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Abstract
Oxidative stress plays an important part in the pathogenesis of a variety of diseases. The ability to
mount an efficient response against the continuous threat posed by exogenous and endogenous
oxidants is essential for cellular homeostasis and survival. Oxidative stress activates transcription of
a variety of antioxidant genes through cis-acting sequence known as antioxidant response element
(ARE). Members of the Cap-N-Collar family of transcription factors, including Nrf1 and Nrf2, have
been identified that bind ARE. Nrf1 and Nrf2 are expressed in a wide range of tissues and cell types,
and both bind the ARE as heterodimers with small-Maf proteins. Numerous studies indicate a pivotal
role of Nrf2 in ARE function. Herein, we review data derived from cell-based studies and knockout
mice in an attempt to define the role and regulation of Nrf1 in oxidative stress response and other
functions.

Introduction
Expression of genes encoding antioxidant enzymes is regulated at the transcriptional level
through cis-active sequences known as the antioxidant response element (ARE). The nuclear
factor erythroid-derived 2-related factor 2 (Nrf2) protein plays a central role in mediating
activation through the ARE. Nrf2 belongs to the Cap-N-Collar family of regulatory proteins
that also includes Nrf1, Nrf3, and p45NFE2. This review focuses on Nrf1 and highlights some
of the knowledge that is beginning to emerge about specific roles of Nrf1 and regulation of
Nrf1 function. Although considered originally for its role in beta-globin gene expression in
erythroid cells, Nrf1 has been shown to bind the ARE and regulate the expression of a number
genes involved in oxidative stress. However, the spectrum of Nrf1-dependent genes has
expanded to include genes involved in cellular and tissue differentiation, inflammation, and
other cellular processes. Nrf1 knockout studies in mice indicated that it is an essential gene. A
role for Nrf1 in maintaining hepatocyte homeostasis and in the pathogenesis of steatohepatitis
and cancer was demonstrated by tissue-specific knockout studies. There are two major protein
isoforms of Nrf1. Recent evidence indicates that full length Nrf1 protein is targeted to the ER
membrane, while the N-terminally deleted Nrf1 variant is constitutively nuclear and functions
as dominant negative in ARE-mediated gene activation. Future studies using genetic and
biochemical approaches are necessary to provide further understanding about the functions of
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Nrf1 in other tissues and cell types, and uncover the networks of partner proteins, and target
genes that regulate various aspects of stress response and cellular functions.

Structure and Properties of Nrf1
Nrf1 (nuclear factor erythroid-derived 2-related factor 1), which is also known as NFE2L1/
LCRF1/TCF11, is a member of the CNC subfamily of basic-leucine zipper (bZIP) transcription
factors (CNC-bZIP) (Chan et al., 1993a). CNC-bZIP factors are characterized by a highly
conserved 43 amino acid homology region that lies immediately N-terminal to the basic-DNA-
binding domain and is referred to as the “CNC” domain after the drosophila cap-n-collar
protein. CNC-bZIP factors were isolated as a result to identify regulators of beta-globin gene
expression, and this family of proteins in human and mouse include p45 NF-E2, Nrf2, Nrf3,
Bach1 and Bach2. Available evidence indicates that CNC-bZIP factors function as obligate
heterodimers by forming dimers with small Maf proteins (Maf G, Maf K and Maf F) for DNA
binding (Itoh et al., 1995; Johnsen et al., 1996; Johnsen et al., 1998; Kobayashi et al., 1999).
In addition to small Maf proteins, a comprehensive analysis using protein arrays to identify
bZIP protein interactions indicates ATF/CREB proteins and c-Maf are potential partners of
Nrf1 (Newman and Keating, 2003).

Nrf1 maps to chromosome 17q21.3 in human and chromosome 11 in mouse (Chan et al.,
1995; McKie et al., 1995). In humans, the Nrf1 gene which spans 15 kb of genomic DNA, and
has 9 exons with alternate first exons (1a and 1b) and terminal exons (6 and 6a), and 2
polyadenylation sites (Luna et al., 1994). Alternative first exons, differential splicing, and
alternate polyadenylation sites give rise to at least four different transcripts of Nrf1. The full-
length human Nrf1 transcript is predicted to code for a protein made up of 772 amino acids,
whereas the mouse transcript codes for a 741 amino acid protein (Luna et al., 1994; Luna et
al., 1995). The Nrf1 protein is highly conserved throughout evolution, and several different
Nrf1 proteins are detected in cells. Western blot experiments show a doublet band at 120-kDa
and a smaller band migrating at 65-kDA (Wang et al., 2007). The doublet corresponds to the
full-length Nrf1, and the upper band may represent a post-translationally modified form of the
protein. The faster migrating band at 65-kDA presumably correspond to a protein that it is
produced via alternative translation initiation (Chan et al., 1993b). In support of this is that the
Nrf1 open reading frame contains multiple AUG codons downstream of the 5′ initiation codon
that are in the context of a Kozak sequence, while the 5′ AUG codon is in a suboptimal context
for initiation of protein synthesis. The relative positions of these AUGs in the open reading
frame and their overall sequence context are evolutionarily conserved.

The 120-kDA isoform of Nrf1 is localized primarily in the ER as an integral membrane protein,
whereas the 65-kDA isoform is nuclear (Wang and Chan, 2006). Studies indicate that
endoplasmic reticulum (ER) localization is mediated through the N-terminus region of Nrf1.
The deletion of 30 amino acids from the amino-terminus of Nrf1 resulted in nuclear distribution
of the protein as determined by both immunofluorescent staining and Western blotting.
Examination of the N-terminal protein sequence of Nrf1 revealed a hydrophobic domain
between amino acids 7 and 24, and secondary structure analysis of this domain predicts an
amphipathic-helical structure that is observed in other membrane-associated proteins. A fusion
protein of a heterologous protein plus the amino-terminus of the Nrf1 protein also targeted to
the ER. Thus, the amino-terminal amino acids of Nrf1, which contain a putative transmembrane
domain, are both necessary and sufficient for targeting to the ER (Wang and Chan, 2006; Zhang
et al., 2006). Nrf1 has also been reported to be glycosylated. Thus glycosylation may also play
a role in controlling the localization of Nrf1 in the cell (Zhang et al., 2009). These findings
raise the issue of how Nrf1 gains access to the nucleus, as well as whether Nrf1 has any
functional role in the ER. One possibility is that Nrf1 is sequestered in the ER to mediate stress
response emanating from this compartment. In addition to the transmembrane domain, Nrf1
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contains a Neh2-like domain located between amino acids 171-244 that shows 72% homology
to the Neh2 domain of Nrf2 with complete conservation of the DLG and ETGE motifs
important for Keap1 binding (Wang and Chan, 2006). The Neh2 domain of Nrf2 binds Keap1,
which regulates Nrf2 stability. Although Nrf1 has also been shown to interact with Keap1, the
biologic significance of this interaction remains to be determined.

Gene targets of Nrf1
Binding-site selection experiments have shown that Nrf1-MafG heterodimers bind
preferentially to a consensus sequence of TGCTGAGTCAT that is identical to the antioxidant
response element sequence (Johnsen et al., 1998). The antioxidant response element (ARE),
which is also referred to as electrophile responsive element, has been shown to regulate various
genes involved in oxidative stress response. Examples of these genes include heme oxygenase,
glutathione peroxidase, heavy and light chains of ferritin, and superoxide dismutase that
function to protect cells from ROS-mediated injury. In addition, a number of phase II enzymes
involved with xenobiotic metabolism are also under the control of the ARE. These include
NAD(P)H:quinone oxidoreductase, and various isoforms of glutathione-S-transferases, and
UDP-glucoronyltransferases that functions to catalyze the conversion of electrophilic
compounds to less toxic and more excretable metabolites in the cell.

Although Nrf2 has been shown to be crucial in activation of genes regulated by the antioxidant
response element, involvement of Nrf1 in ARE function has also been demonstrated through
transfection studies and gene expression analysis in knockout cells and animals. These targets
of Nrf1 include genes encoding enzymes involved in glutathione (GSH) biosynthesis and other
oxidative defense enzymes. GSH is a major antioxidant in the cell, and it is an important
cofactor for a number of enzymes involved in the metabolism and elimination of endogenous
and xenobiotic compounds (Wu et al., 2004). GSH synthesis is catalyzed by two enzymes–
gamma-glutamylcysteine ligase, which is composed of a catalytic (GCLC) and a regulatory
subunit (GCLM), and glutathione synthetase (GSS). Fibroblasts derived from Nrf1 null
embryos showed reduced expression of GCLM and GSS, and Nrf1 has been shown to bind
and activate the GCLM promoter (Kwong et al., 1999). Cell-based studies also implicate GCLC
and GSS as targets of Nrf1. Enforced expression of Nrf1 in cells upregulates luciferase gene
expression driven by GCLC or GSS promoter, and these promoters have been shown to bind
Nrf1 by gel-shift and chromatin immunoprecipitation experiments (Myhrstad et al., 2001; Lee
et al., 2005). Basal expression of genes including NQO1, ferritin-H, and MT1, was essentially
abolished by loss of both Nrf1 and Nrf2 (Leung et al., 2003). However, induction of ARE-
regulated genes was significantly blunted in Nrf2-/- compared to Nrf1-/- fibroblasts. These
results indicate that Nrf1 and Nrf2 have overlapping roles in regulating basal expression of
ARE-containing antioxidant genes, whereas inducible expression is largely dependent on Nrf2.
Recent studies suggest that a subset of oxidative stress response genes may be preferentially
activated by Nrf1. Metallothionein-1 and -2 (MT-1 and MT-2), which protects cells from heavy
metal-induced damage, are down-regulated in Nrf1-deficient livers (Ohtsuji et al., 2008).
While both Nrf1 and Nrf2 bind with equal affinity to the ARE in the MT1 gene promoter, only
Nrf1 is able to up-regulate reporter gene expression driven by the MT-1 promoter. Interestingly,
expression of Nrf2 target genes such NQO1, GSTP1, GCLC and HO-1 is increased in the Nrf1
knockout livers (Ohtsuji et al., 2008).

Aside from antioxidant genes, Nrf1 has been shown to regulate genes involved in development
and various cellular processes. Microarray analysis of bones from a mutant mouse strain (sfx)
that develops spontaneous fractures has identified osterix as another Nrf1 target gene (Xing
et al., 2007). Osterix is a zinc finger transcription factor that plays an important role in the
differentiation of osteoblast and bone formation. The promoter region of osterix has a well-
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conserved ARE that mediates ascorbic acid-induced expression, and is bound by Nrf1 as
indicated by gel-shift and chromatin immunoprecipitation assays (Xing et al., 2007).

Nrf1 has also been reported to function as a repressor of transcription. The dentin
sialophosphoprotein (DSPP) gene encodes DSP and DPP, which are expressed in terminally
differentiated odontoblast. In undifferentiated odontoblast, Nrf1 interacts with C/EBP-β to
repress DSPP expression. In fully differentiated odontoblasts, the loss of interaction between
C/EBP-β and Nrf1 results in increased expression of DSPP gene (Narayanan et al., 2004).
These results suggest that Nrf1 is a negative regulator of odontoblast differentiation. In
addition, Nrf1 may also play a role in modulating the inflammatory response. The inducible
form of nitric oxide synthase (iNOS) plays a critical role in regulating vascular response in
inflammation and injury, and TGF-β has been shown to be a negative regulator of iNOS
expression. TGF-β treatment of human smooth muscle cells leads to increased expression and
binding of Nrf1/MafG heterodimers to an ARE-like site in the iNOS promoter (Berg et al.,
2007). The knockdown of Nrf1 blocks the suppression of iNOS expression by TGF-β. Other
potential Nrf1 regulated genes identified by gene expression profiling studies done on Nrf1
deficient mouse livers include glycosylation-related proteins, chaperones, metabolic enzymes,
transporters, signal transduction proteins, cell cycle and differentiation regulatory proteins,
cytoskeletal organization and nuclear proteins, immunological proteins etc. However, it is yet
to be determined whether these genes are direct Nrf1 targets (Ohtsuji et al., 2008).

As described above, there are two distinct isoforms of Nrf1 and they appear to have different
abilities to activate gene expression in transient transfection experiments. Enforced expression
of the shorter Nrf1 protein suppresses Nrf2 mediated activation of ARE dependent reporter
genes in cells, and it also suppresses electrophilic induction of endogenous ARE genes in cells
leading to hypersensitivity to oxidative stress (Wang et al., 2007). The ability of p65 to
modulate stress response is demonstrated by its ability to inhibit oxidative preconditioning in
cells. The shorter isoform of Nrf1 is capable of competing with Nrf2 for interaction with small
Maf proteins and binding to ARE in vivo. Together, these findings suggest that the short
isoform of Nrf1 act as a dominant negative factor, and raises the interesting possibility that one
of its functions in the cell is to modulate oxidative stress response. Given that p65Nrf1 is widely
distributed and is abundantly present in the nucleus, p65Nrf1 may serve as another mechanism
to limit oxidative stress response mediated by Nrf2, as well as a mechanism to further fine-
tune expression of ARE-responsive genes in response to different physiological conditions
(Wang et al., 2007). While p65Nrf1 does not appear to activate gene expression, it remains to
be determined whether under certain circumstances p65Nrf1 functions as an activator through
interactions with other transcription factors or co-activator proteins. Additional studies are
required to examine these possibilities.

Physiologic functions of Nrf1
During early stages of development, in situ hybridizations done on 7 to 7.5 post coitum (dpc)
mice showed Nrf1 is uniformly expressed in embryonic as well as extra embryonic tissues
(Murphy and Kolsto, 2000). At around 9 dpc, there appears to be dorsoventral gradient in
expression of Nrf1 with increased levels in the posterior embryo where development is less
advanced compared to the anterior part of the animal. At this stage, there is also localized
increase in expression of Nrf1 in the heart, presumptive midbrain, head mesenchyme and
migrating neural crest cells (Murphy and Kolsto, 2000). In adults, Nrf1 mRNA is present in
all tissues examined thus far, but high levels are found in the heart, muscle, liver, kidney and
various compartments with high secretory capacity including salivary glands, prostate, and
bronchio-epithelium (JYC unpublished data). Various cell-lines including HeLa, HepG2,
D551 and MCF7 have been shown to express Nrf1 transcripts. Thus Nrf1 is widely expressed,
but physiological functions of the protein are not well understood.
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Nrf1 is an essential gene during development. Loss of Nrf1 function in mice results in late
gestational embryonic lethality (Chan et al., 1998). Mutant embryos suffer from anemia
secondary to abnormal fetal liver erythropoiesis that is non-cell autonomous. Although Nrf1
has been suggested to have a role in globin gene regulation, no defect in expression of globin
genes was detected in erythrocytes. Fibroblasts derived from Nrf1 mutant embryos showed
enhanced sensitivity to the toxic effects of oxidant compounds and decreased glutathione levels
(Kwong et al., 1999). Consistent with this defect, genes involved in glutathione biosynthetic
pathway are downregulated in Nrf1 deficient fibroblast. In contrast to the late embryonic
lethality in Nrf1 mutants, a combined deficiency in both Nrf1 and Nrf2 leads to lethality
between embryonic days 9 and 10 (Leung et al., 2003). Compound mutants exhibit extensive
apoptosis that is not observed in the single Nrf1 knockout mutants. Cells derived from
compound mutants showed exaggerated oxidative stress and apoptosis under ambient air that
can be rescued by culturing under reduced oxygen tension or by addition of antioxidants.
Correspondingly, expression of antioxidant defense genes was severely impaired in compound
mutant cells compared with single mutant cells. These findings indicate that Nrf1 and Nrf2
have overlapping functions in regulating antioxidant gene expression during early
embryogenesis.

However, it is also becoming clear that the functions of Nrf1 and Nrf2 are not entirely
redundant. The different phenotypes of Nrf1 and Nrf2 knockouts indicate that Nrf1 must have
roles distinct from that of Nrf2. Analyses of genetic chimeras made by injecting normal
blastocysts with Nrf1-deficient ES cells indicate that Nrf1 is essential for the hepatocyte
lineage. Mouse ES cells deficient in Nrf1 function developed normally and contributed to most
tissues in adult chimeras except the liver. While Nrf1 function is dispensable during early stages
of liver formation, chimeric livers from late gestational embryos showed severe degeneration
(Chen et al., 2003). Consistent with this finding, hepatocyte-specific knockout of Nrf1 leads
to high levels of apoptosis in the liver (Xu et al., 2005). Together, these findings indicate a
cell-autonomous role for Nrf1 in survival of hepatocytes. Even though there are evidences of
impaired antioxidant gene expression, it is not known if cell death is primarily caused by
oxidative stress in chimeras and liver-specific knockouts.

Loss of Nrf1 function in hepatocytes also leads to steatohepatitis and hepatic neoplasia, which
is not observed in Nrf2 knockouts (Xu et al., 2005). The underlying mechanisms for these
pathologies, and whether Nrf1 functions as a tumor suppressor in hepatocytes remain to be
determined. Proliferation of smooth endoplasmic reticulum and induction of microsomal genes
indicates activation of fatty acid oxidation pathways. However, it is not known whether Nrf1
directly regulates genes involved in maintaining lipid homeostasis in the liver. Although
inflammation may be secondary to increased cell death in the knockouts, it is interesting in this
regard that Nrf1 has been implicated as a negative regulator of inducible nitric oxide synthase
(iNOS) expression. As iNOS plays a role in inflammatory responses by increasing the
production of nitric oxide, it is possible that inflammation in Nrf1 liver knockouts occurs in
part as a result of dysregulated production of nitric oxide through sustained activation of iNOS.
Regardless of the mechanisms, steatosis is likely to contribute to oxidative stress as a result of
increased ROS production from metabolism of fatty acid, and inflammation is also an important
source of ROS. In addition, steatosis can also cause direct toxicity to cells and induce apoptosis.
Together, these defects provide a synergistic combination in promoting apoptosis and cell
proliferation that contributes to neoplastic development in the knockouts.

Nrf1 also plays a role in bone development
Osteoblast-specific Nrf1 knockout mice have reduced bone mineral content and bone area (S.
Mohan and JYC unpublished data). The mechanism for impaired bone formation in these
animals may be related to the reduction in osterix levels, which is a target gene involved in
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bone differentiation that's activated by Nrf1 (Xing et al., 2007). Nrf1 has also been implicated
in neuronal survival after acute brain injury. An up-regulation of Nrf1 and HO-1 expression is
observed in the hippocampus of mice injected with the excitioxin, kainic acid (Hertel et al.,
2002). Whether Nrf1 plays a role in protecting the brain against oxidative stress remains to be
determined.

Concluding Remarks
Nrf1 and Nrf2 are members of the CNC-bZIP family of transcription factors that share similar
amino acid sequences and patterns of tissue expression. While the field of Nrf2 in stress
response has been evolving rapidly, our understanding of Nrf1 in this pathway is not as
extensive. As outlined above, genetic and biochemical evidence support a partially overlapping
role between Nrf1 and Nrf2 in regulating ARE-driven genes in the oxidative stress response
in cells. However, given the divergent phenotypes exhibited by knockouts of Nrf1 and Nrf2,
Nrf1 is likely to have functions separate from Nrf2. Thus one important unresolved issue is to
establish these unique functions related to cell survival, hepatic function, oncogenesis and
development. In addition, it is still unclear whether Nrf1 possess unique functions in the context
of stress response. This will require identification of unique target genes, and a comparison of
the repertoires of genes regulated by each protein under different conditions. The molecular
mechanisms responsible for the fundamental differences in the transcriptional activities of Nrf1
and Nrf2 have yet to be determined. In addition, Nrf1 can function as a transcriptional activator,
as well as a repressor. Defining the coactivators, corepressors and binding partners of Nrf1
should shed light on this network of gene regulation. Another important unresolved issue is to
establish the relationship between the different Nrf1 isoforms. Apart from the liver, Nrf1 is
also highly expressed in several other tissue compartments in the body. The development of
additional tissue-specific mouse mutants should facilitate our understanding of its physiologic
functions. These additional studies should reveal exciting aspects regarding the function and
regulation of Nrf1.
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Fig 1. Gene Targets of Nrf1
Details are provided in the text.
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