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Loss of HRD1-Mediated Protein Degradation Causes
Amyloid Precursor Protein Accumulation and Amyloid-£3
Generation
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Endoplasmic reticulum-associated degradation (ERAD) is a system by which proteins accumulated in the endoplasmic reticulum (ER)
are retrotranslocated to the cytosol and degraded by the ubiquitin—proteasome pathway. HRD1 is expressed in brain neurons and acts as
an ERAD ubiquitin ligase. Amyloid precursor protein (APP) is processed into amyloid- 3 peptides (A3s) that form plaque deposits in the
brains of Alzheimer’s disease (AD) patients. We found significantly decreased HRD1 protein levels in the cerebral cortex of AD patients.
HRD1 colocalized with APP in brain neurons and interacted with APP through the proline-rich region of HRD1. HRD1 promoted APP
ubiquitination and degradation, resulting in decreased generation of AB. Furthermore, suppression of HRD1 expression induced APP
accumulation thatled toincreased production of A 3 associated with ER stress. Immunohistochemical analysis revealed that suppression
of HRD1 expression inhibited APP aggresome formation, resulting in apoptosis. In addition, we found that the ATF6- and XBP1-induced
upregulation of ERAD led to APP degradation and reduced A3 production. These results suggest that the breakdown of HRD1-mediated

ERAD causes AS generation and ER stress, possibly linked to AD.

Introduction
Alzheimer’s disease (AD) is one of the most common neurode-
generative diseases and the major cause of dementia in the el-
derly. The extracellular plaques (senile plaques), consisting of
amyloid-B (AB) deposits, are pathologically observed in the
brain of AD patients (Selkoe, 2001). The A peptides, including
AB40 and the more fibrillogenic A342, are produced from amy-
loid precursor protein (APP) by the proteolytic activity of 8- and
y-secretases (Gandy, 2005). Although APP is a type-I transmem-
brane glycoprotein whose original functions remain controver-
sial, it has been considered as a regulator of synapse formation
and neural plasticity. APP is formed by folding and glycosylation
in the endoplasmic reticulum (ER). It is transported to the Golgi
apparatus for further processing and is subsequently transported
to the plasma membrane. APP is processed into ABs by 3- and
y-secretases in the trans-Golgi network (TGN) and endosomes
(Thinakaran and Koo, 2008).

The ER plays functional roles in the processing, glycosylation,
and disulfide-bond formation of newly synthesized membrane
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and secretory proteins. A variety of stressors affects ER function
and leads to an accumulation of unfolded proteins in the ER
lumen. Under such conditions termed ER stress, the unfolded
protein response (UPR), which consists of translational arrest,
ER-chaperone induction, and ER-associated degradation (ERAD)
are activated to unload the accumulated nonfunctional proteins
(Schroder and Kaufman, 2005; Ron and Walter, 2007).

A series of complex ERAD reactions serve to remove unfolded
proteins by retrograde transport from the ER to the cytosol fol-
lowed by degradation through the ubiquitin-proteasome system
(Bonifacino and Weissman, 1998; Tsai et al., 2002; Kaneko and
Nomura, 2003). We have identified and characterized the human
homolog of yeast Hrd1p/Der3p (HRD1). It is a ubiquitin-ligase
E3, localized in the ER, expressed by ER stress, and it protects
against ER stress-induced apoptosis (Kaneko et al, 2002;
Carvalho et al., 2006; Denic et al., 2006; Ismail and Ng, 2006).
Furthermore, we demonstrated that HRD1 promotes ubiquitina-
tion and degradation of Parkin-associated endothelin receptor-
like receptor (Pael-R), a substrate for Parkin, and suppresses
Pael-R-induced ER stress and apoptosis (Imai et al., 2001; Omura
etal., 2006). We also reported that HRD1 is widely expressed in
brain neurons, but not glia (Omura et al., 2008b). It has been
reported that HRD1 is involved in the degradation of 3-hydroxy-
3-methylglutaryl-coenzyme A (HMG-CoA) reductase, CD3-8,
and TCR-a (Kikkert et al., 2004). It is noteworthy that poly-
glutamine-expanded huntingtin (Htt) (Yang et al., 2007), prion
protein (PrP) (Apodaca et al., 2006), and Pael-R, which are asso-
ciated with neurodegenerative disease, were recently reported as
HRD1 substrates. Furthermore, the tumor suppressor gene, p53,
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Figure 1.

expressed as a box plot (Student’s ¢ test; *p << 0.05, **p < 0.01).

was reported to be another substrate for HRD1 (Yamasaki et al.,
2007); and HRD1 has been proposed to be involved in rheuma-
toid arthritis (Amano et al., 2003).

Because HRD1 can promote the degradation of numerous
unfolded proteins induced by ER stress (Kaneko et al., 2002), it is
likely that additional substrates for HRD1 exist. Accumulating
evidence suggests that HRD1 plays an important role in the qual-
ity control of the ER in brain neurons. Therefore, it may be im-
portant to identify additional HRD1 substrates associated with
neurodegeneration to further understand the pathogenesis of
neurodegenerative disease. The metabolism of APP to ABs and
other forms has been well investigated. However, APP-holopro-
tein metabolism has not been elucidated. In the present study, we
found that protein levels of HRD1 were significantly reduced in
the cerebral cortex of examined AD patients. Furthermore, we
found that HRD1 promoted the ubiquitination and degradation
of APP resulting in decreased AB production, whereas loss of
HRD1 led to an accumulation of APP and increased levels of
A associated with ER stress and apoptosis.

Materials and Methods

Antibodies and chemicals. Antibodies were purchased as follows: APP
(C-terminal and 6E10; Sigma-Aldrich), cleaved caspase-3 (Asp175; Cell
Signaling Technology Inc.), FLAG (M2; Sigma-Aldrich), y-tubulin
(GTU-88; Sigma-Aldrich), GST (Z-5; Santa Cruz Biotechnology), HRD1
(C-terminal; Abgent; Sigma), KDEL (10C3; Stressgen Biotechnologies
Corporation), c-myc (9E10; Merck), NeuN (A60; Millipore Bioscience
Research Reagents), normal mouse and rabbit IgG (Millipore), PDI (RL90;
Affinity BioReagents), ubiquitin (FK-2; Nippon Biotest Laboratories). Alexa
Fluor antibodies were purchased from Invitrogen. Anti-HRD1 (594-606)
was a gift from Otsuka GEN Research Institute, Tokushima, Japan. The

Protein and mRNA levels of HRD1 in the AD brain. a, Protein levels of HRD1, SEL1, PDI, and B-actin in the AD brains.
The cerebral cortex of AD patients and non-AD controls were subjected to Western blotting. b, Statistical analysis of a. Data are
normalized to the amount of B-actin; results are expressed as a box plot (control, n = 8; AD, n = 6). Asterisk represents a
significant difference (Student’s ¢ test, *p << 0.05). ¢, mRNA levels of HRDTand ER stress-responsive genes in the AD brain. The
mRNA expression levels in the brains were quantified by real-time PCR. Data are normalized to the amount of 3-actin. Results are

sity, Japan). The expression vectors for the
spliced form of ATF6 (amino acid region
1-373 of ATF6a) and XBP1 (spliced form),
tagged with the HA epitope at the N terminus
(pCR3.1, Invitrogen), have been described pre-
viously (Kaneko et al., 2007). The expression
vector for RP-HRD1, fused to GST at its N ter-
minus, was cloned into the expression vector
pGEX6p-1 (GE Healthcare Bio-sciences) as de-
scribed previously (Omura et al., 2006).

Analysis of protein and mRNA levels in human brains. Human brain
samples were purchased from Analytical Biological Services via KAC.
Gray matter was dissected from the cerebral cortex of deceased AD pa-
tients (n = 6) and control cases (n = 8). The tissues were extracted by
sonication in a buffer consisting of 10 mm Tris-HCl, pH 7.6, 420 mm
NaCl, 1 mm EDTA, and 1% NP-40, with complete protease inhibitors
(Roche Diagnostics). The lysates were centrifuged at 30,000 X g for 30
min. Protein equivalent samples were subjected to Western blotting us-
ing a LAS-3000 luminescent image analyzer (Fujifilm). Quantitative
analysis was performed using Multi Gauge (Fujifilm).

The expression of mRNA was measured in duplicate with the
TagMan-based real-time PCR assay using a 7500 Real-Time PCR System
(Applied Biosystems) as described previously (Kaneko et al., 2007).

Immunohistochemistry and immunocytochemistry. Coronal sections of
the mouse brains embedded in paraffin were subjected to immunohisto-
chemistry, as described previously (Omura et al., 2008b). Immunofluo-
rescence staining was performed with anti-HRD1 (C-terminal, Abgent)
and either anti-APP (6E10) or anti-NeuN antibody, and then with anti-
mouse conjugated with Alexa Fluor 546 and anti-rabbit with Alexa Fluor
488. Fluorescence images were acquired using an LSM 510 META con-
focal microscope (Carl Zeiss AG).

For subcellular localization of endogenous HRDI1, APP, and
y-tubulin, SH-SY5Y cells were subjected to immunocytochemistry as
described previously (Omura et al., 2006). The cells were treated over-
night with anti-HRD1 (594-606, Otsuka), anti-APP (6E10), and anti-7-
tubulin antibodies at 4°C. The cells were incubated with anti-rabbit Alexa
Fluor 546 and anti-mouse Fluor 488 antibodies.

Immunoprecipitation. For overexpressed APP-FLAG immunoprecipi-
tation, transfected HEK293 cells were incubated 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). Five hundred ug of total pro-
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SH-SY5Y

Colocalization of HRD1 and APP in the brain and neuronal cells. a, Colocalization of HRD1 and APP in the murine hippocampus and cerebral cortex. The coronal sections of the murine

hippocampus (top and middle) and cerebral cortex (bottom) were subjected to immunofluorescence staining with HRD1 (Abgent), APP (6E10), and NeuN antibodies. DG, dentate gyrus; Cortex,
cerebral cortex. Scale bars, 200 wm. b, Colocalization of HRD1 and APP in the ER. SH-SY5Y cells were subjected to immunofluorescence staining with HRD1 (Otsuka), APP (C-terminal), and PDI

antibodies. Scale bars, 20 pm.

tein of the supernatant was incubated overnight
with anti-FLAG M2 affinity gel (Sigma-Aldrich).
For endogenous APP immunoprecipitation, SH-
SY5Y cells were treated with 5 pg/ml tunicamy-
cin (Tm) for 12 h. The cells were incubated with 2
mu dithiobis(succinimidylpropionate) (Sigma-
Aldrich) in PBS for 2 h, followed by 20 mm Tris-
HCl, pH 7.6, for 15 min. Cell lysates were
incubated overnight with anti-APP antibody
(C-terminal). The immune complexes were
incubated with Protein G Magnetic Beads
(Millipore) for 1 h, and rinsed three times
with wash buffer (10 mm Tris-HCI, pH 7.5,
100 mm NacCl, 10% glycerol, and 0.2% Triton
X-100) and boiled with Laemmli SDS-PAGE
sample buffer for 5 min. Total cell extracts and
immunoprecipitates were subjected to West-
ern blotting using Clean-Blot IP Detection Re-
agent (HRP; Thermo Fisher Scientific) and
ECL Plus Western Blotting Detection Reagents
(GE Healthcare).

In vitro ubiquitination assay. GST-RP-HRDI,
lacking the transmembrane domains, was ex-
pressed in cultured Escherichia coli and puri-
fied, as described previously (Omura et al.,
2006). APP-FLAG were produced by T\ T-
quick coupled transcription/translation sys-
tems (Promega Corporation). The reaction
products (16 ul) containing APP-FLAG were
mixed with RP-HRD1 (E3; 3 ng), rabbit
ubiquitin activating enzyme (El; 25 ng),
GST-UbcH5¢ (E2; 400 ng), and GST-
ubiquitin (7 ng) purchased from Boston
Biochem, in 100 wl of reaction buffer (con-
taining, in mm: 40 Tris-HCI, pH 7.6, 5
MgCl,, 2 ATP, and 2 DTT). The reaction so-
lution was incubated at 30°C for 90 min, im-
munoprecipitated with anti-FLAG M2
affinity gel, and subjected to Western blot-
ting using anti-GST antibody.

AP ELISA. ABs secreted in the culture medium were measured by a
standard sandwich ELISA using a human amyloid 8 (1-40) and (1-42)
assay kit from IBL. For overexpression of HRD1 and APP, HEK293 cells
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Figure 3. Interaction of HRD1 with APP. a, Interaction of overexpressed APP and HRD1 in HEK293 cells. Coimmunopre-

cipitation of HRD1 and APP was performed in HEK293 cells transiently transfected with APP-FLAG and HRD1-myc. The cell
lysates were immunoprecipitated with anti-FLAG antibody or normal mouse IgG. The immune complexes were analyzed by
Western blotting with anti-myc or anti-FLAG antibodies. b, Interaction of endogenous HRD1 and APP in SH-SY5Y cells.
SH-SY5Y cells were treated with 5 wg/ml Tm for 12 h. The cells were incubated with 2 mm dithiobis(succinimidylpropi-
onate) for 2 h, followed by 20 mm Tris-HCl, pH 7.6, for 15 min. Cell lysates were immunoprecipitated with anti-APP
(C-terminal) antibody. Immune complexes were analyzed by Western blotting using anti-HRD1 (Sigma) and APP (C-
terminal) antibodies. ¢, Schematic diagrams of HRD1 deletion mutants. The panel graphically represents wt-HRD1 and a
variety of HRD1 mutants. d, Interaction of APP with HRD1 and its mutants. Coimmunoprecipitation of APP and HRD1
mutants was performed in HEK293 cells transiently transfected with APP-FLAG and either an empty vector (mock), wt-, M-,
AM-, or MR-HRD1-myc. The cell lysates were immunoprecipitated with anti-FLAG antibody, and then analyzed by Western
blotting using anti-myc antibody.

and those expressing wt and M-HRD1 were transfected with APP-FLAG
using LipofectAMINE 2000 reagent (Invitrogen). For the knockdown
experiments of HRD1, SH-SY5Y cells stably expressing APP were trans-
fected with HRDI-siRNA, siGENOME-Individual Duplex targeted
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correction (M-HRD1 vs wt-HRD1; **p << 0.01).

against human HRD1 (M-007090-01; Dharmacon Research), using Li-
pofect AMINE RNAIMAX reagent (Invitrogen), and incubated for 72 h.

Apoptosis assay. SH-SY5Y cells stably expressing APP-FLAG were tran-
siently transfected with non-target control (NC) or HRD1 siRNA. At
72 h after transfection, the cells were fixed and subjected to immuno-
fluorescence staining with anti-FLAG and anti-cleaved caspase-3
(recognizing its active form) antibodies. The cells were incubated with
anti-mouse Alexa Fluor 488 and anti-rabbit Fluor 546 antibodies. The cells
were counted in three different areas in three independent experiments.

Statistics. All data are expressed as mean *= SEM Statistical evaluation
was performed by ANOVA followed by two-tailed Bonferroni correction
(multiple comparison) or two-tailed Student’s t tests. Each experiment
was performed =3 times.

Results

Protein levels of HRD1 are reduced in AD patients

To clarify the involvement of HRD1 in AD pathology, we initially
investigated protein and mRNA HRD1 expression levels in the
cerebral cortex of AD patients and compared them with non-AD
controls. There were no significant differences in age, postmortem
interval, or gender among subjects in this study (supplemental Table
1, available at www.jneurosci.org as supplemental material). More-
over, we biochemically confirmed that AB40 and AB42 levels were

9 10 11 12 13

AB42

c#
LQYH

Ubiquitination and degradation of APP by HRD1. a, In vitro ubiquitination assay. The reaction products, containing
APP protein produced by a transcription/translation system, were mixed in the reaction buffer with E1 (rabbit), E2 (GST-UbcH5¢),
E3 (GST-RP-HRD1), and GST-ubiquitin. The reaction mixture was immunoprecipitated with anti-FLAG antibody and analyzed by
Western blotting using anti-GST antibody. b, Degradation of APP by HRD1. Normal HEK293 cells and those stably expressing
wt-HRD1, two stable cell lines (3 and 4), or M-HRD1 were transiently transfected with APP-FLAG and incubated for the indicated
periods in the presence or absence of 10 um MG132 for 12 h. The total cell lysates were analyzed by Western blotting with
anti-FLAG (first panel), anti-myc (second panel), anti-ce-tubulin (third panel) antibodies. ¢, d, AB3 levels were measured by a
sandwich ELISA in b. HEK293 cells and those expressing wt-and M-HRD1 were transiently transfected with APP-FLAG. Data (pg/ml
A peptide) are normalized to the amount of APP mRNA quantified by real-time PCR. Results are expressed as a fold increase
compared with normal cells (mean == SEM; n = 3). Statistical analysis was performed with ANOVA followed by Bonferroni

i ;

ond and third panels, b; supplemental Fig.
2a,b, available at www.jneurosci.org as
supplemental material).

To determine whether the low HRD1
expression was due to a decrease in
mRNA or protein, we examined mRNA
expression in AD and control brains. PCR
analysis demonstrated that HRD1 mRNA
expression levels were not reduced in AD
brains compared with controls indicating
that low levels of HRD1 protein in AD do
not result from a decrease in mRNA ex-
pression (Fig. 1c). Because AD pathology
is reportedly associated with ER stress
(Lindholm et al., 2006), we investigated
mRNA expression of the ER stress-
responsive genes sell, chop, and grp78
(also known as bip) (Kaneko et al., 2007).
In AD brains, chop and grp78 expression was
significantly higher than in controls,
whereas hrdl and sell only tended to in-
crease (Fig. 1c), suggesting that the AD
brains were under ER-stress conditions.
Thus, to elucidate the involvement of HRD1
in AD pathology, we investigated whether
HRDI acts as an E3 ligase for APP.
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¥
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HRD1 and APP are colocalized in the brain neurons and
cellular ER

We have previously reported that HRD1 is expressed in neurons,
but not glia, of the mouse brain. In particular, HRDI was strongly
expressed in the hippocampus (dentate gyrus and CA3-1 regions)
and cerebral cortex (Omura et al., 2008b), where neuronal degen-
eration is observed in the AD brain. Using immunofluorescence
staining, we examined whether HRD1 and APP were coexpressed
in these regions. Consistent with previous observations, HRD1
(green) coexisted with mouse hippocampal neurons (NeuN; red)
(Fig. 2a, top) and was coexpressed with APP in the hippocampus
(Fig. 2a, middle) and cerebral cortex (Fig. 2a, bottom; supple-
mental Fig. 4, available at www.jneurosci.org as supplemental
material). Furthermore, we immunocytochemically examined
the cellular colocalization of HRD1 and APP with PDI in SH-
SY5Y neuroblastoma cells. Endogenous HRD1 and APP were
colocalized in the ER of SH-SY5Y cells (Fig. 2b).

HRD1 interacts with APP through the proline-rich region
To examine whether HRD1 interacts with APP, human myc-tagged
HRD1 and FLAG-tagged APP were transiently cotransfected into
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HEK293 cells and immunoprecipitated with anti-FLAG antibody.
Overexpressed HRD1 protein coprecipitated with overexpressed
APP (Fig. 34, lane 3), whereas HRD1 was not observed in the
normal-1gG precipitate (Fig. 3a, lane 6). We further demon-
strated physiological interaction between endogenous HRD1
and APP in SH-SY5Y cells. Although the interaction between
endogenous HRD1 and APP was not observed under steady-
state conditions (Fig. 3b, top, lane 3), endogenous HRD1 was
coprecipitated with endogenous APP in cells treated with Tm,
a glycosylation inhibitor (Fig. 3b, top, lane 4).

Using Pael-R, a substrate for HRD1, we previously deter-
mined that the proline-rich region of human HRD1 is required
for interaction with its substrates (Omura et al., 2006, 2008a).
Similarly, we confirmed that the proline-rich region is also nec-
essary for the interaction with APP. A variety of HRD1 mutants
and wt-HRD1 tagged with myc epitope were transfected into
HEK293 cells and immunoprecipitated with FLAG-tagged APP
(Fig. 3c). Full-length (1-616 aa) wt-HRD1 and AM-HRDI
(AMembrane, A42-204 aa; lacking four of five membrane-
spanning domains) coprecipitated with APP (Fig. 3d, lanes 2 and
4), whereas M-HRD1 (1-290 aa; defect in cytoplasmic domains
including RING-finger and proline-rich regions) and MR-HRD1
(Membrane-RING, 1-340 aa; defect in a proline-rich region)
were not contained in either precipitate (Fig. 3d, lanes 3 and 5).
This result indicated that HRD1 interacts with APP through the
proline-rich region.

HRD1 promotes the ubiquitination and degradation of APP
resulting in decreased A generation

To evaluate the ubiquitin ligase activity of HRD1 for APP in vitro,
an APP-ubiquitin conjugation reaction was reconstituted with
glutathione S-transferase (GST)-tagged recombinant RING-
Proline (RP)-HRDI, E1, E2 (UbcH5c¢), and ubiquitin proteins. A
previous report has demonstrated UbcH5c involvement in
HRD1-mediated ubiquitination (Nadav et al., 2003). Incubation
of the reaction mixture with all of the components promoted
APP ubiquitination (Fig. 44, lane 6; supplemental Fig. 5, available
at www.jneurosci.org as supplemental material), whereas if any
of the components was removed, APP failed to ubiquitinate (Fig.
4a, lanes 1-5).

We next investigated whether HRD1 promotes APP degrada-
tion through its E3 activity. APP-FLAG was transfected into nor-
mal HEK293 cells and into those stably expressing wt-HRD1 or
M-HRDI. In the presence of wt-HRD1, the APP levels of both
clones (#3 and #4), were reduced at 12 and 36 h posttransfection
(Fig. 4D, first panel, lanes 5, 6, 8, 9), compared with control cells
(Fig. 4b, first panel, lanes 2, 3). In contrast, expression of
M-HRD], which lacks cytosolic domains, increased in APP com-
pared with the absence of effect observed in normal cells (Fig. 4b,
first panel, lanes 11, 12). Moreover, to determine whether this
APP decrease was due to HRD 1-mediated protein degradation by
the proteasome system, these cell lines were treated with the re-
versible proteasome inhibitor MG132. The wt-HRD1-induced
decrease in APP was inhibited by MG132, indicating that the
HRD1-induced decrease in APP resulted from proteasome-
dependent protein degradation (Fig. 4b, first panel, lanes 4, 7, 10,
13). Furthermore, we demonstrated that, in the presence of wt-
HRD1, the APP level was dependent on protein-level changes
and not on mRNA expression (data not shown).

APP is processed into A3 peptides (AB40 and AB42) by B- and
y-secretase. We hypothesized that the HRD1-induced decrease in
APP holo-protein results in suppression of A3 generation and
secretion. To quantify the Af secreted into the culture medium
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Figure 5.  APP accumulation and A3 generation by suppression of HRD1 expression. a, In-

duction of APP accumulation by HRD1 siRNA. SH-SY5Y cells stably expressing APP-FLAG were
transiently transfected with NCor HRD1 siRNA. The total cell lysates were analyzed by Western
blotting with the indicated antibodies. GRP78 and GRP94 were detected with anti-KDEL anti-
body. b, CHX assay. SH-SY5Y cells stably expressing APP-FLAG were transfected with NCor HRD1
siRNA. At 48 h after transfection, the cells were treated with 20 r.g/ml CHX for the indicated
periods. Total cell lysates were analyzed by Western blotting using anti-FLAG M2 antibody.
Levels of APP at each time point were plotted relative to the amount present at time 0 (mean ==
SEM; n = 5). Asterisk represents a significant difference (Student's t test, *p << 0.05). ¢, d, A3
levels were measured by a sandwich ELISA using the culture medium of a. Results are expressed
asaratio of the total amount of A3 peptides (pg) to the total amount of protein from whole-cell
extracts (mg) (mean == SEM; n = 4). Statistical analysis was performed with ANOVA followed
by Bonferroni correction (control and NCvs HRD1; *p << 0.05, **p << 0.01).

from the APP degradation experiment (Fig. 4b), we performed
ELISA using specific anti-A3 antibodies against the AB40 and A342
peptides. The concentration of AB was normalized by APP mRNA
expression levels to exclude a difference in APP expression among
the clones. Consistent with the results of the APP degradation exper-
iments, ELISA revealed that wt-HRD1 (clones #3 and #4) signifi-
cantly reduced AB40 and AB42 levels compared with normal
HEK293 cells and to those expressing M-HRD1 (Fig. 4¢,d).

Reduction of HRD1 expression induces APP accumulation
and A generation
Using siRNA against HRD1 in SH-SY5Y cells stably expressing
APP, we examined the effects of decreased HRD1 expression on
APP and AB. The amount of APP was increased by the suppres-
sion of HRD1 expression (Fig. 54, first and second panels, lane 3)
compared with untransfected (Control) and non-targeted siRNA
controls (NC). Interestingly, levels of the ER chaperones, GRP78
and GRPY4, were elevated in HRD1-suppressed cells, indicating
ER stress induction (Fig. 54, third panel, lane 3). Next, to confirm
the involvement of HRD1 in APP protein degradation, we per-
formed a cycloheximide (CHX) assay. As shown in Figure 5b, the
APP protein decay rates were reduced in the absence of HRD1
(NC32%, HRD1 50%; at 1 h after CHX addition), indicating that
HRD1 accelerates APP protein degradation.

Using the culture medium from the foregoing APP accumu-
lation experiment (Fig. 5a), we further determined whether the
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Inhibition of APP aggresome formation by suppression of HRD1 expression. a, SH-SY5Y cells stably expressing APP-FLAG were transiently transfected with NC (top) or HRD1 (bottom)

siRNA. The cells were subjected to immunofluorescence staining with anti-FLAG (green) and anti-cleaved caspase-3 (red) antibodies. Scale bars, 100 m. b, Statistical analysis of Figure 6a. The
percentage of apoptotic cells was counted in three different areas. The results are expressed as mean == SEM (n = 3). Statistical analysis was performed with ANOVA followed by Bonferroni
correction (*p << 0.05, **p < 0.01). ¢, Localization of APP and -y-tubulin protein. d, Localization of HRD1 and -y-tubulin. SH-SY5Y cells were treated with 5 wum MG132 for 12 h and then subjected
to immunofluorescence staining using APP (C-terminal), HRD1 (Otsuka), and -y-tubulin antibodies. Scale bars, 20 m.

APP accumulation induced by HRD1 suppression leads to in-
creased AP generation. As APP accumulation increased, the se-
cretion of AB40 and AB42 was significantly augmented by the
suppression of HRD1 expression (Fig. 5¢,d). Together, these find-
ings suggest that the disruption of HRD1-mediated ERAD re-
sulted in APP accumulation followed by A generation.

Suppression of HRD1 expression inhibits APP aggresome
formation resulting in apoptosis

Using APP-overexpressed cells, we conducted an immunocyto-
chemical analysis to observe the localization of accumulated APP
under HRD1-suppressed conditions. When APP was overex-
pressed in SH-SY5Y cells, an inclusion body was formed in the
perinuclear region (Fig. 6a, top). Interestingly, the inclusion
body disappeared in the HRD1-reduced cells treated with siRNA
(Fig. 6a, bottom). Under these conditions, caspase-3 was acti-
vated indicating apoptosis (Fig. 6a, bottom center), whereas
overexpression of APP did not affect control cells transfected
with NC siRNA (Fig. 64, top center). Furthermore, to statistically
estimate the apoptosis induced by HRD1 suppression, cells acti-
vating caspase-3 were counted in normal SH-SY5Y cells and
those expressing APP. APP-overexpressed cells treated with
HRD1-siRNA showed significantly increased apoptosis com-
pared with the HRD1-suppressed normal cells and APP-
overexpressed cells treated with NC siRNA (Fig. 6b), suggesting
that HRD1 is involved in the formation of APP inclusion bodies
and prevents APP-induced apoptosis.

We also found a smaller object in the perinuclear region of
normal SH-SY5Y cells, which was similar to the inclusion body
seen in the APP overexpressed cells (Fig. 2b). Interestingly, en-
dogenous HRD1 and APP were highly colocalized in this aggre-

gate (Fig. 2b). Ubiquitinated proteins that are not degraded by
proteasomes are transported to the centrosome, wherein they
form perinuclear aggresomes (Kopito, 2000; Kawaguchi et al.,
2003). To determine whether this body was an aggresome, we
immunocytochemically demonstrated that APP was colocalized
with y-tubulin, a component of the centrosome, at this region
(Fig. 6c, top). Interestingly, HRD1 was also colocalized with
y-tubulin at the centrosome (Fig. 64, top). In addition, MG132
inhibition of the proteasome led to concentration of APP and
HRD1 at the centrosome (Fig. 6¢,d, bottom), suggesting that APP
and HRD1 escaped from proteasome degradation are collected
on the aggresome. Thus, the inclusion body was an aggresome
that included APP and HRD1.

UPR activation induces APP degradation and decreased

Ap generation

We found that overexpression of transcription factors (ATF6 and
XBP1) involved in the UPR induces HRD1 expression (Kaneko et
al., 2007), and that Pael-R degradation is promoted by ATF6 and
XBP1 overexpression, presumably due to ATF6- and XBP1-
induced expression of a number of ERAD genes, including HRD1
(Omura et al., 2006). HEK293 cells transiently transfected with
APP, and an empty vector (mock), ATF6 (1-373, cytoplasmic
domain working as a transcription factor), or XBP1 (spliced
form) were incubated in the presence or absence of MG132. The
increased expression of GRP78 and GRP94 indicated UPR induc-
tion by ATF6 and XBP1 (Fig. 7a, middle, lanes 5, 6, 8, 9). The
HRD1 protein was also upregulated by ATF6 and XBP1 (Fig. 7a,
bottom, lanes 3, 4). Under such conditions, APP was markedly
decreased in cells expressing ATF6 (Fig. 74, top, lanes 5, 6). Al-
though XBP1 was less effective than ATF6, XBP1 overexpression
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Figure7.  Degradation of APP by UPR activation. a, Degradation of overexpressed APP pro-
tein by ATF6 and XBP1. HEK293 cells were transiently transfected with APP-FLAG and an empty
vector (mock), HA-ATF6, or HA-XBP1 for the indicated periods. The total cell lysates were ana-
lyzed by Western blotting using FLAG, KDEL and HRD1 (Otsuka) antibodies. b, ¢, A3 levels were
measured by sandwich ELISA using the culture medium of a at 36 h. Data (pg/ml A3 peptide)
are normalized to the amount of APP mRNA quantified by real-time PCR. Results are expressed
as a fold increase compared with normal cells (mean = SEM; n = 4). Statistical analysis was
performed with ANOVA followed by Bonferroni correction (control vs mock, ATF6, and XBP1;
*¥p < 0.01). d, Degradation of endogenous APP protein by XBP1 under ER stress conditions.
XBP1 were induced using a tetracycline-inducible expression system (Tet-on) in HEK293 cells.
The cells were treated with 1 umTgand 5 ug/ml Tm for 12 h. Total cell lysates were analyzed
by Western blotting using APP (C-terminal) and HRD1 (Sigma) antibodies.

also reduced APP (Fig. 74, top, lanes 8, 9). Moreover, MG132
inhibited the decrease in APP by ATF6 and XBP1 overexpres-
sion, indicating that the decrease in APP by ATF6 and XBP1
was proteasome-dependent protein degradation (Fig. 7a, top,
lanes 7, 10).

To ascertain whether secreted ABs were concomitantly de-
creased, ELISA was performed with the culture medium used in

Kaneko et al. @ HRD1 Degrades APP and Reduces A3

the above experiment. Overexpression of ATF6 and XBP1 signif-
icantly reduced AB-peptide (AB40 and AB42) production com-
pared with mock-transfected control cells (Fig. 7b,c).
Furthermore, we examined the effects of XBP1 overexpres-
sion on endogenous APP. As a result, XBP1 overexpression-
induced UPR activation did not affect APP under steady-state
conditions (Fig. 7d, top, lanes 1, 2). Interestingly, APP protein
levels were reduced by XBP1 overexpression in the presence of ER
stress reagents, such as thapsigargin (Tg) and Tm (Fig. 74, top,
lanes 4, 6), while ER stress reagents alone did not alter APP pro-
tein levels (Fig. 7d, top, lanes 3, 5). This indicates that unfolded
APP protein, but not folded APP, is degraded by UPR activation.

Discussion

In this study, we found that protein levels of HRD1 were reduced
in the cerebral cortex of AD patients. We demonstrated that
HRDL1 is coexpressed with APP in brain neurons and colocalizes
and interacts with APP in neuronal cells. Furthermore, the
present study indicated that HRD1 promotes ubiquitination and
degradation of APP and leads to decreased A production. We
also found that suppression of HRD1 expression causes APP ac-
cumulation and AB generation accompanied by ER stress and
apoptosis that was concomitant with the disappearance of the
APP- and HRD1-containing aggresomes. Therefore, these re-
sults suggest that HRD1 promoted APP degradation and aggre-
some formation through ERAD, resulting in the prevention of
AP generation.

Although APP appears to be degraded by the ubiquitin-
proteasome system (Bunnell et al., 1998; Hare, 2006), with the
exception of a-, B-, and y-secretases, few molecules have been
shown to be involved in APP metabolism. MOCA (also known as
Dock3), which interacts with presenilin, induces proteasome-
dependent degradation of APP (Chen et al., 2002). However, it
has hitherto not been reported whether MOCA is involved in
ERAD. Most recently, the stress-responsive chaperone-protease
HtrA2 (also known as Omi) has been reported to participate in
APP metabolism through ERAD-mediated degradation; how-
ever, there has been no E3 ligase associated with this degradation
(Park et al., 2006; Huttunen et al., 2007). Because HRD1 and
Derlin-1 constitute a complex and coordinately serve in ERAD
(Schulze et al., 2005; Carvalho et al., 2006; Denic et al., 2006), the
finding that APP retrotranslocation to the cytosol was mediated
by Derlin-1 strongly supports our model in which HRD1 ubiq-
uitinates APP. In addition, the result that HtrA2 inhibition
increased Af3 secretion are consistent with our finding that inhi-
bition of HRD1-mediated ERAD resulted in APP accumulation
and increased AB production (Huttunen et al., 2007). They pro-
posed that increased A production by HtrA2 inhibition causes
enhanced ER exit (protein transport from the ER to the Golgi) of
APP, which is mediated by COPII cargo proteins (Huttunen et
al., 2007). Based on these findings, disruption of HRD1-mediated
ERAD also appears to steer APP toward the pathway for ER exit,
resulting in elevated processing of APP to AB.

A large number of studies have focused on A production by
B- and y-secretases, but it is unknown why APP processing is
induced in sporadic AD. As a possible mechanism, ERAD dys-
function may cause increased A3 production that is triggered by
a functional decline of E3 ubiquitin ligase for APP. Surprisingly,
the cerebral cortex of AD patients showed aloss of HRD1 protein.
On the other hand, to exclude the possibility that HRD1 deple-
tion is merely due to neuronal loss in the later event of AD, we
examined SEL1 protein levels in the AD brains (Fig. 1a, second
panel). Since SEL1 interacts with HRD1 to stabilize it, SEL1 was
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almost completely colocalized with HRD1 in brain neurons (sup-
plemental Fig. 3a,b, available at www.jneurosci.org as supple-
mental material). SEL1 protein levels were not significantly
different between the normal and AD brains, suggesting that
HRD1 depletion does not result from neuronal loss. However, it
remains unclear whether the reduction of HRD1 protein pre-
cedes increased A production. To clarify whether loss of HRD1
causes an increase in A generation that leads to AD onset, the
effects of an HRD1 defect on accumulation of APP and AB
should be examined during aging in HRD1 knock-out mice.

It is also important to understand how HRD1 is decreased in
AD patients. Because HRD1 is partially localized to the aggre-
some, it appears to be eliminated from the ER for ubiquitination
and either degraded by the proteasome or transported to the
aggresome. In fact, overexpression of APP and Pael-R induced a
decrease in HRD1 (Figs. 4b, second panel, lanes 6, 9, 12; 7a, third
panel, lanes 2). Hence, we speculate that an increase in substrate
load could lead to a decline of HRD1 protein, ERAD dysfunction,
AP generation, and ER stress.

We found that inhibition of HRD1 expression caused ER
stress and caspase-3 activation in SH-SY5Y cells stably expressing
APP. AB has been shown to induce ER stress, which is proposed
to be the cause of AB-mediated toxicity in AD (Nakagawa et al.,
2000; Kadowaki et al., 2005); however, APP overexpression in
SH-SY5Y cells failed to induce ER stress and apoptosis despite
increased AP production resulting in the APP-containing aggre-
some (Fig. 6a,b). In contrast, under HRD1-suppressed condi-
tions, cell death and caspase-3 activation were induced and
accompanied by the disappearance of the aggresome (Fig. 6a,b).
The disappearance of the aggresome was most likely due to APP
accumulation in the ER resulting from a breakdown in the retro-
grade transport and ubiquitination of APP due the lack of HRD1.
However, it remains to be clarified whether ER accumulation of
APP or AP generation in the absence of HRD1 was the direct
cause of cell death.

The relationship between AD and ER stress has been reported.
Presenilin mutation attenuated the UPR and caused ER stress in
familial AD (Katayama et al., 1999) and S-nitrosylation of PDI
reduced its chaperone activity and induced ER stress as observed
in sporadic AD (Uehara et al., 2006). On the other hand, because
mRNA levels of the ER-response genes, grp78 and chop, were
elevated in HRD1-deficient brains, we found significantly in-
duced ER stress in the AD brain associated with a decrease in
HRDI1. Therefore, the decrease in HRD1 may directly cause ER
stress and neuronal cell death in AD patients. Based on these
findings, it will be important to understand ER stress caused by
the dysfunction of the ER quality control system as well as the
toxicity of AB.

We additionally demonstrated that UPR upregulation medi-
ated by ATF6 and XBP1 induces APP degradation and leads to a
decrease in A3 generation. Furthermore, we found that ERAD
activated by the UPR preferentially promotes the degradation of
unfolded APP, suggesting that the ERAD system plays important
roles in the quality control of APP. Based on these findings, we
speculate that abnormal maturation of APP in the ER could cause
increased A3 generation in a post-ER compartment because mu-
tations in APP are linked to increased A3 production in familial
AD. Therefore, acceleration of the UPR or solo augmentation of
HRD1 may prevent APP accumulation and an increase in Af3
before an irreversible loss of HRD1. In conclusion, our findings
not only propose a new model for AD pathogenesis but may also
provide an AD therapeutic strategy through ERAD-mediated
APP degradation.
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