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genetic deletion of MMP-2 attenuated the WM lesions after
chronic cerebral hypoperfusion in mice. These data jointly
suggest that MMP-2 upregulation plays a major role in the
WM lesions.

Previous studies have established the importance of the
upregulation and activation of MMPs in acute brain ische-
mia.l>15 Among the members of the MMP family (n=20),
MMP-9 is of particular interest in the context of acute brain
ischemia, because the selective upregulation of MMP-9 has
been observed in the brains of patients with stroke.!> More
importantly, the neuronal damage after cerebral ischemia was
attenuated in the MMP-9-null mice compared with the
wild-type mice.!¢ Furthermore, Heo et al demonstrated asso-
ciation of MMP-9 upregulation with hemorrhagic transfor-
mation in the nonhuman primates.” Thus, MMP-9 upregula-
tion may contribute to the BBB damage and infarct size,
especially in the acute setting. Although previous study
demonstrated the upregulation of MMP-9 in MMP-2-null
mice,'® no upregulation of MMP-9 was observed in our
model, which suggested a negligible role of MMP-9 in
chronic cerebral hypoperfusion.

MMP-2 null

Figure 2, A through F, Immunohisto-
chemical analysis for MMP-2 (A through
C) and MMP-9 (D through F) in the cor-
pus callosum of wild-type mice (A, B, D,
E) or MMP-2-null mice (C, F) on day 3
after sham operation or BCAS (B, D). G,
Zymography assay of the samples from
a mouse with incidental cerebral infarc-
tion (Cl), a wild-type mouse and an
MMP-2-null mouse 3 days after BCAS.
Note the absence of compensatory
upregulation of MMP-9 in MMP-2-nuil
mice.
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What then would be the role of MMPs in cerebral ische-
mia? Hamann et al reported disappearance of the basal lamina
around the microvessels during cerebral ischemia and reper-
fusion.” Fukuda et al demonstrated that the ischemic primate
brain contained elevated levels of activity enough to digest
basal lamina components such as type IV collagen.!® In fact,
Heo et al indicated that MMP-2 upregulated significantly by
1 hour after MCAO!® and was persistently elevated thereafter
in primates, and Chan et al demonstrated the upregulation of
activation system for latent MMP-2 after focal cerebral
ischemia.?® These findings support the hypothesis that exces-
sive degradation of the vascular basal lamina is a mechanism
by which MMP triggers BBB dysfunction, edema, hemor-
rhage. The most marked extravasation of Evans blue in the
paramedian portion of the corpus callosum facing the lateral
ventricle was consistent with a previous report on a rat model
of chronic cerebral hypoperfusion?! and further indicated a
vulnerability of the BBB in this area. In the case of chronic
hypoperfusion, a previous study suggested the association of
MMP-2 but not MMP-9 upregulation with BBB disruption.
Consistently, Rosenberg et al showed that the activated
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Figure 3. Histologic evaluation of the WM lesions in wild-type and MMP-2-null mice after BCAS. A through L, Kliver-Barrera staining
28 days after BCAS (A, E, |) and immunostaining 14 days after BCAS for MHC class |l (B, F, J), GFAP (C, G, K), or IgM (D, H, L) of cor-
pus callosum sections from wild-type (Wt) mice (A through H) or MMP-2-null (M27) mice { through L) that had undergone either a sham
operation (A through D) or BCAS (E through L). Note that MMP-2 gene knockout recover the decrease of Kllver-Barrera staining in the_
WM after BCAS (compare E with [) and glial activation (compare F with J for microglia and G with K for astroglia). Scale bar, 50 um. M
through O, Double staining with GFAP and IgM of the WM lesions in wild-type mice after BCAS. IgM was observed on endfeet of
GFAP-positive glia (O). Scale bar, 10 um. P through R, A histogram representing the density of cells immunoreactive for MHC-class I
or Iba-l (P}, GFAP (Q), or IgM (R} in sections from the corpus callosum (CC), caudoputamen (CP), and optic tract (OT) of mice that had
undergone BCAS (n=6 each; *P<0.05, **P<0.01). For the microglial count, anti-MHC-class Il antibodies were used for mice with BCAS
operation, whereas anti-lba-l antibodies were used for mice with sham operation (P). Note that glial activation was not observed in the
optic tract, being consistent with the absence of rarefaction of this structure.
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TABLE 2. Histologic Grading of the WM Lesions in Wild-Type
and MMP-2-Null Mice on Day 30 After BCAS

Corpus Anterior
Callosum Caudoputamen Commissure
Wild-type, N=6 1.5+0.8 1.3:+0.58 0505
MMP-2-null, N=6 0.5+0.8" 0.58:+0.37% 0+0
*P<0.05.

astroglia and microglia/macrophages around the arterioles
expressed MMP-2 and MMP-3, but not MMP-9, in the brains
of patients with vascular dementia.$

Caplan?* proposed that the major pathologic features of
WM lesions such as demyelination and gliosis may result
from a BBB dysfunction, which allows the leakage of
proteins and fluid through the compromised barrier of the
penetrating arteries. This hypothetical pathway is consistent
with our present findings. Given the overlapping substrate
specificity between MMP-2 and MMP-9, in the case of
chronic cerebral hypoperfusion, MMP-2 may contribute to
the BBB disruption through the excessive digestion of the
vascular basal lamina and activation of glia. In addition,
MMP-2 may be directly involved in demyelination associated
with WM lesions, because MMP-2 can digest myelin more
efficiently than MMP-9.2¢
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Figure 4. Evaluation of BBB dysfunction in the corpus callosum
of mice. The Evans blue extravasation assay was performed on
day 3 after a sham operation in wild-type mice (A) or on day 3
after BCAS in wild-type (B) and MMP-2-null mice (C). A magni-
fied view of the area indicated by an arrow in the upper panel is
shown in the lower panel (A through C). The expetiments were
repeated in triplicate with similar findings (n=4 each). Scale bar,
100 um. A histogram representing the degree of Evans blue
extravasation as an approximate index of BBB breakdown (see
“Methods”) (D).

In conclusion, the present study has provided direct
evidence that MMP-2 is involved in the pathogenesis of
WM lesions in the mouse model. Although the species
difference between rodents and humans should be taken
into consideration, our data also suggest the potential value
of MMP inhibitors in preventing subcortical ischemic
vascular dementia resulting from BBB dysfunction and
chronic cerebral ischemia in humans. Activation of
MMP-2 is reported to participate in matrix injury during
focal cerebral ischemia. An elucidation of the exact roles
of MMP-2 in BBB disruption may also provide informa-
tion useful in developing strategies for controlling neuroin-
flammation in general.
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Abstract

It has been proposed that in autosomal recessive juvenile
parkinsonism (AR-JP), a ubiquitin ligase (E3) Parkin, which is
involved in endoplasmic reticulum-associated degradation
(ERAD), lacks E3 activity. The resulting accumulation of
Parkin-associated endothelin receptor-like receptor (Pael-R),
a substrate of Parkin, leads to endoplasmic reticulum stress,
causing neuronal death. We previously reported that human
E3 HRD1 in the endoplasmic reticulum protects against
endoplasmic reticulum stress-induced apoptosis. This study
shows that HRD1 was expressed in substantia nigra pars
compacta (SNC) dopaminergic neurons and interacted
with Pael-R through the HRD1 proline-rich region, promoting

the ubiquitylation and degradation of Pael-R. Furthermore, the
disruption of endogenous HRD1 by small interfering RNA
(siRNA) induced Pael-R accumulation and caspase-3 activa-
tion. We also found that ATF8 overexpression, which induced
HRD1, accelerated and caused Pael-R degradation; the
suppression of HRD1 expression by siRNA partially prevents
this degradation. These results suggest that in addition to
Parkin, HRD1 is also involved in the degradation of Pael-R.
Keywords: endoplasmic reticulum stress; endoplasmic reti-
culum-associated degradation; HRD1; Parkin-associated
endothelin receptor-like receptor; Parkinson’s disease; unfol-
ded protein response

J. Neurochem. {2006) 99, 1456~-1469.

Parkinson’s disease is the most common movement disorder
and the second most common neurodegenerative disease.
Only approximately 5% of Parkinson’s disease patients are
familial. Autosomal recessive juvenile parkinsonism (AR-JP)
occurs with increasing frequency in familial Parkinson’s
disease patients and results from parkin gene (PARK2)
mutations (Kitada er al. 1998). In AR-JP patients, the loss of
dopaminergic neurons and the appearance of parkinsonism
symptoms occur without the formation of Lewy bodies,
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which are a significant characteristic of non-familial and
some familial Parkinson’s disease cases (Mizuno et al.
1998).

Eukaryotic cells coordinate the folding and glycosylation
of secretary and membrane proteins in the endoplasmic
reticulum. Various stresses leading to impairment of the
endoplasmic reticulum and the production of mutant proteins
cause the accumulation of unfolded proteins in the endo-
plasmic reticulum, culminating in cell death. Unfolded
proteins accumulated in the endoplasmic reticulum are
degraded by the ubiquitin-proteasome system (UPS). In this
endoplasmic reticulum system, termed endoplasmic reticu-
lum-associated degradation (ERAD), unfolded proteins are
initially retrotranslocated from the endoplasmic reticulum to
the cytosol through the translocon, polyubiquitylated by
ubiquitin-conjugating enzyme (E2), ubiquitin ligase (E3),
and other components, and degraded by the 26S proteasome
(Hershko and Ciechanover 1998). E3 plays an important role
in the ubiquitylation of unfolded proteins, and the RING
finger domain of E3 mediates the transfer of ubiquitin from
E2 to substrates (Zheng et al. 2000).

Parkin is an E3 that contains two RING finger domains;
AR-JP-linked Parkin mutants have defective E3 activity.
Parkin is up-regulated in response to endoplasmic reticulum
stress and protects against cell death caused by such stress,
suggesting that it is an E3 involved in ERAD. Parkin-
associated endothelin receptor-like receptor (Pael-R) has
been identified as a protein that interacts with Parkin; its
accumulation leads to endoplasmic reticulum stress-induced
cell death. Parkin ubiquitinates and promotes the degradation
of insoluble Pael-R, resulting in the suppression of cell death
(Imai et al. 2001). In other words, endoplasmic reticulum
stress caused by the accumulation of unfolded Pael-R might
be involved in AR-JP. Furthermore, it has been recently
reported that Pael-R in Parkinson’s disease is accumulated in
the core of Lewy bodies (Murakami ef al. 2004) and that
selective dopaminergic neurodegeneration is caused by the
ectopic expression of human Pael-R in the Drosophila brain
(Yang et al. 2003).

It is known that in yeast, Hrdlp/Der3p is involved in
ERAD. Hrdlp/Der3p is localized in the endoplasmic reti-
culum, contains the RING-finger domain at the C-terminus,
and ubiquitinates substrates including HMG-CoA reductase
(Hmg2p) (Gardner et al. 2000, 2001; Deak and Wolf 2001).
Hrd3p is reported to regulate or stabilize Hrdlp (Plemper
et al. 1999; Deak and Wolf 2001). Endoplasmic reticulum
stress induces various components involved in ERAD,
including Hrdlp as well as endoplasmic reticulum molecular
chaperones, suggesting that ERAD involves the degradation
of unfolded proteins in cooperation with endoplasmic
reticulum chaperones (Friedlander et al. 2000; Travers et al.
2000). We previously reported that human HRD1 was
identified and characterized as a human homolog of yeast
Hrdlp (Kaneko et al. 2002). In that report, we demonstrated

© 2006 The Authors
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that HRD1 possesses E3 activity, is induced during endo-
plasmic reticulum stress, and suppresses cell death caused by
endoplasmic reticulum stress. Furthermore, human HRDI is
reportedly involved in the basal, and not the sterol-regulated,
degradation of HMG-CoA reductase (Nadav e al. 2003;
Kikkert et al. 2004) and is a pathogenic factor in theumatoid
arthritis (Amano et al. 2003).

The unfolded protein response (UPR) is required for the
inhibition of further protein synthesis and the induction of
endoplasmic reticulum chaperones, which reduce the number
of unfolded proteins in the endoplasmic reticulum (Kaufiman
1999, 2002). Transcription factor ATF6 is a transmembrane
protein localized in the endoplasmic reticulum (Haze et al.
1999). Under endoplasmic reticulum stress, ATF6 is cleaved
to release the N-terminal fragment on the cytosolic side of
the membrane; it then enters the nucleus, acts as a
transcription factor, and eventually activates endoplasmic
reticulum chaperone gene transcription, which enhances
protein folding (Haze et al. 1999; Ye ef al. 2000; Shen et al.
2002). On the other hand, an endoplasmic reticulum-resident
transmembrane protein IRE1, which possesses serine/thre-
onine kinase and RNase domains, is dimerized and auto-
phosphorylated during endoplasmic reticulum stress (Cox
et al. 1993; Sidrauski and Walter 1997). Activated IRE1
splices XBP1 mRNA and then generates an active form of
XBP1 (Yoshida et al. 2001).

Recent studies have demonstrated that Parkin knockout
mice exhibit no significant change in either dopaminergic
neurodegeneration or the accumulation of any Parkin
substrates (Goldberg et al. 2003; Itier et al. 2003; Palacino
et al. 2004; Von Coelln et al. 2004; Perez and Palmiter 2005;
Periquet et al. 2005), suggesting that other unknown E3s can
degrade accumulated proteins in the absence of Parkin. On
the other hand, HRD1 apparently degrades a number of
unfolded proteins as overexpressed HRDI protects against
endoplasmic reticulum stress-induced cell death. This study
showed that human HRD1 was located in substantia nigra
pars compacta (SNC) neurons in the mouse brain. Therefore,
we hypothesized that HRD1 as well as Parkin ubiquitinates
and degrades the unfolded Pael-R responsible for endoplas-
mic reticulum stress and protects against Pael-R-induced cell
death. In addition, we investigated whether ATF6-induced
UPR activation promotes the degradation of Pael-R and
whether UPR-induced HRD1 expression is partially involved
in this degradation.

Materials and methods

Constructs

The expression vector for human wild-type and truncated fragments
of HRD1 was tagged with myc and polyhistidine (6 X His) epitopes
at the C-terminus of the inserted sequence (pcDNAG6; Invitrogen
Corporation, Carlsbad, CA, USA). Human Pael-R (pcDNA3),
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tagged with FLAG and 6 X His epitopes at the C-terminus, was a
gift from Ryosuke Takahashi (RIKEN Brain Science Institute,
Japan). The expression vector for wild-type human o-synuclein,
tagged with hemagglutinin and 6 x His epitopes at the C-terminus,
was cloned into expression vector pcDNA3.1 (Invitrogen). The
expression vector for the cleaved form of ATF6 (amino acid region
1-373 of ATF6a), tagged with hemagglutinin epitopes at the N-
terminus was cloned into expression vector pCR3.1 (Invitrogen).
The expression vector for RP-HRD1 fused at its N-terminus to
glutathione S-transferase (GST) was cloned into the expression
vector pGEX6p-1 (GE Healthcare Bio-Sciences, Piscataway, NJ,
USA).

Affinity-purified antibodies, chemicals, and proteins

HRD! polyclonal antibody against the KLH-conjugated synthetic
peptide (C)-EDGEPDAAELRRR, corresponding to amino acid
residues 594606 of human HRD] protein, was recognized human
and mouse HRD1 (a gift from Otsuka GEN Research Institute). We
also purchased anti-HRD1 polyclonal antibody (C-term) from
Abgent (San Diego, CA, USA). Anti-Pael-R polyclonal antibody
was used as described (Imai et al. 2001). Anti-FLAG M2 polyclonal
and HRP-conjugated M2 monoclonal antibodies, and M2 affinity
gel were purchased from Sigma-Aldrich (St. Louis, MO, USA);
anti-calreticulin polyclonal and anti-KDEL monoclonal antibodies
were from Stressgen Biotechnologies Corporation (Ann Arbor, MI,
USA); anti-myc monoclonal (9E10) antibody was from Oncogene
Research Products (Cambridge, MA, USA); anti-caspase-3
(Aspl75) polyclonal antibody was from Cell Signaling Technology
Inc. (Danvers, MA, USA); anti-GST polyclonal (Z-5) and anti-
hemagglutinin polyclonal (Y-11) antibodies were from Santa Cruz
Biotechnology (Santa Cruz, CA, USA); MG132 was from the
Peptide Institute (Osaka, Japan), and rabbit ubiquitin-activating
enzyme (E1), GST-UbcH5c (E2), and GST-ubiquitin were from
BostonBiochem (Cambridge, MA, USA). Horseradish peroxidase-
conjugated anti-mouse IgG and anti-rabbit IgG (both from GE
Healthcare Bio-sciences) were used as the secondary antibody.
Bands were detected using the enhanced chemiluminescence (ECL)
system (GE Healthcare Bio-Sciences).

Immunohistochemistry

Mouse brains were fixed in 4% paraformaldehyde, processed on a
Tissue-Tek VIP (Sakura Finetek, Tokyo, Japan), and then embedded
in paraffin. The brains were sectioned into 4-pm-thick slices,
mounted on silane-coated slides, and then subjected to heat
treatment with 10 mM sodium citrate buffer (pH 6.0) in a pressure
cooker for 3 min. Diaminobenzidine (DAB) immunostaining was
performed using anti-HRD1 polyclonal antibody as the primary
antibody (1 : 50 dilution), a peroxidase-labeled polymer-conjugated
anti-rabbit antibody (Envision system; Dako, Glostrup, Denmark),
and DAB as the substrate.

Immunofluorescence staining was stained with anti-HRD1
polyclonal antibody (1 : 20 dilution) and either anti-neuron-specific
nuclear protein (NeuN; 1 : 100 dilution; Chemicon International,
Temecula, CA, USA), anti-glial fibrillary acidic protein (GFAP;
1 : 100 dilution; Chemicon International), or anti-tyrosine hydroxy-
lase (1 :100 dilution; Chemicon International) moncclonal anti-
bodies, and then with anti-mouse antibody conjugated with Alexa
546 and anti-rabbit antibody with Alexa 488 (Molecular Probes,

© 2006 The Authors

Eugene, OR, USA). Fluorescence images were acquired using a
Zeiss LSM 510 confocal microscope (Carl Zeiss AG, Gottingen,
Germany).

Immunocytochemistry

For the subcellular localization of HRD1 and Pael-R, COS-1 cells
were transfected with HRD1-myc or a control vector (Mock) and
Pael-R-FLAG using the calcium phosphate method. To visualize the
effect of HRD1 degrading Pael-R, normal human embryonic kidney
(HEK293) cells and those stably transfected with HRD1-myc and
M-HRD1-myc were transfected with Pael-R-FLAG-pcDNA3 and
DsRED-express-N1 vector (Promega, Madison, WI, USA) using
Lipofect AMINE 2000 (Invitrogen). At 36 h after transfection, the
cells were fixed with methanol at —20°C. The cells were then
stained for the presence of proteins with appropriate primary
antibodies, and then with anti-mouse antibody conjugated with
Alexa 488 and/or anti-rabbit antibody with Alexa 594 (Molecular
Probes). Fluorescence images were acquired using a Zeiss LSM 510
confocal microscope (Carl Zeiss AG, Gottingen, Germany).

Immunoprecipitation and western blotting

Transfected HEK293 cells were lysed in a lysis buffer [20 mm
HEPES (pH 7.4), 120 mM NaCl, 5 mm EDTA, 10% glycerol, and
1% Triton X-100 with complete protease inhibitors (Roche
Diagnostics K.K., Basel, Switzerland)]. Immunoprecipitation was
carried out by incubating the supematant with the indicated
antibodies for 16 h and then with Protein G Sepharose Fast Flow
(GE Healthcare Bio-sciences) for 1 h. For immunoprecipitation with
an anti-FLAG antibody, the supernatant was incubated with anti-
FLAG M2 affinity gel for 16 h. The immune complex was rinsed
with a washing buffer [10 mm Tris-HCI (pH 7.5), 100 mm NaCl,
10% glycerol, and 0.2% Triton X-100].

Pulse-chase experiment

Neuro2a cells were transfected with Pael-R-FLAG and either a
confrol vector, HRDl-myc or M-HRDl-myc. At 36h after
transfection, the cells were starved for 1 h in methionine/cysteine-
free Dulbecco’s modified Eagle’s medium (DMEM; Sigma) con-
taining 5% dialyzed fetal calf serum (FCS), and then labeled for 1 h
at 37°C with 100 puCi/mL [3SS]-meﬂ1ionine/cysteine (Redivue Pro-
mix L-[**S] in vitro cell labeling mix; GE Healthcare Bio-Sciences).
The cells were then washed and incubated in DMEM containing
10% FCS for the indicated periods. The cell lysates were
immunoprecipitated with the anti-FLAG antibody, subjected to
sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-
PAGE), and visualized using an imaging analyzer (BAS-2500,
Fujifilm, Tokyo, Japan). The metabolically labeled Pacl-R was
quantified using Image Gauge software (Fujifilm).

Cell death assay

Normal HEK293 cells and those stably expressing HRD1-myc or
M-HRD1-myc were transfected with a control vector or Pael-R-
FLAG and incubated for 24 h. The cells were washed with
phosphate-buffered saline (PBS) and then stained with crystal violet
(0.1% crystal violet, WAKO Pure Chemical Industries, Osaka,
Japan), and the wells washed with water and air-dried. The dye was
eluted with water containing 0.5% SDS, and optical density was
measured at 590 nm.
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In vitro ubiquitylation assay

RING-proline (RP)-HRD1-myc and Pael-R-FLAG were produced
by TnT quick-coupled transcription/translation systems {Promega).
Sixteen microliters of TwT reaction lysates producing RP-HRD1 or
Pael-R-FLAG were mixed with other components inchiding El
(25 ng), E2 (GST-UbcHSc, 400 ng), and GST-ubiquitin (7 ng) in
100 pL of reaction buffer {40 mm Tris-HCI (pH 7.6), 5 mM MgCls,
2 mM ATP, and 2 mm dithiothreito]l (DTT)]. The reaction mixtures
were incubated at 30°C for 90 min, immunoprecipitated with anti-
FLAG antibody, subjected to SDS-PAGE, and analyzed by westem
blotting using the anti-GST polyclonal antibody.

In vitro binding assay
RP-HRD1 was cloned into the pGEX 6p-1 vector (GE Healthcare
Bio-Sciences). GST-RP-HRD1 and GST were expressed by cultur-
ing Escherichia coli DH5a with 0.5 mM isopropyl-p-p-thiogalacto-
pyranoside (IPTG) for 4 h at 37°C. The cells were collected and
lysed in a lysis buffer [10 mm HEPES (pH 7.4), 150 mMm NaCl,
1 mm EGTA, 10%, 0.5% Triton X-100 with 1.5 mM phenyl-
methylsulfonyl fluoride (PMSF)]. The supemnatants were mixed with
glutathione-Sepharose 4B (GE Healthcare Bio-Sciences) for 16 h at
4°C. The beads were washed with lysis buffer and eluted with
50 mM Tris-HC1 (pH 8.0) containing 10 mM reduced glutathione,
and the eluted fraction dialyzed against PBS.

Equal amounts of purified GST or GST-RP-HRD1 were applied
to glutathione Sepharose 4B in a binding buffer containing 50 mm
Tris-HCI (pH 7.5), 150 mM NaCl, 1 mm EDTA, 0.25% gelatin, and
1% Triton X-100 at 4°C for 16 h, and then washed with the buffer.
TnT reaction lysates producing 35g-labeled Pael-R-FLAG were
incubated with aliquots of GST- or GST-RP-HRD1-coupled gluta-
thione-Sepharose 4B for 2 h at 4°C in the binding buffer. After
extensive washing of the column with a washing buffer containing
10 mM Tris-HCI (pH 7.5), 150 mM NaCl, and 1% Triton X-100, the
proteins recovered from the resin were subjected to SDS-PAGE
followed by Coomassie blue staining and then visualized using an
imaging analyzer (BAS-2500, Fujifilm).

RNA interference

For HRD1 knockdown by RNA interference, siGENOME SMART-
pools of four oligoduplexes targeted against HRD1 (M-007090-00;
Dharmacon Research, Lafayette, CO, USA) were used. Small
interfering RNA (siRNA) transfection was performed using
100 pmol of siRNA and 7.5 pL of Lipofect AMINE 2000 reagent
(Invitrogen) in 6 cm dishes.

Results

Localization of HRD1 and Pael-R in the murine brain
and cellular endoplasmic reticulum

As HRDI has been shown to be highly expressed in the
human fetal brain by RT-PCR-ELISA (Nagase et al. 2001),
we immunohistochemically examined where HRDI is
localized in the murine brain. DAB staining showed HRD1
expression was observed in SNC neurons, which are
selectively degenerated in Parkinson’s disease (Fig. 1a), as
well as in pyramidal cells of the hippocampus and Purkinje
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cells of the cerebellum (data not shown). Fluorescence
staining using anti-NeuN and anti-GFAP antibodies showed
that HRD1 was widely expressed in neuronal cells but not in
glial cells (Fig. 1b). Furthermore, HRDI1-immunoreactive
cells were partially tyrosine hydroxylase-positive, indicating
that HRD1 was expressed in dopaminergic neurons in the
SNC (Fig. 1¢). Thus, we hypothesized that HRD1 exists
in the substantia nigra together with Pael-R as Pael-R is
expressed in SNC dopaminergic neurons (Imai et al. 2001).
To examine the subcellular localizations of HRD1 and Pael-
R, expression vectors for HRD1-mye or the control vector
(Mock) and Pael-R-FLAG were transfected into COS-1 cells.
The localization of HRD1 (green) almost completely over-
lapped that of endogenous calreticulin (red) as revealed by an
endoplasmic reticulum marker (Fig. 1d, lower). Pael-R (red)
was widely localized in the endoplasmic reticulum as well as
the cell surface and partially colocalized with HRD1 (green)
in the endoplasmic reticulum (Fig, 1d, upper). Furthermore,
endogenous HRD1 (green) was partially colocalized with
Pael-R (red) in Pael-R-FLAG-expressing SH-SY5Y cells
(Fig. le).

HRDI1 interacts with unfolded Pael-R

When Pael-R was overexpressed in HEK293 cells, Pael-R
proteins migrated as high molecular mass broad smears
(Fig. 2a, lane 2), suggesting that they had undergone
covalent modifications (glycosylation, ubiquitylation, etc.)
(Imai et al. 2001); however, in the transfection of Pael-R
with hemagglutinin-Ub, the ubiquitylation of Pael-R was
barely observed in the absence of proteasome inhibitor
MG132 (Fig. 2a, lane 5). Therefore, we presumed that the
high molecular mass broad smears observed were the result
of the aggregate formation of detergent-insoluble Pael-R
rather than ubiquitylated Pael-R. Next, we used the immu-
noprecipitation method to investigate whether HRDI1 inter-
acts with Pael-R. HRD1 protein was detected in anti-FLAG
antibody immunoprecipitates from cells cotransfected with
HRDI1-myc and Pael-R-FLAG (Fig. 2b, lane 15). In addi-
tion, Pael-R protein was detected in immunoprecipitates with
an anti-myc antibody (Fig. 2b, lane 3), indicating that HRD1
interacts with Pael-R.

Furthermore, we performed coimmunoprecipitation in SH-
SYSY cells that stably expressed Pael-R-FLAG. The endog-
enous HRDI1 protein was detected in immunoprecipitates
with overexpressed aggregated Pael-R (Fig. 2¢, upper and
lower, lane 4). To investigate the interaction between HRD1
and Pael-R under a wider range of physiological conditions,
the endogenous proteins in dopaminergic neuroblastoma SH-
SYS5Y cells were coimmunoprecipitated with the anti-Pael-R
antibody; however, HRD1 was not coimmunoprecipitated
with Pael-R (Fig. 2d, lane 3) under normal conditions. As
Pael-R is easily unfolded and becomes insoluble under
endoplasmic reticulum stress, we investigated the interaction
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Fig. 1 Brain distribution and subcellular localization of Pael-R and
HRD1. (a) Immunolocalization of HRD1 in the coronal section of the
murine brain. HRD1 localization was detected by DAB immunostaining
using anti-HRD1 polycional antibody (pAb). The magnification of the
box in the left panel (x40) is part of the SNC, which is shown in the
right panel (x200). The arrowheads indicate the expression of HRD1.
(b) Localization of HRD1 in neurons and glia. The green signal (HRD1)
was obtained with anti-HRD1 pAb and anti-rabbit 1gG Alexa 488-
conjugated secondary Ab, while the red signal (Pael-R) was obtained
with either anti-NeuN monoclonal Ab (mAb; dentate gyrus; upper pa-
nel) or anti-GFAP mAb (CA4; lower panel) and anti-mouse 1gG Alexa
546-conjugated secondary Ab. (c) Colocalization of HRD1 and tyro-
sine hydroxylase in the SNC of the coronal section of murine brain.
HRD1 was detected by anti-HRD1 pAb (green); tyrosine hydroxylase
was detected by antityrosine hydroxylase mAb (red). Yellow indicates
the co-expression of H-RD1 in the SNC. (d) Colocalization of HRD1

between Pael-R and HRD1 in native SH-SY5Y cells under
endoplasmic reticulum stress. HRD1 was precipitated with
Pael-R that tends to exist in an unfolded state under
endoplasmic reticulum stress conditions (Fig. 2d, lane 4);
this indicates that HRD1 interacts with the unfolded form of
Pael-R.
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and Pael-R in the endoplasmic reticulum. COS-1 cells were transiently
transfected with HRD1-myc and Pael-R-FLAG. At 24 h after
transfection, the cells were fixed and subjected to indirect immuno-
fluorescence staining with anti-myc mAb and anti-FLAG pAb, or
anti-calreticulin pAb. The green signal (HRD1) was obfained with anti-
mouse IgG Alexa 488-conjugated secondary Ab and the red signal
(Pael-R or calreticulin} with anti-rabbit IgG Alexa 594-conjugated
secondary Ab. Superimposing the two colors (merge) resutted in a
yellow signal, indicating the colocalization of the two proteins. (e)
Colocalization of HRD1 and Pael-R in the endoplasmic reticulum of
SH-SY5Y cells. The SH-SY5Y cells expressing Pael-R-FLAG were
fixed and subjected to indirect immunofluorescence staining with anti-
FLAG mAb (red) and anti-HRD1 pAb (green). The green signal
(HRD1) was obtained with anti-rabbit IgG Alexa 488-conjugated sec-
ondary Ab and the red signal (Pael-R) with anti-mouse IgG Alexa 594-
conjugated secondary Ab.

HRDI interacts with and ubiquitinates Pael-R through
the proline-rich region

To investigate which HRD1 region interacts with Pael-R, a
series of HRD1 mutants was prepared (Fig. 3a). HEK293
cells were transiently transfected with Pael-R-FLAG along
with an empty vector (Mock), wild-type (wt)-HRDI-myc,
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Fig. 2 Interaction of HRD1 with aggregated Pael-R. (a) Pael-R tends
to exist in an aggregated form. HEK293 cells were transiently trans-
fected with hemagglutinin-ubiquitin and an empty vector (Mock) or
Pael-R-FLAG and incubated in the presence or absence of 5 um
MG132 (proteasome inhibitor). Equal amounts of proteins were im-
munoprecipitated with anti-FLAG mAb, and the immune complex was
then analyzed by western blotting using anti-FLAG mAb (left) or anti-
hemagglutinin pAb (right). (b) Interaction of Pael-R with HRD1 in
HEK293 cells. HRD1 and Pael-B were coimmunoprecipitated in
HEK293 cells transiently transfected with or without Pael-R-FLAG and
HRD1-mye. At 48 h after transfection, the total cell lysates (Input) were
analyzed by western blotting to check the expression of Pael-R and
HRD1 proteins. Equal amounts of the proteins were immunoprecipi-
tated with normal mouse 1gG, anti-myc mAb, or anti-FLAG mAb. The
immune complex was lysed in SDS sample buffer, resolved by SDS-
PAGE, and analyzed by western blotting using anti-myc mAb or anti-

membrane (M)-HRDI Amembrane (AM)-HRDI1-myc, or
membrane-RING (MR)-HRD1-myc. Wt-HRD1 and AM-
HRDI1 were detected in immunoprecipitates with anti-FLAG,
whereas (M)-HRD1 and (MR)-HRD! were not detected
(Fig. 3b, upper, lanes 3, 5), suggesting that HRD1 requires a
proline-rich region for association with Pael-R. We examined
whether Pael-R interacts with the proline-rich region of
HRD1 in vitro (Fig. 4a). In an in vitro GST pull-down assay,
RP-HRD1 bound to both the native and aggregated forms of
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FLAG mAb. (c) Endogenous HRD1 interacts with Pael-R in neuro-
blastoma SH-SY5Y cells stably expressing Pael-R-FLAG. The total
cell lysates that stably expressed Pael-R-FLAG in neuroblastoma SH-
SYS5Y cells were analyzed by western blotting using anti-HRD1 pAb
(Input, right panel). Equal amounts of the proteins were immunopre-
cipitated with normal mouse IgG (l) or anti-FLAG mAb (F), and the
immune complex was then analyzed by western blotting using anti-
HRD1 pAb (left panel, upper) or anti-FLAG mAb (right panel, lower).
(d) Endogenous interaction of HRD1 with Pael-R in tunicamycin-
treated neuroblastoma SH-SYSY cells. The SH-SY5Y cells were either
untreated (control) or treated (tunicamycin) with 2.5 pg/mL tunicamy-
cin for 24 h. The total cell lysates (Input, lanes 1 and 2) were analyzed
by western blotting to check the expression of HRD1 proteins. Equal
amounts of proteins were immunoprecipitated with anti-Pael-R pAb.
The immune complex was analyzed by western blotting by using anti-
HRD1 pAb (IP, lanes 3 and 4; Abgent).

Pael-R (Fig. 4a, upper, lane 5). Thus, HRD1 may directly
interact with Pael-R through the proline-rich region.

We then evaluated whether HRDI ubiquitinates Pael-R
through its E3 activity in vitro. Using RP-HRD1-myc and
Pael-R-FLAG generated by in vitro translations (Fig. 4b), we
examined whether Pael-R is ubiquitylated by RP-HRDI
in vitro. Recombinant E2 UbcH5¢ was used in this assay as
HRDI1 is shown to be ubiquitylated by UbcHSc in vitro
(Nadav et al. 2003; Kikkert et al. 2004). In vitro transcrip-
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Fig. 3 Interaction of Pael-R with HRD1 and its mutants. (a) Schematic
representation of the HRD1 constructs. The panel diagrammatically
represents wild-type HRD1 and a variety of HRD1 mutants used to
determine the Pael-R binding domain. Numbers in parentheses indi-
cate the corresponding amino acid residues of HRD1. (b) Coimmu-
noprecipitation of Pael-R and a variety of HRD1 mutants.
Coimmunoprecipitation was performed in HEK2393 cells transiently

tion/translation reaction lysates containing RP-HRD1 and
Pael-R were incubated with other components including E1
(rabbit), E2 (GST-UbcHSc), and GST-ubiquitin. Pael-R-
FLAG proteins were ubiquitylated only in the presence of
RP-HRD1 along with all other components (Fig. 4c, lane 6),
indicating that HRD1 directly interacts with and ubiquiti-
nates Pael-R.

HRD1 degrades unfolded Pael-R

We investigated whether HRD1 accelerates Pael-R degrada-
tion via the UPS. Normal HEK293 cells and those stably
expressing wt-HRD1 or M-HRDI1 were transiently transfect-
ed with Pael-R-FLAG. Equal amounts of proteins were
immunoprecipitated with anti-FLAG monoclonal antibody
and subjected to western blotting. Pael-R and its high
molecular mass broad smears were markedly decreased in
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Input
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transfected with Pael-R-FLAG and an empty vector (Mock), wild-type
(wt)-HRD1-myc, membrane (M)-HRD1-myc, Amembrane (AM)-HRD1-
myc or membrane-RING (MR)-HRD1-myc. At 48 h after transfection,
the total cell lysates (Input) were analyzed by western blotting using
antimyc mAb (right). Equal amounts of the proteins were immuno-
precipitated with anti-FLAG mAb, and the immune complex was then
analyzed by western blotting using antimyc mAb (left).

wt-HRD1-expressing cells (Fig. 5a, first panel, lanes 5, 6).
MG132 inhibited the decrease of Pael-R protein (Fig. 5a,
first panel, lane 7), indicating that HRDI promoted the
degradation of Pael-R via the UPS. In contrast, Pael-R was
not degraded by M-HRDI, which has no RING-finger
domain and lacks E3 activity (Fig. 5a, first panel, lanes 8, 9).
To confirm that these results were not caused by a decrease in
the transfection or transcription efficiency of Pael-R, the
expression level of Pael-R mRNA was examined by RT-PCR
using the total RNA of the cells used in western blotting. In
each clone, the expression levels of transfected Pael-R were
almost equal (Fig. Sa, third panel); furthermore, another
clone stably expressing wt-HRD1 degraded Pael-R (data not
shown).

To immunocytochemically visualize the degradation of
Pael-R by HRDI, normal HEK293 cells and those stably
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Fig. 4 HRD1 ubiquitinates Pael-R in vitro. () Coimmunoprecipitation
of Pael-R with RING-proline (RP)-HRD1 in vitro. GST-fused RP-
HRD1 or GST alone was bound to glutathione beads incubated with
[**S}-labeled Pael-R generated by an in vitro transcription/translation
system. After extensive washing, the protein-bound beads were re-
solved by SDS-PAGE followed by Coomassie blue staining (lower),
and detected by autoradiography (upper). (b) Protein products of
Pael-R and RP-HRD1. Western blotting analysis of the components
used for in vitro ubiquitylation assays. RP-HRD1-myc and Pael-R-
FLAG were produced by a TNT quick-coupled transcription/translation
system. TnT reaction lysates containing RP-HRD1 were analyzed by

expressing wt-HRD1 or M-HRD1 were transfected with
Pael-R-FLAG and DsRED, a red fluorescent protein. The
amount of Pael-R-FLAG protein decreased in cells expres-
sing wt-HRD1-myc compared with control cells, whereas the
amount of Pael-R-FLAG protein in cells expressing M-
HRDI-myc and in control cells was similar (Fig. Sb, upper,
green). The red signals (lower panels) were DsRED proteins
cotransfected with Pael-R-FLAG for use as transfection
controls. These results indicate that HRD1 degrades Pael-R
by its E3 activity.

Next, the degradation of Pael-R by HRD1 was examined
by performing a pulse-chase experiment. The levels of >°S-
labeled Pael-R were plotted relative to the amount present at
time 0 (Fig. 5¢). Following a 3 h chase, 54.4% and 52.0% of
de novo synthesized Pael-R remained in cells transfected
with Mock and M-HRDI, respectively. In contrast, Pael-R
degradation in HRD1-transfected cells was accelerated such
that at 3 h, 28.7% of proteins remained, indicating that

© 2006 The Authors

Pael-R is a substrate of HRD1 1463

| <PaelRFLAG

FLAG

1.2 3 4 5 8 7

IP:anti-FLAG

WB:anti-GST
western blotting using anti-myc mAb (left), whereas TnT reaction
lysates containing Pael-R were immunoprecipitated with anti-FLAG
mAb. The immune complex was then analyzed by western blotting
using anti-FLAG mAb (right). {¢) /n vifro ubiquitylation assay. Western
blotting analysis of the in vitro ubiquitylation reactions mediated by
HRD1 with anti-GST pAb. TnT reaction lysates containing RP-HRD1
and Pael-R were mixed with other components including E1 (rabbit),
E2 (GST-UbcH5c), or GST-ubiquitin in the reaction buffer. The
reaction lysates were then incubated at 30°C for 90 min, immuno-
precipitated with anti-FLAG mAb, and analyzed by western blotting
using anti-GST pAb.

HRDI1 accelerates the degradation of newly synthesized
Pael-R protein.

Furthermore, to investigate whether HRDI1 is involved in
the physiological degradation of Pael-R, we examined the
effect of HRD1 suppression by siRNA on Pael-R accumu-
lation in SH-SYS5Y cells stably expressing Pael-R-FLAG.
The amount of the aggregated form of Pael-R was increased
by the suppression of HRD1 expression (Fig. 5d, upper, lane
2) whereas the native form was not affected markedly; thus,
it is possible that endogenous HRDI preferentially degrades
aggregated Pael-R but not native Pael-R.

a-Synuclein is a component of Lewy bodies in Parkinson’s
disease (Trojanowski et al. 1998), and a 22-kD glycosylated
form of a-synuclein is reported to be ubiquitylated by Parkin
(Shimura et al. 2001), and is ubiquitylated when overex-
pressed in cells (Imai ez al. 2000). Unfolded a-synuclein can
be degraded by the 20S proteasome in vitro (Tofaris et al.
2001). We examined whether o-synuclein, like Pael-R, is a
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Fig. 5 Degradation of Pael-R by HRD1. (a) HEK293 cells stably
expressing wi-HRD1 or M-HRD1 were transiently transfected with
Pael-R-FLAG and incubated for the indicated periods in the presence
or absence of 5 uM MG132, which was added 12 h before cell harvest.
The total cell lysates (Input) were analyzed by western blotting using
anti-myc mAb (middle). Equal amounts of the proteins were immu-
noprecipitated with anti-FLAG mAb, and the immune complex was
then analyzed by western blotting using anti-FLAG mAb (upper). The
total RNA of the cells used in western bloiting was prepared and
subjected to RT-PCR (lower). (b) HEK293 cells stably expressing wt-
HRD1 or M-HRD1 were transiently transfected with Pael-R-FLAG and
DsRED (red fluorescent protein). At 36 h after transfection, the cells
were fixed and subjected to indirect immunofluorescence staining with
anti-FLAG mAb (upper). The green signal (Pael-R) was obtained with
anti-mouse IgG Alexa 488-conjugated secondary Ab while the red
signal (lower) shows DsRED proteins used as a transfection control.
(c) Pulse-chase assay. Neuro2a cells were transiently transfected with
Pael-R-FLAG and an empty vector (Mock), wt-HRD1, or M-HRD1. At
36 h after transfection, cells were pulse-labeled with [**S}-methionine/
cysteine and chased for the indicated periods. Equal amounts of s}

substrate of HRD1. Normal HEK293 cells and those stably
expressing wt- or M-HRD1 were transiently transfected with
a-synuclein-hemagglutinin. The protein levels of a-synuclein
were not changed by HRD1 (Fig. Se, upper), indicating that
a-synuclein is not a substrate of HRDI.
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labeled Pael-R and M-HRD1 were immunoprecipitated with anti-FLAG
mAb; the immune complex was then lysed in SDS sample buffer,
resolved by SDS-PAGE, detected by autoradiography, and quantified
by phosphorimaging. The levels of [*®S}abeled Pael-R are plotted
relative to the amount present at time 0. (d) Induction of aggregated
Pael-R accumulation and caspase activation by inhibition of HRD1
expression, SH-SY5Y cells stably expressing Pael-R-FLAG were
transiently transfected with the siRNA of enhanced green fluorescent
protein (EGFP, control) or HRD1, and incubated for 72 h. The total cell
lysates were analyzed by western blotting using anti-HRD1 pAb (2nd
panel), anti-caspase-3 pAb (3rd panel), and anti-a-tubulin mAb (Sth
panel). Equal amounts of the proteins were immunoprecipitated with
anti-FLAG mAb, and the immune complex was then analyzed by
western blotting using anti-FLAG mAb (1st panel). (&) HRD1 did not
degrade o-synuclein. HEK293 cells stably expressing wi-HRD1 or
M-HRD1 were transiently transfected with a-synuclein-hemagglutinin
and incubated for the indicated periods. The total cell lysates were
analyzed by western blotting using anti-hemagglutinin pAb (upper) or
anti-myc mAb (lower).

HRD1 suppresses Pael-R-induced cell death

The accumulation of Pael-R causes endoplasmic reticulum
stress and subsequent cell death. We investigated whether
HRD1 suppresses Pael-R-induced cell death. Normal
HEK293 cells and those stably expressing wt- or M-HRDI1
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Fig. 6 HRD1 protects against Pael-R-induced cell death. HEK293
cells (control) and HEK 293 cells stably expressing wt-HRD1 or M-
HRD1 were transiently transfected with a control vector (Mock) or
Pael-R-FLAG and incubated for 24 h. The cells were washed with
PBS and then stained with crystal violet (0.1%) for 20 min, and the
wells were washed with water and air-dried. The dye was eluted with
water containing 0.5% SDS for 20 min, and the optical density at
590 nm was measured. The percentage of cell death was calculated
as follows: 100 — [(OD for assay/OD for control well) x 100]. The re-
sults obtained from each cell transfected with Pael-R-FLAG were
compared with those obtained from cells transfected with Mock. The
results are expressed as the means x SD (three independent
experiments in duplicate). Statistical analysis was performed with
Student's ttest (**p < 0.01, vs. normal).

were transiently transfected with a control vector (Mock) or
Pael-R-FLAG and incubated for 24 h. The cell death of
HEK?293 was compared with that of cells transfected with the
control vector. The crystal violet assay showed that wt-
HRD1-expressing cells were more resistant to Pael-R over-
expression than control and M-HRD1 cells (control, 34.3%;
wt-HRD1, 20.8%; M-HRDI, 33.4%) (Fig. 6). Furthermore,
we found that the accumulation of aggregated Pael-R induced
by the repression of HRD1 in SH-SYSY cells that stably
expressed Pael-R-FLAG promoted a decrease in pro-caspase-
3 and an increase in cleaved caspase-3 (Fig. 5d, third panel,
lane 2), which indicates the activation of caspase-3 and
subsequent apoptosis. These results indicate that HRDI1
suppresses apoptosis induced by Pael-R accumulation.

Involvement of HRD1 in the degradation of Pael-R
induced by ATF6

We found that ATF6 induced the expression of HRDI
(Kaneko et al. 2002; unpublished data). As ATF6-mediated
UPR possibly induces a number of ERAD genes, we
speculated that the degradation of Pael-R is promoted
by ATF6. HEK293 cells were transiently transfected with
Pacl-R-FLAG and either an empty vector (Mock) or
hemagglutinin-ATF6 (1-373; cytoplasmic domain worked
as a transcription factor), and incubated for 48 h in the
presence or absence of MG132. The amount of both native
and aggregated Pael-R decreased in cells expressing ATF6
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Fig. 7 Degradation of Pael-R promoted by ATF6. (a) HEK293 cells
were transiently transfected with an empty vector (Mock) or Pael-R-
FLAG with or without hemagglutinin-ATF6 (cleaved form); they were
incubated for 48 h in the presence or absence of 5 M MG132 (12 h
incubation). The total cell lysates (Input) were analyzed by western
blotting using anti-KDEL mAb (lower). Equal amounts of the proteins
were immunoprecipitated with anti-FLAG mAb, and then analyzed by
western blotting using anti-FLAG mAb (upper). (b) Involvement of
HRD1 in ATF6-mediated Pael-R degradation. HEK293 cells were
transiently transfected with Pael-R-FLAG and hemaggiutinin-ATF6
(cleaved form) and siRNA of EGFP (control) or HRD1 and incubated
for 30 h. The total cell lysates (Input) were analyzed by western
blotting using anti-HRD1 pAb (middle) or anti-a-tubulin mAb (lower).
Equal amounts of the proteins were immunoprecipitated with anti-
FLAG mAb, and the immune complex was then analyzed by western
blotting using anti-FLAG mAb (upper).
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(Fig. 7a, upper, lane 4); moreover, MG132 inhibited the
decrease in Pael-R protein by ATF6 overexpression (Fig. 7a,
upper, lane 5). The increased expression of glucose-regulated
proteins GRP78 and GRP94 indicates the induction of UPR
by ATF6 (Fig. 7a, lower, lanes 4, 5). These results indicate
that the up-regulation of UPR by ATF6 leads to the
degradation of Pael-R proteins via the UPS; however, it is
not known which proteins induced by ATF6 are involved in
this degradation.

To determine whether HRD1 is involved in the de-
gradation of Pael-R induced by UPR up-regulation, we
investigated the effect of HRD1 suppression by siRNA on
degradation. HEK293 cells were transiently transfected with
Pael-R-FLAG, hemagglutinin-ATF6, and either green fluor-
escent protein (GFP) (siRNA) or HRDI (siRNA). ATF6
induced HRD1 expression (Fig. 7B, lower, lane 3), whereas
HRDI1 repression partially suppressed the ATF6-induced
decrease in the number of Pael-R aggregates, but not the
amount of the native form (Fig. 7b, upper, lane 6), suggest-
ing that UPR-induced HRD1 preferentially promotes the
degradation of unfolded Pael-R.

Discussion

In this report, we found that HRD1 was expressed in the
dopaminergic neurons of the SNC, colocalized with Pael-R
in the endoplasmic reticulum, and directly interacted with
Pael-R at the proline-rich region of HRD1. We showed that
HRD1 promoted the ubiquitylation and degradation of
Pael-R; additionally, the activation of UPR by ATF6 induced
Pael-R degradation, which partially depends on HRD1.
First, we found that HRD1 was locally expressed in SNC
neurons, including dopaminergic neurons, of the murine
brain. Pael-R is reportedly expressed in SNC neurons,
implying that HRD1 and Pael-R are colocalized in dopam-
inergic neurons in the SNC. Parkin, an E3, is up-regulated in
response to endoplasmic reticulum stress and protects cells
via ERAD from endoplasmic reticulum stress-induced
apoptosis (Imai et al. 2000). Pael-R accumulates in the
brains of AR-JP patients and induces endoplasmic reticulum
stress, possibly because of Parkin mutation (Imai ef al.
2001). Furthermore, it has been reported that Pael-R
overexpression causes the selective degeneration of dopam-
inergic neurons in Drosophila and that the coexpression of
human Parkin suppresses Pael-R toxicity by degrading Pael-
R. It has also been reported that interference in endogenous
Drosophila Parkin functions enhances Pael-R toxicity (Yang
et al. 2003). On the other hand, we previously reported that
human HRD1 is up-regulated in response to endoplasmic
reticulum stress. It possesses E3 activity and protects against
endoplasmic reticulum stress-induced cell death (Kaneko
et al. 2002), suggesting that HRD1 can degrade protein
substrates accumulated during endoplasmic reticulum stress.
There is, however, little information regarding these sub-
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strates, with the exception of CD-3a and TCR-o, and HMG-
CoA reductase (Kikkert et al. 2004). We showed that HRD1
was colocalized in the endoplasmic reticulum with Pael-R
and they interacted at endogenous levels as well as
overexpression levels. We therefore hypothesized that
HRDI, like Parkin, may degrade Pael-R and suppress cell
death caused by Pael-R accumulation.

We found that endogenous HRD1 interacted with not only
overexpressed Pael-R but also endogenous Pael-R under
endoplasmic reticulum stress conditions. Pael-R tends to
exist in an unfolded state when it is overexpressed or when
subjected to endoplasmic reticulum stress; therefore, it is
likely that HRD1 preferentially interacts with the unfolded
form of Pael-R but not with the normally folded form.
Therefore, it can be speculated that unfolded Pael-R is
recognized by acceptors of terminally misfolded glycopro-
teins, such as endoplasmic reticulum degradation-enhancing
alpha-mannosidase-like protein (EDEM), and is destined to
be eliminated from the endoplasmic reticulum (Molinari
et al. 2003; Oda et al. 2003); HRDI1 then binds to Pael-R
passing through the translocon in the endoplasmic reticulum
membrane by its proline-rich region and ubiquitinates the
unfolded form of Pael-R. If this is true, it is unlikely that
HRD1 directly associates with and ubiquitinates native Pael-R
on the endoplasmic reticulum membrane without mediation
of the translocon.

On the other hand, we showed that the high molecular
mass broad smears of Pael-R mostly comprised not ubig-
uitylated forms, but possibly glycosylated or aggregated
forms, as previously reported (Imai et al. 2001). The
inhibition of HRDI expression by siRNA induced the
accumulation of smears and the activation of caspase-3.
Therefore, it is likely that HRD1 preferentially ubiquitinates
and degrades unfolded Pael-R to prevent the accumulation of
aggregated Pael-R that leads to endoplasmic reticulum stress-
induced apoptosis.

We further showed that HRD1 interacted with Pael-R at its
proline-rich region and ubiquitylated Pael-R in vitro, indica-
ting direct interaction between the proline-rich region of
HRDI1 and Pael-R. Yeast Hrd1lp has no proline-rich region,
whereas human HRD1 contains a proline-rich region similar
to that seen in the Cbl family of ubiquitin ligases (Fujita
et al. 2002). 1t has been reported that the proline-rich region
is essential for protein—protein interaction and that the RING-
finger and proline-rich regions are sufficient for the binding
and ubiquitylation of substrates (Fang et al. 2001). There-
fore, human HRD1 appears to interact with substrates at the
prolinerich region and ubiquitinates the substrates at the
RING-finger domain. On the other hand, Hrdlp degrades
Hmg2p, one of the yeast isozymes of HMG-CoA reductase,
despite the lack of a proline-rich region (Gardner et al.
2000). Thus, we propose that in the course of evolution,
human HRD1 acquired a proline-rich region to interact with
and ubiquitinate a variety of substrates; whether other
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substrates are bound to the proline-rich region remains to be
determined.

We investigated whether o-synuclein is a substrate of
HRDI. An a-synuclein mutant (Ala53Thr or Ala30Pro) has
been reported in the brain of Parkinson’s disease patients,
promoting protofibril formation relative to wild-type o-
synuclein (Conway et al. 2000). Parkin ubiquitinates the O-
glycosylated form (aSp22) (Shimura ef al. 2001) and
suppresses the toxicity of normal or pathogenic alpha-
synuclein (Petrucelli ef al. 2002; Yang et al. 2003; Lo
Bianco et al. 2004; Haywood and Staveley 2004), HRD1 did
not degrade wild-type o-synuclein, probably due to the
different localization or binding ability of HRDI1 and o-
synuclein; however, whether HRD1 degrades o-synuclein
mutants or the O-glycosylated form remains to be clarified.
On the other hand, Hrd3p, another UPR-inducible ERAD
protein, has been reported to interact with Hrd1p and mediate
the regulation of Hrdlp stability and activity in yeast
(Gardner et al. 2000). We have identified SEL1 as a
candidate human homolog of Hrd3p and have found that
SEL1 interacted with human HRD1 (data not shown). We
have further found that HRD1 did not degrade SEL1 despite
this interaction; rather, the amount of SEL1 increased in the
presence of HRDI1 (data not shown). Based on these
observations, we speculate that HRD1 specifically increases
the degradation of proteins.

When unfolded proteins accumulate in the endoplasmic
reticulum, the UPR is activated by ATF6 and IRE1, resulting
in the induction of several endoplasmic reticulum chaperones
and ERAD components (Travers ef al. 2000; Lee et al.
2003). Therefore, we hypothesized that ATF6 promotes the
degradation of Pael-R by inducing UPR genes including
HRDI, although ATF6 can induce a variety of genes in
addition to HRD1, Interestingly, ATF6 induced the degrada-
tion of both aggregated and unaggregated Pael-R, whereas
the suppression of ATF6-induced HRDI1 expression by
siRNA caused an increase in the aggregated form. Thus, it
is likely that endogenous HRDI1 preferentially recognizes
and degrades the unfolded forms of Pael-R. Based on these
results, we propose that after the accumulation of unfolded
Pael-R due to stress or Parkin mutation, ATF6 and/or IRE1-
XBP1 pathways are activated and induce UPR genes
including HRDI1; this promotes the folding or degradation
of unfolded Pael-R to prevent unfolded Pael-R-induced cell
death (Fig. 8).

It has been reported that Parkin knockout mice exhibit
little change in movement ability or the neurons of the
substantia nigra (Itier et al. 2003; Goldberg et al. 2003; von
Coelln et al. 2004; Perez and Palmiter 2005). We therefore
speculate that HRD1 degrades Pael-R and possibly other
proteins to balance the unfolded protein accumulation caused
by Parkin gene mutation; nonetheless, it is possible that
other unknown E3s participate in this degradation in the
absence of Parkin, although the reason behind the loss of
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protein —
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proteasome

Fig. 8 A hypothetical model demonstrating how HRD1 participates in
the degradation of unfolded Pael-R. When unfolded Pael-R is accu-
mulated in the endoplasmic reticulum, ATF6 and |IRE1-XBP1 path-
ways are activated, and UPR genes including HRD1 are then induced.
HRD1 degrades unfolded Pael-R and suppresses Pael-R-induced cell
death.

dopaminergic neurons in AR-JP patients but not in Parkin
knockout mice remains unknown despite the similarity in the
functional loss of Parkin. On the other hand, it is likely that
HRDI ubiquitinates not only Pael-R but also other substrates
related to conformational diseases caused by the accumula-
tion of unfolded proteins as HRDI1 can suppress global
endoplasmic reticulum stress induced by various chemical
reagents.
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Abstract

The authors report a 24-year-old patient with intractable partial epilepsy and massive malformations of cortical development (MCD).
Subdural EEG recordings of habitual seizures showed heterogeneous epileptogenicity, and visual evoked potential was recorded within the
MCD just adjacent to the most active epileptogenic focus. Resection of the small cortical area presumably with core epileptogenicity, while
sparing the cortical functional area, improved seizure outcome without any postoperative functional deficits.

© 2006 Elsevier B.V. All rights reserved.
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1. Introduction

Malformations of cortical development (MCDs) are
present in 15-20% of adult patients with intractable partial
epilepsy [1]. However, epileptogenicity within MCD varies
within as well as among individuals: epileptic activities
correlate with in situ histopathologic patterns in MCD {2].
Several case reports have suggested a possibility that partial
resection of MCD can give a good seizure outcome [3,4]
although generally the best seizure control has been achieved
when complete or major excision of both the MRI-visible
lesion and the cortical areas generating ictal electrographic
activity [4,5]. Recent case reports and imaging studies have
shown that cortices showing MCD have normal brain
functions [6-9], and therefore, resection of MCD may
carry a potential risk of neurological functional deficits.

Corresponding author. Tel.: +81 75 751 3772; fax: +81 75 751 9416.
E-mail address: akio@kulip.kyoto-u.ac.jp (A. Ikeda).
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Here we report a patient with partial seizures caused by
MCD which had heterogeneous epileptogenicity and visual
function delineated by presurgical evaluation using subdural
electrodes. The most active epileptogenic area and visual
functional area resided side by side within MCD. After
resection of the small area of the most active epileptogeni-
city, the seizures significantly decreased with no functional
deficits in spite of large residual MCD.

2. Patient and methods
2.1. Case presentation

A 24-year-old right-handed woman with medically
intractable partial seizures had implanted subdural electrodes
for presurgical evaluation. All the clinical procedures were
done after full explanation about the methods and possible
side effects to the patient and her family, according to clinical
research protocol approved by the Ethical Committee of
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Kyoto University Graduate School of Medicine (No. 79).
She developed complex partial seizures (CPSs) when she
was 17 years old. Her habitual seizures started with auras
consisting of a sensation that something was rising from her
feet and/or auditory hallucination of high-pitched sound,
developed to CPSs with oral (chewing) and bilateral hand
automatisms, followed by postictal cough. She had no
personal or familial antecedents for epilepsy. Neurological
examination showed left lower homonymous quadrianopsia.
Her seizures were intractable in spite of administration of
multiple drugs such as phenytoin, carbamazepine, phenobal
and clobazam of appropriate dose.

An MRI revealed massive MCDs including schizence-
phaly and polymicrogyria in the right temporo-parieto-
occipital area (Fig. 1A-D). By non-invasive video-EEG
monitoring during habitual seizures consisted of motion
arrest, staring, oral and hand automatisms, ictal discharges
started with low-voltage fast activities at the right posterior
temporal area before the clinical onset. Interictal FDG-PET
showed heterogeneous regional glucose hypometabolism in
the right temporo-occipital area (Fig. 1E), and ictal SPECT

showed an increased perfusion in that area (Fig. 1F). Intra-
carotid propofol test [10] revealed language and memory
dominance in the left hemisphere.

2.2. Presurgical evaluation with subdural electrodes

The electrodes were disks of 3.0 mm diameter made of
platinum-—iridium (Ad-Tech, Racine, WI, U.S.A.), placed
with center-to-center distance of 1 cm within the silicon
rubber sheet. Two sheets of 4 x 5 subdural electrode grid, one
each on the right parietal and temporal lobes, and one 1 x4
subdural electrode strip on the right temporal lobe were
implanted. One set of depth electrodes made of platinum,
1.5 mm diameter, 4-contact of 1.0 mm length, with 5 mm
spacing (UNIQUE MEDICAL, Tokyo, Japan), was inserted
into the right antero-temporal area. The epileptogenic area
was determined by simultaneous monitoring of video and
subdural EEG during the patient’s habitual clinical seizures.

Functional mapping was performed with the left median
and tibial somatosensory evoked potential (SEP), auditory
evoked potential (AEP) and visual evoked potential (VEP)

Fig. 1. Preoperative brain MRI (A-D), interictal FDG-PET (E), ictal SPECT (F) and postoperative brain MRI (G-I). (A-D) Massive MCD including a
schizencephaly and polymicrogyria in the right temporo-parieto-occipital area (arrows). (E) Heterogeneous regional glucose hypometabolism in the right
temporo-occipital area. (F) Ictal SPECT showed an increased perfusion in that area. (G-I) Small area with the most active epileptogenicity was resected
(arrowhead). The patient showed reduction of seizures (Engel’s class IIA) in spite of a large residual lesion.





