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Abstract
The ubiquitin proteasome system (UPS) is important in maintaining protein homeostasis. NFE2-
related factor 1 (Nrf1), a transcription factor in the cap “n” collar (CNC) basic leucine zipper
family, regulates expression of cytoprotective genes. It was previously shown that liver-specific
knockout of Nrf1 (Nrf1LKO) leads to hepatic cell death, steatohepatitis and cancer. However, the
mechanisms underlying these pathologies are not clear. Here, we report that Nrf1 is critical for
proteasome gene expression in the liver. Liver-specific knockout of Nrf1 results in impaired basal
and induced expression of proteasome genes, and diminished proteasome activity in hepatocytes.
In addition, our findings demonstrated that ER stress signaling pathway was also activated in
Nrf1LKO livers. Inhibition of proteasome activity leads to ER stress in Nrf1-deficient
hepatocytes, prompting the development of steatosis in the liver. Our results indicate that Nrf1
plays an integral role in the maintenance of proteasome function in hepatocytes and in the
prevention of liver steatosis development. Moreover, these results highlight an association
between proteasome dysfunction, ER stress and steatosis.
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Introduction
The Ubiquitin-Proteasome System (UPS) is the major intracellular proteolytic pathway in
the cell [1, 2]. The UPS plays a major role in the degradation of mutant proteins, proteins
that are terminally misfolded, or damaged by oxidative stress [3, 4]. In addition, the UPS
controls the turnover of regulatory molecules involved in gene transcription, cell cycle
control, and various signal transduction pathways. It is crucial for cells to maintain adequate
proteasomal function, as aberrations in the UPS have been shown to contribute to various
pathological conditions in humans [5, 6]. In neurodegenerative disorders, apoptosis of
neurons is associated with the accumulation of mutant proteins and proteasome dysfunction
[7, 8]. A number of liver diseases, including non-alcoholic steatohepatitis [9], alcoholic
cirrhosis [10], and hepatocellular carcinoma [11], show accumulation of ubiquitin-
conjugated proteins suggesting that proteasome function is also compromised in these
conditions [12].
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Proteins destined for proteolysis by the proteasome are tagged by covalent attachment of
polyubiquitin chains and subsequently recognized by the 26S proteasome for degradation
[13]. The 26S proteasome is a multi-protein complex consisting of a central proteolytic core
(20S) particle with regulatory caps (19S) at either end. The core is arranged into two outer
and inner rings, each consisting of seven different alpha- and beta-subunits, respectively.
Each 19S particle is made of ATPase (Rpt 1-6) and non-ATPase (Rpn 1-14) subunits. The
outer rings of the core regulate access of protein substrates to the inner chamber that
contains the proteolytic sites. The 19S cap functions to bind, unfold, and regulate entry of
polyubiquitinated proteins into the 20S core particle, where they are degraded into small
peptides [14, 15].

Nuclear factor erythroid-derived 2-related factor 1 (Nrf1) is a member of the CNC subfamily
of basic-leucine zipper transcription factors [16]. CNC factors form heterodimers with
small-Maf-proteins and regulate transcriptional activation through the antioxidant response
element (ARE) located at the promoter region of various antioxidant genes [17, 18].
Antioxidant genes regulated by Nrf1 include those encoding NAD(P)H:quinone
oxidoreductase 1, metallothioneins, glutamate cysteine ligase catalytic and modifier subunits
that are involved in glutathione biosynthesis and hemeoxygenase 1 [19-22]. Aside from
antioxidant genes, Nrf1 has been shown to regulate genes involved in development and
other cellular functions [23]. Osterix, a zinc finger transcription factor that plays an
important role in the differentiation of osteoblast and bone formation, has been shown to be
regulated by Nrf1 [24]. Nrf1 has also been reported to function as a repressor of
transcription. Nrf1 interacts with C/EBP-β to repress expression of the dentin
sialophosphoprotein (DSPP) gene in undifferentiated odontoblast [25], and Nrf1 has also
been implicated in the negative regulation of iNOS expression [26].

Recent findings indicate that Nrf1 is also involved in regulating proteasome gene
expression. Inactivation of Nrf1 in neurons leads to a coordinate down-regulation of Psma
and Psmb genes encoding alpha- and beta-subunits of the 20S core, as well as components
of the 19S regulatory subcomplex, and neurodegeneration [27]. While these findings
indicate that Nrf1 modulates constitutive expression of proteasome genes in neurons, studies
in both human and mouse cells demonstrate that induction of proteasome subunit genes in
response to proteasome inhibition is also Nrf1-dependent [28]. These studies suggest a
regulatory role for Nrf1 beyond oxidative stress response. However, the function of Nrf1 in
regulating proteasome activity in other tissue compartments remained to be determined.
Previously, we showed that inactivation of Nrf1 in mouse hepatocytes lead to the
spontaneous development of steatohepatitis and liver tumors [29]. Here, we demonstrate that
loss of Nrf1 in the liver results in proteasome dysfunction in hepatocytes. Nrf1 function is
required for both basal and induced expression of proteasome genes in mouse hepatocytes.
In turn, Nrf1-deficiency exacerbates ER stress induced liver steatosis. Furthermore, we
establish the link of proteasome dysfunction to the ER stress induced hepatic steatosis. Thus,
our data suggest an important role for the Nrf1 transcription factor in homeostatic liver
maintenance through the regulation of proteasome function.

Results
Nrf1 is required for basal and induced expression of proteasome genes in mouse
hepatocytes

To determine whether Nrf1 mediates the regulation of proteasome gene expression in mouse
hepatocytes, RNA was extracted from livers of 1-month old wild type control and Nrf1LKO
mice and analyzed by quantitative RT-PCR. Results comparing Nrf1LKO liver samples to
controls show a decrease in expression of multiple genes encoding subunits of the 20S and
19S proteasome, and Pomp (proteasome maturation protein), a key component involved in
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proteasome assembly. However, expression of genes encoding subunits of
immunoproteasome; PSMB8, PSMB9, and PSMB10 were unaltered in Nrf1LKO livers (Fig.
1A).

It has been shown that a decrease in proteasome activity leads to induction of proteasomal
genes due to an autoregulatory feedback loop [30]. To determine whether Nrf1 is required
for induction of proteasome genes in the liver, quantitative RT-PCR analysis of proteasome
gene expression in 1-month old wild type and Nrf1LKO mice were treated with bortezomib,
a proteasome inhibitor that also induces proteasome gene expression in cells [31]. The
expression of proteasome genes was substantially up-regulated after 24 hours treatment with
bortezomib in the livers of wild type mice (Fig. 1B). In contrast, induction of proteasome
genes was severely blunted in livers of Nrf1LKO mice after bortezomib treatment (Fig. 1B).
To confirm the RT-PCR results, alpha subunits of the 20S proteasome was analyzed by
Western blotting. In accord with RNA expression data, both basal and bortezomib-induced
expression of α-subunits was decreased in Nrf1 knockout liver (Fig 1C). These results
indicate that Nrf1 is required for induction of proteasome in response to bortezomib
inhibition.

Nrf2, which regulates oxidative stress response, has been implicated in regulating the
expression of proteasome genes [32, 33]. It was shown that expression of various
proteasome genes is blunted in Nrf2 knockout livers in response to sulforaphane (SFN) and
dithiole-3-thione, which are known Nrf2 activators. To determine the role of Nrf2 in
proteasome gene expression in hepatocytes, mRNA from livers of 1-month old vehicle-
treated, or bortezomib-treated wild type and Nrf2−/− mice were analyzed. Basal and
bortezomib-induced expression of proteasome genes was not affected by loss of Nrf2 in the
liver (Fig. 1D). To determine the effects of SFN on proteasome expression in Nrf1LKO
livers, wild type and Nrf1LKO were treated with SFN for 24 hours and RNA was extracted
for analysis by quantitative RT-PCR. SFN treatment resulted in marked up-regulation of
proteasome genes in wild type livers. In contrast, induction of proteasome genes by SFN
was blunted in Nrf1LKO livers compared to wild type livers (Fig. 1E, upper panel).
However, expression of known Nrf2 target genes, GCLC and NQO1, was up-regulated by
SFN treatment in both wild type and Nrf1LKO livers (Fig. 1E, lower panel). Together, these
data suggest that proteasome genes are primarily regulated by Nrf1 in mouse liver.

Nrf1 inactivation leads to proteasome insufficiency in hepatocytes
Next, we determined whether diminished expression of proteasome genes in Nrf1LKO
livers leads to proteasome insufficiency. Livers were harvested from 1-month old wild type
control and Nrf1LKO mice, and proteasome function assessed by an in-gel assay. Activities
associated with both 20S and 26S proteasome complexes were markedly diminished in the
livers of Nrf1LKO mice compared to controls (Fig. 2A). To confirm these results, an in-tube
assay to measure proteasome peptidase activity was performed. The chymotrypsin-like
activity was markedly reduced in Nrf1LKO livers compared with controls (Fig. 2B).
Consistent with diminished proteasome activity, Western blot analysis of liver lysates from
Nrf1LKO mice revealed an accumulation of high molecular weight ubiquitinated proteins
(Fig. 2C). In addition, Nrf1LKO liver sections showed increased ubiquitin immunoreactivity
(Fig. 2D). Together, these findings indicate that loss of Nrf1 in the liver leads to proteasome
dysfunction.

Deficiency of Nrf1 causes ER stress in liver
Impairment in proteasomal function can cause endoplasmic reticulum (ER) stress [34-37],
and ER stress can lead to hepatic steatosis [38-40]. Thus we sought to determine whether
Nrf1LKO livers are characterized by ER stress. Liver lysates from wild type and Nrf1LKO
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mice were analyzed for markers of ER stress. Quantitative RT-PCR analysis showed
increased ATF4, BiP, Gadd45b, and CHOP in Nrf1LKO livers (Fig. 3A). ATF4 is known to
activate the expression of BiP, Gadd45b, and CHOP [41]. BiP is an ER-resident molecular
chaperone that binds to unfolded proteins and regulates the activation of ER stress
transducers, while CHOP plays an important role in ER stress-induced apoptosis [42].
Furthermore, ER stress in mammalian cells induces phosphorylation and activation of PERK
and EIF2α [43]. Increased levels of phosphorylated PERK and EIF2α were detected in
Nrf1LKO livers (Fig. 3B). Consistent with quantitative RT-PCR results, Nrf1LKO livers
showed increased ATF4 and CHOP by Western blotting (Fig. 3B). These data indicate that
ER stress is activated in Nrf1LKO livers.

Nrf1 heterozygous mice are prone to bortezomib-induced ER stress and steatosis
We next examined whether loss of Nrf1 sensitizes hepatocytes to ER stress and steatosis in
response to inhibition of proteasome function. Nrf1 heterozygous mice were utilized for
these experiments, as they do not show any apparent phenotype under normal conditions.
Nrf1+/− and wild type littermate controls were treated with bortezomib, and livers were
harvested after 48 hours. H&E and Oil Red O staining demonstrate diffused microvesicular
steatosis in Nrf1+/− livers (Fig. 4A), and consistent with the histologic findings, liver
triglyceride content in bortezomib treated mice was significantly elevated compared to wild
type controls that were similarly treated (Fig. 4B). Next, we sought to examine whether
sensitization to steatosis in Nrf1+/− livers is associated with ER stress activation.
Quantitative RT-PCR analysis showed elevated levels of ER stress markers including,
Grp78, Grp94, Gadd34, Pdi, Atf4, and Chop in Nrf1+/− livers compared to wild type
controls after treatment with bortezomib (Fig. 4C). These findings indicate that Nrf1+/−
livers are prone to ER stress and steatosis in response to proteasome inhibition. To
demonstrate that steatosis in response to inhibition of proteasome function by bortezomib is
linked to ER stress, we examined the effects of 4-phenylbutyrate (PBA), a chemical
chaperone shown to improve ER folding and reduce ER stress [44, 45]. Bortezomib-induced
steatosis, as indicated by triglyceride levels, was attenuated in both wild type and Nrf1+/−
by concomitant treatment with PBA (Fig. 4B). In addition, expression of ER stress genes in
the liver of wild type and Nrf1LKO with bortezomib treatment was attenuated by PBA
treatment (Fig. 4C). These findings are consistent with the idea that hepatic steatosis induced
by proteasome inhibition in Nrf1+/− mice is linked to ER stress.

Discussion
Loss of Nrf1 in hepatocytes results in apoptosis, steatosis, and spontaneous development of
tumors in the mouse liver. Nrf1-deficient livers exhibit oxidative stress and lowered
expression of genes involved in oxidative stress defense. Hence, these earlier studies
suggested that the liver pathology observed in Nrf1LKO mice is mediated by mechanisms
involving oxidative stress [20, 29]. Our study here reveals that (1) hepatic deficiency of
Nrf1, but not Nrf2, leads to decreased basal and stress-induced proteasome gene expression
in the liver; (2) livers of Nrf1LKO mice exhibit proteasome insufficiency and accumulation
of ubiquitin conjugates; (3) loss of Nrf1 in hepatocytes leads to ER stress; (4) mice
heterozygous for Nrf1 are sensitized to liver ER stress and steatosis in response to drug-
induced proteasome inhibition; (5) inhibition of proteasome function leads to ER stress and
hepatic steatosis. Together, these findings suggest that impaired proteasome function and
attendant ER stress contributes to the liver pathology observed in Nrf1LKO mice.

Both Nrf1 and Nrf2 are members of CNC-bZIP transcription factor family that regulate
ARE-dependent genes [16, 18, 46]. Nrf2 has been shown to be the main regulator of
oxidative stress genes [18]. Nrf1 shares significant sequence similarity with Nrf2, and Nrf1
has also been shown to regulate oxidative stress genes [19]. However, functions of Nrf1 and
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Nrf2 are not entirely redundant; Nrf1 has functions that are distinct from Nrf2. Previous
studies have shown that Nrf1, but not Nrf2 null mice, die during late gestation [47].
Although Nrf1 and Nrf2 both bind to the ARE, studies suggest that they regulate different
subsets of oxidative stress genes. Recently, we have shown that expression of proteasome
genes in neurons is Nrf1-dependent [27, 28]. Although Nrf2 is an important regulator of
ARE genes, our data from brain-specific Nrf1 knockout mice and Nrf1 knockout MEF cells
show that proteasome gene expression is not dependent on Nrf2 [27, 28]. Our results here
indicate that Nrf1 is also essential for both basal and proteotoxic-stress inducible
expressions of proteasome genes in mouse liver. Transcripts encoding the various subunits
that make up the 20S core and 19S regulatory particle of the proteasome, as well as Pomp, a
molecular chaperone essential for 20S formation, were significantly decreased in Nrf1LKO
livers but not in Nrf2 knockout livers. The marked accumulation of ubiquitinated protein
conjugates associated with defects in proteasome and PQC gene expression in Nrf1LKO
livers, indicates that Nrf1 is also critical in maintaining protein homeostasis in hepatocytes.
Although Nrf2 has also been shown to also regulate proteasome expression in mouse liver
[33], our current finding indicates that loss of Nrf2 does not affect basal or proteotoxic-stress
inducible proteasome expression. Interestingly, induction of proteasome genes by SFN, a
known Nrf2 activator, was attenuated, but not completely abolished, in Nrf1LKO livers.
This suggests the possibility is that the transcriptional network required for proteasome gene
induction are different depending on the types of cellular stress. Thus, while Nrf1 drives
expression when cells undergo proteotoxic stress, Nrf2 may regulate proteasome expression
under oxidative stress in hepatocytes. In addition, the mechanism by which Nrf1 function is
activated by reduced proteasome inhibition is not known. One possibility is that Nrf1
expression is up-regulated as a result of ER stress secondary to proteasome insufficiency.
However, Zhang et al. showed that ER stressors had no effect on Nrf1 activity [48].
Alternatively, Nrf1 expression may be regulated by a feedback mechanism given that the
Nrf1 protein is degraded by the by the ubiquitin proteasome pathway. These possibilities
will require further studies.

Our results show that the unfolded protein response (UPR) pathway is activated in Nrf1LKO
livers. As proteasome dysfunction can lead to ER stress, this suggests that the UPR is
induced by lowered proteasome function in Nrf1LKO livers. In accord with this, Nrf1
heterozygous mice are prone to liver ER stress induced by pharmacological inhibition of
proteasome function. In addition, our data suggest that the attenuation of ER stress with
PBA can prevent the development of steatosis. These findings draw a potential link between
proteasome impairment and steatohepatitis, and we speculate that ER stress plays an
important role in the pathogenesis of steatohepatitis that is characteristic of livers deficient
in Nrf1. Studies have demonstrated that ER stress induces an inflammatory response via
different UPR transducers including IRE1α and PERK pathways [49, 50]. Aside from
inflammation, hepatic steatosis has also been attributed to ER stress. For instance, mice that
are deficient in UPR signaling proteins ATF6α and IRE1α have been found to develop
steatosis after treatment with compounds that induce ER stress [38]. It is thought that ER
stress impedes folding of apoproteins in hepatocytes, which leads to disruption of VLDL
secretion and lipid metabolism. In contrast to ATF6α and IRE1α knockouts however, ER
stress and steatosis is already apparent in Nrf1LKO livers even without drug treatment. In
this regard, it is interesting to note that a liver specific knockout of CBF-B, a transcription
factor that is activated by ER stress, results in a phenotype similar to Nrf1LKO mice. CBF-B
liver knockout mice are also characterized by hepatic cell death and steatohepatitis at 4
weeks of age that was preceded by the activation of the ER stress pathway [51]. While these
findings suggest ER stress as an important cause of liver pathologies in Nrf1 knockout
livers, Hirotsu et al. recently showed that Nrf1 regulates Lipin1 and PGC-1B. Both Lipin1
and PGC-1B are involved in controlling expression of fatty acid oxidation genes [52].
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Hence, a defect in fatty acid oxidation also contributes to the fatty liver phenotype in Nrf1
liver knockouts.

In summary, our findings demonstrate that Nrf1 is important in maintaining proteasome
homeostasis in the liver, and suggests that compromised proteasome function plays a role in
the pathogenesis of steatohepatitis. The findings here also raise the possibility that Nrf1 may
be a target for exploring therapeutic strategies for steatohepatitis as well as other liver
diseases associated with abnormal proteasome function.

Materials and Methods
Reagents

Dulbecco’s modified Eagle’s medium (DMEM), Alpha minimum essential medium, fetal
bovine serum (FBS), and Superscript III reverse transcriptase were purchased from
Invitrogen (Carlsbad, CA). Sulfurophane and antibody for beta-actin (A1978) was from
Sigma (St. Louis, MO). Antibody for phospho-Perk, Perk, phospho-eif2α, eif2α, GRP94,
CHOP, ATF4, and Ubiquitin was from Cell Signaling (Beverly, MA). Biotinylated anti-
rabbit IgG and 3,3′ diaminobenzadine (DAB) substrate kit, M.O.M. Immunodetection Kit
were from Vector labs (Burlingame, CA). Proteasome substrate Suc-Leu-Leu-Val-Tyr-7-
amino-4-methylcoumarin was from Enzo Life Sciences (Farmingdale, NY). UltraSpec RNA
Isolation Reagent was purchased from Biotecx (Houston, TX). 2X FastStart SYBR Green
Master ROX for quantitative RT-PCR was purchased from Roche (Indianapolis, IN).
RNeasy MinElute Cleanup Kit was from Qiagen (Valencia, CA). Bortezomib was purchased
from Selleckchem (Houston, TX). 4-Phenylbutyric acid was purchased from Sigma-Aldrich.
Hematoxylin and aqueous medium were from Vector laboratories (Burlingame, CA).
Enhanced chemiluminescence substrate kit was from Pierce Biotechnology (Rockford, IL).

Mice
All animal experiments were approved by, and conducted in accordance with, the National
Institutes of Health standards for the care and use of experimental animals and the
University of California Irvine Institutional Animal Care and Use Committee. Nrf1
knockout mice have been described previously [29]. All efforts were made to minimize
animals from suffering. Mice showing evidence of pain or distress after drug treatments by
intraperitoneal injections were euthanized by CO2 overdose.

RNA Isolation and Quantitative Real-Time PCR
RNA was extracted using UltraSpec RNA reagent and then RNA was further purified using
RNeasy MinElute Cleanup Kit. cDNA synthesis was generated with Superscript III first
strand synthesis kit according to the manufacturer’s recommendation. Amplification of
cDNA occurred in a Step One Plus PCR machine (ABI) using the FastStart SyBr Green
reagent in duplicate 10-μl reactions. 18s rRNA was used as an endogenous control and
relative expression was calculated with the equation 2(Ct target gene - Ct 18s). Fold change in
expression was determined from the difference between the averaged expression levels
relative to control.

Western Blotting
Protein lysates were prepared using Nonidet P-40 lysis buffer, and protein concentrations
were determined using Bio-Rad protein assay reagent with BSA as protein standard.
Samples were run on SDS-polyacrylamide gels and transferred onto nitrocellulose
membranes. Membranes were then blocked in 5% milk at room temperature for 1 h, and
incubated with primary antibody over night at 4°C. Subsequently, blots were washed and
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peroxidase-conjugated secondary antibody added and incubated for 1 h. Blots were
visualized using a chemiluminescent detection system.

Histology and Immunohistochemistry
Livers were fixed in 10% neutral buffered formalin and imbedded in paraffin. For
immunohistochemical staining, paraffin sections were dewaxed, and rehydrated through a
series of alcohols. Antigen retrieval was conducted by heating in 10 mM citrate buffer (pH
6.5). Sections were stained with primary antibody in blocking solution overnight at 4 °C,
rinsed in Tris-buffered saline Tween 20 buffer, and then incubated for 1 h with biotinylated
anti-rabbit IgG (1:300). Tissue Sections were visualized and examined using a Nikon
microscope equipped with a CCD camera.

Triglyceride Assay
Liver tissues were homogenized in a 1:2 chloroform/methanol solution, followed by
extraction with 1:1 chloroform/water mixture and centrifugation at 3000rpm for 15 minutes
to separate the aqueous and organic phases. The organic phase was collected, air-dried, and
then dissolved in isopropanol prior to triglyceride determination. Triglycerides were
quantified using a Serum Triglyceride Determination Kit (Sigma Chemicals, St. Louis, MO)
following manufacturer’s recommendations.

Oil Red O staining
Staining of neutral lipids was performed on 10μm thick liver frozen sections. Frozen
sections were fixed in formalin and washed with running tap water for 10mins, followed by
quick rinsing in 60% isopropanol. Fixed sections were then stained with Oil Red O working
solutions for 15min and rinsed with 60% isopropanol. The nuclei were lightly stained with
hematoxylin. The slides were air dried and mounted.

Proteasome activity assay
Freshly dissected livers were homogenized (10% wt/vol) in ice-cold buffer [10% glycerol,
25 mM Tris-HCL (pH 7.4), 10 mM MgCl2, 4 mM ATP, and 1 mM DTT] using a polytron
and centrifuged at 12,000 × g for 15 min at 4 °C to remove debris. Protein concentrations
were determined by the Bradford assay using BSA as the protein standard. Chymotrypin-
like activity was determined by fluorometric assay using Suc-Leu-Leu-Val-Try-7-amino-4-
methylcoumarin (Suc-LLVY-AMC as substrate. Reactions were initiated by adding 50 μM
substrate followed by incubation at 37°C for 30 minutes. Release of fluorogenic AMC was
monitored at 360 nm excitation and 460 nm emission using a Molecular Devices
fluorometric plate reader. Fluorescence units were converted to AMC concentration by
using standard curves generated from free AMC. Rates were expressed as μmol of AMC/
sec/g liver tissue protein. For in-gel assays, equal amounts of liver lysates were prepared for
the 1-month old control mice and the Nrf1LKO mice. These liver lysate samples were
separated by native gel electrophoresis and assayed for 26S and 20S proteasome complexes
by overlying gels with substrates. Liver extracts were electrophoresed on 4.5%
nondenaturing polyacrylamide gel with 2.5% stacking gel and run at 90 V for 4 h at 4 °C.
After electrophoresis, gels were incubated with proteasome substrate Suc-LLVY-amc for 30
min at 37 °C. The 20S core particle was detected by incubating the gel in the presence of
0.02% SDS to activate the 20S core. Active proteasome bands were then visualized by
exposure to UV light at 360 nM, using Fujifilm Global (LAS-4000). Band intensity was
quantified by using Gel & Graph Digitizing Software (Silk Scientific, Inc).
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Statistical Analysis
The data is expressed as means ± SEM. For statistical comparison, the Student t test was
used. P values of <0.05 were considered statistically significant.

Primers list

Gene Forward Reverse

PsmA6 AACGGAAAGCATTGGCTGTGT TGCACAGCATGTCCACAGGAA

PsmA7 CGGCCCTAATTGTGGGTTTTG GTTTTTGCCACCTGACTGGAC

PsmB2 CCTGGCTGGCTATGACGAGCA CGGACACTGAAGGTGGGCAGA

PsmB4 TCCGGCTCCAGGGCAGTTTTA ACTCCGCCGTCGAACTTCACC

PsmB5 AACCACCACCCTGGCCTTCAA AGCCAACAACCGCTCCCAGAA

PsmB6 GCAGGCTGGACCCTCAAGAA CAAGCGGATCACCCCTCCACT

PsmB7 TCTGGCTCCTTGGCAGCAATG GGCCAAGCCTGGTCCCTTTCT

PsmC2 GATGTTGGTGGCTGTAAGGAA CCCAATAACTCGAATGAAGCA

PsmC5 CGGCCTGGACAAGCAGATCAA CTGGGGGTCCGTAGAGCAGGA

PsmD3 CGGCTCTGTGCCTGGTCTCTG TCCCAGCTGCTGCCTCCTCTT

PsmD4 TCTCCTATTCTGGCTGGTGAA CATGCTGCTTAGGTCTGGAAG

PsmD11 AGGCAGACAGAAGCATTGAAA GGTCCAAAATCCCATGAAACT

PsmD12 GTGGCCGAACCTGGGGTACAG TCTTGAAGCCGCCCTTCCTTG

PsmB8 AATGCAGCCCACCGCATTCCT AGGCGAGTGTGGTTGTGCCG

PsmB9 AGAAGTCCACACCGGGACAACCAT GTCGAACACGCGGTTCACCACT

PsmB10 AACATGACGCTGGAGGCTGCG CTGCAGCTTGGCACCCCCTG

Pomp TTGGGTCGGAGCTGAAGGACA GGGGAGCAAACAGACCCTGGA

Herp ACTCCTCGCTGAGCAGATTT CTCTGTCTGAACGGAAACCA

Atf4 TCGACCAGGTTGCCCCCTTTA CCAGGTAGGACTCCGGGCTCA

Bip GGCCTGCTCCGAGTCTGCTTC CCGTGCCCACATCCTCCTTCT

Chop CCAGGGCCAACAGAGGTCACA TCCGCTCGTTCTCCTGCTCCT

Grp94 TGGGTCAAGCAGAAAGGAG TCTCTGTTGCTTCCCGACTT

Gadd34 CCCGAGATTCCTCTAAAAGC CCAGACAGCAAGGAAATGG

Pdi AACGGGAGAAGCCATTGTA AGGTGTCATCCGTCAGCTCT

NQO1 GCATTGGCCACACTCCACCAG ATGGCCCACAGAGAGGCCAAA

GCLC GCACGGCATCCTCCAGTTCCT TCGGATGGTTGGGGTTTGTCC
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Abbreviations

ARE antioxidant response element

Btz Bortezomib

CNC Cap and Collar

ER endoplasmic reticulum

Lee et al. Page 8

FEBS J. Author manuscript; available in PMC 2014 August 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Nrf1 Nuclear factor erythroid-derived 2-related factor 1

Nrf2 Nuclear factor erythroid-derived 2-related factor 2

PBA sodium 4-phenylbutyric acid

SFN sulforaphane

PQC protein quality control

UPS ubiquitin proteasome system
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Figure 1. Nrf1 but not Nrf2 is required for both basal and induced proteasome gene expression
in hepatocytes
(A) Comparison of mRNA encoding proteasomal genes in wild type and Nrf1LKO livers by
real time RTPCR analysis. Mean values ± SEM of 3-5 mice per group, and significance was
assessed by Student’s t test (*P < 0.05). (B) Comparison of mRNA encoding proteasome
genes in vehicle-treated or bortezomib-treated wild type and Nrf1LKO livers by real time
RTPCR analysis. Mice were intraperitoneally injected with DMSO or bortezomib (2.5 mg/
kg), and livers were harvested 24 hr after for RNA extractions. Mean values ± SEM of 3-5
mice per group, and significance was assessed by Student’s t test within genotype between
treatments (*P < 0.05). (C) Levels of proteasome alpha-subunits analyzed by Western
blotting. (D) Comparison of mRNA encoding proteasome genes in vehicle-treated or
bortezomib-treated wild type and Nrf2KO liver by real time RTPCR analysis. Mice were
intraperitoneally injected with DMSO or bortezomib (2.5 mg/kg), and livers were harvested
24 hr after for RNA extractions. (E) Comparison of mRNA encoding proteasome genes and
oxidative stress genes in vehicle-treated or Sulforaphane-treated wild type and Nrf1LKO
livers by real time RTPCR analysis. Mice were intraperitoneally injected with DMSO or
sulfurophane (5 mg/kg), and livers were harvested 24 hr after for RNA extractions. Mean
values ± SEM of 3 mice per group, and significance was assessed by Student’s t test within
genotype between treatments. *P < 0.05 compared to vehicle-treated wild type livers; #P <
0.05 compared to Nrf1LKO vehicle-treated livers.
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Figure 2. Nrf1LKO livers show accumulation of ubiquitin and decreased proteasome activity
(A) Measurement of chymotrypsin-like activity by in-gel assay of 1-month old wild type and
Nrf1LKO liver homogenates. Fluorescence from free AMC was visualized on a UV
transilluminator. Two representative samples from each genotype are shown. The upper
band represents the 26S particle and the lower band represents the 20S core. Densitometric
quantitations for 26S and 20S levels are shown. (B) Chymotrypsin-like activities in wild
type and Nrf1LKO liver homogenates. Mean values ± SEM (n=6 per genotype). *P < 0.05.
(C) Western blot analysis of wild type and Nrf1LKO liver lysates with ubiquitin antibody.
Note presence of high molecular weight ubiquinated proteins running as a smear in
Nrf1LKO samples. (D) Liver sections of 1-month old wild type and Nrf1LKO mice
immunostained for ubiquitin.
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Figure 3. ER stress pathway is activated in Nrf1LKO livers
(A) Liver lysates from wild type and Nrf1LKO mice were analyzed for PERK and eIF2α
phosphorylation, and total levels of PERK, eIF2α, ATF4, CHOP by immunoblotting. Beta-
actin levels were used as loading control. (B) Expression of CHOP, BiP, GADD45b and
ATF4 mRNA in control and Nrf1LKO livers. Data represents the mean ± SEM of 3 mice
per group, and significance was assessed by Student’s t test (*P < 0.05).
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Figure 4. Livers of Nrf1 heterozygous mice exhibit enhanced ER stress and steatosis in response
to proteasome inhibition
(A) H&E and Oil Red O staining of livers of vehicle-treated or bortezomib-treated (2.5 μg/
kg) wild type and Nrf1+/− mice. (B) Liver triglyceride (TG) content of wild type and Nrf1+/
− mice treated with vehicle or bortezomib (2.5 mg/kg) or bortezomib and PBA (120 mg/kg).
Bars represent the mean ± SEM of 3 independent samples in each group, and significance
was assessed within genotype by Student’s t test. *P < 0.05 compared to bortezomib-treated
wild type livers; **P < 0.05 compared to bortezomib-treated wild type livers; and # P< 0.05
compared to bortezomib-treated Nrf1+/− livers. (C) Expression of ER stress genes in livers
of wild type and Nrf1+/− mice treated with bortezomib or bortezomib and PBA. Bars
represent the mean ± SEM of 3 different samples in each group, and significance was
assessed within genotype by Student’s t test. *P < 0.05 compared bortezomib-treated wild
type livers; **P < 0.05 compared to bortezomib-treated wild type livers; and # P< 0.05
compared to bortezomib-treated Nrf1+/− livers. [32]
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