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Endoplasmic reticulum (ER)-associated degradation (ERAD) selectively retro-transports and degrades 
unfolded proteins accumulated in the ER. We have demonstrated that the ubiquitin ligase HRD1 involved in 
ERAD was significantly decreased in the cerebral cortex of Alzheimer’s disease patients. Furthermore, the 
HRD1 level was negatively correlated with amyloid β (Aβ) production levels. Here we found that the HRD1 
protein level decrease was due to its insolubilization. Moreover, these protein levels extracted from detergent 
insoluble fraction were positively correlated with those of SEL1L and Aβs (Aβ40 and Aβ42). Thus, the insolu-
bilization-induced decrease in the HRD1 and SEL1L levels might involve in Aβ generation.
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Alzheimer’s disease (AD) is a progressive neurodegenera-
tive disease of unknown etiology. Accumulation of amyloid β 
(Aβ) plaques and neurofibrillary tangles are the well-known 
neuropathological hallmarks of AD.1) The toxic Aβ peptides, 
Aβ40 and Aβ42, are generated from amyloid precursor pro-
tein (APP) via sequential proteolytic cleavages by β-secretase 
(BACE1) and γ-secretase complexes.2) APP is a type-I trans-
membrane glycoprotein, which is folded and N-glycosylated 
in the endoplasmic reticulum (ER) and is subsequently trans-
ported to the Golgi complex for further maturation.

The ER is involved in the following several cellular func-
tions: (i) membrane and secretory protein folding, post-
translational modification, and transport to the Golgi complex; 
(ii) maintenance of intracellular calcium homeostasis; (iii) 
synthesis of lipids and sterols; and (iv) regulation of cellular 
survival through the unfolded protein response (UPR) trans-
ducers, such as IRE1, ATF6, and PERK. Impairment of these 
processes causes an accumulation of unfolded proteins in the 
ER lumen, which is termed ER stress. ER stress activates the 
UPR pathways such as translational arrest, induction of ER 
chaperone, and ER-associated degradation (ERAD).3) ERAD 
pathways act as a defense mechanism against ER stress. In 
this pathway, ERAD targets are selected by a protein qual-
ity control mechanism within the ER lumen, subsequently 
removed by retrograde transport from the ER to the cytosol, 
and finally degraded by the ubiquitin–proteasome system.4,5) 
Recent studies have shown an involvement of ER stress and 
dysfunction of ERAD pathway in AD.6,7)

In previous studies, we identified and characterized a hu-
man homolog of yeast Hrd1p/Der3p (HRD1) and Hrd3p 
(SEL1L). HRD1 has an E3 ubiquitin ligase activity and it 
colocalizes and forms a complex with its stabilizing factor 
SEL1L in the cerebral nerve. Furthermore, HRD1 is expressed 
as a result of ER stress and protects against ER stress-induced 
apoptosis.5,8—12) We recently found that HRD1 promoted the 
ubiquitination and degradation of APP in ERAD pathway, 
resulting in decreased Aβ production. On the other hand, sup-
pression of HRD1 expression caused an accumulation of APP 
and an increase in Aβ levels, accompanied by ER stress and 
apoptosis. Interestingly, we found that HRD1 protein levels 
were significantly low in the NP-40 detergent-soluble fraction 

of the cerebral cortex of AD patients, and that low level of 
HRD1 protein in AD patients did not result from a decrease in 
mRNA expression but from a decrease in its protein levels.13) 
Moreover, the decrease in the protein levels of HRD1 highly 
correlated with Aβ production.14) However, it was not clear 
why HRD1 protein levels were reduced in the cerebral cor-
tex. In this study, we investigated the protein levels of HRD1 
and SEL1L in the NP-40 detergent-insoluble fraction of the 
controls and AD brains. Furthermore, we calculated Pearson 
product-moment correlation coefficient to determine whether 
HRD1 insolubilization is correlated to Aβ production.

MATERIALS AND METHODS

Antibodies Antibodies were purchased as follows: Anti-
HRD1/SYVN1 (1 : 2000 dilution; C-term; Sigma-Aldrich, 
St. Louis, MO, U.S.A.), Sel1L (1 : 1000 dilution; Santa Cruz 
Biotechnology, Santa Cruz, CA, U.S.A.), β-actin (1 : 2000 
dilution; C4; Santa Cruz Biotechnology), anti-rabbit im-
munoglobulin G (IgG) and anti-mouse IgG horseradish 
peroxidase (1 : 2500 dilution; GE Healthcare, U.K., Ltd., 
Buckinghamshire, U.K.), anti-goat IgG horseradish peroxidase 
(1 : 5000 dilution; Promega, Madison, WI, U.S.A.).

Analysis of Protein in Human Brains Human brain 
samples were purchased from Analytical Biological Services 
(Wilmington, DE, U.S.A.) through KAC (Kyoto, Japan). 
These specimens showed no significant differences in age, 
postmortem interval, or gender between AD patients and con-
trols. Gray matter was dissected from the cerebral cortex of 
deceased AD patients (n=5) and controls (n=5), which were 
selected based on the Aβ accumulation levels to provide bio-
chemical evidence.14)

The tissues were extracted as described previously.13) NP-
40 detergent-insoluble fractions were removed by centrifuga-
tion at 30000×g for 30 min, and then the insoluble fractions 
were extracted by supersonic treatment in a buffer consisting 
of 10 mM Tris–HCl (pH 8.0), 420 mM NaCl, 1 mM ethylenedi-
aminetetraacetic acid (EDTA), 1% Triton X-100, 0.5% sodium 
deoxycolate, 0.1% sodium dodecyl sulfate, 10 µg/mL aprotinin, 
10 µg/mL leupeptin, 1 mM phenylmethylsulfonyl fluoride, 
100 µM sodium orthovanadate, 10 mM sodium fluoride, and 
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100 nM okadaic acid. Unbroken fractions were removed by 
centrifugation at 20400×g for 20 min. The protein concen-
trations were determined using the Bio-Rad Protein assay 
kit (Bio-Rad Laboratories, Richmond, CA, U.S.A.). Protein 
equivalent samples were subjected to Western blotting using 
a LAS-3000 luminescent image analyzer (Fujifilm, Tokyo, 
Japan). Quantitative analysis was performed using Multi 
Gauge software (Fujifilm).

Aβ Enzyme-Linked Immunosorbent Assay (ELISA) For 
Aβ determination, it was extracted as described previously.15) 
Approximately 150 mg of tissue was dounce-homogenized (6 
strokes) in 1 mL of 70% formic acid. Homogenates were cen-
trifuged at 100000×g for 1 h to remove particulate material. 
The supernatant was recovered and neutralized with a 20-fold 
dilution in 1 M Tris base. After neutralization, the samples 
were measured by standard sandwich ELISA using a human 
amyloid β (1—40) and (1—42) assay kit (IBL, Takasaki, 
Japan).

Statistical Methods Statistical comparisons were done 
using two-tailed Student’s t-test with significance placed at 
p<0.05. All data are expressed as mean±S.E. Correlation 
coefficient was calculated using Pearson product-moment cor-
relation coefficient.

RESULTS

We have previously reported that HRD1 protein levels in 
the NP-40 detergent-soluble fraction significantly decreased, 
whereas HRD1 mRNA showed a tendency to increase in the 
cerebral cortex of AD patients compared with controls.13) To 
determine the cause of the decrease in HRD1 protein level 
in the NP-40 detergent-soluble fraction, we investigated pro-
tein levels in the detergent-insoluble fraction of the cerebral 
cortex of control and AD patients. In contrast to the observa-
tion of the detergent-soluble fraction, HRD1 protein levels 

significantly increased in the insoluble fraction (Figs. 1a, b). 
Interestingly, SEL1L, which localizes in the ER lumen and in-
teracts with HRD1 to stabilize, also significantly increased in 
the insoluble fraction (Figs. 1a, b). These results suggest that 
the decrease in HRD1 protein levels in the detergent-soluble 
fraction was due to its protein insolubilization, raising the 
possibility that HRD1 coinsolubilized with SEL1L. To inves-
tigate this possibility, we calculated the correlation coefficient 
between HRD1 and SEL1L in both fractions. The calcula-
tion revealed that HRD1 protein levels highly correlated with 
SEL1L in the detergent-insoluble fractions (Fig. 1c, r=0.81), 
suggesting coinsolubilization of HRD1 and SEL1L. However, 
there was no correlation between HRD1 and SEL1L in the 
detergent-soluble fractions (data not shown).

In the previous study, we found a negative correlation be-
tween HRD1 protein levels in the detergent-soluble fraction 
and both Aβ40 and Aβ42 production.14) To determine whether 
HRD1 insolubilization is associated with both Aβ40 and Aβ42 
generation, we calculated the correlation coefficient. In con-
trast to the previous observation of the detergent-soluble frac-
tion, HRD1 protein levels in the detergent-insoluble fractions 
were positively correlated with both Aβ40 (Figs. 2a, b; r=0.70) 
and Aβ42 (Figs. 2a, c; r=0.70). This result is consistent with 
the previous observation of the detergent-soluble fraction, sup-
porting our hypothesis that insolubilization of HRD1 protein 
causes dysfunctional HRD1, and this induces Aβ production.

DISCUSSION

We have proposed that the loss of HRD1-mediated ERAD 
is possibly linked to the onset of AD. In the present report, 
we showed that insoluble HRD1 was significantly increased in 
AD patients compared with controls. Furthermore, an increase 
in the insoluble HRD1 protein level was positively correlated 
with Aβ levels. These findings support our hypothesis that the 

Fig. 1. Protein Levels of HRD1 and SEL1L in the NP-40 Detergent-Insoluble Fraction
(a) Typical images of immunoblot analyses for HRD1, SEL1L, and β-actin in the detergent-insoluble fraction of control and AD brains. The cerebral cortex of control 

and AD were subjected to Western blotting. (b) Statistical analysis of (a). These data are normalized to the amount of β-actin; results are expressed as a dot plot (control, 
n=5; AD, n=5). Asterisk represents a significant difference (Student’s t-test, *p<0.05). (c) Correlation of HRD1 and SEL1L protein levels in the detergent-insoluble frac-
tions (Pearson correlation coefficient, r=0.81).
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decrease in HRD1 protein levels in the cerebral cortex could 
be involved in Aβ production during the pathogenesis of AD. 
However, it remains unclear how HRD1 protein is insolubi-
lized. A recent report showed that Parkin, a ubiquitin ligase 
E3 that is involved in ERAD,16) was induced to form aggre-
gates by neurotoxins (1-methyl-4-phenyl pyridinium (MPP+), 
rotenone, 6-hydroxydopamine), nitric oxide, and dopamine.17) 
Therefore, it is possible that a ubiquitin ligase HRD1 is also 
induced to form aggregates by such as agents that induce 
oxidative stress. On the other hand, it remains controversial 
whether the decrease in HRD1 protein promotes Aβ genera-
tion or whether Aβ neurotoxicity causes the decrease in HRD1 
protein levels. It has been reported that high levels of Aβ were 
also observed in non-AD patients containing mild cognitive 
impairment.18) Thus, considering these cases, the decrease in 
HRD1 could mainly contribute to neurodegeneration in the 
pathogenesis of AD after Aβ generation. Further investigation 
into the mechanism of HRD1 insolubilization may provide im-
portant clues about the underlying cause of AD.

There was a positive correlation between HRD1 and SEL1L 
levels in the insoluble fractions (Fig. 1c), whereas soluble 
HRD1 levels were not correlated with soluble SEL1L levels.13) 
We speculate the reason for this inconsistency is a difference 
in protein content. In other words, HRD1 protein content 
might be much less than SEL1L. Although HRD1 and SEL1L 
necessarily form a complex, it is unknown whether other 
ubiquitin ligases (E3s) interact with SEL1L. If SEL1L insolu-
bilization was caused by HRD1 insolubilization, the residual 

SEL1L proteins might have interacted with other E3s that 
remained intact.

The present study suggests that a decrease in HRD1 levels 
as a result of its insolubilization may be involved in Aβ gen-
eration, which may be associated with AD. In conclusion, our 
findings may propose a new model for AD pathogenesis asso-
ciated with loss of ERAD.
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