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A growing body of evidence suggests that Nrf1 is an inducible transcription factor that maintains cellular
homeostasis. Under physiological conditions, Nrf1 is targeted to the endoplasmic reticulum (ER), implying
that it translocates into the nucleus in response to an activating signal. However, the molecular mechanisms
by which the function of Nrf1 is modulated remain poorly understood. Here, we report that two distinct
degradation mechanisms regulate Nrf1 activity and the expression of its target genes. In the nucleus, �-TrCP,
an adaptor for the SCF (Skp1-Cul1-F-box protein) ubiquitin ligase, promotes the degradation of Nrf1 by
catalyzing its polyubiquitination. This activity requires a DSGLS motif on Nrf1, which is similar to the
canonical �-TrCP recognition motif. The short interfering RNA (siRNA)-mediated silencing of �-TrCP mark-
edly augments the expression of Nrf1 target genes, such as the proteasome subunit PSMC4, indicating that
�-TrCP represses Nrf1 activation. Meanwhile, in the cytoplasm, Nrf1 is degraded and suppressed by the
ER-associated degradation (ERAD) ubiquitin ligase Hrd1 and valosin-containing protein (VCP) under normal
conditions. We identified a cytoplasmic degradation motif on Nrf1 between the NHB1 and NHB2 domains that
exhibited species conservation. Thus, these results clearly suggest that both �-TrCP- and Hrd1-dependent
degradation mechanisms regulate the transcriptional activity of Nrf1 to maintain cellular homeostasis.

The transcription factor Nrf1 (NF-E2-related factor 1 or
NFE2L1) belongs to the cap’n’collar-type basic leucine zipper
(CNC-bZip) protein family. Nrf1 activates gene expression
through either the antioxidant response element (ARE) or the
Maf recognition element (MARE) by heterodimerizing with
small Maf proteins (14, 32). The physiological roles of Nrf1
remain unclear, but gene-targeting experiments have helped to
elucidate the function of Nrf1. Nrf1-deficient mice display an
embryonic lethal phenotype due to anemia (3). The condi-
tional gene targeting of Nrf1 in hepatocytes, osteoblasts, and
neural cells causes steatosis, diminished bone formation, and
neurodegeneration, respectively (10, 13, 23, 36, 37). These in
vivo observations clearly indicate that Nrf1 is indispensable to
the maintenance of cellular homeostasis. Recent studies have
demonstrated that Nrf1 regulates expression of a set of pro-
teasome subunit genes to maintain proteasome homeostasis
(27, 31). Extensive biochemical studies have also elucidated
the molecular regulation of Nrf1. Under physiological condi-
tions, Nrf1 is anchored to the endoplasmic reticulum (ER) by
its N-terminal NHB1 domain (34, 40, 42). This finding suggests
that Nrf1-mediated gene expression requires activating stresses
or signals that lead to the liberation of Nrf1 from the ER and,

thereby, the nuclear translocation of Nrf1. Supporting this
idea, a number of studies have reported that several drugs,
including tunicamycin, tert-butyl hydroquinone (tBHQ), ascor-
bic acid, and arsenite, promote the nuclear entry of Nrf1 (34,
36, 41, 44) although the precise mechanisms of their activities
have not been fully elucidated.

The ubiquitin-proteasome system serves a central regulatory
function by modulating the abundance of proteins in many
biological processes, such as cell cycle progression, signal trans-
duction, and transcription. The polyubiquitin chain, an important
degradation signal recognized by the proteasome, is conju-
gated to substrate proteins by sequential reactions catalyzed by
three types of enzymes (7, 28): the ubiquitin-activating en-
zymes (E1), the ubiquitin-conjugating enzymes (E2), and the
ubiquitin ligases (E3). The E3 ubiquitin ligases exhibit two
distinct functions; one function is to target substrate proteins,
and the other function is to catalyze the formation of isopep-
tide bonds between the substrate protein and ubiquitin. Based
on structural similarities, the E3 ubiquitin ligases are classified
into three groups: the RING-finger proteins, the HECT do-
main proteins, and the U-box domain proteins. Among the
RING-finger proteins, the SCF (Skp1-Cul1-F-box protein)
ubiquitin ligases have been thoroughly characterized (5, 20).
The SCF complex comprises the F-box protein, Skp1, and
Cul1. The F-box protein functions as an adaptor that deter-
mines target specificity and recruits the target protein into the
Cul1 scaffold along with Skp1. Sixty-nine F-box proteins, in-
cluding �-TrCP (the �-transducin repeat-containing protein),
have been identified in humans. �-TrCP regulates various cel-
lular processes by mediating the degradation of target proteins,
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such as I�B, �-catenin, and Cdc25, which are intimately related
to tumorigenesis. Mammals express two distinct paralogues of
this protein, �-TrCP1 and �-TrCP2, which exhibit similar bio-
chemical properties (thus, the paralogues will here be referred
to as �-TrCP). �-TrCP recognizes a consensus DpSGXnpS
motif (n � 1; pS represents the phosphorylated serine residue)
or variants of this motif in its substrates via its WD40 repeat
domain. In the case of the former canonical motif, phosphor-
ylation of its conserved serine residues is indispensable for the
recognition of specific substrates by �-TrCP. Numerous reports
have documented that the phosphorylation of the substrates of
�-TrCP is catalyzed by specific kinases, such as glycogen synthase
kinase 3� (GSK-3�), polo-like kinase, and CK1.

The endoplasmic reticulum-associated degradation (ERAD) is
a quality control system for misfolded or improperly assembled
membrane proteins and secreted proteins in the ER (1, 8). Such
aberrant proteins are polyubiquitinated by ubiquitin ligases, com-
prising multiple protein subunits, in the ER membrane. These
components are conserved in all eukaryotic organisms, strongly
suggesting the importance of this process to cellular homeostasis.
One of the ERAD ubiquitin ligases, Hrd1 (also known as syno-
violin), forms a complex with SEL1L and predominantly mediates
the degradation of soluble, ER-luminal substrates and integral
membrane proteins. After being polyubiquitinated by the Hrd1-
SEL1L complex, the substrates are recognized by a complex con-
taining the AAA-ATPase p97/valosin-containing protein (VCP)
and are transported to the proteasome. Intriguingly, Hrd1 has
been reported to control the turnover of p53 in the cytoplasm
(38). This finding indicates that Hrd1 contributes to the degrada-
tion of cytoplasmic factors as well as ERAD.

To understand the physiological roles of Nrf1, we first at-
tempted to elucidate the regulatory mechanism of Nrf1. In this
regard, the growing body of evidence regarding the molecular
basis of the stress response mediated by the Nrf1-related factor
Nrf2 provided considerable insight. Nrf2 is one of the major
regulatory factors to induce the expression of oxidative stress
response genes, such as heme oxygenase-1 (Ho-1) and Nqo1, in
response to oxidative stress (32). Under physiological condi-
tions, Nrf2 is sequestered in the cytoplasm by the oxidative
stress sensor Keap1. Moreover, Keap1 possesses an additional
function as an adaptor protein for the Cul3-based ubiquitin
ligase and, thereby, mediates the polyubiquitin conjugation
and proteasomal degradation of Nrf2. Importantly, the nature
of the activation mechanism of Nrf2 in response to oxidative
stress is the inhibition of the Keap1-mediated ubiquitination of
Nrf2, which results in the nuclear entry of stabilized Nrf2 (12).
Based on these findings, we hypothesized that the function of
Nrf1 is also regulated in a ubiquitin-proteasome-dependent
fashion and investigated this hypothesis in the current study.
Here, we report that the transcriptional activity of Nrf1 is
modulated by two distinct degradation pathways in the nucleus
and the cytoplasm. The nuclear degradation of Nrf1 is medi-
ated by the ubiquitin ligase adaptor �-TrCP, which results in
the repression of the transcriptional activity of Nrf1. The cy-
toplasmic degradation of Nrf1 is dependent on Hrd1 and VCP.
Collectively, these results suggest that the regulation of two
proteolysis pathways induces the transcriptional activation by
Nrf1 to maintain cellular homeostasis.

MATERIALS AND METHODS

Antibodies. The antibodies utilized in this study included anti-Flag (M2;
Sigma), anti-hemagglutinin ([HA] Y-11; Santa Cruz), anti-Myc (A-14; Santa
Cruz), anti-green fluorescent protein ([GFP] B-2; Santa Cruz), anti-Nrf1 (H-285;
Santa Cruz), anti-Nrf2 (H-300; Santa Cruz), anti-�-catenin (BD Biosciences),
anti-�-tubulin (Sigma), and anti-lamin B1 (Zymed). The rat monoclonal anti-
Keap1 antibody was described previously (35). Rat monoclonal antibodies di-
rected against mouse Nrf1 were raised by immunizing rats with a purified re-
combinant Nrf1 protein (residues 211 to 460), tagged with six histidine residues,
that was expressed in Escherichia coli. After hybridoma cells expressing antibod-
ies were selected, one positive clone for Nrf1 (clone 17) was injected into the
abdominal cavity of a mouse to produce ascites, and the resultant antibody was
purified from ascites using a protein G column (Pierce).

Plasmid construction. All expression plasmids of Flag-tagged wild-type (WT)
Nrf1 and deletion mutants were generated by subcloning the cDNA fragments
encoding various Nrf1 mutants that were amplified by PCR into the Asp718 and
XbaI sites of pcDNA3 (Invitrogen). HA-tagged wild-type �-TrCP2 and �F-box
mutant expression vectors were kindly provided by Keiko Nakayama (Tohoku
University). The HA–�-TrCP2 �WD40 expression vector was constructed
through the PCR-based amplification method. The Myc-tagged �-TrCP2 expres-
sion vector was constructed by subcloning �-TrCP2 into the pcDNA3-Myc vec-
tor. The Flag-tagged Nrf2 was generated as described previously (9). The HA-
tagged ubiquitin vector was kindly provided by Dirk Bohmann (33). The
3�PSMA4-ARE-Luc vector was kindly provided by Raymond J. Deshaies (27).
All constructions were verified by DNA sequencing. Detailed information re-
garding all expression vectors is available upon request.

Cell culture and transfection. COS7 cells and HeLa cells were cultured in
Dulbecco’s modified Eagle’s medium (DMEM) (Wako) supplemented with 10%
fetal calf serum (FCS) (Invitrogen), 4,500 mg/liter glucose, 40 �g/ml streptomy-
cin, and 40 units/ml penicillin. Mouse embryonic fibroblasts (MEFs) were cul-
tured in Iscove’s modified Dulbecco’s medium (IMDM) (Wako) supplemented
with 10% FCS, 2 mM glutamine (Invitrogen), 40 �g/ml streptomycin, and 40
units/ml penicillin. The transfection of plasmid DNA and short interfering RNA
(siRNA) was achieved by Lipofectamine Plus and Lipofectamine 2000 (Invitro-
gen), respectively.

Immunoprecipitation and immunoblot analysis. Expression plasmids for wild-
type or deletion mutants of HA–�-TrCP2 were transfected into COS7 cells along
with wild-type or deletion mutants of Nrf1 with three copies of the Flag tag
(3�Flag-Nrf1). At 24 h after transfection, cells were treated with the protease
inhibitor MG132 (Peptide Institute) at a concentration of 10 �M for 8 h and
subjected to preparation of whole-cell extracts with lysis buffer (50 mM Tris-HCl
[pH 8.0], 10% glycerol, 100 mM NaF, 50 mM NaCl, 2 mM EDTA, 2 mM sodium
orthovanadate, 10 mM sodium pyrophosphate, 10 mM �-glycerophosphate,
0.1% NP-40, and 1� protease inhibitor cocktail [Roche]). The whole-cell ex-
tracts were subjected to immunoprecipitation with anti-Flag M2 affinity gels
(Sigma) at 4°C for 2 h. After the affinity gels were washed with a wash buffer (50
mM Tris-HCl [pH 7.4], 150 mM NaCl and 0.1% NP-40) three times, immuno-
complexes were eluted by boiling in an SDS sample buffer (50 mM Tris-HCl [pH
6.8], 10% glycerol and 1% SDS) and subjected to immunoblot analysis using the
antibodies indicated on the figures. The blots were treated with a horseradish
peroxidase-conjugated secondary antibody (Invitrogen) and were developed with
enhanced chemiluminescence (ECL; GE Healthcare).

Cycloheximide chase experiment. Expression vectors encoding wild-type
3�Flag-Nrf1 or deletion mutants were transfected into COS7 cells along with a
GFP expression vector, which served as an internal control. At 24 h after trans-
fection, the cells were treated with 20 �g/ml cycloheximide, and at the indicated
time points, the whole-cell extracts were prepared and subjected to immunoblot
analysis with the antibodies indicated on the figures. For the analysis of endog-
enous proteins, the cells were pretreated with 10 �M MG132 for 6 h, washed two
times with phosphate-buffered saline (PBS), and treated with 20 �g/ml cyclo-
heximide.

Subcellular fractionation of MEFs. MEFs derived from wild-type and Nrf1
knockout mice were grown in six-well plates and left untreated or treated with 10
�M MG132 for 8 h. The method of the preparation of cytoplasmic and nuclear
extracts was described previously (12). Briefly, the cells were swollen in buffer A
(20 mM HEPES-KOH [pH 8.0], 10 mM KCl, 1.5 mM MgCl2, 0.1 mM EDTA, 1
mM dithiothreitol [DTT], 1� protease inhibitor cocktail [Roche], and 10 �M
MG132), followed by lysis with the addition of NP-40 (at a final concentration of
2.5%). After centrifugation, the supernatants and precipitates were collected.
The supernatants were further subjected to centrifugation at 20,000 � g for 10
min, and subsequent supernatants were employed as cytoplasmic extracts in the
present study. On the other hand, the precipitates were subjected to two washes
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with buffer A, lysis with the SDS sample buffer, and mild sonication to shear
genomic DNA. After centrifugation, the supernatants were collected as nuclear
extracts. The quantities of proteins in these extracts were determined with a
bicinchoninic acid (BCA) kit (Thermo).

Immunocytochemical staining. COS7 cells transiently expressing wild-type
3�Flag-tagged Nrf1 or a deletion mutant or HA–�-TrCP2 were fixed with
formaldehyde for 10 min, washed twice with PBS, and permeabilized with 0.5%
Triton X-100 in PBS for 5 min. The cells were washed with PBS twice and treated
with anti-Flag or anti-HA antibodies for 1 h at room temperature. After cells
were washed three times with PBS, they were incubated with Alexa 488- or Alexa
546-conjugated secondary antibodies for 30 min at room temperature, and the
nuclei were stained with 4�,6�-diamidino-2-phenylindole (DAPI). After samples
were washed with PBS, a drop of fluorescent mounting medium (Dako) was
placed on the glass slides. Fluorescence images were captured by an Olympus
IX71 microscope.

siRNA knockdown experiment. HeLa cells split into 12-well plates were cul-
tured for 24 h in medium without antibiotics. The cells were transfected twice
with 40 nM siRNA (at 24 and 48 h after plating) using Lipofectamine 2000
(Invitrogen). At 24 h after the last transfection, the cells were utilized for each
experiment. For the cotransfection of siRNA and plasmid DNA, 40 nM siRNA
was transfected into the cells along with plasmid DNA using Lipofectamine
2000 (Invitrogen). A GFP expression vector was also transfected into the cells
as an internal control. At 24 h after transfection, the culture medium was
replaced with fresh medium without antibiotics, and the cells were subse-
quently cultured for 24 h. The cells were lysed with an SDS sample buffer, and
the resultant whole-cell extracts were subjected to immunoblot analysis
with the antibodies indicated on the figures. The sequences of the sense
strand of the siRNA duplexes employed in the present study were as follows:
control siRNA, 5�-UUCUCCGAACGUGUCACGUdTdT-3�; Nrf1, 5�-GGGA
UUCGGUGAAGAUUUGdTdT-3�; �-TrCP1(1), 5�-CAAAUCUUCACCGAA
UCCCdTdT-3�; �-TrCP1(2), 5�-UUCUCACAGGCCAUACAGGdTdT-3�;
�-TrCP2, 5�-GAGGCCAUCAGAAGGAAACdTdT-3�; �-TrCP1/2, 5�-GUGG
AAUUUGUGGAACAUCdTdT-3�; Keap1, 5�-GGCCUUUGGCAUCAUGA
ACdTdT-3�; VCP, 5�-GUAGGGUAUGAUGACAUUGdTdT-3�; gp78, 5�-CA
UGCAGAAUGUCUCUUAAdTdT-3�; TEB4, 5�-UUAAGAGUGUGCUGCC
UAAdTdT-3�. For the knockdown of Hrd1, siGENOME SMART pools of four
oligonucleotide duplexes targeted against Hrd1 (Dharmacon) were used.

RNA extraction and real-time quantitative PCR. Total RNA was extracted
from cells with an RNeasy Mini kit (Qiagen) and subjected to cDNA synthesis
with random hexamer primers. Real-time quantitative PCR was performed with
FastStart Universal SYBR (Roche) master mix and an ABI Prism 7900 (Applied
Biosystems). The PCR primers employed in the present study were as follows:
Nrf1, 5�-TGGAACAGCAGTGGCAAGATCTCA-3� and 5�-GGCACTGTACA
GGATTTCACTTGC-3�; �-TrCP1, 5�-TGCCGAAGTGAAACAAGC-3� and
5�-CCTGTGAGAATTCGCTTG-3�; �-TrCP2, 5�-TCAGTGGCCTACGAGAT
A-3� and 5�-ACACGCTCATCATACTGCA-3�; glyceraldehyde-3-phosphate de-
hydrogenase (GAPDH), 5�-CCAGAACATCATCCCTGCCTCTACT-3� and 5�-
GGTTTTTCTAGACGGCAGGTCAG-3�; 18S rRNA, 5�-CGCCGCTAGAGG
TGAAATTC-3� and 5�-CGAACCTCCGACTTTCGTTCT-3�; Psmc4, 5�-GGA
AGACCATGTTGGCAAAG-3� and 5�-AAGATGATGGCAGGTGCATT-3�;
Psma2, 5�-GCCCCGATTACAGAGTGC-3� and 5�-TGGACGAACACCACCT
GA-3�; Psma4, 5�-CATTGGCTGGGATAAGCA-3� and 5�-ATGCATGTGGC
CTTCCAT-3�; VCP, 5�-TACCAACCGGCCTGACAT-3� and 5�-TGGCAACA
CGGGACTTCT-3�; Hrd1, 5�-TGCAACCACATTTTCCATACCA-3� and 5�-G
CGATGCACGAAGGACATC-3�; gp78, 5�-GGTGCAGCGTAAGGACGA
A-3� and 5�-GCATCATCTTCAGAACTTTTGTTCA-3�; TEB4, 5�-TTGTCCT
TCCAAGTCCGCCAG-3� and 5�-GACTGTGGAGGTGGTGGAGATG-3�.

The ubiquitination assay. HeLa cells were transfected with expression plas-
mids encoding 3�Flag-Nrf1 P3 (Nrf1 with a deletion of residues 1 to 242) and
HA-tagged ubiquitin along with plasmids expressing wild-type Myc-tagged
�-TrCP2 or a �F-box �-TrCP2 mutant. At 24 h after transfection, the cells were
treated with 10 �M MG132 for 8 h and were lysed with lysis buffer (10 mM
Tris-HCl [pH 7.5], 150 mM NaCl, 1% SDS, 1� protease inhibitor cocktail
[Roche], 10 �M MG132, and 10 mM N-ethylmaleimide [NEM]) to prepare the
whole-cell extracts. The cell extracts were immediately boiled and diluted with
dilution buffer (10 mM Tris-HCl [pH 7.5], 150 mM NaCl, 1% Triton X-100, 1�
protease inhibitor cocktail, 10 �M MG132, and 10 mM NEM). After centrifu-
gation at 18,000 � g for 15 min, the supernatants were incubated with anti-Flag
antibody and protein G Sepharose beads (GE Healthcare) at 4°C for 2 h. The
immunocomplexes were washed with dilution buffer twice and were eluted by
boiling in an SDS sample buffer. Ubiquitinated Nrf1 was visualized by immuno-
blot analysis using anti-HA antibody.

Luciferase assay. The day before transfection, COS7 cells were split into
24-well plates and cultured for 24 h. The cells were transfected with plasmids
encoding 3�Flag-Nrf1 P3 or the P3-SA mutant (with alanine substitutions at two
serine residues of the motif Ser448/451) along with luciferase reporter plasmids
encoding the NQO1 promoter (9) or three tandem copies of the ARE of PSMA4
(27), and cells were transfected with pRL-TK (Promega) as an internal control.
At 24 h after transfection, luciferase activities were measured with the PicaGene
luciferase assay system (Toyo Ink) and a Berthold Lumat LB9507 luminometer.

Statistical analysis. Data comparisons were conducted with a two-tailed Stu-
dent’s t test for repeated measurements.

RESULTS

The transcription factor Nrf1 is degraded in both the cyto-
plasm and the nucleus. To evaluate our hypothesis that the
biological function of Nrf1 is regulated in a proteasome-de-
pendent manner, we first examined whether the proteasome
inhibitor MG132 stabilizes the endogenous Nrf1 protein. We
treated wild-type MEFs with MG132 for 8 h and prepared
cytoplasmic and nuclear extracts from the cells. The expression
level of Nrf1 was determined by immunoblot analysis with
anti-Nrf1 antibody. The result indicates that MG132 treatment
significantly enhanced multiple immunoreactive bands at 110
kDa (Fig. 1A, lanes 1 to 4). In contrast, MG132 treatment of
Nrf1 knockout mouse-derived MEFs did not cause an increase
in the immunoreactive bands (Fig. 1A, lanes 5 to 8), suggesting
that the immunoreactive bands were derived from the endog-
enous Nrf1. Thus, we conclude that the turnover of Nrf1 is
strongly dependent on proteasome activity.

This result also demonstrates that the Nrf1 protein accumu-
lated predominantly in the nucleus upon treatment with
MG132. As it has been reported that Nrf1 is localized to the
ER membrane under normal conditions, we assumed that Nrf1
is constitutively degraded in the cytoplasm and that, after
MG132 treatment, Nrf1 is stabilized and translocates into the
nucleus. To test this hypothesis, we attempted to identify the
cellular compartment where Nrf1 degradation occurs. Overex-
pressed wild-type (WT) full-length Nrf1 was localized to both
the cytoplasm and the nucleus (Fig. 1B and C, WT). Thus, we
generated Nrf1 mutants that predominantly localized to either
the cytoplasm or the nucleus. As prior studies have reported
that Nrf1 possesses an ER retention motif in the NHB1 do-
main and a nuclear localization signal (NLS) in the basic re-
gion of the bZip domain, we constructed Nrf1 mutants that
lacked the NHB1 domain (P1) or the bZip domain (�bZip)
(Fig. 1B). The subcellular localization of these Nrf1 mutants
expressed in COS7 cells was determined by immunocytochem-
ical staining with anti-Flag antibody. The result clearly indi-
cates that the P1 mutant and the �bZip mutant predominantly
localized to the nucleus and the cytoplasm, respectively (Fig.
1C). Utilizing these Nrf1 mutants, we investigated whether
these mutant proteins undergo proteasome-mediated degrada-
tion. MG132 treatment stabilized wild-type Nrf1, implying that
this assay closely mimics the degradation mechanism of endog-
enous Nrf1. Interestingly, not only the �bZip mutant but also
the P1 mutant were significantly stabilized by MG132 treat-
ment (Fig. 1D). This result clearly indicates that both mutant
proteins are effectively degraded in a proteasome-dependent
manner and strongly suggests that Nrf1 is degraded in both the
cytoplasm and the nucleus.

�-TrCP mediates the nuclear degradation of Nrf1. To deci-
pher the molecular basis underlying the cytoplasmic and nu-
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clear degradation of Nrf1, we attempted to identify the molec-
ular component(s) that regulates Nrf1 proteolysis by using a
proteomic approach (21). Whole-cell extracts from HEK293
cells expressing C-terminal Flag-tagged Nrf1 were subjected to
immunoprecipitation with anti-Flag antibody to isolate Nrf1
complexes. Subsequent liquid chromatography-tandem mass
spectrometry (LC-MS/MS) analyses identified a variety of
proteins, including transcriptional cofactors, kinases, and
protein modification enzymes, as Nrf1-associated molecules
(data not shown). Importantly, the ubiquitination-related
factors �-TrCP2, Skp1, and Keap1 were identified as Nrf1-
binding factors. The �-TrCP2-Skp1 heterodimer and Keap1

are substrate-specific adaptors for the Cul1- and Cul3-based
ubiquitin ligase complexes, respectively. Accordingly, we
performed siRNA-mediated RNA interference experiments
to examine whether �-TrCP2 and Keap1 are involved in the
mechanism of Nrf1 degradation. Taking into consideration
the functional redundancy between �-TrCP2 and its ana-
logue �-TrCP1, we first examined the effect of siRNA
against �-TrCP1, �-TrCP2, or both proteins (�-TrCP1/2) on
the stability of Flag-tagged Nrf1 expressed in HeLa cells.
Whole-cell extracts were prepared from the cells and were
subjected to immunoblot analysis with anti-Flag antibody to
examine the expression level of Nrf1. As a result, the knock-
down of both �-TrCP1 and �-TrCP2 significantly stabilized the
Nrf1 protein, whereas the knockdown of �-TrCP2 alone dem-
onstrated a much smaller effect on Nrf1 stability (Fig. 2A). The
silencing efficiency of �-TrCP1 and �-TrCP2 was confirmed by
a real-time quantitative PCR analysis (Fig. 2B). Therefore, we
employed siRNA specific to both �-TrCP1 and �-TrCP2 in all
subsequent experiments. Next, we investigated the effect of
�-TrCP siRNA on the stability of the Nrf1 mutants. Interest-
ingly, �-TrCP siRNA significantly stabilized the P1 mutant but
not the �bZip mutant while MG132 treatment stabilized both
mutants (Fig. 2C). Real-time quantitative PCR analysis dem-
onstrated that the �-TrCP siRNA significantly reduced both
�-TrCP1 and �-TrCP2 mRNAs but not Nrf1 mRNA (Fig. 2D).
These data indicate that Nrf1 degradation is regulated by both
�-TrCP-dependent and -independent mechanisms. Given that
the P1 and �bZip mutants exhibit distinct intracellular local-
izations (Fig. 1C), it is likely that �-TrCP-dependent degrada-
tion of Nrf1 occurs predominantly in the nucleus. Meanwhile,
Keap1 siRNA did not stabilize the wild-type Nrf1 or the P1 or
�bZip mutant (Fig. 2C and E, left panel) although it stabilized
Nrf2 (Fig. 2E, right panel). These results indicate that Keap1 is
not involved in the regulation of Nrf1 degradation.

To confirm further the �-TrCP-dependent degradation of
Nrf1, we addressed the question of whether �-TrCP siRNA
stabilizes the endogenous Nrf1 protein. Unexpectedly, �-TrCP
siRNA alone did not stabilize Nrf1 in HeLa cells (data not
shown), probably because the endogenous Nrf1 is predomi-
nantly localized to the ER membrane and is primarily de-
graded in the cytoplasm rather than in the nucleus. Because
MG132 treatment causes the nuclear accumulation of Nrf1 in
MEFs (Fig. 1A), we performed cycloheximide chase experi-
ments using HeLa cells pretreated with MG132. As a result,
�-TrCP siRNA significantly suppressed the degradation of the
endogenous Nrf1 (Fig. 2F, 1/2) as well as that of �-catenin, a
canonical �-TrCP substrate. Taken together, these findings
indicate that �-TrCP regulates the nuclear degradation of
Nrf1.

Colocalization and physical interaction of Nrf1 and �-TrCP.
To understand the molecular basis of the �-TrCP-mediated
degradation of Nrf1, we investigated the subcellular colocal-
ization of Nrf1 and �-TrCP2 by immunostaining. The 3�Flag-
tagged Nrf1 and HA-tagged �-TrCP2 expressed in COS7 cells
were visualized with anti-Flag and anti-HA antibodies, respec-
tively. We observed significant colocalization of Nrf1 and
�-TrCP2 (Fig. 3A). Next, we assessed the physical interaction
between Nrf1 and �-TrCP2 by immunoprecipitation analysis.
Whole-cell extracts from COS7 cells expressing both factors
were subjected to immunoprecipitation with anti-Flag anti-

FIG. 1. The proteasomal degradation of the transcription factor
Nrf1 in the cytoplasm and the nucleus. (A) MG132 stabilized the
endogenous Nrf1 in MEFs. MEFs derived from wild-type (WT) and
Nrf1 knockout (Nrf1 KO) mice were treated with MG132 (10 �M) for
8 h. Cytoplasmic (C) and nuclear (N) extracts from the cells were
subjected to immunoblot analysis with rat monoclonal anti-Nrf1 anti-
body. Lamin B1 and �-tubulin were utilized as nuclear and cytoplasmic
markers, respectively. (B) Schematic structures of the wild type and of
the P1 and �bZip deletion mutants of Nrf1. The domain nomenclature
was defined previously (40). The numbers denote the positions of the
amino acid residues in the complete sequence of Nrf1. (C) The P1 and
�bZip Nrf1 mutants predominantly localized in the nucleus and the
cytoplasm, respectively, of COS7 cells. Nrf1 wild-type and mutants
were stained with anti-Flag antibody, and the nuclei were stained with
DAPI. A bar graph depicts the results of a quantitative analysis of the
subcellular localization of the Nrf1 wild-type and mutants. More than
100 transfected cells were observed for the expression of each plasmid
and classified into three different categories: C � N, nucleus-dominant
staining; C 	 N, roughly equal distribution between the cytoplasmic
and nuclear compartments; C 
 N, cytoplasm-dominant staining.
(D) Both the P1 and �bZip Nrf1 mutants were degraded by the
proteasome in COS7 cells. Cells were treated with MG132 (10 �M) for
8 h, and the expression levels of Nrf1 wild-type and deletion mutants
were analyzed by immunoblot analysis with anti-Flag antibody. GFP
was coexpressed as an internal control. �, anti.
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body-conjugated beads. Immunoblot analysis with anti-HA an-
tibody revealed that �-TrCP2 was coimmunoprecipitated with
Nrf1 (Fig. 3B). These results demonstrate that �-TrCP inter-
acts with Nrf1.

Identification of the association interfaces between Nrf1 and
�-TrCP. We then defined the association interfaces between
Nrf1 and �-TrCP with an immunoprecipitation assay. To this
end, we generated a series of deletion mutants of �-TrCP2 and
Nrf1 (Fig. 3C and E). The �-TrCP protein is composed of the
F-box and WD40 repeat domains, and the latter is known as
the substrate-binding domain. An immunoprecipitation assay
demonstrated that deletion of the WD40 repeat domain, but
not the F-box domain, from �-TrCP2 significantly compro-

mised its interaction with Nrf1 (Fig. 3D, �WD), indicating that
�-TrCP2 interacts with Nrf1 via the WD40 repeat domain.

Next, we analyzed the �-TrCP binding region within Nrf1.
We coexpressed a series of 3�Flag-tagged, N-terminal dele-
tion mutants of Nrf1 with HA-tagged �-TrCP2 in COS7 cells.
Nrf1 mutants were then immunoprecipitated with anti-Flag
antibody, and the precipitates were analyzed by immunoblot-
ting. The result clearly indicates that the P2 (Nrf1 with a
deletion of residues 1 through 106) and P3 mutants associate
with �-TrCP but that the P4 mutant (deletion of residues 1
through 463) did not (Fig. 3F, lanes 3 to 7), indicating that
residues 243 to 463 of Nrf1 could be recognized by �-TrCP. On
the other hand, the analysis using internal deletion mutants of

FIG. 2. The �-TrCP protein regulates the nuclear degradation of Nrf1. (A) HeLa cells were transfected with the 3�Flag-Nrf1 and GFP
expression vectors at 24 h after two rounds of transfection with control (C), �-TrCP1 (1), �-TrCP2 (2), or �-TrCP1/2 (1/2) siRNA. At 24 h after
the last transfection, whole-cell extracts were prepared and subjected to immunoblot analysis. Duplicate samples are presented. (B) The
knockdown efficiency of each siRNA for �-TrCP1 and �-TrCP2 was determined by real-time quantitative PCR analysis. Duplicate samples are
presented. (C) HeLa cells were transfected with siRNA against �-TrCP1 and �-TrCP2 (1/2), Keap1 (K), or the control (C) along with
3�Flag-tagged P1 and the �bZip Nrf1 mutant. Cells were left untreated or treated with MG132 (10 �M) for 8 h. Cell extracts were subjected to
immunoblot analysis with the indicated antibodies. (D) Real-time quantitative PCR analysis revealed that siRNA directed against �-TrCP
significantly reduced mRNA expression of both �-TrCP1 and �-TrCP2 but not Nrf1 in HeLa cells. The values were normalized with GAPDH and
are presented as the means � standard deviations (n 	 3; *, P � 0.001). (E) Control (C), Keap1 (K), or �-TrCP1/2 (1/2) siRNA was transfected
into HeLa cells in combination with the 3�Flag-Nrf1 vector or the Flag Nrf2 vector. Whole-cell extracts were subjected to immunoblot analysis
with the indicated antibodies. (F) The siRNA directed against �-TrCP stabilized the endogenous Nrf1. �-TrCP (1/2) or the control (C) siRNA was
twice transfected into HeLa cells. At 48 h after the second transfection, the cells were pretreated with MG132 (10 �M) for 6 h and treated with
cycloheximide (CHX) (20 �g/ml). Whole-cell extracts were prepared for immunoblot analysis with anti-Nrf1 (H-285) antibody. The �-catenin
protein is a canonical �-TrCP substrate, and �-tubulin is an internal control. The graph depicts the quantified band intensities of Nrf1. The values
were normalized with �-tubulin and are presented as the means � standard error (n 	 3; *, P � 0.005). The values at 1 h after cycloheximide
treatment were set to 1.
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Nrf1 indicates that the M2 mutant, but not the M3 mutant, can
interact with �-TrCP. Thus, residues 107 to 242 may represent
another �-TrCP-binding interface (Fig. 3F, lanes 8 to 11).
These results collectively indicate that at least two regions
within Nrf1 can interact with �-TrCP.

An internal region (residues 243 to 463) of Nrf1 is required
for its �-TrCP-dependent nuclear degradation. To further
identify the amino acid region responsible for the �-TrCP-
dependent degradation of Nrf1, we examined the effect of
�-TrCP knockdown on the stability of Nrf1 mutants. In N-ter-
minal deletion analysis, �-TrCP siRNA stabilized the P2 and
P3 Nrf1 mutants, as well as wild-type Nrf1 (Fig. 4A, lanes 3 to
8). However, �-TrCP siRNA did not change the expression
level of the P4 mutant (Fig. 4A, lanes 9 and 10). This result

implies that the internal region (residues 243 to 463) but not
residues 107 to 242 is required for the �-TrCP-dependent
degradation of Nrf1. Consistent with this result, internal dele-
tion analysis revealed that �-TrCP siRNA stabilized the M1
mutant (Nrf1 with a deletion of residues 464 through 580) but
not the M2 mutant (Nrf1 with a deletion of residues 243
through 580) (Fig. 4A, lanes 11 to 14), emphasizing the func-
tional significance of the region (residues 243 to 463) in the
regulation of Nrf1 proteolysis. This result also indicates that
the region (residues 107 to 242) is not able to mediate �-TrCP-
dependent degradation. Accordingly, we conclude that �-TrCP
regulates Nrf1 stability through its internal region (residues
243 to 463).

We also examined the stability of deletion mutants of Nrf1

FIG. 3. Colocalization and physical interaction of Nrf1 with �-TrCP2. (A) Colocalization of wild-type Nrf1 with �-TrCP2 in COS7 cells. The
3�Flag-Nrf1 and HA–�-TrCP2 expressed in COS7 cells were immunostained with the indicated antibodies. (B) Physical interaction of Nrf1 with
�-TrCP2. Whole-cell extracts of COS7 cells expressing 3�Flag-Nrf1 and HA-tagged �-TrCP2 were subjected to immunoprecipitation (IP) with
anti-Flag antibody, followed by immunoblot (IB) analysis with the indicated antibodies. (C) Schematic structures of �-TrCP2 deletion mutants.
�-TrCP2 comprises the F-box and WD40 repeat domains. (D) The WD40 repeat domain of �-TrCP2 was required for its association with Nrf1.
The 3�Flag-Nrf1 and the HA–�-TrCP2 wild type (WT) or �F-box (�F) or �WD40 (�WD) mutant were expressed into COS7 cells, and
immunoprecipitation with anti-Flag antibody was performed, as described above. (E) Schematic structures of Nrf1 deletion mutants. (F) Identi-
fication of �-TrCP2-binding regions within Nrf1. Immunoprecipitation with anti-Flag antibody was performed, as described above. To ensure that
the Nrf1 mutant proteins were expressed at similar levels, we transfected various amounts of plasmids, as follows: WT and M1, 1 �g; P2, P3, and
M2, 0.3 �g; P4, P5, M3, and M4, 30 ng.
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by cycloheximide chase experiments to determine whether the
internal region identified above is essential for the proteolytic
degradation of Nrf1. As a result, the N-terminal-deleted P3
Nrf1 mutant continued to undergo efficient degradation al-
though it was slightly stabilized compared with wild-type Nrf1
(Fig. 4B). In contrast, the P4 mutant, which lacks amino acid
residues 243 to 463, was significantly stabilized, indicating that
the regulatory motif that is required for the nuclear degrada-
tion of Nrf1 resides in this internal region. Overall, we con-
clude that �-TrCP regulates the nuclear degradation of Nrf1 by
associating with its internal region (residues 243 to 463).

�-TrCP mediates the polyubiquitination of Nrf1. To exam-
ine whether �-TrCP mediates the ubiquitination of Nrf1,
we performed a ubiquitination assay in cultured cells. The
3�Flag-tagged P3 Nrf1 mutant and Myc-tagged �-TrCP2 were
cotransfected into HeLa cells along with HA-tagged ubiquitin.
The whole-cell extracts were subjected to immunoprecipitation
with anti-Flag antibody-conjugated beads, and ubiquitination
of the P3 mutant was detected by immunoblotting with
anti-HA antibody. This result demonstrates that the ubiquiti-
nation of the P3 mutant is markedly enhanced by the coex-
pression of wild-type �-TrCP2 (Fig. 4C, WT). In addition, the

coexpression of the �F-box mutant of �-TrCP2 resulted in
reduced ubiquitination of the P3 mutant (Fig. 4C, �F). Thus,
we conclude that �-TrCP catalyzes the polyubiquitination of
Nrf1 and leads to its proteasome-mediated degradation.

Identification of the �-TrCP-recognition motif (DSGLS)
within Nrf1. �-TrCP has been characterized as recognizing the
consensus motif DpSGXnpS (n � 1; pS represents the phos-
phorylated serine residue) present in its substrates. We found
that certain amino acid sequences (residues 243 to 463) of Nrf1
contain a similar motif, namely, DSGLS (Fig. 5A). Impor-
tantly, this motif is highly conserved among species and in
other NF-E2-related factors including p45/NF-E2, Nrf2, and
Nrf3. Indeed, like Nrf1, Nrf2 was stabilized by knockdown of
�-TrCP (Fig. 5B). Prior studies have indicated that the eryth-
ropoietin receptor (EpoR) and the YAP transcription coacti-
vator also contain a DSGXS motif that functions as a �-TrCP
recognition motif (Fig. 5A) (17, 43). To examine whether this
motif is required for the �-TrCP-mediated degradation of
Nrf1, we introduced alanine substitutions at two serine resi-
dues of the motif Ser448/451, which appear to be the critical
phosphorylation sites for �-TrCP binding. We examined the
stability of the resultant P3-SA mutant with cycloheximide

FIG. 4. A region (residues 243 to 463) of Nrf1 is required for its �-TrCP-mediated degradation. (A) The Nrf1 mutants lacking amino acid
residues 243 to 463 were not stabilized by the siRNA-mediated knockdown of �-TrCP. Control (C) or �-TrCP (1/2) siRNA was transfected into
HeLa cells in combination with the indicated Nrf1 mutants. The expression levels of the mutants were analyzed, as described in the legend to Fig.
2C. (B) The deletion of residues 243 to 463 significantly stabilized Nrf1. HeLa cells were transfected with the expression plasmid for the wild type
or the P3 or P4 mutant of 3�Flag-Nrf1. Next, the cells were treated with cycloheximide (CHX) (20 �g/ml), and the whole-cell extracts were
prepared at the indicated time points. The assays were performed three times. Data normalized with cotransfected GFP are presented as
the means � standard errors (n 	 3; *, P � 0.005; **, P � 0.001 versus wild type). (C) The �-TrCP-dependent polyubiquitination of Nrf1
in cultured cells. HeLa cells were transfected with the P3 Nrf1 mutant, HA-ubiquitin (Ub), and the Myc �-TrCP2 wild type (WT) or �F-box
(�F) mutant. The P3 mutant was immunoprecipitated (IP) by anti-Flag antibody, and its ubiquitination was detected by immunoblot analysis
with anti-HA antibody.
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FIG. 5. A DSGLS motif is required for the �-TrCP-mediated degradation of Nrf1. (A) Alignment of Nrf1 sequences among species and
NF-E2-related factors around the highly conserved DSGLS motif, which is similar to the �-TrCP recognition motifs of the human YAP and
erythropoietin receptor (EpoR). Shaded areas denote conserved serine residues that were replaced with alanine for subsequent experiments.
(B) �-TrCP siRNA stabilized endogenous Nrf2. Transfection of siRNA and subsequent cycloheximide chase were performed, as described in the
legend to Fig. 2F. (C) Alanine substitution of serine residues in the DSGLS motif (P3-SA) stabilized the P3 Nrf1 mutant. At 48 h after transfection
of siRNA and Nrf1 mutant constructs, the cycloheximide chase experiment was conducted, as described in the legend to Fig. 4B. Assays were
performed three times. The values were normalized with GFP and presented as the means � standard errors (n 	 3; *, P � 0.05 versus P3 with
control siRNA). (D and E) A nuclear degradation mechanism repressed the transcriptional activity of Nrf1. COS7 cells were transfected with either
P3 (WT) or P3-SA (SA) Nrf1 mutant plasmid in combination with a luciferase reporter containing a single ARE of NQO1 gene (D) or three
tandem copies of ARE of PSMA4 (E). The levels of luciferase activity were normalized with the Renilla luciferase activity of an internal control
pRL-TK, and results are presented as the means � standard deviations (n 	 3 [D] and n 	 4 [E]; *, P � 0.05; **, P � 0.01; ***, P � 0.001).
(F) �-TrCP is involved in the regulation of the expression of Nrf1 target genes induced by proteasome inhibition. HeLa cells transfected twice with
the indicated siRNA were left untreated (�) or were treated with (
) MG132 (1 �M) for 16 h, and then MG132-treated cells were incubated
without MG132 for another 3 h (w.o.). The mRNA expression levels were determined by real-time quantitative PCR analysis. The values were
normalized with 18S rRNA and are presented as the means � standard deviations (n 	 3; *, P � 0.05 versus control siRNA). (G and H) The
siRNA-mediated knockdown of Nrf1. HeLa cells were twice transfected with control (C) or Nrf1 siRNA. At 24 h after the second transfection,
Nrf1 knockdown efficiency was determined by immunoblot analysis with anti-Nrf1 (H-285) antibody (G) or by real-time quantitative PCR analysis
(H). For immunoblot analysis, cells were treated with MG132 (10 �M) for 8 h. The values were normalized with 18S rRNA and are presented as
the means � standard deviations (n 	 4; *, P � 0.001).
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chase experiments. While the degradation of the P3 mutant
was efficiently suppressed by siRNA-mediated �-TrCP knock-
down, as expected, the P3-SA mutant was significantly stabi-
lized even in the absence of �-TrCP siRNA (Fig. 5C). Thus,
these data clearly indicate that the DSGLS motif is required
for the �-TrCP-mediated degradation of Nrf1.

�-TrCP-mediated degradation represses the transcriptional
activity of Nrf1. The involvement of �-TrCP in the regulation
of Nrf1 stability prompted us to investigate the effect of the
knockdown of �-TrCP on the transcriptional activity of Nrf1.
The ubiquitin-proteasome pathway has been reported to acti-
vate transcription by regulating a variety of transcriptional
factors (15, 19). Our hypothesis was that a nuclear degradation
mechanism is required to achieve Nrf1-mediated transcription
after its activation. To test our hypothesis, we compared the
transcriptional activity of the P3 and P3-SA mutants in a lu-
ciferase reporter assay using COS7 cells. We first utilized a
luciferase reporter driven by the NQO1 promoter, which
contained the Nrf1 recognition sequence ARE (9). Forced
expression of the P3 mutant increased reporter activity in a
dose-dependent manner (Fig. 5D), indicating that this mu-
tant retains transcriptional activity. Notably, the P3-SA mutant
exhibited enhanced transcriptional activity compared with that
of the P3 mutant (Fig. 5D). This result suggests that �-TrCP-
mediated degradation of Nrf1 is involved in the repression of
Nrf1-dependent transcription. Recent reports have indicated
that Nrf1 regulates the expression of a set of proteasome sub-
unit genes in response to the proteasome inhibition (27, 31).
We then utilized another luciferase reporter that contains
three copies of the ARE of the PSMA4 promoter (27). The
result was similar to that obtained with the NQO1 promoter
(Fig. 5E). To further clarify the role of �-TrCP in Nrf1-medi-
ated transcription, we examined the effect of �-TrCP knock-
down on the expression of endogenous proteasome subunit
genes induced by proteasome inhibition. The expression of
PSMC4, PSMA4, and PSMA2 was induced by the treatment of
HeLa cells with MG132 for 16 h, and this induction was sig-
nificantly repressed by the siRNA knockdown of Nrf1 (Fig. 5F,
Nrf1 and C). Efficient silencing of Nrf1 was confirmed at
both the protein and the mRNA levels (Fig. 5G and H). This
result indicates that the induction of these genes is highly
dependent on Nrf1. Under this situation, the siRNA knock-
down of �-TrCP significantly enhanced the expression of
PSMC4, PSMA4, and PSMA2 induced by MG132 (Fig. 5F, 1/2
and C). This enhancement persisted after the washing out of
MG132. These results clearly demonstrate that �-TrCP is in-
volved in the repression of the transcriptional activation of
Nrf1 target genes such as the proteasome subunit genes.

Hrd1 and VCP mediate the cytoplasmic degradation of
Nrf1. We investigated the molecular mechanism underlying
the cytoplasmic degradation of Nrf1. In keeping with a recent
report demonstrating that Nrf1 is degraded via the ERAD
pathway (31), the siRNA knockdown of VCP, an AAA-
ATPase required for protein transport from the ER to the
proteasome during ERAD, increased the quantity of the en-
dogenous Nrf1 protein in HeLa cells (Fig. 6A). In addition,
among several ERAD-related E3 ligases, the knockdown of
Hrd1 specifically increased the expression of the Nrf1 protein.
The efficient silencing of these genes was confirmed by a real-
time quantitative PCR analysis (Fig. 6B). A cycloheximide

chase experiment further revealed that the knockdown of VCP
or Hrd1 significantly stabilized the Nrf1 protein (Fig. 6C).
Notably, the electrophoretic mobility of Nrf1 was altered by
the knockdown of VCP or Hrd1, suggesting that the limited
proteolysis and/or posttranslational modification of Nrf1 was
impaired (see Discussion). The knockdown of other ERAD E3
ligases, gp78 and TEB4, did not stabilize Nrf1 (Fig. 6C). These
results indicate that Nrf1 undergoes cytoplasmic degradation
via the Hrd1-dependent ERAD pathway.

We next investigated whether transcriptional activity of Nrf1
is suppressed by cytoplasmic degradation via the ERAD path-
way. We examined the effect of siRNA knockdown of Hrd1 on
the expression of Nrf1 target genes. The result shows that
siRNA against Hrd1 as well as �-TrCP significantly enhanced
proteasome subunit gene expression, suggesting that cytoplas-
mic degradation functions to suppress Nrf1 activity (Fig. 6D).

An amino acid region (residues 31 to 81) is required for the
cytoplasmic degradation of Nrf1. Finally, we attempted to
identify an amino acid region responsible for the cytoplasmic
degradation of Nrf1. As demonstrated in Fig. 2, the �bZip
Nrf1 mutant that localized in the cytoplasm was degraded in
a �-TrCP-independent manner. Accordingly, we first gener-
ated two �bZip mutants, one lacking the N-terminal region
(�bZip-1) and the other lacking the Neh2L domain, which
shares considerable homology with the Keap1-interacting do-
main in Nrf2 (�bZip-2) (Fig. 6E). Immunocytochemical stain-
ing confirmed the predominant cytoplasmic localization of the
mutants (data not shown). The stability of these mutant pro-
teins was determined by a cycloheximide chase experiment. As
a result, significant stabilization of the �bZip mutant was ob-
served when its N-terminal region was deleted (Fig. 6F, �bZip-
1), implying that this region is required for the cytoplasmic
degradation of Nrf1. In contrast, the deletion of the Neh2L
domain did not affect the stability of the �bZip mutant (Fig.
6F, �bZip-2), reemphasizing that Keap1 is not involved in the
cytoplasmic degradation of Nrf1. We further introduced a se-
ries of deletions in the N-terminal region of the �bZip mutant
and analyzed the stability of these mutants (Fig. 6E, �bZip-3 to
�bZip-6). Deletion of either the NHB1 domain or the NHB2
domain did not alter the stability of the �bZip mutant protein
(Fig. 6G, �bZip-3 and �bZip-5). In contrast, the deletion of a
short region (residues 31 to 81) located between the NHB1 and
NHB2 domains markedly stabilized the �bZip mutant protein
(Fig. 6G, �bZip-4 and �bZip-6). These results indicate that
the region in question (residues 31 to 81) is required for the
cytoplasmic degradation of Nrf1. The genome database indi-
cates that this region is highly conserved among species and is
partially conserved in Nrf3, thereby suggesting its functional
significance in the degradation of Nrf1 (Fig. 6H). Taken to-
gether, our data indicate that the cytoplasmic degradation of
Nrf1 is regulated by a small region between the NHB1 and
NHB2 domains, which is not associated with the �-TrCP-me-
diated degradation of Nrf1.

DISCUSSION

In this study, we investigated the mechanisms by which the
transcriptional activity of Nrf1 is modulated to sustain cellular
homeostasis. We determined that �-TrCP- and Hrd1-depen-
dent degradation mechanisms regulate the biological activity
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FIG. 6. Hrd1 and VCP regulate the cytoplasmic degradation of Nrf1. (A) VCP or Hrd1 siRNA stabilized endogenous Nrf1 in HeLa cells.
Transfection was carried out twice. The whole-cell extracts were prepared and analyzed by immunoblotting with anti-Nrf1 (H-285) antibody.
�-Tubulin is an internal control. (B) Knockdown efficiency of ERAD-related E3 ligases. A knockdown experiment was conducted as described in
the legend to Fig. 5H. The values were normalized with 18S rRNA and are presented as the means � standard deviations (n 	 4; *, P � 0.001).
(C) Knockdown of VCP and Hrd1 inhibited Nrf1 degradation. Transfection of siRNA and subsequent cycloheximide chase were performed, as
described in the legend to Fig. 2F. Data are presented as the means � standard errors (n 	 5; *, P � 0.05; **, P � 0.01 versus control siRNA).
(D) Hrd1 is involved in the regulation of the expression of Nrf1 target genes induced by proteasome inhibition. The assays were performed
according to the legend of Fig. 5F. Data are presented as the means � standard deviations (n 	 3; *, P � 0.05 versus control siRNA).
(E) Schematic structures of deletion mutants derived from the �bZip Nrf1 mutant. (F and G) A region (residues 31 to 81) of Nrf1 is required for
the cytoplasmic degradation of Nrf1. Cycloheximide chase experiments using the Nrf1 deletion mutants were performed according to the legend
of Fig. 4B. Data are presented as the means � standard errors (n 	 7 [F]; n � 3 [G]; *, P � 0.05; **, P � 0.005; ***, P � 0.001 versus wild-type
Nrf1). (H) Amino acid residues (31 to 81) of mouse Nrf1 are highly conserved among species and in mouse Nrf3 (mNrf3). Shaded amino acid
positions highlight amino acid identity (orange) or similarity (blue) between Nrf1 and Nrf3.
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of Nrf1 in the nucleus and the cytoplasm, respectively. Under
homeostatic conditions, Nrf1 is sequestered in the ER through
its NHB1 domain and undergoes proteasomal degradation in
an Hrd1-dependent manner. Upon exposure to activating sig-
nals, Nrf1 evades degradation and activates expression of its
target genes. After Nrf1 produces biological responses, its ac-
tivity is terminated by the �-TrCP-dependent degradation pro-
cess. Also, this study is the first to demonstrate that �-TrCP is
involved in the regulation of proteasome subunit gene expres-
sion. Our schematic model in Fig. 7 summarizes the regulatory
mechanism of Nrf1, which is tightly coupled with two distinct
degradation pathways.

Multiple lines of evidence suggest that a cytoprotection sys-
tem is a double-edged sword; specifically, constitutive activa-
tion of the system rather alters homeostatic balances (16). For
example, our group and other investigators have identified that
the aberrant activation of the oxidative stress response by
somatic mutations to the NRF2 and KEAP1 genes provides
growth advantages and anticancer drug resistance to human
lung cancer cells (22, 24, 29, 30). These findings strongly sug-
gest that the precise repression of the stress response system
under nonstressed conditions is also indispensable for cellular
homeostasis. In this regard, two discrete proteolysis pathways
contribute to the suppression of the inappropriate activation of
Nrf1. The cytoplasmic degradation mechanism achieves the
complete repression of Nrf1 activity, as well as its retention in
the ER. Moreover, the nuclear degradation pathway also pre-
vents unnecessary expression of Nrf1 target genes under phys-
iological conditions and may resolve the gene activation after
stress termination. Given that Nrf1 upregulates expression of
proteasome subunit genes in response to proteasome inhibi-
tion, two distinct degradation mechanisms should strictly reg-
ulate Nrf1 activity to maintain proteasome homeostasis.

We identified the DSGLS motif in Nrf1. This motif resem-
bles the canonical �-TrCP recognition sequence (DpSGXnpS),
and similar sequences are found in EpoR and the transcrip-
tional coactivator YAP (17, 43). The DSGXnS motif usually
requires phosphorylation to associate with �-TrCP. In fact,

alanine substitutions at the conserved serine residues (Ser448
and Ser451) in the Nrf1 P3 mutant markedly compromised the
�-TrCP-dependent degradation of Nrf1 (Fig. 5C). This finding
suggests the involvement of the phosphorylation of the DSGLS
motif in the �-TrCP-dependent degradation of Nrf1. We found
that lithium chloride (LiCl), a potent but nonselective GSK-3
inhibitor, slightly stabilized Nrf1; however, SB216763, a more
selective inhibitor of GSK-3, did not (data not shown). Thus,
further analyses are required to identify the kinase(s) respon-
sible for the phosphorylation of the DSGLS motif and the
regulatory mechanism of the nuclear degradation of Nrf1. Be-
cause the DSGLS motif is highly conserved in NF-E2-related
factors (p45/NF-E2, Nrf1, Nrf2, and Nrf3), the �-TrCP-medi-
ated degradation mechanism might be a common regulatory
pathway among these transcription factors. In accordance with
our result, a study published during the preparation of the
manuscript demonstrated that Nrf2 possesses the DSGLS mo-
tif and is degraded by �-TrCP in a Keap1-independent manner
(26). Thus, unlike Keap1, �-TrCP might be a common factor in
the repression of the gene expression induced by NF-E2-re-
lated factors.

We do not exclude the possibility that �-TrCP is positively
involved in transcriptional activation by Nrf1. As shown in Fig.
5C to E, the transcriptional activity of the P3-SA mutant was
not strongly increased, in spite of its significant stabilization.
This finding may indicate that �-TrCP-mediated proteolysis
contributes to both the resolution and the activation of tran-
scriptional processes by Nrf1. Multiple lines of evidence sug-
gest that the ubiquitin-proteasome pathway can activate tran-
scription by regulating a variety of transcriptional factors (15,
19). For instance, the F-box protein Fbw7a promotes degrada-
tion of the steroid receptor coactivator SRC-3, consequently
increasing the turnover of SRC-3 on the promoters of target
genes and activating their transcription. Alternatively, the co-
operative interaction of �-TrCP with the transcriptional coacti-
vator p300/CBP enhances the expression of �-catenin-regu-
lated genes (11). Because CBP activates the transcriptional
activity of Nrf1 via the Neh5L domain (39), �-TrCP may syn-
ergistically recruit p300/CBP on Nrf1 and promote transcrip-
tional activation by Nrf1 as well as its proteolysis.

A remaining important issue regarding the biological func-
tion of Nrf1 is the mechanism by which Nrf1 is liberated from
ER sequestration and then activates gene expression. In this
regard, we consider two possibilities. First, the inhibition of
Hrd1-mediated degradation in the cytoplasm may lead to the
nuclear translocation of Nrf1. We observed that MG132 treat-
ment promotes the nuclear accumulation of the endogenous
Nrf1 in MEFs and HeLa cells (Fig. 1A and data not shown). In
addition, Nrf1 has been reported to mediate the induction of
proteasome subunit genes after proteasome inhibition in mam-
malian cells (27, 31). These results imply that the suppression
of cytoplasmic degradation allows Nrf1 to translocate into the
nucleus and activate gene expression. In this hypothetical
model, Nrf1 would function to recover proteasome activity by
upregulating expression of proteasome subunit genes under a
situation of proteasome dysfunction. Our current study deter-
mined that the cytoplasmic stability of Nrf1 is modulated by
the ERAD-related ubiquitin ligase Hrd1 and VCP (Fig. 6A
and C). Although the regulatory mechanisms of the Hrd1- and
VCP-mediated proteasomal degradation pathways remain ob-

FIG. 7. A model for the dual mechanisms of Nrf1 degradation in
regulating the expression of Nrf1 target genes. Nrf1 is degraded via the
ERAD pathway under physiological conditions. Upon activation, Nrf1
is stabilized and translocates into the nucleus. In the nucleus, �-TrCP-
mediated degradation prevents inappropriate transcription of Nrf1
target genes such as proteasome subunit genes. This degradation may
also facilitate the clearance of Nrf1 from the nucleus after the activa-
tion of Nrf1 is abolished. Ub, ubiquitin.
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scure, further analysis might demonstrate that the inhibition of
cytoplasmic degradation is the mechanism of Nrf1 activation.

A second possibility is that proteolytic cleavage may release
Nrf1 from ER sequestration. For example, the ER-embedded
transcription factors ATF-6 and SREBP (sterol regulatory el-
ement binding protein) translocate to the Golgi compartment
in response to activating signals and are sequentially cleaved by
Site-1 and Site-2 proteases, thereby resulting in their nuclear
entry and their activation of target genes (2, 18). Indeed, we
found that nuclearly accumulated Nrf1 migrated slightly more
quickly than its cytoplasmically localized form in the gels (Fig.
1A). In addition, silencing of VCP and Hrd1 altered the elec-
trophoretic mobility of Nrf1 (Fig. 6C). These results suggest
that the cleavage of Nrf1 is also essential for its liberation from
the ER. In this model, Hrd1 may eliminate the ER-accumu-
lated Nrf1 that is not cleaved by a protease under nonstress
conditions. To examine our two current hypotheses, further
proteomics-based or genetic experiments to identify Nrf1-as-
sociated molecules may shed light on this issue.

Discussing the Nrf1 degradation mechanism from the per-
spective of molecular evolution would be interesting. The tran-
scription factors Caenorhabditis elegans Skn-1 and Drosophila
CncC are considered to be ancestral genes of NF-E2-related
factors and activate the expression of oxidative stress re-
sponse genes (32). Intriguingly, both factors are also regu-
lated by proteasomal degradation (4, 6, 25). For instance,
Skn-1 is degraded through polyubiquitination by the WDR-
23/Cul4/DDB1 ubiquitin ligase under physiological condi-
tions (4). Exhibiting similarity to the structure of �-TrCP,
WDR-23 contains a WD40 repeat domain and functions as a
ubiquitin ligase adaptor. The degradation process of Skn-1 is
mediated by the p38 mitogen-activated protein (MAP) kinase,
GSK-3, and the insulin-like receptor pathways, suggesting the
presence of phosphorylation-dependent regulation. CncC is
controlled by both Keap1-dependent and -independent pro-
teasomal pathways (6). Notably, CncC also regulates the gene
expression of proteasome subunits. Because Skn-1 and CncC
do not possess the DSGLS motif, �-TrCP may not be involved
in the regulation of these factors. Nevertheless, these transcrip-
tion factors share the characteristic that their transcriptional
activities are regulated by the ubiquitin-proteasome system.
We surmise that the NF-E2-related factors underwent molec-
ular evolution from these ancestral genes by acquiring the
DSGLS motif and subsequently switching to the �-TrCP-me-
diated regulatory system. Such an evolutionary process may
have conferred biological diversity and complexity to these
transcription factors.
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