used 2-ME and tunicamycin
to determine if they might result in any alterations in the tran-
scription of parkin in a panel of cell lines. We show here that
treatment with ER stress inducers results in upregulation of
parkin and Glup at both mRNA and protein levels in a cell
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FIG. 4. Parkin and Glup are co-regulated with a bi-derectional promoter in a reporter assay. (A) A diagram of the human
genomic region between the first exons of Parkin and Glup genes. The sequence used in this reporter assay is shown as an open
box. (B) SH-SY5Y (H) (left) and Neuro2a (right) cells transfected with reporter plasmids for luciferase (pGL4) driven by the in-
dicated promoters (5’-3’, the region as shown in A inserted in the sense direction to parkin gene; 3’-5', the region as shown in A
in the sense direction to Glup gene, SV40, SV40 promoter; Basic, without a promoter) and a reporter plasmid for Renilla lu-
ciferase driven with a TK promoter (phRluc-TK, Promega) were treated with various reagents (2-ME, 7.5 mM; Tunica, 10 pg/ml)
for the indicated times. The luciferase activity normalized with transfection efficiency by Renilla activity was shown by fold in-
duction vs. pGL4 basic vector. The error bars represent the standard deviation (S.D.) calculated from triplicate samples.

type-specific manner. The function of Glup is not clearly
known, but there is some evidence that it may play a role in
protection against stress-induced cell death (10, 33). It is
noted that some novel components of the UPR that regulates
the canonical UPR are expressed in a cell type-specific
fashion, suggesting that different cells may have unique re-
sponses for adaptation to ER stress (17, 23, 36). The present
study therefore suggests that upregulation of parkin and
Glup might represent as cell type-specific adaptation to ER
stress. Moreover, the parkin and Glup protein levels do not
always reflect their mRNA levels, suggesting a complicated
mechanism by which regulates their transcription, transla-
tion and/or degradation in different types of cells upon ER
stress.

Upregulation of parkin or Glup transcripts upon ER stress
is not ascribable to direct transcriptional activation since the

500 bp promoter region shared by parkin and Glup fails to
confer transcriptional activation upon ER stress as assessed
by luciferase assays. A previous report showed that the parkin
promoter region containing 4,500 bp sequence 5’ to parkin
exon 1 was unresponsive to ER stress, consistent with our
results. The increased parkin or Glup mRNA levels might be
derived from the result of post-transcriptional events, such as
increased mRNA stability and/or decreased mRNA turnover.
Alternatively, given the bulk of introns in the parkin gene,
some regulatory elements outside our luciferase constructs
might affect parkin transcription upon ER stress, which
should be clarified in the future study.

The cell lines used in this study are all derived from
neuroblastomas with neuronal properties. IMR 32 is a neurob-
lastoma cell line derived from human. The culture of IMR 32 is
a mixture of two morphologically distinct cell types: the pre-



