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Abstract Proteasome inhibition has been regarded as one
of the mediators of Aff neurotoxicity. In this study, we found
that FOXRED?2, a novel endoplasmic reticulum (ER) resi-
dential protein, is highly up-regulated by Af in rat cortical
neurons and SH-SYS5Y cells. Over-expression of FOXRED?2
inhibits proteasome activity in the microsomal fractions
containing ER and interferes with proteasome assembly, as
evidenced by gel filtration and native gel electrophoresis
analysis. In contrast, reduced expression of FOXRED2
rescues Af-induced inhibition of proteasome activity.
FOXRED?2 is an unstable protein with two degradation
boxes and one KEN box, and its N-terminal oxidoreductase
domain is required for proteasome inhibition. Ectopic
expression of FOXRED?2 induces ER stress-mediated cell
death via caspase-12, which is inhibited by Salubrinal.
Further, down-regulation of FOXRED2 expression attenu-
ates A f-induced cell death and the ER stress response. These
results suggest that up-regulated FOXRED?2 inhibits pro-
teasome activity by interfering with 26S proteasome
assembly to contribute to Aff neurotoxicity via an ER stress
response.
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Introduction

Proteins are targeted for selective degradation by the
ubiquitin—proteasome system (UPS) in eukaryotic cells.
Short-lived or damaged proteins are tagged by covalent
modification of ubiquitin (Ub) using El, E2, and E3
enzymes [1]. Target proteins labeled with Ub are recog-
nized by large protein complexes known as proteasomes.
The 26S proteasome consists of a 20S core particle and a
19S regulatory particle. The 20S core particle is composed
of o subunits with a docking domain for the 19S and f
subunits with catalytic activity, and the 19S regulatory
particle consists of a lid subcomplex with polyubiquitin-
binding subunits and a base subcomplex with ATPase
activity [2]. The 26S proteasome comprises 33 distinct
subunits and requires a regulator for accurate interaction
between subunits or subcomplexes. A total of nine protea-
some-assembly chaperones, namely, PAC1, PAC2, PAC3,
PAC4 (Pbal-4), POMP/Umpl, p27/Nas2, p28/Nas6,
PAAF1/Rpnl4, and S5b/Hsm3, have been identified to date
[3, 4]. There is an increasing body of evidence suggesting
that proteasome activity can be modulated by dysregulation
of proteasome-assembly chaperones and the modification,
phosphorylation, or glycosylation of the subunits [2, 5].
However, regulation of the multimeric 26S proteasome
complex is not well understood.

Molecular mechanisms of Ap-mediated neurotoxicity
have been studied with the aim of gaining an understanding
of the pathogenesis of Alzheimer’s disease (AD). Several
hypotheses underlying AD pathogenesis, including amy-
loid theory and tau aggregation, dysregulated UPS, and
endoplasmic reticulum (ER) stress, have been proposed in
AD research [1, 6-10]. Malfunction of the UPS is known to
accelerate Apf-induced neuronal loss through the accumu-
lation of cellular proteins; therefore, a dysregulated UPS,
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especially proteasome inhibition, has been proposed as a
main pathogenesis [1]. The accumulation of Ub-conjugated
proteins and inclusion bodies has been reported as a hall-
mark of AD and neurodegenerative disorders [8]. In an
earlier publication, our group reported that Ap-induced
expression of E2-25K/Hip2, an Ub-activating enzyme, is
required for Aff neurotoxicity and caspase-12 activation via
proteasome inhibition [9, 10]. Therefore, abnormal regu-
lation of the UPS by gene expression is believed to
contribute to the progression of neurodegenerative dis-
eases, making the identification of such regulatory genes
that affect proteasome activity a very important objective
of research in this field.

The ER is responsible for protein folding, quality con-
trol, trafficking, and maintenance of Ca’t homeostasis,
and unfolded or misfolded proteins are eliminated via the
ER-associated degradation system (ERAD) [11]. The ER
stress response can be induced by the accumulation of
unfolded or misfolded protein aggregates and dysfunction
of the ERAD, triggering an unfolded protein response
(UPR) [11]. To prevent further accumulation of unfolded
proteins, the UPR inhibits protein translation and promotes
degradation of misfolded proteins by the ERAD [11].
However, if cells are not tolerant to stress, ER stress
induces cell death via activation of ER-specific caspase and
increases the expression of CHOP or apoptotic transcrip-
tion factor [12]. An up-regulated ER stress response and
polymorphism of the ERAD component have been reported
in AD patients [13, 14]. Moreover, dysfunction of ERAD
increases Afl generation [15]. Consequently, an under-
standing of the ER stress response in the context of the
pathogenesis of human diseases, including AD, has become
increasingly important [12]. FOXRED?2 is a FAD-depen-
dent oxidoreductase domain-containing protein that is
localized in the ER [16]. It is known to be an ER luminal
flavoprotein that functions in the ERAD via interaction
with ERAD components [17].

We performed genome-wide functional screening and
isolated FOXRED?2 as a novel factor in the regulation of
UPS. Here, we show that FOXRED?2 mediates Af-induced
neuronal cell death via inhibition of proteasome activity,
suggesting that FOXRED?2 is one of the key molecules
responsible for Af neurotoxicity.

Materials and methods

Material

The following antibodies were used: anti-green fluorescent
protein (GFP), anti-tubulin, anti-His, anti-actin, anti-GRP78

(Santa Cruz Biotechnology, Santa Cruz, CA), anti-Ub (Santa
Cruz Biotechnology in all figures; Chemicon in Fig. 3b), and
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anti-S4, anti-S2, and anti-20S core (BIOMOL Int, Plymouth
Meeting, PA). MG132 was purchased from BIOMOL Int.
Ethidium homodimer was purchased from Molecular Probes
(Eugene, OR) and Af from Sigma (St. Louis, MO). Anti-Af
(NU-1) antibody was kindly provided by Dr. W. L. Klein
(Northwestern University, Evanston, IL).

Cell culture and transfection

SH-SY5Y and HEK293T cells were obtained from the
American Type Culture Collection (ATCC). Cells were
grown in DMEM containing 10% FBS and penicillin/
streptomycin at 37°C under 5% CO, (v/v). According to
the manufacturer’s instructions, DNA was transfected into
cells using Lipofect AMINE reagent (Invitrogen, Carlsbad,
CA) and siRNA using Oligofectamine (Invitrogen).

Genome-wide functional screening

HEK?293T cells were plated on a 96-well culture plate and
cotransfected with GFPY and each of 5,500 cDNAs in a
mammalian expression vector for 36 h. FOXRED2 was
then isolated among the putative positive cDNA clones
affecting GFPY fluorescence under a fluorescence micro-
scope (Olympus, Tokyo, Japan).

Assays for proteasome activities

Cell lysates were prepared by sonication using rectic buffer
(30 mM Tris pH 7.8, 5 mM MgCl,, 10 mM KCl, 0.5 mM
DTT, 1 mM ATP). Proteasome activities were measured
by use of fluorogenic substrates (Suc-LLVY-AMC,
Bz-VGR-AMC, Ac-GPLD-AMC) (BIOMOL Int) and a
fluorometer (FlexStation 3 Microplate Reader; Molecular
Devices, Sunnyvale, CA) with excitation at 380 nm and
emission at 460 nm.

Reverse transcriptase-PCR

RNA was prepared using TRI reagent (Molecular Research
Center, Cincinnati, OH), and cDNA was synthesized by
reverse transcriptase (RT; Invitrogen), followed by PCR
amplification. According to the manufacturer’s instruc-
tions, real-time RT-PCR was performed using Tagman
technology (SYBR Premix Ex Taq; TaKaRa, Otru, Japan).
Primer sequences used for FOXRED2 RT-PCR analysis
were as follows: forward 5-ATG ACC GGT CTG TGG-3'
and reverse 5-TCA GAG CTC CTC TTT G-3'.

Plasmid construction and site-directed mutagenesis

Primer sequences used for the construction of FOXRED?2
deletion mutants were as follows: FOXRED2AC(1-245)
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(forward: 5'-ATA AGA ATG CGG CCG CTA ATG GGC
CTC TCC GCT GC-3'; reverse: 5-TGC TCT AGA GGA
GCG GCT GAG CAT ATG G-3); His-FOX-
RED2AC(1-245) (forward: 5'-CGC GGA TCC GTG CCC
CCG CGC CGG GAC-3’; reverse: 5'-CGC GGA TTC
GGA GCG GCT GAG CAT ATG G-3); His-FOX-
RED2AN(250-684) (forward: 5-CGC GGA TCC TGG
GCC ACC CAC TAC G-3; reverse: 5-CGC GGA TCC
TCA GAG CTC CTC TTT G-3'). Primer sequences used
for site-directed mutagenesis were as follows: FOX-
RED2(D)-R246G/L249V (forward: 5-CGC TCC GGG
GTC CGT GTG TCC TGG GCC-3; reverse: 5'-GGC CCA
GGA CAC ACG GAC CCC GGA GCG-3); FOX-
RED2(D,)-R582G/L585V (forward: 5'-CCT ACC TCT
GGG GCG CTT CGT GGA GAA CTG TTT GG-3';
reverse: 5'-CCA AAC AGT TCT CCA CGA AGC GCC
CCA GAG GTA GG-3'); FOXRED2(K)-K460A (forward:
5'-GTC ATC CTG TTG GCG GAG AAT TCC ACG-3;
reverse: 5'-CGT GGA ATT CTC CGC CAA CAG GAT
GAC-3). PCR was performed using Pfu polymerase, and
PCR products were subcloned into pcDNA3 or pET-28a.
PCR products were confirmed by DNA sequencing analy-
sis. FOXRED?2 siRNAs (forward 5-GAC CAA GAG CCA
CUA GGU U-3’; reverse: 5-AAC CUA GUG GCU CUU
GGU C-3') were purchased from Bioneer Corp. (Daejeon,
Republic of Korea).

SDS-PAGE and immunoblot analysis

Protein samples were prepared in sample buffer by soni-
cation and centrifuged at 12,000 rpm at 4°C for 10 min.
Supernatants were subjected to sodium dodecyl sulfate-
polyacrylamide gel electrophoresis (SDS-PAGE), and
resolved proteins were transferred onto nitrocellulose
membranes using a Bio-Rad semi-dry transfer unit (Bio-
Rad, Hercules, CA). Blots were blocked with 3% (w/v)
non-fat dry milk in TBS-T solution [25 mM Tris pH 7.5,
150 mM NaCl, and 0.05% (w/v) Tween-20]. After
washing with TBS-T, blots were incubated with primary
antibodies, followed by horseradish peroxidase-conjugated
secondary antibodies. Immunoreactive bands were detec-
ted by ECL reagents (GE Healthcare, Little Chalfont,
UK).

Primary culture of rat cortical neurons

Rat cortical neurons of embryonic day 17 were dissociated
by incubation with 0.01% trypsin/EDTA (Invitrogen) and
plated on culture dishes in Neurobasal medium supple-
mented with 2% B27 (Invitrogen). The plates were coated
with poly-L-lysine (0.01% in 100 mM borate buffer, pH
8.5) (Sigma), and the neurons grown in vitro for 5 days
were treated with 5 pM Af_4> (Invitrogen).

Recombinant protein production

Recombinant His-FOXRED2AC and His-FOXRED2AN
proteins were purified from Escherichia coli strain
BL21(DE3) cells that had been transformed with pET-28a-
FOXRED2AC and pET-28a-FOXRED2AN plasmids,
respectively. Transformed E. coli were incubated with
0.5 mM isopropyl--D-thiogalactopyranoside for 12 h, at
which point the cultures had reached an ODgyy of 0.6.
According to the manufacturer’s instructions, His-tagged
proteins were purified on Ni-NTA agarose (Qiagen,
Hilden, Germany).

In vitro ubiquitination

Purified His-FOXRED2AC protein (3 pg) was incubated
with 200 pl reaction mixture containing SH-SYSY cell
lysates (250 pg) in rectic buffer (10 mM Tris pH 7.4,
150 mM NaCl, 3 mM MgCl,, 1 mM EDTA, 1 mM DTT,
1 mM ATP, 1x ATP regeneration system, 1x protease
inhibitor cocktail) at 37°C for the indicated times.
Following incubation, cell lysates were separated by SDS-
PAGE and subjected to Western blotting or assayed for
proteasome activity using Suc-LLVY-AMC.

Subcellular fractionation

Cells were collected, resuspended in buffer (20 mM
HEPES pH 7.5, 10 mM KCI, 1.5 mM MgCl,, 1 mM
EDTA, 1 mM phenylmethylsulphonyl fluoride), and incu-
bated on ice for 20 min in the presence of 250 mM sucrose.
Cell lysates were centrifuged at 1,000 g for 5 min at 4°C,
and the supernatant was further centrifuged at 8,000 g for
20 min at 4°C. The supernatant was once again centrifuged
at 100,000 g for 3 h at 4°C. The resulting pellet retained
the microsomal fraction, whereas the supernatant contained
cytosol.

Gel filtration

Cells were lyzed in lysis buffer (20 mM Tris pH 7.5,
100 mM NaCl, 0.1 mM EDTA, 2 mM ATP), after which
the lysates were centrifuged at 12,000 rpm for 30 min at
4°C and the supernatant filtered through a 0.2-um mem-
brane (Sartorius, Goettingen, Germany). Gel filtration was
carried out using a Superose 6 FPLC column (AKTA; GE
Healthcare), and 0.25-ml fractions were collected for
analysis.

Native-PAGE

Proteasome assembly was examined in a native PAGE, as
previously described [18]. Cell lysates were separated by
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4% (w/v) native-PAGE at 4°C (80 V x 2.5 h). The gel
was overlaid with buffer containing Suc-LLVY-AMC with
or without 0.01% SDS, and the fluorescence signal was
visualized on a UV trans-illuminator.

Immunoprecipitation

Cell lysates were prepared by sonication using rectic buffer
(30 mM Tris pH 7.8, 5 mM MgCl,, 10 mM KClI, 10%
glycerol, 0.5 mM DTT, 1 mM ATP) and then centrifuged
at 12,000 rpm for 30 min at 4°C. The supernatants were
incubated with anti-20S core antibody and pulled down by
Protein G Sepharose beads (GE Healthcare).

Results

Ap exposure increases FOXRED?2, leading to inhibition
of proteasome activity

We previously reported that treatment of neuronal cells with
Af342 inhibits proteasome activity [9]. This result led us to
the question of whether A 342 affects the expression level of
FOXRED?2 in neuronal cells. Exposing primary cultured rat
cortical neurons to Af42 led to a highly elevated level of
FOXRED?2 protein at 24 h, compared to untreated control
cells (Fig. la, left). A similar induction of FOXRED2
protein was observed in SH-SYS5Y neuronal cells after
exposure to Af42 (Fig. la, right). The accumulation of
Ub-conjugates in Af42-treated cells was consistently
observed. Real-time RT-PCR analysis revealed that, com-
pared to untreated cells, the level of FOXRED2 mRNA in
Ap-treated SH-SYSY cells had increased about twofold
(Fig. 1b). On the contrary, H,O, treatment did not affect
FOXRED2 mRNA level. These results show that FOX-
RED2 expression increases in neuronal cells exposed to
Ap42, at least based on increased levels of mRNA.

We employed GFP-degron (GFP-CL1, GFPY), which is
rapidly degraded in cells by 26S proteasome [19], for gen-
ome-wide screening of proteasome regulator(s) [20, 38].
GFPY is not degraded when UPS is dysfunctional or the
levels of aggregation-prone substrates are increased [21].
Therefore, we exaggerated the effect of FOXRED2 on
proteasome activity. Ectopic expression of FOXRED2 in
cells induced the accumulation of unstable GFPY, but not
GFP (Fig. 2a, b), which is more potent than E2-25K/Hip-2.
Cellular accumulation patterns of unstable GFPY showed a
correlation with the expression level of FOXRED2
(Fig. 2c). Measurement of enzyme activity in cell extracts
using fluorogenic substrates revealed that over-expression
of FOXRED?2 inhibited proteasome activities, including
chymotrypsin, trypsin, and caspase-like activities (Fig. 2d).
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Fig. 1 FOXRED2 is up-regulated in neuronal cells after Af42
exposure. a Accumulation of FOXRED?2 protein by Af42. Primary
rat cortical neurons and SH-SYS5Y cells were treated with 5 pM Af
for the indicated times and cell extracts were analyzed by Western
blotting using anti-FOXRED2, anti-ubiquitin (Ub), and anti-tubulin
antibodies. b Increase of FOXRED2 mRNA by Af342. SH-SYS5Y cells
were left untreated (Mock) or exposed to 5 pM Ap42 or 10 uM
hydrogen peroxide (H,0;) for 48 h. Total RNA was then isolated
using TRIZOL reagent, and FOXRED2 mRNA was analyzed by real-
time reverse transcriptase (RT)-PCR (/eff) and quantitative RT-PCR
analysis (right). Actin served as an internal control. Bars:
Mean = standard deviation (SD) (n > 3)

Moreover, there was a greater accumulation of Ub-conju-
gated proteins in cells over-expressing FOXRED2 than in
control cells [Fig. 2e; Electronic Supplementary Material
(ESM) Fig. 1]. These results indicate that increased
expression of FOXRED?2 suppresses proteasome activity.

The contribution of FOXRED2 to Af-induced protea-
some inhibition was then examined by reducing the
expression level of FOXRED2. Knockdown of FOXRED2
expression by siRNA resulted in the enhancement of
proteasome activity by 140-170% in a dose-dependent
manner (Fig. 3a, left) and reduced cellular accumulation
of Ub-conjugates (Fig. 3a, right). The knockdown of FOX-
RED?2 expression also abolished both the Ap42-mediated
inhibition of proteasome activity (Fig. 3b, left) and the
Ap42-mediated accumulation of Ub-conjugates (Fig. 3b,
right). Conversely, over-expression of FOXRED2 further
suppressed proteasome activity and increased accumulation
of Ub-conjugates after exposure to Ap42 (Fig. 3b). These
results suggest that FOXRED2 mediates Af-induced inhi-
bition of proteasome activity.
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Fig. 2 FOXRED?2 over-expression inhibits proteasome activity and
induces the accumulation of Ub-conjugates. a Accumulation of green
fluorescent protein (GFP)-degron by FOXRED2 over-expression.
HEK293T cells were cotransfected with pGFP", pEGFP, pcDNA3
(Con), pPFOXRED?2 (FR2), and/or pE2-25K/Hip2 (Hip2) as indicated
for 36 h in the presence or absence of 1 pM MG132. Cell extracts
were prepared and analyzed by Western blotting using anti-GFP and
anti-tubulin antibodies. b Typical photograph showing accumulation
of GFP-degron by FOXRED2. SH-SY5Y cells were cotransfected
with pGFP" and either pcDNA, pFOXRED?2, or pHip2 for 36 h in the
presence or absence of 1 pM MG132 and then observed under a
fluorescence microscope. ¢ Accumulation kinetics of GFP-degron by
FOXRED2. SH-SYS5Y cells were cotransfected with pGFP" and

Oxidoreductase domain of FOXRED?2 inhibits
proteasome activity

From sequence comparison analysis (available at:
http://myhits.isb-sib.ch), we found that FOXRED2 has a
FAD-dependent oxidoreductase domain (amino acid resi-
dues 1-250) at its N-terminus and two degradation boxes
(D box; 246-249 and 582-585) and one KEN box (K;
460-462) at its C-terminus (Fig. 4a). Association of the
degradation box and KEN box with protein stability has

pFOXRED?2 for the indicated times (leff) or cotransfected with pGFP"
and increasing amounts of pFOXRED?2 for 36 h (right). Western blot
analysis was performed as in a. d Inhibition of proteasome activities
by FOXRED2. SH-SYSY cells were cotransfected with Con, FR2, or
Hip2 for 36 h, or exposed to 1 uM MG132 for 12 h. Proteasome
activities, including chymotrypsin (Suc-LLVY-AMC), trypsin
(Bz-VGR-AMC), and caspase (Ac-GPLD-AMC)-like activities, were
measured in cell extracts using fluorogenic substrates at excitation/
emission (380 nm/460 nm). Bars: Mean £ SD (n > 3). e Accumula-
tion of Ub-conjugates by FOXRED2. SH-SYS5Y cells were
transfected with Con or FR2 for 36 h, and cell lysates were analyzed
by Western blotting using anti-Ub and anti-GRP78 antibodies

been proposed [22, 23]. In order to dissect the function of
FOXRED2, we constructed several deletion and point
mutants of FOXRED2 and examined their effects on
proteasome activity (Fig. 4a). Ectopic expression of
FOXRED2AC(1-245) containing only the FAD-dependent
oxidoreductase domain induced GFPY accumulation as
much as FOXRED2 (Fig. 4b). On the contrary, FOX-
RED2(1-250) containing one degradation box (D;) or
FOXRE2AN(251-684) lacking the N-terminus failed to do so
(Fig. 4a and data not shown), indicating that the N-terminal
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Fig. 3 Reduced expression of FOXRED?2 rescues Af-induced inhi-
bition of proteasome activity and the accumulation of Ub-conjugates.
a Increased proteasome activities and accelerated clearance of
Ub-conjugates by FOXRED2 down-regulation. SH-SYSY cells were
transfected with scrambled siRNA (Sc¢) or FOXRED2 siRNA for
48 h. Cell lysates were prepared and examined for chymotrypsin-like
proteasome activity using a fluorogenic substrate (Suc-LLVY-AMC)
(left). Cell lysates were also analyzed by Western blotting using anti-

region of FOXRED?2 is responsible for proteasome inhibition.
FOXRED?2(1-250) protein containing one D box was barely
detected in cells and then only in the presence of MG132, and
FOXRED2(251-684) protein comprising one degradation
box and one KEN box was not detected even in the presence
of MG132 (data not shown). These boxes were characterized
in more detail using site-directed mutagenesis. FOXRED2 D
box mutants FOXRED2(D;)-R246G/L249V and FOX-
RED2(D,)-R582G/L585V and FOXRED2 KEN box mutant
FOXRED2(K)-K460A were more stable than FOXRED2
(Fig. 4c). In addition, all of the FOXRED?2 mutants increased
GFPY accumulation more efficiently than FOXRED2
(Fig. 4c). Measurement of protein stability after treatment
with cycloheximide revealed a rapid turnover of FOXRED2
protein with less than 3 h of half-life in cells (Fig. 4d). These
results suggest that the FOXRED?2 protein is unstable, mainly
due to the presence of the degradation and KEN boxes at the
C-terminus.

From an in vitro ubiquitination assay using purified 6x
His-tagged FOXRED2AC protein, we found that incubation
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FOXRED?2 and anti-Ub antibodies (right). b Rescue of Af-induced
proteasome inhibition and accumulation of Ub-conjugates in FOX-
RED2 knockdown cells. SH-SYS5Y cells were transfected with
pcDNA, FR2, or FOXRED2 siRNA for 24 h and then treated with
5 UM Af. After 24 h, cell extracts were prepared and measured for
chymotrypsin-like proteasome activity (left) or analyzed by Western
blotting using anti-FOXRED2 and anti-Ub antibodies (right). Bars:
mean £ SD (n > 3)

of SH-SYS5Y cell extracts with FOXRED2AC protein
apparently increased the accumulation of Ub-conjugates;
however, it did not affect the protein levels of other UPS
components, such as S5a and 20S core (Fig. 4e, upper and
middle). Enzymatic assays of the same reaction products
showed that FOXRED2AC protein also inhibited protea-
some activity in cell extracts in a time- and dose-dependent
manner (Fig. 4e, lower; ESM Fig. 2A). Proteasome activity
was about 20% lower at 24 h of incubation with FOX-
RED2AC protein than with the control. It is interesting to
note that purified FOXRED2AC protein did not show any
inhibitory effect on proteasome activity when incubated
together with purified 26S proteasome (ESM Fig. 2B). On
the contrary, FOXRED2AN protein failed to inhibit pro-
teasome activity and to induce the accumulation of
Ub-conjugates (ESM Fig. 2C). These results indicate that
purified FOXRED2AC protein containing an FAD-depen-
dent oxidoreductase domain can inhibit proteasome
activity indirectly and also increase the accumulation of
Ub-conjugates in vitro.
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Fig. 4 The FAD-dependent oxidoreductase domain of FOXRED?2 is
required for proteasome inhibition. a Schematic diagram showing
FOXRED?2 (FR2) and its mutants. D Degradation box, K KEN box of
FOXRED?2, numbers in parenthesis number of amino acid residues.
FOXRED2(D;)-R246G/L249V and FOXRED2(D,)-R582G/L585V
mutants (M) in the D box and the FOXRED2(K)-K460A mutant
(M) in the KEN box are described. b, ¢ Effects of FOXRED2 mutants
on accumulation of GFP-degron. SH-SYS5Y cells were transfected
with pGFP" and pcDNA, pFOXRED2AC, or pFOXRED?2 (b), or with
FOXRED2(D;M), FOXRED2(D,M), or FOXRED2(KM) (c¢) for
36 h. Cell lysates were analyzed by Western blotting using anti-
FOXRED?2, anti-GFP, and anti-tubulin antibodies. Arrows in b indi-
cate FOXRED2 and FOXRED2AC. d Instability of FOXRED2

FOXRED?2 decreases microsomal proteasome activity
and interferes with proteasome assembly

To elucidate a mechanism by which ER-resident FOXRED?2
regulates proteasome activity, we prepared SH-SYSY cell
extracts and separated the ER-enriched microsomal fraction
from the cytosolic fraction by fractionation analysis using
centrifugation. By Western blotting, we observed that
GRP78, an ER protein, and tubulin, a cytosolic protein,
were detected only in the microsomal fraction and the
cytosolic fraction, respectively (Fig. 5b). Both FOXRED2
and exogenous FOXRED?2 were detected exclusively in the
microsomal fraction (Fig. 5b). From enzyme activity assays,
we observed that proteasome activity in the microsomal
fraction was twofold higher than that in the cytosolic frac-
tion (Fig. 5a). Of particular interest, when FOXRED2 was
over-expressed in SH-SYSY cells, proteasome activity was
reduced by about 30% in the microsomal fraction but not in
the cytosolic fraction (Fig. 5a, left). Then, when 0.01%
sodium dodecyl sulfate (SDS) was added to the fractions in
order to open the inactive 20S proteasome [24], we found

protein. SH-SYSY cells were treated with 30 pg/ml cycloheximide
(CHX) for the indicated times, and cell lysates were analyzed by
Western blotting using anti-FOXRED?2 antibody. Signals on the blot
were quantitated using densitometry analysis, and the relative ratios
of each signal to the control (time 0) (FOXRED2/tubulin) are
indicated. e In vitro ubiquitination assay using purified His-FOX-
RED2AC protein. Cell extracts (250 pg) prepared from SH-SYSY
cells were incubated with bacterially purified His-FOXRED2AC
protein (3 pg) for the indicated times. Reaction products were then
analyzed by Western blotting using anti-Ub (upper), anti-S5a, anti-
His, and anti-20S core antibodies (middle) or were measured for
proteasome activity using a fluorogenic substrate (Suc-LLVY-AMC)
(bottom)

that proteasome activity was increased by about 70-80%
only in the cytosolic fraction (Fig. 5a, right). From Western
blotting, we noted that the amounts of S5a and 20S subunits
were significantly decreased in the microsomal fraction and
increased in the cytosol fraction of cells over-expressing
FOXRED?2 (Fig. 5b). These results suggest that FOXRED?2
may relocalize S5a and 20S core proteasome subunits from
the microsomal fraction to the cytosolic fraction.

The enzymatic activities of 20S and 26S proteasome
complexes were also analyzed and compared using native
gel assay. Ectopic expression of FOXRED2 decreased
the enzyme activities of the 26S proteasome complexes
(RP,CP and RP-CP), but increased 20S proteasome (CP)
activity (Fig. 5¢). Moreover, the interaction of S2 or S5a
19S subunit with 20S core subunits was decreased by
FOXRED2 over-expression, as assessed with immuno-
precipitation assays using anti-20S core antibody
(Fig. ESM 3A). The disassembly of proteasome complexes
was examined using a gel filtration assay. Western
blot analysis of the fractions separated by this gel filtra-
tion assay showed that, compared to the control cell
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extracts (pcDNA), the S2 and S5a subunits of the 19S
proteasome were detected in late fractions (fraction
numbers 6 and 7) of cell extracts over-expressing FOX-
RED2 (Fig. 5d), suggesting that increased expression of
FOXRED? results in the detection of S2 and S5a proteins
in proteasome complexes with a lower molecular weight.
In a similar manner, the majority of 20S core proteins
which were detected in fraction numbers 2-6 of the

@ Springer

control cell extracts were found in fraction numbers 7
and 8 of cell extracts over-expressing FOXRED2 (Fig. 5d).
FOXRED?2 did not affect the expression levels of other
proteasome subunits (data not shown). These results
indicate that an increase of FOXRED?2 protein may
interfere with the assembly between 19S and 20S pro-
teasome complexes, thereby allowing the detection of
abnormal proteasome complexes.
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<« Fig. 5 FOXRED?2 regulates proteasome activity in the microsomal

fractions containing the endoplasmic reticulum (ER) and modulates
proteasome assembly. a, b Fractionation assays showing the
suppression of proteasome activity in the microsomal fractions by
ectopic expression of FOXRED2. SH-SY5Y cells were transfected
with pcDNA or pFOXRED?2 for 36 h, and cytosolic and microsomal
fractions were then separated by centrifugation, as described in the
Materials and methods. Proteasome activities in the fractions were
measured using a fluorogenic substrate (Suc-LLVY-AMC) in the
absence or presence of 0.01% sodium dodecyl sulfate (SDS) (a). Each
fraction was separated by SDS-polyacrylamide gel electrophoresis
(PAGE) and analyzed by Western blotting using anti-FOXRED?2,
anti-GRP78, anti-tubulin, anti-S5a, and anti-20S antibodies. Equal
amounts of proteins on the blot were visualized with Coomassie
staining (b, left). Signal intensities of S5a and 20S core on the
Western blots were quantitated with densitometric analysis and
normalized by those of Coomassie staining (protein/Coomassie).
Signals of the S5a and 20S core in the cytosol fraction (Cyt) of control
cells (pcDNA) were adjusted to unit 1, and relative ratios of other
signals are shown (b, right). ¢ Reduced activity of 26S proteasome
complexes by FOXRED?2 in a native gel assay. Following transfection
of HEK293T cells with pcDNA or pFOXRED?2 for 36 h, cell lysates
were prepared, separated by native-PAGE, and subjected to overlay
assays using Suc-LLVY-AMC in the absence or presence of 0.01%
SDS, as described in the Materials and methods. The regulatory
particle (RP) and core particle (CP) are indicated. d Interference in
proteasome assembly by FOXRED2 over-expression. Following
transfection of HEK293T cells with pcDNA (left) or pFOXRED2
(right) for 36 h, cell extracts were subjected to gel filtration analysis
using a Superose 6 column, as described in the Materials and
methods. Fractions were then analyzed by Western blotting using the
indicated antibodies. Thyroglobulin (669 kDa), ferritin (440 kDa),
catalase (232 kDa), and aldolase (158 kDa) were used as molecular
weight markers. Asterisks Non-specific signals. Tubulin served as an
internal control. e Ectopic expression of FOXRED2 induced the
accumulation of PaelR-GFP. SH-SY5Y cells were cotransfected with
pcDNA or pFOXRED?2 and either DR4-GFP or PaelR-GFP for 24 h,
and Western blot analysis was then performed using anti-GFP, anti-
FOXRED?2, and anti-tubulin antibodies. Black arrow PaelR-GFP,
white arrow DR4-GFP, asterisk non-specific signal. f Suppression of
microsomal proteasome activity by Ap42 treatment. Following
treatment of SH-SYSY cells with 5 uM Af42 for 48 h, cytosolic
and microsomal fractions were separated and assayed for proteasome
activity, as in a. Mock Untreated SH-SYSY cells. g Rescue of Af42-
induced inhibition of microsomal proteasomal activity by down-
regulation of FOXRED2 expression. Following transfection with
FOXRED2 siRNA for 24 h, SH-SYSY cells were left untreated
(Mock) or treated with 5 uM Ap42 for 24 h. Cytosolic and
microsomal fractions were separated and assayed for proteasome
activity, as in a. Mock Untreated SH-SYSY cells. Bars: Mean £ SD
(n>3)

Since proteasome activity was changed by proteasome
disassembly in the microsomal fraction, we further assessed
the degradation of the ERAD substrate Parkin-associated
endothelin-receptor-like receptor (PealR), which is a
G-protein-coupled orphan receptor residing on ER and
degraded by Parkin via ERAD [25]. We used DR4
(death receptor 4) as a control because it is a non-ERAD
substrate localized in the plasma membrane [26]. Compared
to control, ectopic expression of FOXRED?2 increased
the accumulation of PaelR-GFP, but not DR4-GFP
(Fig. Se). Together, these results imply that FOXRED2

alters proteasome activity in the microsomal fraction,
probably by affecting ERAD.

Because Af treatment inhibits proteasome activity, we
examined the effect of Af on microsomal proteasome
activity. Treatment of SH-SYSY cells with Af inhibited
40% of proteasome activity in the microsomal fraction, but
very little cytosolic proteasome activity (Fig. 5f). Notably,
down-regulation of FOXRED2 expression using siRNA
abolished the Af-induced inhibition of microsomal pro-
teasome activity and did not affect proteasome activity in
the cytosolic fraction (Fig. 5g). Equal amounts of proteins
were used in the analysis (ESM Fig. 3B). These results
suggest that FOXRED2 mediates Af-induced inhibition of
proteasome activity in the microsomal fraction.

FOXRED2 mediates Af toxicity via ER stress response

We then examined the contribution of FOXRED2 to Af
neurotoxicity. First, we observed that ectopic expression of
FOXRED?2 in SH-SYS5Y cells induced significant amounts
of cell death after 24 h of transfection (Fig. 6a, left). Also,
FOXRED2AC, which was as potent as FOXRED2 in
inhibiting proteasome activity, induced cell death on the
same scale as FOXRED2. The FOXRED2(D;) mutant was
even more efficient than FOXRED? in the induction of cell
death, showing a close association between the protea-
some-inhibitory activity of FOXRED2 and its pro-
apoptotic activity (Fig. 6a). FOXRED2-induced cell death
was inhibited by IDN6556 pan-caspase inhibitor (Fig. 6b,
left). However, IDN6556 did not affect the accumulation of
GFP-degron triggered by FOXRED2 over-expression
(Fig. 6b, right), suggesting that FOXRED2-induced inhi-
bition of proteasome activity is an earlier event than cell
death. In addition, FOXRED2-mediated cell death in
mouse HT22 cells accompanied proteolytic activation of
caspase-12, a pro-apoptotic molecule in the ER stress
response (Fig. 6c). FOXRED?2 also increased the expres-
sion level of GRP78, an ER stress marker (Fig. 6¢).
Salubrinal, an inhibitor of ER stress-mediated cell death,
was able to suppress FOXRED2-induced cell death
(Fig. 6d, left), but did not affect the accumulation of
GFP-degron (Fig. 6d, right). These results suggest that
FOXRED2-induced cell death is mediated through an ER
stress response.

Next, we attempted to answer the question of whether
expressional regulation of FOXRED?2 affects Af-induced
cell death. While over-expression of FOXRED?2 enhanced
Ap-induced cell death and induced caspase-3 activation in
human SH-SY5Y cells, down-regulation of FOXRED2
expression by siRNA suppressed both Ap-induced cell
death and GRP78 expression (Fig. 7a, b). These observa-
tions suggest that FOXRED?2 plays a role in Af-induced
cell death by modulation of the ER stress response.
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Fig. 6 FOXRED2 mediates ER stress-mediated neuronal cell death.
a FOXRED?2 over-expression induces neuronal cell death. Following
transfection of SH-SY5Y cells with pcDNA, pFOXRED2 (FR2 WT),
pFOXRED2AC(1-245) (FR2 AC), or pPFOXRED2(D;M) (FR2D;M)
for the indicated times, cell death was examined using ethidium
homodimer staining (leff). Cell lysates were analyzed by Western
blotting using anti-FOXRED?2 antibody (right). Arrows indicate the
FOXRED2AC, FOXRED?2, and FOXRED2(D;) mutant. b Inhibition
of FOXRED2-induced cell death by caspase inhibitor. Following
cotransfection of SH-SY5Y cells with pGFP" and either pcDNA or
pFOXRED?2 in the absence or presence of 25 pM IDN6556 for 24 h,
cell death was examined using ethidium homodimer staining (left).
Western blot analysis was performed using anti-FOXRED2, anti-
GFP, and anti-tubulin antibodies (right). Mock Untreated SH-SYSY

Discussion

FOXRED? is an unstable protein with two degradation (D)
boxes and one KEN box, and it is rapidly degraded under
culture conditions. Our observations that the introduction
of mutations into the D or KEN box of FOXRED2
increases both protein stability and its ability to modulate
proteasome activity indicate that the cellular level of the
FOXRED?2 protein is critical to the modulation of the
proteasome. In particular, the FOXRED?2 deletion mutant
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cells. ¢ Increase in GRP78 expression and proteolytic cleavage of
caspase-12 by FOXRED?2 over-expression. HT22 cells were trans-
fected with pcDNA or pFOXRED?2 for the indicated times, and cell
extracts were examined by Western blot analysis using anti-
FOXRED?2, anti-GRP78, anti-caspase-12, and anti-tubulin antibodies.
Asterisks Non-specific signals, black arrow pro-form of caspase-12,
white arrow processed form of caspase-12. d Inhibition of FOX-
RED2-induced cell death by Salubrinal. Following cotransfection of
SH-SY5Y cells with pGFP" and either pcDNA or pFOXRED?2 for
24 h in the absence or presence of 75 uM Salubrinal, cell death was
examined as in b (left), and Western blot analysis was performed
using anti-FOXRED?2, anti-GFP, and anti-tubulin antibodies (right).
Mock Untreated SH-SYSY cells

containing the N-terminus but lacking the D and KEN
boxes, was more stable than FOXRED?2 and efficient in the
inhibition of proteasome activity. The N-terminus of
FOXRED2 possesses a FAD-dependent oxidoreductase
domain, which may catalyze the transfer of electrons from
reductant (electron donor) to oxidant (electron acceptor)
and induce oxidative stress using cofactors FAD or NADH
[27]. However, we did not observe any significant alter-
ation in protein carbonylation or in the intracellular level of
reactive oxygen species (ROS) in cells over-expressing
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Fig. 7 Knockdown of FOXRED?2 expression suppresses Af42-
induced cell death and the endoplasmic reticulum (ER) stress
response. a, b Suppression of Af42-induced cell death by FOXRED?2
knockdown. a Following transfection with pcDNA, pFOXRED?2, or
FOXRED?2 siRNA for 24 h, SH-SY5Y cells were left untreated
(Mock) or treated with 10 uM Ap42 for 24 h. Cell death was
examined using ethidium homodimer staining. b Cell extracts were
analyzed by Western blotting using anti-FOXRED2, anti-GRP78,
anti-p-IRE1, anti-caspase-3, and anti-tubulin antibodies. M Mock.
¢ Proposed model for the role of FOXRED2 in Af neurotoxicity.
Treatment with Af increases the FOXRED2 level, inhibiting
proteasome activity by modulating proteasome assembly and leading
to neuronal cell death via ER stress. ERAD ER-associated degradation
system

FOXRED?2 (data not shown) [17]. Moreover, anti-oxidant
treatment could not rescue the FOXRED2-induced inhibi-
tion of proteasome activity (data not shown); therefore, it is
not likely that FOXRED2 inhibits proteasome activity
through oxidative stress.

APC/C (anaphase-promoting complex/cyclosome) is an
E3 ligase and recognizes substrates by a specific motif,
such as the D box, KEN box, or A box with two cofactors,
Cdc20 and Cdhl [28, 29]. Control of the cell cycle and
regulation of axonal growth and neuronal cell death are
major functions of APC/C [30]. FOXRED2 has the D- and
KEN-box motif; therefore, it is possible that FOXRED?2 is
a substrate of APC/C. The results of the fluorescence
activated cell sorter (FACS) analysis, however, revealed
that over-expression of FOXRED2 had little effect on
cell cycle progression (data not shown). Nonetheless, the
question of whether FOXRED?2 is a substrate of APC/C
during neuronal cell death remains to be elucidated.

Proteasomes are localized in the cytoplasm, the nucleus,
and the cytoplasmic surface of the ER in mammalian cells
[32]. Since FOXRED2 resides in the ER lumen, the

occurrence of proteasome inhibition via the direct inter-
action between the proteasome and FOXRED? is difficult.
Findings from a recent report show that Af oligomers trap
nascent and transiently misfolded proteins, leading to their
ubiquitination by E3 ligases and the inhibition of protea-
some activity [31]. However, we observed that FOXRED2
did not bind directly to Af in vitro (ESM Fig. 4) [37];
therefore, it is unlikely that Af oligomers directly link
FOXRED?2 to the proteasome. Regulation of proteasome
activity by FOXRED2 may possibly occur through relo-
calization of the proteasome from the ER to the cytosol.
Previous reports have shown that subcellular localization
of the proteasome can be modulated. In yeast, the majority
of the 26S proteasome is localized in the nucleus
throughout the cell cycle, while there is a massive cyto-
plasmic relocalization of proteasome subunits in the
quiescence stage [33—35]. In addition, the proteasome can
be relocalized into intracytoplasmic inclusions or aggre-
somes under proteasome inhibitory conditions, such as
neurodegenerative diseases [36].

Another possibility is that FOXRED2, which has been
proposed to form a protein complex with ERAD compo-
nents, such as SELIL, OS-9, and ERdj5 [17], interferes
with proteasome activity in the ER via the ERAD. Our
results indicate that FOXRED2 may be a regulator of the
ERAD and enhance ER stress-mediated cell death. This
proposal is in line with our observation that PealR,
an ERAD substrate, is accumulated and proteasome
activity in microsome fraction is inhibited by FOXRED2
and that FOXRED?2 plays a role in Aff neurotoxicity as a
pro-apoptotic molecule. Aff neurotoxicity is known to be
mediated consistently through an ER stress response [10].
Examination of the question of whether the N-terminus of
FOXRED?2 interacts with ERAD components is of partic-
ular interest.

We believe that increased levels of FOXRED?2 affect
proteasome assembly, leading to the inhibition of protea-
some activity, which is in line with an earlier report of the
dysregulation of proteasome-assembly chaperones inhibit-
ing proteasome activity [2]. Our results are a starting point
towards understanding the regulation of proteasome
activity/assembly by FOXRED?2 at the molecular level. It is
very possible that FOXRED?2 is a key molecule linking the
modulation of UPS to neurodegeneration, such as amyloid
neurotoxicity in AD.

Acknowledgments S.M. Shim and W.J. Lee were supported by the
Brain Korea 21 program. This work was supported by a CRI grant
(R17-2008-038-01000), the Ubiquitome project, and the Brain
Research Center of the 21st Century Frontier Research Program
funded by the Ministry of Education, Science and Technology of the
Korean government (MEST) and by a AD grant (To Y-K Jung)
funded by the Ministry of Human Health and Welfare in Korea.

@ Springer



2126

S. Shim et al.

References

10.

11.

12.

13.

14.

. Hegde AN, Upadhya SC (2007) The ubiquitin—proteasome

pathway in health and disease of the nervous system. Trends
Neurosci 30:587-595. doi:10.1016/j.tins.2007.08.005

. Sasaki K, Hamazaki J, Koike M, Hirano Y, Komatsu M,

Uchiyama Y, Tanaka K, Murata S (2010) PAC1 gene knockout
reveals an essential role of chaperone-mediated 20S proteasome
biogenesis and latent 20S proteasomes in cellular homeostasis.
Mol Cell Biol 30:3864-3874. doi:10.1128/MCB.00216-10

. Le Tallec B, Barrault MB, Courbeyrette R, Guérois R, Marsolier-

Kergoat MC, Peyroche A (2007) 20S proteasome assembly is
orchestrated by two distinct pairs of chaperones in yeast and in
mammals. Mol Cell 27:660-674. doi:10.1016/j.molcel.2007.
06.025

. Besche HC, Peth A, Goldberg AL (2009) Getting to first base in

proteasome assembly. Cell 138:25-28. doi:10.1016/j.cell.2009.
06.035

. Zong C, Young GW, Wang Y, Lu H, Deng N, Drews O, Ping P

(2008) Two-dimensional electrophoresis-based characterization
of post-translational modifications of mammalian 20S protea-
some complexes. Proteomics 8:5025-5037. doi:10.1002/pmic.
200800387

. Huang HC, Jiang ZF (2009) Accumulated amyloid-f peptide

and hyperphosphorylated tau protein: relationship and links in
Alzheimer’s disease. J Alzheimers Dis 16:15-27. doi:10.3233/
JAD-2009-0960

. Lee DY, Lee KS, Lee HJ, Kim DH, Noh YH, Yu K, Jung HY,

Lee SH, Lee JY, Youn YC, Jeong Y, Kim DK, Lee WB, Kim SS
(2010) Activation of PERK signaling attenuates Aff-mediated ER
stress. PLoS One 5:¢10489. doi:10.1371/journal.pone.0010489

. Hol EM, van Leeuwen FW, Fischer DF (2005) The proteasome

in Alzheimer’s disease and Parkinson’s disease: lessons from
ubiquitin B™'. Trends Mol Med 11:488—495. doi:10.1016/j.
molmed.2005.09.001

. Song S, Kim SY, Hong YM, Jo DG, Lee JY, Shim SM, Chung

CW, Seo SJ, Yoo YJ, Koh JY, Lee MC, Yates AJ, Ichijo H, Jung
YK (2003) Essential role of E2-25K/Hip-2 in mediating amyloid-
beta neurotoxicity. Mol Cell 12:553-563. doi:10.1016/j.molcel.
2003.08.005

Song S, Lee H, Kam TI, Tai ML, Lee JY, Noh JY, Shim SM, Seo
SJ, Kong YY, Nakagawa T, Chung CW, Choi DY, Oubrahim H,
Jung YK (2008) E2-25K/Hip-2 regulates caspase-12 in ER stress-
mediated Abeta neurotoxicity. J Cell Biol 182:675-684. doi:
10.1083/jcb.200711066

Hoseki J, Ushioda R, Nagata K (2010) Mechanism and components
of endoplasmic reticulum-associated degradation. J Biochem
147:19-25. doi:10.1093/jb/mvp194

Kim I, Xu W, Reed JC (2008) Cell death and endoplasmic
reticulum stress: disease relevance and therapeutic opportunities.
Nat Rev Drug Discov 7:1013-1030. doi:10.1038/nrd2755
Lindholm D, Wootz H, Korhonen L (2006) ER stress and neu-
rodegenerative diseases. Cell Death Differ 13:385-392. doi:
10.1038/sj.cdd.4401778

Saltini G, Dominici R, Lovati C, Cattaneo M, Michelini S,
Malferrari G, Caprera A, Milanesi L, Finazzi D, Bertora P,
Scarpini E, Galimberti D, Venturelli E, Musicco M, Adorni F,
Mariani C, Biunno I (2006) A novel polymorphism in SEL1L
confers susceptibility to Alzheimer’s disease. Neurosci Lett
398:53-58. doi:10.1016/j.neulet.2005.12.038

. Kaneko M, Koike H, Saito R, Kitamura Y, Okuma Y, Nomura Y

(2010) Loss of HRDI-mediated protein degradation causes
amyloid precursor protein accumulation and amyloid-f genera-
tion. J Neurosci 30:3924-3932. doi:10.1523/INEUROSCI.
2422-09.2010

@ Springer

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

217.

28.

29.

30.

31.

32.

Raykhel I, Alanen H, Salo K, Jurvansuu J, Nguyen VD, Latva-
Ranta M, Ruddock L (2007) A molecular specificity code for the
three mammalian KDEL receptors. J Cell Biol 179:1193-1204.
doi:10.1083/jcb.200705180

Riemer J, Appenzeller-Herzog C, Johansson L, Bodenmiller B,
Hartmann-Petersen R, Ellgaard L (2009) A luminal flavoprotein
in endoplasmic reticulum-associated degradation. Proc Natl Acad
Sci USA 106:14831-14836. doi:10.1073/pnas.0900742106
Elsasser S, Schmidt M, Finley D (2005) Characterization of the
proteasome using native gel electrophoresis. Methods Enzymol
398:353-363. doi:10.1016/S0076-6879(05)98029-4

Gilon T, Chomsky O, Kulka RG (1998) Degradation signals for
ubiquitin system proteolysis in Saccharomyces cerevisiae. EMBO
J 17:2759-2766. doi:10.1093/emboj/17.10.2759

Omenn GS, States DJ, Adamski M, Blackwell TW, Menon R,
Hermjakob H, Apweiler R, Haab BB, Simpson RJ, Eddes JS,
Kapp EA, Moritz RL, Chan DW, Rai AJ, Admon A, Aebersold R,
Eng J, Hancock WS, Hefta SA, Meyer H, Paik YK, Yoo JS, Ping
P, Pounds J, Adkins J, Qian X, Wang R, Wasinger V, Wu CY,
Zhao X, Zeng R, Archakov A, Tsugita A, Beer I, Pandey A,
Pisano M, Andrews P, Tammen H, Speicher DW, Hanash SM
(2005) Overview of the HUPO Plasma Proteome Project: Results
from the pilot phase with 35 collaborating laboratories and
multiple analytical groups, generating a core dataset of 3020
proteins and a publicly-available database. Proteomics
5:3226-3345. doi:10.1002/pmic.200500358

Bennett EJ, Bence NF, Jayakumar R, Kopito RR (2005) Global
impairment of the ubiquitin-proteasome system by nuclear or
cytoplasmic protein aggregates precedes inclusion body forma-
tion. Molecular Cell 17:351-365. doi:10.1016/j.molcel.2004.
12.021

Glotzer M, Murray AW, Kirschner MW (1991) Cyclin is
degraded by the ubiquitin pathway. Nature 349:132-138. doi:
10.1038/349132a0

Pfleger CM, Kirschner MW (2000) The KEN box: an APC rec-
ognition signal distinct from the D box targeted by Cdhl. Genes
Dev 14:655-665

Kisselev AF, Garcia-Calvo M, Overkleeft HS, Peterson E, Pen-
nington MW, Ploegh HL, Thornberry NA, Goldberg AL (2003)
The caspase-like sites of proteasomes, their substrate specificity,
new inhibitors and substrates, and allosteric interactions with the
trypsin-like sites. J Biol Chem 278:35869-35877. doi:10.1074/
jbc.M303725200

Takahashi R, Imai Y (2003) Pael receptor, endoplasmic reticulum
stress, and Parkinson’s disease. J Neurol 250 [Suppl 3]:11125-29.
doi:10.1007/s00415-003-1305-8

Rossin A, Derouet M, Abdel-Sater F, Hueber AO (2009) Palm-
itoylation of the TRAIL receptor DR4 confers an efficient
TRAIL-induced cell death signalling. Biochem J 419:185-192
Brandt U (2006) Energy converting NADH:quinone oxidore-
ductase (complex I). Annu Rev Biochem 75:69-92

Baker DJ, Dawlaty MM, Galardy P, van Deursen JM (2007)
Mitotic regulation of the anaphase-promoting complex. Cell Mol
Life Sci 64:589-600. doi:10.1007/s00018-007-6443-1

Pesin JA, Orr-Weaver TL (2008) Regulation of APC/C activators
in mitosis and meiosis. Annu Rev Cell Dev Biol 24:475-499
Manchado E, Eguren M, Malumbres M (2010) The anaphase-
promoting complex/cyclosome (APC/C): cell-cycle-dependent
and -independent functions. Biochem Soc Trans 38:65-71
Gruschus JM (2008) Do amyloid oligomers act as traps for
misfolded proteins? A hypothesis. Amyloid 15:160-165

Brooks P, Fuertes G, Murray RZ, Bose S, Knecht E, Rechsteiner
MC, Hendil KB, Tanaka K, Dyson J, Rivett J (2000) Subcellular
localization of proteasomes and their regulatory complexes in
mammalian cells. Biochem J 346:155-161


http://dx.doi.org/10.1016/j.tins.2007.08.005
http://dx.doi.org/10.1128/MCB.00216-10
http://dx.doi.org/10.1016/j.molcel.2007.06.025
http://dx.doi.org/10.1016/j.molcel.2007.06.025
http://dx.doi.org/10.1016/j.cell.2009.06.035
http://dx.doi.org/10.1016/j.cell.2009.06.035
http://dx.doi.org/10.1002/pmic.200800387
http://dx.doi.org/10.1002/pmic.200800387
http://dx.doi.org/10.3233/JAD-2009-0960
http://dx.doi.org/10.3233/JAD-2009-0960
http://dx.doi.org/10.1371/journal.pone.0010489
http://dx.doi.org/10.1016/j.molmed.2005.09.001
http://dx.doi.org/10.1016/j.molmed.2005.09.001
http://dx.doi.org/10.1016/j.molcel.2003.08.005
http://dx.doi.org/10.1016/j.molcel.2003.08.005
http://dx.doi.org/10.1083/jcb.200711066
http://dx.doi.org/10.1093/jb/mvp194
http://dx.doi.org/10.1038/nrd2755
http://dx.doi.org/10.1038/sj.cdd.4401778
http://dx.doi.org/10.1016/j.neulet.2005.12.038
http://dx.doi.org/10.1523/JNEUROSCI.2422-09.2010
http://dx.doi.org/10.1523/JNEUROSCI.2422-09.2010
http://dx.doi.org/10.1083/jcb.200705180
http://dx.doi.org/10.1073/pnas.0900742106
http://dx.doi.org/10.1016/S0076-6879(05)98029-4
http://dx.doi.org/10.1093/emboj/17.10.2759
http://dx.doi.org/10.1002/pmic.200500358
http://dx.doi.org/10.1016/j.molcel.2004.12.021
http://dx.doi.org/10.1016/j.molcel.2004.12.021
http://dx.doi.org/10.1038/349132a0
http://dx.doi.org/10.1074/jbc.M303725200
http://dx.doi.org/10.1074/jbc.M303725200
http://dx.doi.org/10.1007/s00415-003-1305-8
http://dx.doi.org/10.1007/s00018-007-6443-1

Af-induced FOXRED?2 inhibits proteasome

2127

33.

34.

35.

36.

Palmer A, Mason GG, Paramio JM, Knecht E, Rivett AJ (1994)
Changes in proteasome localization during the cell cycle. Eur J
Cell Biol 64:163-175

Russell SJ, Steger KA, Johnston SA (1999) Subcellular Locali-
zation, stoichiometry, and protein levels of 26 S proteasome
subunits in yeast. J Biol Chem 274:21943-21952. doi:
10.1074/jbc.274.31.21943

Laporte D, Salin B, Daignan-Fornier B, Sagot I (2008) Reversible
cytoplasmic localization of the proteasome in quiescent yeast
cells. J Cell Biol 181:737-745. doi:10.1083/jcb.200711154
Wojcik C, DeMartino GN (2003) Intracellular localization of
proteasomes. Int J Biochem Cell Biol 35:579-589. doi:10.1016/
S1357-2725(02)00380-1

37.

Laurén J, Gimbel DA, Nygaard HB, Gilbert JW, Strittmatter SM
(2009) Cellular prion protein mediates impairment of synaptic
plasticity by amyloid-beta oligomers. Nature 457:1128-1132.
doi:10.1038/nature07761

. Noh JY, Lee H, Song S, Kim NS, Im W, Kim M, Seo H, Chung

CW, Chang JW, Ferrante RJ, Yoo YJ, Ryu H, Jung YK (2009)
SCAMPS links endoplasmic reticulum stress to the accumulation
of expanded polyglutamine protein aggregates via endocytosis
inhibition. J Biol Chem 284:11318-11325. doi:10.1074/jbc.
M807620200

@ Springer


http://dx.doi.org/10.1074/jbc.274.31.21943
http://dx.doi.org/10.1083/jcb.200711154
http://dx.doi.org/10.1016/S1357-2725(02)00380-1
http://dx.doi.org/10.1016/S1357-2725(02)00380-1
http://dx.doi.org/10.1038/nature07761
http://dx.doi.org/10.1074/jbc.M807620200
http://dx.doi.org/10.1074/jbc.M807620200

	Amyloid beta -induced FOXRED2 mediates neuronal cell death via inhibition of proteasome activity
	Abstract
	Introduction
	Materials and methods
	Material
	Cell culture and transfection
	Genome-wide functional screening
	Assays for proteasome activities
	Reverse transcriptase-PCR
	Plasmid construction and site-directed mutagenesis
	SDS-PAGE and immunoblot analysis
	Primary culture of rat cortical neurons
	Recombinant protein production
	In vitro ubiquitination
	Subcellular fractionation
	Gel filtration
	Native-PAGE
	Immunoprecipitation

	Results
	A beta exposure increases FOXRED2, leading to inhibition of proteasome activity
	Oxidoreductase domain of FOXRED2 inhibits proteasome activity
	FOXRED2 decreases microsomal proteasome activity and interferes with proteasome assembly
	FOXRED2 mediates A beta toxicity via ER stress response

	Discussion
	Acknowledgments
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 149
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 149
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 599
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
    /DEU <>
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.276 841.890]
>> setpagedevice


