Alterations of DJ-1 protein levels in Parkinson’s
disease brains

Parkin enhances the steady-state levels of DJ-1 primarily in
the detergent-insoluble fraction in cultured cells, and this
may relate to increased protein stability. To explore whether
this finding has potential pathophysiological relevance, we
monitored the levels and detergent solubility of DJ-1 in
human post-mortem cingulate cortex tissue from aged-
matched normal control, Alzheimer’s disease (AD) and PD/
dementia with Lewy bodies (DLB) patients (Table 1,
Fig. 6). Although the relative amount of DJ-1 does not
change in the detergent-soluble fraction of all cases, a dra-
matic increase of DI-1 levels in the detergent-insoluble
fraction is observed in PD/DLB cases when compared with
control or AD cases (Fig. 6A). Quantification and normaliza-
tion of DJ-1 protein levels reveals a >35-fold increase of
DJ-1 in the insoluble fraction of PD/DLB cases when com-
pared with combined control and AD cases, whereas there is
no apparent difference in the soluble fraction (Fig. 6A).
Parkin resides only in the detergent-insoluble fraction in the
aged human brain, but we fail to observe any difference in
parkin levels in PD/DLB cases compared with control or
AD cases (Fig. 6A). To determine whether this observation
is specifically related to pathologically affected regions of
PD/DLB brains, we examined DJ-1 levels in similar protein
fractions derived from cerebellum tissue, a region not affected
by the pathogenesis of PD/DLB. We observe no apparent
differences of DJ-1 levels in the detergent-soluble or insoluble
fractions of PD/DLB cases compared with control or AD cases
(Fig. 6B), suggesting that increased DJ-1 levels observed
in PD/DLB cingulate cortex are directly related to the patho-
genesis of PD/DLB.

To determine whether the absence of parkin influences the
levels of DJ-1 protein in vivo, we examined brain tissue
from the frontal cortex of patients with parkin-linked AR-JP
(due to parkin exonic deletions) and aged-matched normal
controls (Fig. 6C). We find that the absence of parkin in
the frontal cortex of AR-JP brains leads to a marked reduction
of DJ-1 in the detergent-insoluble fraction in three out of four
AR-JP cases (cases 1, 3 and 4) when compared with control
cases (Fig. 6C), as revealed by densitometry. We observe no
consistent change of DJ-1 levels in the detergent-soluble
fraction of control and AR-JP cases, although two out of
four AR-JP cases (cases 3 and 4) display noticeably reduced
levels of DJ-1 when compared with all control cases
(Fig. 6C). As expected, parkin is detected in the detergent-
insoluble fraction of control brains, but is absent from
AR-JP brains, as previously described (19,59). Consistent
with the stabilizing effect of parkin on DJ-1 in cultured
cells, these data might suggest that parkin is able to influence
the stability of DJ-1 in vivo; in particular, the absence of
parkin leads to a reduction of DJ-1 primarily in the
detergent-insoluble fraction.

DISCUSSION

The major findings of this study are that parkin selectively but
differentially interacts with pathogenic mutant forms of DJ-1.
Pathogenic DJ-1 mutants exhibit impairments in homo-dimer
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Table 1. Clinical details of human subject’s tissue used for western blotting

Subjects Diagnosis Brain region PMD (h) Age (year)
Control 1 CING, CB 10 66
Control 2 — CING, CB 4 74
Control 3 — FRNTL 15 6l
Control 4 — FRNTL 6 67
Control 5 — TRNTL 10 68
Control 6 — FRNTL 15 49
AD 1 AD CING, CB 14 88
AD 2 AD CING, CB 9 80
PD/DLB 1 PD/DLB/AD CING, CB 5 82
PD/DLB 2 PD/cortical LB CING, CB 9 75
PD/DLB 3 PD CING, CB 16 77
PD/DLB 4 PD/DLB/AD CING, CB i2 84
PD/DLB 5 PD/AD CING, CB 21 64
AR-JP 1 PD FRNTL 15 62
AR-JP 2 PD TRNTL 4 65
AR-JP 3 PD FRNTL 18 52
AR-JP 4 PD FRNTL 10 68

AD, Alzheimer’s disease; PD, Parkinson’s disease; DLB, dementia with
Lewy bodies; LB, Lewy bodies; AR-JP, autosomal recessive juvenile-
onset PD; PMD, post-mortem delay; CING, cingulate cortex; CB,
cerebellum; FRNTL, frontal cortex.

formation. Parkin fails to ubiquitinate and enhance the
degradation of L166P and M26] mutant DJ-1, but instead
promotes their stability. Furthermore, L166P DJ-1 may be
capable of forming a protein complex with parkin, CHIP
and Hsp70. Oxidative stress promotes an interaction between
parkin and WT DJ-1, although this does not lead to the ubiqui-
tination or degradation of DJ-1. Parkin-mediated alterations in
DJ-1 stability may be pathogenically relevant as DJ-1 levels
are dramatically increased in the detergent-insoluble fraction
from sporadic PD/DLB brains, but are reduced in the insoluble
fraction from parkin-linked AR-JP brains. This study links
together, at multiple levels, two gene products associated
with familial forms of PD that may have important impli-
cations for understanding the molecular pathogenesis of this
disease.

The selective association of parkin with pathogenic mutant
forms of DJ-1 suggests that these mutants might share
common properties. However, the L166P mutant clearly
differs from other DJ-1 mutants in that it interacts with parkin
most robustly. L166P DJ-1 is a highly unstable, unfolded
protein that fails to dimerize and is rapidly degraded by the
20/26S proteasome (33—35). Unfolding of the L166P mutant
might conceivably promote its association with a variety of pro-
teins or protein complexes, including components of the UPS or
chaperone systems. Furthermore, L166P DJ-1 may be incorpor-
ated into higher-order protein complexes in cultured cells (35).
Parkin or a parkin-associated complex does not appear to be
involved in the ubiquitination or degradation of L166P DJ-1.
Instead, parkin can stabilize L166P or M261 mutant DJ-1, par-
ticularly detergent-insoluble forms, through a mechanism that
does not involve ubiquitination, thus arguing in favour of a pro-
tective or stabilizing role for parkin. The mechanism of parkin’s
unexpected stabilizing effect is unclear, but might result from
delaying or reducing the normal turnover of exogenous DJ-1.
Although it is possible that parkin or Hsp70 might stabilize
DJ-1 by sequestration or redistribution into distinct inclusion
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Figure 6. Alterations in DJ-1 protein levels in sporadic and parkin-linked PD brain. (A) Increased levels of insoluble DJ-1 in PD/dementia with Lewy bodies
(DLB) brains. Equivalent detergent-soluble and -insoluble fractions cxtracted from cingulate cortex tissuc of control (Con), AD and PD/DLB brains werc ana-
lyzed by WB with anti-DJ-1 (N), anti-parkin, anti-SOD1 or anti-B-tubulin antibodies, as indicated. DJ-1 protein levels were quantified and normalized in the
detergent-soluble and -insoluble fraction of control (control + AD; 7= 4) and PD/DLB (1 = 5) brains. Data are expressed as a percentage (%) of control
levels as the ratio of DJ-1 to SOD1 (soluble fraction) or B-tubulin (insoluble fraction), and bars represent the mean + SE. (B) Similar experiments were per-
formed on detergent-soluble and -insoluble fractions extracted from cerebellum tissue of control, AD and PD/DLB brains. (C) Reduced levels of insoluble DJ-1
in parkin-linked AR-JP brains. Detergent-soluble and -insoluble fractions extracted from frontal cortex tissue of control and parkin-deficient AR-JP brains were
analyzed by WB with anti-DJ-1 (N), anti-actin or anti-parkin antibodies, as indicated. DJ-1 protein levels were quantified and normalized in the detergent-soluble
and -insoluble fraction of control and AR-JP brains. Data from individual cases are expressed in arbitrary units as the ratio of DJ-1 to actin. All experiments were

replicated with similar results.

bodies or cellular organelles, this is perhaps doubtful given that
this stabilizing effect is observed in both detergent-soluble and
insoluble fractions. Such soluble and insoluble fractions are
unlikely to simultaneously contain either inclusion bodies or
organelles due to their intrinsic solubility in detergent. Thus,
parkin’s stabilizing effect is likely related to a more generalized
effect, such that parkin binding might reduce the availability of
DJ-1 for degradation. It will be of interest to determine whether
parkin’s stabilizing effect extends to DJ-1 harboring other
pathogenic mutations, such as A104T and DI149A, or the
recently identified homozygous E64D mutation (60).

As L166P DJ-1 exists entirely in a non-dimeric form, a
large proportion of which is monomeric (37), this might
suggest that parkin selectively associates with DJ-1 mono-
mers. Other pathogenic DJ-1 mutants demonstrate impair-
ments in homo-dimer formation, yet still retain the capacity
to form a significant population of dimers, which may lead
to the availability of much smaller levels of monomeric
DJ-1. This may explain the relatively weaker mteraction of
these DJ-1 mutants with parkin compared with the non-
dimeric L166P mutant. The association of parkin with DJ-1
mutants may not be directly relevant to the pathogenesis of
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PD as not all cases of DJ-1-linked PD result from missense
mutations, Indeed, exonic deletions appear to be a prominent
cause of DJ-1-linked PD, some of which result in a complete
loss of DJ-1 protein (61). Therefore, the interaction of parkin
and DJ-1 may instead link both proteins in a common mole-
cular pathway but only under selective conditions, including
pathogenic mutations or oxidative stress.

The failure of parkin to ubiquitinate or to enhance the
degradation of L166P or M26I mutant DJ-1 is suggestive of
an indirect interaction, perhaps as part of a larger protein
complex that contains CHIP and Hsp70 together with other
proteins. The function of such a protein complex is unclear.
Lack of a direct parkin-mediated effect on L166P DJ-1 high-
lights the distinct possibility that parkin may serve subsidiary
roles other than ubiquitination that might include protein
stabilization or refolding. We find no evidence for poly-
ubiquitination of L166P DJ-1 in our study, suggesting that
ubiquitination does not play a4 major role in the proteasomal
degradation of L166P DJ-1, Previous studies have similarly
failed to demonstrate the formation of HMW L166P DJ-1-
ubiquitin conjugates, but have instead observed the accumu-
lation of full-length and truncated L166P DJ-1 following
proteasome inhibition (33,34,36,37). The unfolded nature of
L166P DJ-1 may therefore be sufficient for degradation
in an ubiquitin-independent manner by the 20/26S proteaso-
mal complex, similar to other natively unfolded proteins
including a-synuclein and tan (62,63). Intriguingly, a small
proportion of DI-1 can be mono-ubiquitinated independent
of parkin overexpression, raising the possibility that DJ-1
function may be regulated, in part, by non-degradative
mono-ubiquitination.

The oxidative stress-induced interaction of parkin and DJ-1
failed to result in the ubiquitination or enhanced degradation
of DJ-1, perhaps suggestive of an indirect interaction and/or
that this association may serve an alternative biological
function. Current evidence suggests that DJ-1 may function
as an anti-oxidant protein and/or as a sensor of oxidative
stress (44—48). Furthermore, DJ-1 may be functional under
oxidative conditions because its reported chaperone and
protease activities are not apparently sensitive to hydrogen
peroxide treatment (37,42). As oxidative conditions do not
apparently impair DJ-1, the oxidative stress-induced associ-
ation of parkin and DJ-1 is unlikely the result of damaged
DJ-1 protein, in contrast to the effects of pathogenic
mutations, but instead may serve an alternative role. One
possibility is that parkin and DJ-1 might converge in a
common molecular pathway in response to oxidative stress.
At present, however, the significance of the oxidative stress-
induced association of parkin and DJ-1 and its relevance to
the pathogenesis of PD is not understood but clearly warrants
further attention.

DJ-1 levels are dramatically increased in the insoluble frac-
tion from sporadic PD/DLB brains. The significance of this
finding is not understood but might relate to increased stability
of the DJ-1 protein and/or up-regulation of DJ-1 mRNA as a
consequence of disease pathogenesis. Oxidative stress is one
obvious candidate for enhancing DJ-1 protein levels. Parkin
is primarily detergent-insoluble in the aged human brain
(64). Increased levels of oxidative stress that are commonly
observed in the brains of sporadic PD patients (49,50) may
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promote the association of parkin and DJ-1, subsequently
leading to stabilization of DJ-1 exclusively in the insoluble
fraction. Although this might provide an attractive putative
mechanism, it is difficult to reconcile this notion with
the observation that oxidative stress may actually reduce the
stability of insoluble DJ-1, at least in human SH-SYSY
cells. The generally reduced levels of DI-1 in the insoluble
fraction from parkin-deficient AR-JP brains might suggest
that loss of insoluble parkin may primarily destabilize DJ-1
in this fraction, consistent with the stabilizing effect of
parkin in cultured cells. However, more cases need to be
examined to determine whether the reduction in DJ-1 levels
is a consistent feature of parkin-linked AR-JP brains.
Increased DJ-1 levels in PD/DLB brains might altematively
be related to the presence of Lewy bodies or insoluble forms
of a-synuclein. However, this appears unlikely given that
DIJ-1 fails to interact with a-synuclein and does not localize
to Lewy bodies or other inclusions in sporadic PD
(35,65,66), Increased levels of detergent-insoluble DIJ-1
appear to be a common feature of many neurodegenerative
diseases (65,66). The tendency of DJ-1 to co-localize with
hallmark neuronal and glial tau inclusions in a number of neu-
rodegenerative tauopathies likely accounts for these increased
levels of insoluble DJ-1. As DJ-1 is absent from Lewy bodies
in PD and DLB brains (65,66), the increased levels of insolu-
ble DJ-1 observed in PD/DLB brains may represent a distinct
pathological species with altered biochemical properties that
specifically results from disease pathogenesis.

In conclusion, we report an association between the PD-
linked gene products parkin and DJ-1 mediated by pathogenic
DJ-1 mutations and oxidative stress. Pathogenic mutations in
DJ-1 tend to impair homo-dimer formation, and parkin
might be involved in stabilizing these mutants rather than
targeting them for proteasomal degradation. In confrast, the
oxidative stress-induced association of parkin and DJ-1 may
link both proteins in a common pathway related to cellular
stress. The stabilizing effect of parkin on DJ-1 appears to be
one fanctional outcome from the association of both proteins,
which may be relevant both in cultured cells and iz vivo in PD.
The association of parkin and DJ-1 at multiple levels may
potentially link both proteins in a common molecular
pathway, and this may have important implications for under-
standing the pathogenesis of PD.

MATERIALS AND METHODS
Expression plasmids, cell culture and antibedies

Full-length human DJ-1 ¢cDNA was cloned into the mamma-
lian expression plasmid pcDNA3.1-Myc-His (Invitrogen),
and point mutations were introduced by PCR-mediated
site-directed mutagenesis using the QuickChange kit (Strata-
gene). Human o-synuclein and ubiquitin ¢cDNAs were
cloned into pRK5-HA vector as described previously (20).
Expression plasmids for FLAG-tagged human parkin and
V5-tagged human Hsp70 were kindly provided by
R. Takahashi (RIKEN Brain Science Institute, Japan), HA-
tagged mouse CHIP was kindly provided by S. Hatakeyama
(Kyushu University, Japan) and FLAG-tagged human DJ-1
was kindly provided by H. Ariga (Hokkaido University,
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Japan). A plasmid containing B-galactosidase cDNA was used
as a control in all experiments. The integrity of all constructs
was confirmed by sequencing.

Human SH-SYSY neuroblastoma cells were maintained in
DMEM supplemented with 10% FBS and penicillin/strepto-
mycin at 37°C in a 5% CO, atmosphere. Cells were trans-
fected with plasmids vsing Lipofectamine Plus reagent
(Invitrogen) according to the manufacturers recommendations.

Affinity-purified rabbit polyclonal anti-DJ-1 antibodies, DJ-1
(N) and DJ-1 (C), raised to N- and C-terminal epitopes, respect-
ively, have been described previously (33); mouse monoclonal
anti-Myc (clone 9E10), anti-Myc-HRP and anti-HA-HRP
antibodies were obtained from Roche; mouse monoclonal
anti-FLAG (M2), anti-FLAG-HRP, anti-B-tubulin and rabbit
polyclonal anti-actin antibodies were obtained from Sigma;
mouse monoclonal anti-V5 and anti-VS-HRP antibodies were
obtained from Invitrogen; mouse monoclonal anti-parkin
(clone PRKS) antibody has been described elsewhere (64);
rabbit polyclonal anti-SOD1 antibody was kindly provided
by D. Borchelt (Johns Hopkins University); HRP-coupled
anti-mouse and anti-rabbit antibodies were obtained from
Pierce.

Co-immunoprecipitation and western blotting

For co-immunoprecipitation from cell cultures, SH-SY5Y
cells were transfected with 2 pg of each plasmid. After 48 h,
cells were washed with cold PBS and harvested in IP buffer
[0.5% Triton X-100, 1x Complete mini protease inhibitor
cocktail (Roche), in PBS] Lysates were then rotated at 4°C
for 1h followed by centrifugation at 17 500g for 15 min.
The supernatant fractions were then combined with 50 p.l
protein G sepharose 4 fast flow (Amersham), pre-incubated
with 5 pg mouse monoclonal anti-mye, anti-FLAG or anti-
V5 antibody followed by rotating overnight at 4°C. The
protein G sepharose complex was pelleted and washed once
with TP buffer supplemented with 500 mmM NaCl, twice with
IP buffer alone and three times with PBS. Immunoprecipitates
or inputs (1% total lysate) were resolved by SDS—PAGE and
subjected to western blot analysis. Bands were visualized by
enhanced chemiluminescence (Amersham). Quantitation of
protein expression was performed using densitometry analysis
software (Alphalmager, Alpha Innotech Corp.) and data were
analyzed by Student’s -test to determine differences between
groups.

Where indicated, SH-SYS5Y cells were treated for 24 h
with MG132 (5 pM; Affiniti Research), hydrogen peroxide
(Sigma), MPP* (Sigma), SNAP (Calbiochem) or DMSO-
PBS as a control where appropriate, prior to harvesting in TP
buffer and submitting to IP, as described earlier.

Cross-linking assay

Soluble cell lysates were quantitated using the BCA kit
(Pierce) with BSA standards. Equal quantities of lysate were
incubated with DSS (Pierce) for 2h at 4°C. The reaction
was quenched by incubation with 50 mm Tris—HCI, pH 7.5
for 15 min at room temperature. Lysates were analyzed by
western blotting with anti-myc or anti-DJ-1 (N) antibody.
For co-immunoprecipitation experiments, cells were transfected

with 2 pg of pcDNA3.1-Myc-DJ-1 and pcDNA3-FLAG-
parkin plasmids, and after 48 h, cells were harvested in TP
buffer (1% Triton X-100). Equivalent soluble lysates (3 mg
total protein) were incubated with 5mMm DSS for 2h,
quenched with 100 mM Tris—HCl, pH 7.5, and IP was per-
formed with an anti-myc antibody. Immunoprecipitates were
stringently washed five times with TP buffer supplemented
with 500 mm NaCl and once with PBS, and analyzed by
western blotting,

Ubiquitinatien assay

SH-SYS5Y cells were transfected with 2 g of pcDNA3.1-Myc-
DJ-1, pRK5-HA-ubiquitin or pcDNA3-FLAG-parkin plasmids.
After 48 h, cells were harvested in TP buffer (1% Triton X-100,
1 x Complete protease inhibitor cocktail, in PBS) and IP was
performed with an anti-myc antibody. Immunoprecipitates
were stringently washed five times in TP buffer supplemented
with 500 mM NaCl and once with PBS, and submitted to
western blotting with anti-HA and anti-myc antibodies. For
preparation of detergent-insoluble fractions from cells, the
1% Triton X-100-insoluble pellet fraction was solubilized by
sonication and boiling in 100 pl 2x SDS sample buffer
containing B-mercaptoethanol. Equivalent detergent-insoluble
fractions were analyzed by western blotting,

Human brain tissue

Human brain tissue was obtained through the brain donation
program of the Morris K. Udall Parkinson’s Disease Research
Center at Johns Hopkins Medical Institutions (JHMI) accord-
ing to HIPAA regulations. This research proposal involves
anonymous autopsy material that lacks identifiers of gender,
race, or ethnicity. The JHMI Joint Committee on Clinical
Investigations decided that the studies in this proposal are
exempt from Human Subjects Approval because of Federal
Register 46.101 exemption number 4. Tissue from six
control brains, two AD brains and five PD/DLB brains were
utilized for western blot analysis. Table 1 shows clinical
details of subjects used in this study. Frontal cortex tissue
from four AR-JP brains was collected at the Department of
Neurology and Department of Pathology, Juntendo University
School of Medicine, Japan (Table 1). AR-JP cases | and 3
each carry a homozygous deletion of parkin exon 4, whereas
cases 2 and 4 each carry a homozygous deletion of parkin
exon 3, as described previously (7,59,67).

Fractionation experiments

Detergent-soluble and -insoluble fractions were prepared from
human brain tissue by homogenization of samples in TNE
buffer (10mm Tris—HCl, pH 7.4; 150 mm NaCl; 5mm
EDTA) containing Complete protease inhibitor cocktail
(Roche) and detergent (0.5% NP-40). The homogenate was
centrifuged (20 min at 100 000g), and the resulting pellet
(P1) and supernatant (S1, detergent-soluble) fractions were
collected. The P1 fraction was washed once in TNE buffer
containing detergent, and the resulting pellet (P2, detergent-
insoluble) was homogenized and further solubilized by
sonication and boiling in TNE buffer containing 1% SDS
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and 0.5% sodium deoxycholate. Fractions were quantitated
using the BCA kit (Pierce) with BSA standards, and analyzed
by western blotting.
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Abstract: We report on an Israeli family originating from
Iran in which 4 of 7 brothers born from a consanguineous
marriage had juvenile Parkinsonism. Linkage analysis of
markers covering the autosomal recessive juvenile Parkin-
sonism (AR-IP, PARK?2, Parkin gene, OMIM #602544)
gene resulted in a maximal logarithm of odds score of 2.18.

A homozygous deletion that expanded from exon 4 to exon
6 was identified in all the patients. Significant clinical het-
erogeneity was present between siblings. © 2005 Movement
Disorder Society

Key words: Parkinson’s disease; genetics; Parkin; PARK2;
clinical heterogeneity

Parkinson’s disease, with prevalence close to 2% after
age 65, is one of the most frequent neurodegenerative
disorders.! The classic symptoms include bradykinesia,
rigidity, resting tremor, and postural instability. In 1998,
Kitada and coworkers? identified a novel gene, desig-
nated parkin, in which homozygous mutations cause
autosomal recessive juvenile Parkinsonismm (AR-JP),
which typically has an onset before age 40. Since then,
many different parkin mutations, ranging from exon re-
arrangements (deletions and duplications), point muta-
tions, and small deletions have been described in differ-
ent families from several populations.® The phenotype
of patients with disease caused by parkin mutations is
broad but includes dystonia at onset, diurnal fluctuations,
slow disease progression, and a good response to levo-
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dopa at low doses.> We describe an Isracli family with
AR-JP due to a parkin mutafion.

PATIENTS AND METHODS

Patients

We analyzed a Persian Jewish family who emigrated
from Iran to Israel in the early 1950s. There were 4
brothers of 7 siblings born to fist-degree consanguineous
parents who had juvenile Parkinsonism (see Fig. 1).
Neither parent has Parkinsonism. The affected cases
fulfilled the UK Parkinson’s Disease Society Brain Bank
criteria for disease.S

Genetic Analysis

After informed consent was obtained, blood samples
were collected from all 4 patients and 3 unaffected broth-
ers, and DNA extraction was performed using standard
methods. Genotyping of the microsatellite markers
D6S308, D6S441, D6S1581, D65264, and D65446 was
conducted by the polymerase chain reaction (PCR) using
fluorochrome-labeled primers. PCR products were run
simultaneously in an ABI PRISM 3100 Genetic Ana-
lyzer (Applied Biosystems).
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F1G. 1. Pedigree of the Israeli family. Squares represent men, circles
represent women. Gender of healthy family members has been masked
for confidentiality reasons. Black symbols indicate individuals mani-
festing autosomal recessive juvenile Parkinsonism. The healthy sibling
carrying a beterozygous deletion within the Parkin gene is depicted by
an asterisk. All the patients carried a homozygous deletion of the exons
4 through 6.
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We performed two-point linkage analysis using a
parametric model with a recessive mode of inheritance, a
frequency of the susceptibility allele of 0.01%, and a
homozygous penetrance of 100%. Pair-wise linkage cal-
culations were performed using MLINK,

Testing for gene dosage alterations in Parkin exons
was catried out by quantitative duplex PCR using the
ABI PRISM 7900 sequence detection system (Applied
Biosystems). The B-globin gene was coamplified with
Parkin exons 1 through 12 and served as endogenous
reference as previously described.” The dosage of Parkin
exons relative to B-globin and normalized to control
DNA was determined using the 22" method.

RESULTS

Molecular Findings

The two-point maximum logarithin of odds score was
2.18 for markers D6S264 and D65446 at a theta = 0.
These markers are located 3 megabases (MB) and 7 MB,
respectively, from the Parkin gene, thus indicating a
PARK2 mutation segregating with the disease.

Real-time quantitative PCR-based gene dosage assays
evidenced homozygous deletion of exons 4 to 6 in all the
patients. Only 1 of the healthy siblings (individual 1061)

J. CLARIMON ET AL.

carried a heterozygous deletion. The other 2 siblings did
not harbor a deletion.

Clinical Description

Clinical characteristics are shown in Table 1.

Patient 1084,

On her first examination (at which time she was 28
years old), the patient had hypomimia, rest tremor in all
extremities and in the tongue, mild rigidity, and brady-
kinesia in all limbs. Treatment with anticholinergic
agents was initiated with beneficial response. Nine years
later, she started treatment with 1.-dopa/carbidopa (125
mg/day) with marked response. At the age of 38, she
developed oral and limb dyskinesias. She could not tol-
erate either the combination of L-dopa/carbidopa (125
mg t.i.d.) or a high dose of 1.-dopa and, until present, is
treated with pure 1-dopa (100 mg/day). After a disease
duration of 35 years, severe freezing is reported with
recurrent falls, yet without postural instability, At that
time, she was still L-dopa-responsive with wearing off
fluctuations. Other medications are selegiline Smg/day,
and trihexyphenidyl 5 mg/day. She could not tolerate
dopamine agonists (pergolide and ropinirole). Over the
next years, her symptoms slowly progressed. At the time
of her most recent examination, she had marked diffi-
culties with walking, severe freezing gait, marked rigid-
ity, and dyskinesias of the left foot.

Patient 1064.

The patient started treatment with trihexyphenidyl
with good response. During the first years of the disease,
there were no other major complaints besides depression
and anxiety. Twelve years after disease onset, he com-
plained of migrating pain in different parts of the body,
constipation, depression, and insomnia. He also could
not tolerate carbidopa and was treated with low doses of
i~dopa (100 mg/day) with moderate response. He re-
mained stable over the course of 10 years and even
stopped taking i-dopa, as he felt worsening of his
symptoms (pain, tremor, general weakness) under all the

TABLE 1. Patient clinical characteristics

Patient 1084

Patient 1005

Patient 1006 Patient 1064

18
67
Tegs rest tremor

Age at onset (yr)

Age at last examination (yr)
Initial symptom

Dystonia

Psychiatric symptoms -
Diumal fluctuations
Slow progression

21
62
Legs rest tremor

19
65
Postural instability

39
67
Right extremities rest tremor

-+

+ 1+
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L-dopa preparations. He was treated only with trihexy-
phenidyl and selegiline 5 mg/day. The most prominent
symptoms were psychiatric, with psychomotor restless-
ness, marked anxiety, akathisia, and unexplained fears.

Patient 1006.

At age 32, he was first examined at our clinic. His
main complaints were fatigue and excessive sweating.
On examination, head and limb tremor was noticed,
more on the left side of the body, mild rigidity, and
marked retropulsion. At that time, L-dopa treatment was
initiated with amelioration of the tremor and improve-
ment of postural instability. Three years later motor
fluctuations, dyskinesias, and dystonia of the right foot
emerged. The patient presented intolerance to carbidopa
and responded to very low doses of 1.-dopa (200 mg/day).
The parkinsonian symptoms progressed slowly, but 31
years after disease onset, he becamne very disabled due to
freezing gait with recurrent falls. On his recent exarni-
nation, he was still taking very low doses of pure L-dopa
(50 mg q.i.d), selegiline 5 mg/day, trihexyphenidyl 5
mg/day, and amantadine 200 mg/day. On examination
while on, the patient had hypomimia, dysarthria, no
tremor, mild rigidity in all extremities, was able to arise
from chair with assistance, and gait was impaired with
freezing episodes and postural instability. While off, he
had marked hypomimia, rigidity, and bradykinesia of all
four limbs, and he was almost akinetic, with severe and
frequent freezing episodes.

Patient 1005.

Eleven years from disease onset, low doses of L-dopa
were initiated with very good response. During the
course of the disease there were diurnal variations with-
out sleep benefit, as she felt worse in the morning hours.
Her symptoms included fatigue, weight loss, excessive
sweating, and pain on the right hand. On her last exam-
ination, the most prominent symptom was rest and pos-
tural tremor of all extremities and increased tonus more
on the right side of the body. Hand and leg movements
were normal. She had no difficulties rising from a chair,
and there was no gait abnormality.

DISCUSSION

We report on an AR-JP family with disease duration
of more that 40 years. Gene dosage analysis revealed an
exon 4 to 6 homozygous deletion in Parkin. We did not
sequence the entire gene and, therefore, cannot rule out
any further point mutations in this family.

This mutation has been described also by other au-
thors®-¥and, as far as we know, this is the third deletion
in the Parkin gene described in an Israeli family suffer-

ing from AR-JP. The same deletion extent was described
in two Israeli brothers with first-degree cousin parents.*¢
Although both siblings had good response to L-dopa and
presented dystonia during the course of the disease, it is
noteworthy that none of them exhibited resting tremor.
Another Jewish Yemenite kindred also has been de-
scribed to harbor an exon 3 homozygous deletion.!!
Finally, a single base pair deletion at nucleotide 202 in
exon 2 of the Parkin gene also has been identified in
another Arabic Muslim Israeli family.'? These studies
demonstrate the existence of allelic and phenotypic het-
erogeneity of Parkin mutations in the Israeli population.

The patients described in the present study had bene-
ficial response to L-dopa, slow progression of the disease,
and diurnal fluctuations, common among patients with
Parkin mutations. Our cases share similar clinical fea-
tures to other parkin cases, including age at onset, symp-
toms at disease onset, beneficial response to L-dopa, and
the occurrence of nonmotor symptoms. However, some
features are unique to this kindred: all members have
hypersensitivity to L-dopa, responding dramatically to
very low doses of L-dopa (at this time, they are treated
with strikingly low doses of L-dopa, between 50-100 mg
b.i.d. or q.i.d.), and attempts to increase the dose resulted
in general complaints; a wide interval of age at onset,
ranging from 18 to 39 years, is also presented; psychi-
atric symptoms seem to be present in only 1 of the 4
patients; and an asymmetrical motor symptoin at onset is
also reported only by Patient 1064, Dystonia, a common
sign in AR-PD patients, was not present in Patient 1005,
whereas the other siblings presented different dystonic
signs. This phenotypic heterogeneity could be due to the
interaction of Parkin with other genes (epistasis) and/or
other environmental effects.

Acknowledgment: We thank the participating patients for
their cooperation.
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Abstract: A decrease in myocardial uptake of iodine-123-labeled
metaiodobenzylguanidine (***I-MIBG) has been reported in idio-
pathic Parkinson’s disease (PD) using ***I-MIBG myocardial
scintigraphy. However, the patient with autosomal recessive juve-
nile parkinsonism (AR-JP), caused by the parkin gene, presented
here showed normal *-MIBG myocardial uptake, suggesting
that AR-JP is a distinct disease entity from PD. Although the
clinical features of AR-JP are sometimes quite similar to those of
late-onset idiopathic PD, **I-MIBG myocardial scintigraphy may
be a powerful tool to differentiate PD from other parkinsonian
syndromes, including AR-JP. © 2005 Movement Disorder Society

Key words: autosomal recessive juvenile parkinsonism;
Parkinson’s disease; metaiodobenzylguanidine

Myocardial scintigraphy using iodine-123-labeled meta-iodo-
benzylguanidine (***I-MIBG) is used to differentiate idiopathic
Parkinson’s disease (PD) from other neurological diseases.!-*
Low myocardial **I-MIBG uptake is a consistent finding in
PD.1-% A recent neuropathological study suggests that low
3. MIBG uptake indicates the involvement of postganglionic
sympathetic function in PD.3

Recently, autosomal recessive juvenile parkinsonism (AR-JP)
has been found to be caused by the parkin gene.® Although the
clinical features of AR-JP are sometimes quite similar to those of
late-onset idiopathic PD, neuropathological studies have revealed
no Lewy bodies in the substantia nigra and locus ceruleus of most
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cases of AR-JP, suggesting that the pathological findings and
disease process of AR-JP are different from those of PD.78 In the
present study, we investigated cardiac sympathetic function in a
patient with AR-JP using '*I-MIBG scintigraphy and evaluated
the clinical applicability of this method.

Case Report

The patient was a 62-year-old, Japanese man with a 32-year
history of parkinsonism. He was the only son of consanguine-
ous parents from Niigata Prefecture, Japan. At 30 years of age,
dystonic posture of the legs and gait disturbance developed. At
presentation, the clinical features included diurnal fluctuation
and slow progression of the disease. The parkinsonian triad was
mild, and the tremor was usually of the fine type. These clinical
features markedly improved during sleep. Treatment with levo-
dopa effectively improved the condition, which exhibited a
benign clinical course. He was treated with 500 mg of L-dopa/
carbidopa and 22.5 mg of bromocriptine per day, which re-
sulted in marked improvement in bradykinesia and rigidity.
However, the wearing-off phenomenon was marked, and the
response to L-dopa gradually decreased. AR-JP was diagnosed
on the basis of the medical history, physiological and neuro-
logical examinations, routine laboratory tests, magnetic reso-
nance imaging studies of the brain, and parkin gene mutation
analysis, including quantitative analysis using real-titne poly-
merase chain reaction (PCR) to detect a compound heterozy-
gote (Fig. 1). Results of quantitative PCR amplification anal-
ysis showed that the relative dose value for exons 2 to 4 was
approximately 0.5, indicating that this patient was a comnpound
heterozygote for cxons 2 and 3 to 4 deletions or exons 2 to 3
and 4 deletions. Alternatively, it is possible that this patient was
a heterozygote for deletions of exons 2 to 4. Considering the
clinical information, including the age of onset and the mode of
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FI1G. 1. Real-time polymerase chain reaction shows heterodeletion in
exons 2, 3, and 4, indicating compound heterozygosity. The vertical
axis represents the ratio of each exonic dose of the parkin gene to the
dose of the B-actin gene.
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FIG, 2. Short-axis views in the early phase of single-photon emission computed tomography of icdine-123-labeled metaiodobenzylguanidine
('B31-MIBG) myocardial scintigraphy in a 62-year-old man with autosomal recessive juvenile parkinsonism (a), a 58-year-old man with idiopathic
Parkinson’s disease (Hoehn and Yahr Stage II, b), and a healthy 62-year-old man (c).

inheritance, the patient may be a compound heterozygote rather
than heterozygote for a deletion of exons 2 to 4.
Single-photon emission computed tomography (SPECT)
'L.MIBG scintigraphy of the heart was performed with an
intravenous injection of 111 MBq of **I-MIBG (Daiichi Ra-
dioisotope Laboratories Co., Tokyo, Japan). Early and delayed
SPECT was obtained 30 minutes and 4 hours after injection,
respectively. Short-axis reconstruction of 'Z’[-MIBG early
SPECT acquisitions showed normal '#*I-MIBG uptake (Fig. 2).
The mean values of the heart to mediastinum (H/M) ratio in the
early and delayed phases were 1.99 and 2.13, respectively. In
our hospital, the same ratios in age-matched healthy control
subjects (n = 19) were early phase, 2.02 * 0.12 (range,
1.86-2.25), delayed phase, 2.05 * 0.15 (range, 1.85-2.38).

Discussion

To our knowledge, this is the first report of [-MIBG
myocardial scintigraphy in a patient with AR-JP. Myocardial
uptake of *I-MIBG was normal in this patient (Fig. 2). The
H/M ratios in the early and delayed phases in this patient were
well within the range of healthy control subjects, although the
disease duration was more than 30 years. These findings might
explain the tendency for cardiac sympathetic function to be
normal in patients with AR-JP.

In PD, "I-MIBG uptake of postganglionic cardiac sympa-
thetic neurons is reduced at an early stage of the disease in
almost all patients with a clinical severity score of Hoehn and
Yahr stage II or higher.1 In addition, ***I-MIBG uptake was
reduced even in patients whose symptoms had been present less
than 5 years, although the reduction was significant in patients
with advanced disease.! The pathological background of PD is
a systemic distribution of Lewy bodies and Lewy neuritis,
spreading to the peripheral autonomic nervous system, includ-
ing the cardiac plexus.1%1 However, neuropathological studies
in AR-JP have revealed selective degeneration with gliosis of
the pigmented neurons of the substantia nigra and locus cer-
uleus, but generally no Lewy bodies,?812 suggesting that the
pathological findings and disease process of AR-JP differ from
those of PD. Considered together, our findings in AR-JP and
those of previous studies in PD allow us to speculate that

AR-JP might be a disease entity distinct from PD, although the
clinical features of both diseases are quite similar.

Although this study consisted of only 1 patient with AR-JP,
our findings indicate that cardiac sympathetic nerve denerva-
tion occurs in PD, which accounts for the decrease in cardiac
uptake of **I-MIBG, but not in AR-IP. In this regard, quan-
tification of cardiac I-MIBG uptake has been considered a
valuable tool to identify patients with PD and to distinguish
them from patients with other parkinsonian syndromes, includ-
ing AR-JP.1-4 Further studies involving ***I-MIBG uptake and
neuropathological examination of the sympathetic nervous sys-
tem should be performed in a larger population of patients with
parkin mutations to confirm our conclusion.
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Abstract: In essential tremor (ET) research, it is important to
obtain standardized, objective data on tremor severity. Often, it
is not possible to carry out in-person or videotaped neurological
examinations. In place of these, handwriting samples can be
collected, but they do not capture all of the variance in tremor
severity. Although additional tests of tremor severity (finger-
nose-finger [FNF] test) might be of use, these would need to be
modified to allow ET patients to mail their results to the study
investigator for rating. We modified the standard FNF test
(sFNF) by asking subjects to hold a pen during this activity and
mark a paper target. The purpose of this report was to deter-
mine whether the modified FNF (mFNF) test was feasible and
valid. Of 70 subjects, 65 (92.9%) were able to complete the
mFNF, demonstrating that it was feasible. The scores of the
mFNF correlated highly with those of the sFNF (» = 0.56—
0.85; all P < 0.001), indicating the mFNF is a valid measure of
tremor severity. In addition, using the regression equation,
sFNF = 0.174(mFNF) + 0.743, a sFNF score can be derived
easily from the mFNF score. The mFNF may be used to collect
valuable data on tremor severity in pathological, genetic, and
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www.interscience.wiley.conVjpages/0885-3 185/suppmat.

*Correspondence to: Dr. Elan Louis, Unit 198, Neurological Insti-
tute, 710 West 168th Street, New York, NY 10032,
E-mail: EDL2@columbia.edu

Received 13 July 2004; Revised 1 September 2004; Accepted 22
September 2004

Published online 16 February 2005 in Wiley InterScience (www.
interscience.wiley.com). DOL: 10.1002/mds.20409

Movement Disorders, Vol. 20, No. 5, 2005

epidemiological field studies of ET, in which in-person or
videotaped neurological examinations are not possible. @ 2005
Movement Disorder Society
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Essential tremor (ET) patients from throughout the United
States cwrrently are being recruited prospectively as potential
brain donors to the Essential Tremor Centralized Brain Repos-
itory at Colurabia University.! Over-arching goals of the re-
pository are to identify the pathology of ET and to study the
clinical correlates of that pathology (i.e., comparing the sever-
ity and laterality of clinical with pathological findings). It is
imperative, therefore, to obtain standardized, objective data on
tremor severity. Although an in-person examination or a visual
record (videotaped examination) is ideal for this purpase, ET
patients are scattered geographically throughout the United
States and most do not have access to a videocamera. This
problem is also encountered commonly in epidemiological and
family studies of ET, and this provides the impetus to explore
alternative objective methods. One approach is for the ET
patients to mail handwriting samples to the investigators at the
Brain Bank. Although these would be of some use, they would
not capture all of the variance in tremor severity; tremor while
writing can be minimal when compared with tremor during
other actions (e.g., finger-nose-finger [FNF] test)?; alterna-
tively, in cases of primary writing tremor, the converse is true.?
In an attempt to devise additional methods for assessing tremor
sevetity, we modified the FNF test by asking the subject to hold
a pen during this activity and to mark a paper target. The
purpose of this report was to determine the feasibility and
validity of this method. If the method were valid, it could be
used in this and other brain bank studies as well as in epide-
miological and genetic studies to collect objective data on
tremor severity.

Subjects and Methods

Subjects

We assessed the modified FNF (mFNF) test in individuals
with a broad representation of tremor severities, ranging from
severe action tremor to minimal or no action tremor. We
earolled individuals in three diagnostic groups, including indi-
viduals who were expected to have: (1) moderate to severe
action tremor (patients with ET); (2) minimal or no action
tremor (normal controls); and (3) intermediate amounts of
action tremor, i.e., patients with Parkinson’s disease (PD).# Our
goal was to enroll 20 to 30 subjects per group (total sample
size = 75), which would provide adequate power to address our
aims.

As described previously,>¢ ET patients and controls were
participants in an epidemiological study. These ET patients
were referred to the study by neurologists at the Neurological
Institute of New York, Columbia University Medical Center
(CUMC) and all controls were identified from the New York
Metropolitan area using random digit telephone dialing as
described previously.>6 Each subject had an in-person assess-
ment, which was carried out by a trained research assistant. The
assessment included a videotaped neurological examination
with the standard FNF (sFNF) test. The data used in the current
report were derived from ET patients and controls who were
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Abstract

Ubiquitin is one of the major components of Lewy bodies (LB), the pathological hallmark of Parkinson’s disease (PD). Here, we
identified that a phosphorylated form of IxBa (plkBay), an inhibitor of NF-kB, and SCF*T™F_ the ubiquitin ligase of pIxBa, are
components of LB in brains of PD patients. In vitro studies identified those proteins in the ubiquitin- and o-synuclein (known
as the major component of LB)-positive LB-like inclusions generated in dopaminergic SH-SYSY cells treated with MG132, a pro-
teasome inhibitor. Intriguingly, IxBo migration into such ubiquitinated inclusions in cells treated with MG132 was inhibited by a
cell-permeable peptide known to block phosphorylation of IxBa, although this peptide did not influence cell viability under prote-
asomal inhibition. Our results indicate that phosphorylation of IxBa plays a role in the formation of IxBa-containing inclusions
caused by proteasomal dysfunction, and that the generation of such inclusion is independent of cell death caused by impairment

of proteasome.
© 2005 Elsevier Inc. All rights reserved.
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Parkinson’s disease (PD) is one of the most common
neurodegenerative disorders among the aged and its
pathological hallmark is the preferential degeneration
of dopaminergic neurons in the substantia nigra (SN)
and the appearance of intracytoplasmic inclusions
known as Lewy bodies (LB). The process of LB forma-
tion could provide important clues regarding the patho-
genesis of PD because important proteins, such as
a-synuclein (another familial PD gene product) and
ubiquitin (Ub), are components of these inclusions [1,2].

" Corresponding author. Fax: +81 3 5800 0547.
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The ubiquitin—proteasome pathway (UPP) is the ma-
jor non-lysosomal degradation system for various pro-
teins, such as short-lived, misfolded, and damaged
polypeptides [3]. In this system, ubiquitin is conjugated
to lysine residue of the target protein by a cascade of
enzymatic reactions catalyzed by the E1 (Ub-activating),
E2 (Ub-conjugating), and E3 (Ub-ligating) enzymes in
an ATP-dependent manner, and polyubiquitination
marks the proteins for degradation by the proteasome.
Several lines of evidence suggest that derangements in
the UPP play an important role in the pathogenesis of
PD and describe inhibited hydrolytic activities of the
proteasome in PD [4,5].
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On the other hand, the concentration of tumor necro-
sis factor-at (TNF-at), a proinflammatory cytokine, is in-
creased in PD and this cytokine plays a role in the
pathogenesis of PD [6,7]. TNF-o stimulates the multi-
subunit IxB-kinase (IKK), which is composed of IKKa,
IKKf and a non-catalytic regulatory component named
NF-kB essential modifier (NEMO), which allows IxBa
to be subsequently phosphorylated. The phosphorylated
form, pIxBa, is polyubiquitinated by the SCFPTCP
ubiquitin ligase [8~10]. Subsequently, they are rapidly
degraded by 26S proteasomes, and NF-«B enters the nu-
cleus, binds to DNA, and activates transcription of tar-
get genes [11]. In this scenario, the nuclear translocation
of NF-«B is masked by physical association with IkBa,
resulting in retention of NF-«xB in the cytoplasm.

Intriguingly, a previous report implicated the involve-
ment of NF-xB in the LB of PD [12], but the role of
1xBa in the pathogenesis of PD remains unclear. The
aims of the present study were the following: (1) to
determine the presence or absence of plkBa and compo-
nents of the SCF*TCP complex in LB of PD, (2)
whether plkBa is colocalized in the cytoplasmic inclu-
sions formed in MG132-treated human dopaminergic
neuroblastoma cells (SH-SYSY), and (3) to determine
the effect of inhibition of IxBa phosphorylation on the
formation of cytoplasmic inclusions and viability of cells
treated with a proteasome inhibitor.

Materials and methods

Human neuroblastoma cell lines. Human dopaminergic neuroblas-
toma SH-SYSY cells were cultured in Dulbecco’s modified Eagle’s
medium (DMEM) containing 10%(v/v) fetal bovine serum and peni-
cillin/streptomycin at 37 °C in a humidified 5% CO, atmosphere. To
induce differentiation, the cells were treated with 10 pM retinoic acid
(Sigma Chemical, St. Louis, MO) in the dark for 4-6 days as described
previously [13-15].

Application of agents. TNF-o (R&D Systems, Minneapolis, MN)
and MG132 (Peptide Institute, Osaka, Japan) were prepared at 10 pg/
ml (in H>O0) and 10 mM (in dimethyl sulfoxide, DMSO) stock
solutions, respectively. The specific antibodies used were rabbit anti-
ubiquitin (Dako, Carpinteria, CA), mouse anti-ubiquitin 1510 (Che-
micon International, Temecula, CA), anti-synuclein-1 (Transduction
Laboratories, Lexington, KY), sheep anti-a-synuclein [16], anti-pIxBa
(Ser32), and anti-IxBo antibodies (from Cell Signaling Technology,
Beverly, MA, and Calbiochem, La Jolla, CA). Anti-NF-xB p65
(sc-372) and anti-B-TrCP (N-15) antibodies were purchased from
Santa Cruz Biotechnology (Santa Cruz, CA). Note that anti-IxBo
antibody reacts with both phosphorylated and unphosphorylated
forms of IxBo. Anti-ROCI and Cul-1 antibodies were prepared as
described previously [17]. The secondary antibodies used were goat
anti-mouse IgG coupled with Alexa Fluor 488, goat anti-mouse I1gG
coupled with Alexa Fluor 594, anti-rabbit IgG coupled with Alexa
Fluor 594 (Molecular Probes, Eugene, OR), and fluorescein goat anti-
rabbit IgG (Vector Laboratories, Burlingame, CA).

Immunohistochemistry. For the LB staining experiments using
paraffin embedded samples, autopsied brains from seven patients with
PD (age, 51-78 years), one patient with dementia with Lewy bodies
(DLB, age, 64 years), and five control subjects (age, 20-65 years) were
examined. The five control samples were obtained from patients free of

neurological diseases and confirmed to have no neuropathological
changes in sections of the substantia nigra pars compacta. Immuno-
histochemistry was performed as described previously {18].

Immunolabeling of isolated Lewy bodies. Immunomagnetic isolation
and immunostaining of LB and Lewy neuritis from fresh frozen brains
of patients with DLB were performed as described previously [19].
Smears were prepared on gelatin-coated glass slides, from homoge-
nates, factions of each washing step, and LB-enriched Percoll frac-
tions. The smears were air-dried overnight, fixed for [0 min in 4%
formaldehyde—2% picric acid-0.1 M phosphate-buffered saline (pH
7.4), and then incubated for 10 min in 3% H,0, in 50% methanol in
Tris-buffered saline (TBS, pH 7.4). Following three rinses in 0.1 M
TBS containing 0.05% sodium azide and 1 mM phenylmethylsulfonyl
fluoride (PMSF) (TBS), the smears were incubated with 20% normal
horse serum in TBS for 30 min to block non-specific antibody-binding
sites, and incubated overnight with sheep antibody against a-synuclein
and plkBa, ROCI1, Cul-1, and B-TrCP in TBS containing 0.5% bovine
serum albumin. Control sections were stained by incubating the smears
with TBS containing either or neither antibodies. Following three
rinses in TBS, the smears were incubated for 1 h with donkey anti-
sheep 1gG or donkey anti-rabbit IgG conjugated with Cy2, Cy3 or Cy5
in TBS (all from Jackson Immunoresearch Laboratories, West Grove,
PA), with the fluorochromes either singly or in combinations of Cy2/
Cy3 or Cy2/Cys5.

Immunocytochemistry. For double-labeling immunofluorescence
staining, fixed cells were permeabilized with 0.25% Triton X-100 for
20 min. The cells were blocked with 5% normal goat serum for 1 h,
followed by incubation of antibodies to ubiquitin (Chemicon; diluted
1:100), pIkBa Ser32 (Cell Signaling; diluted 1:100), ROCI (diluted
1:100), or Cullin-1 (diluted 1:100) for I h at room temperature. After
washing in TBS, the cells were incubated in anti-mouse, anti-rabbit
fluorochrome-linked secondary antibodies. After washing in TBS, the
cells were covered with glass slides using mounting medium with 4/,6'-
diamidine-2-phenylindole dihydrochloride (DAPI) to visualize cell
nuclei (Vector Laboratories). To assess the colocalization of ubiquitin
and a-synuclein, we used anti-ubiquitin (Dako; diluted 1:100) and anti-
synuclein-1 (diluted 1:100) antibodies. Signal was observed under a
Zeiss LSM 510 laser-scanning confocal microscope (Zeiss, NY).

Western blotting. Neuronally differentiated SH-SYSY cells were
treated for 24 h with 10 pM MG132 or 20 ng/ml TNF-a. The cells were
simultaneously preincubated for 2 h with 10 uM MG132, followed by
treatment for 22 h with 10 pM MG132 in the presence of 20 ng/ml
TNF-o. The cells were collected and washed in ice-cold phosphate-
buffered saline (PBS) and lysis buffer as described previously [20].
Detergent-insoluble material was pelleted by centrifugation at
100,000g for 20 min and resuspended in 50 mM Tris-HCI (pH 7.4) and
6 M urea. Equal amounts of protein from both fractions were sepa-
rated by sodium dodecyl sulfate-polyacrylamide gel electrophoresis
(SDS-PAGE) (10% or 10-20%) and transferred onto polyvinylidene
difluoride (PVDF) membranes, blocked in 5% non-fat milk for 1 h at
room temperature, and incubated at 4 °C with specific antibodies.

Treatment of IKK inhibiting peptide. Recent studies have reported
that an NH,-terminal o-helical region of NEMO associates with a
hexapeptide sequence within the extreme carboxyl terminus of IKKp
and IKKa, termed NEMO-binding domain (NBD). Importantly, a
short cell-permeable peptide spanning the IKK NBD was found to
disrupt the association of NEMO with IKK and blocked the activity
of IKK [21]. We synthesized two peptides at Juntendo University
School of Medicine, a functional wild-type NBD with a sequence de-
rived from the Antennapedia homeodomain that mediates membrane
translocation without loss of cell viability, and a negative control
mutant NBD, as described previously [21-24] To determine how
inhibition of phosphorylation of IxBa affects the formation of such
inclusions, the differentiated SH-SY5Y cells were preincubated for 3 h
with 40 pM of either wild-type or mutant NBD peptide, followed by
treatment for 24 h with 10 uM MG132 in the presence of 40 uM of
each NBD peptide. The cells were simultaneously preincubated for 3 h
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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 plkBo or IxBo.

Cell viability assay. Cell viability assay was performed using 2-(2-
methoxy-4-nitrophenyl)-3-(4-nitrophenyl)-3-(2,4-disulfophenyl)-2H-
tetrazolitm 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 uM MG132. The cells were simultaneously preincu-
bated for 3 h with no peptide, lollowed 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 7 test).

A p value <0.05 indicated statistically significant differences.

Results

Phosphorylated IxBo and SCF B-TrCP complex are
novel components of Lewy bodies

We first examined whether LB contain pIxBa and the
components of SCEP TP complex, which are major
downstream components of the TNF-a signaling path-
way. Immunohistochemical analysis revealed that anti-
plkBo and ROCI antibodies predominantly recognized
the LB in PD cases (Figs. 1A and B). Immunostaining
with anti-NF-kB p65 antibody also showed the staining
of LB (Fig. 1C). Anti-pIlkBoa and anti-ROCI signals
were strongly present in the halo region of LB, and
the anti-NF-kB-p65 signal was present in the core re-
gion. In contrast, such immunoreactivities for plkBo
ROCI1 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 plxkBa, ROCI, Cul-1, and B-TrCP (Figs. 1D, G, J,
and M). LB were identifiable by their strong a-synuc-
lein staining in smears of isolated LB from DLB cor-
tex (Figs. 1E, 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. 1F, 1, 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 ROCI 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 plkBe, ROCI, and Cul-1 in
cytoplasmic inclusions of SH-SYSY cells

As a model for the formation of cytoplasmic inclu-
sions, we used SH-SY5Y cell lines treated with
MG132 [26]. Localization of plkBa, ROCI, and Cul-1
was investigated after the addition of 10 pM MG132
for 24 h in differentiated SH-SY3Y 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
plkBo 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
MG132, some of the ubiquitinated cytoplasmic inclu-
sions also exhibited o-synuclein immunoreactivity
(Fig. 2D). Moreover, we examined whether plkBa and
components of the SCF complex colocalize with o-syn-
uclein in the presence of 10 uM MG132. The a-synuc-
Jein-positive inclusions were also immunoreactive for
pIxBa ROCI and Cul-l 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
MG132-treated cells containing inclusions positive for
both plkBa and ubiquitin was 23.19 & 3.84%, suggest-
ing the relative low frequency of a-synuclein/pliBa-con-
taining inclusions (see Fig. 5B). Inclusions containing
only ubiquitin, a-synuclein, or pIkBo were also noted,
and their size was also comparatively heterogeneous
(data not shown).

Inhibition of proteasomes increases phosphorylated
I Bo level in SH-SY5Y cells

We examined the migration pattern of endogenous
ubiquitin or plxBoa by SDS-PAGE in differentiated
SH-SY5Y cells following proteasomal inhibition with
MG132 and/or TNF-o 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 pM MGI132 re-
sulted in accumulation of high-molecular weight
ubiquitin—protein conjugates particularly within the
insoluble fractions but not in TNF-o alone and control
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Fig. 1. Identification of phosphorylated IxkBo and components of SCF

B-TrCP

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 um (A-C). (Lower panel) Colocalization of a-synuclein (aSyn), plxBa, and components of SCFFT™? in isolated LB
from DLB (Dementia with LB) cases. LB were identified by a-synuclein staining. Each preparation was doubly stained with sheep anti-a-synuclein
(E, H, K, and N) and various antibodies against pIxBo (D), ROCI (G), Cul-1 (J), and B-TrCP (M), and analyzed with a laser-scanning confocal
microscope. Panels (F, 1, L, and O) at right correspond to merged images; yellow-colored structures indicate colocalization. Scale bars = 10 um

(D-0).

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

disappearance of IkBa in HeLa cells treated with
20 ng/ml TNF-o within 1 h (data not shown). However,
TNF-o significantly increased the pIkBao 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 plkBo-positive
cytoplasmic inclusions in SH-SYSY cells. Differentiated SH-SY5Y
cells were treated with 10 pM 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
plkBa (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 (aSyn)-positive cytoplasmic inclusions were
co-stained for pIxBa (E), ROCI1 (F), and Cul-1 (G). Regions of
overlap between o-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-a and M G132 were not observed
for phosphorylation of IxBo. Intriguingly, when deter-
gent-soluble and -insoluble fractions were immunoblot-
ted with anti-pIkBo or anti-IkBo antibody, both
proteins were clearly detected in the detergent-insoluble
fraction after treatment with 10 uM MG132 but not in
TNF-q 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 pIxBa
within the detergent-insoluble fraction of SH-SYSY cells. The cells
were treated for 24 h with 10 pM 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), plxBa (B},
and TxBa (C). Note that anti-IxBo antibody reacted both phosphor-
ylated and unphosphorylated forms. o-Actin served as a loading
control (D). Asterisk indicates a non-specific band.

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

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

The presence of plkBa 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 [kBo, 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-SYSY cells were
pre-treated with various concentrations of wild-type
NBD for 3 h and then stimulated by 20 ng/ml TNF-o.
In the present study, we used 40 uM NBD as the opti-
mal concentration to block phosphorylation of IxBo.
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
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staining using antibodies for pIkBo, IxBa, and ubiqui-
tin. Ubiquitinated inclusions containing plxBa were
identified in cells treated with MGI132 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

pleBo,
MGI132+WT NBD

Control

MG132+MUT NBD

Fig. 4. Wild-type NBD decreases pIxBo level within the ubiquitinated
inclusions in SH-SYS5Y cells. The cells were treated for 24 h with
10 uM MG132 alone, or with 10 pM M G132 in the presence of 40 uM
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 plikBa (A) and IxBa (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 pum.

for IxBo 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 IxBa 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 pIxBa anti-
bodies under basal condition and following treatment
with 10 pM MG132 with or without NBD peptide. Tt
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 plkBo is not incorporated into all
inclusions. Wild-type NBD significantly decreased the
number of cells with ubiquitinated inclusions (Fig. 5A,
p <0.05), and cells with cytoplasmic inclusions positive
for pIkBa 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 IxBa as wild-type NBD. Finally, we
examined the toxicity of 10 uM MGI132 on these cell
lines. Treatment with 10 uM 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 pIxBo and components of SCFPT™CP Jigase
in LB. To date, several studies have reported that the
UPP-related proteins (such as ubiquitin, the 208 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 ubiq-
uitin and o-synuclein in PC12 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.,
a-synuclein and ubiquitin, described as the major com-
ponents of LB [2].

plkBa 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 pIxBa-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 total cells. (B) The proportion of cells with ubiquitinated inclusions containing plkBo 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
MG132 also induced the formation of ubiquitinated
cytoplasmic inclusions containing o-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 plkBa and some com-
ponents of its ligase that are found in the LB. These
findings suggest that the existence of plxBa 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 pIxBe in the insoluble fraction fol-
lowing proteasomal inhibition with MG132. In contrast,
after incubation with TNF-a alone, neither high-molec-
ular weight ubiquitinated bands nor plkBa was detected
in the insoluble fractions, and cytoplasmic inclusions
containing ubiquitin and plkBa were not observed.
These findings suggest that phosphorylation of IxBa
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 pIxBo is involved in the cytoplasmic
inclusions resulting from proteasomal inhibition in our
SH-SYS5Y 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. IxBa is phosphorylated by
IKK, and plkBa is polyubiquitinated by the SCFP Y,
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 IxkBa 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 plxBo.
Based on our finding, it is possible that the polyubiqui-
tination of plkBa resulting from proteasomal dysfunc-
tion triggers its entry into ubiquitinated cytoplasmic
mclusions.

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




