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Abstract

Nrf2:INrf2 acts as a sensor for oxidative/electrophilic stress. INrf2 serves as an adaptor to link Nrf2
to the ubiquitin ligase Cul3-Rbx1 complex that ubiquitinate and degrade Nrf2. Under basal
conditions, cytosolic INrf2/Cul3-Rbx1 is constantly degrading Nrf2. When a cell encounters stress
Nrf2 dissociates from the INrf2 and translocates into the nucleus. Oxidative/electrophilic stress
induced modification of INrf2Cysteine151 and/or protein kinase C (PKC)-mediated phosporylation
of Nrf2Serine40 controls Nrf2 release from INrf2 followed by stabilization and nuclear translocation
of Nrf2. Nrf2 binds to the antioxidant response element (ARE) and activates a myriad of genes that
protect cells against oxidative/electrophilic stress and neoplasia. A delayed response of oxidative/
electrophilic stress activates GSK-3p that phosphorylates Fyn at unknown threonine residue(s).
Phosphorylated Fyn translocates to the nucleus and phosphorylates Nrf2Tyrosine568 that leads to
nuclear export and degradation of Nrf2. Prothymosin-o mediated nuclear translocation of INrf2 also
degrades nuclear Nrf2. The degradation of Nrf2 both in cytosol and nuclear compartments rapidly
brings down its levels to normal resulting in suppression of Nrf2 downstream gene expression. An
autoregulatory loop between Nrf2 and INrf2 controls their cellular abundance. Nrf2 regulates INrf2
by controlling its transcription, and INrf2 controls Nrf2 by degrading it. In conclusion, switching on
and off of Nrf2 combined with promoting an autoregulatory loop between them regulates activation/
deactivation of defensive genes leading to protection of cells against adverse effects of oxidative and
electrophilic stress and promote cell survival.
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Introduction

Reactive oxygen species (ROS) cause oxidative stress and have a profound impact on the
survival and evolution of all living organisms (Breimer, 1990; Meneghini, 1997). Endogenous
and exogenous reactions/pathways generate ROS (Grisham and McCord, 1986; Thelen et al.,
1993; Kerr et al., 1996; Wei, 1998; Kasprzak, 1995; Suzuki et al., 1997; Kim et al., 2008;
Breen et al., 1995; Last et al., 1994; Goetz and Luch, 2008; Ward, 1994). Therefore, it is clear
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that all cells must continuously strive to keep the levels of ROS in check. ROS attack DNA
and other cellular macromolecules causing oxidative stress and many other physiological and
pathological conditions. These conditions include aging, neurodegenerative diseases, arthritis,
arteriosclerosis, inflammatory responses, and tumor induction and promotion (Grisham and
McCord, 1986; Ward, 1994; Kim et al., 2008; Rosen et al., 1995). Many of these conditions,
including cancer, are often preceded by damage or mutation of genomic DNA (Ames et al.,
1995). Much of the research on ROS has been centered on the damaging effects of oxidative
stress. However, it is now apparent that ROS activate a battery of cellular enzymes that either
prevent the generation of ROS or detoxify ROS and thereby protect the cell against damage
caused by oxidative stress. Prokaryotic cells utilize transcription factors OxyR and SoxRS to
sense the redox state of the cell, and in times of oxidative stress these factors induce the
expression of about eighty defensive genes (Bauer et al., 1999; Zheng and Storz, 2000). Similar
mechanisms of protection against oxidative stress have been found in eukaryotic cells that
activate at least one hundred genes (Dhakshinamoorthy et al., 2000; Jaiswal, 2004; Zhang,
2006; Kobyashi and Yamamoto, 2006; Copple et al., 2008). Their products regulate a wide
variety of cellular activities including signal transduction, proliferation, and immunologic
defense reactions. There is a great variety of factors involved in the cellular response to
oxidative stress. For instance, activation of heat shock response activator protein 1, NF-E2
related factor 2 (Nrf2), extracellular signal related kinases (ERK1/2), protein kinase B (Akt),
and NF-kB promote cell survival, whereas prolonged activation of c-jun, N-terminal kinases
(INK), p38 kinase, and TP53 may lead to cell cycle arrest and apoptosis (Halliwell and
Gutteridge, 2007). The Nrf2 pathway is presumably the most important for the cell to deal with
oxidative/electrophilic stress generated from exposure to exogenous and endogenous
chemicals, metals and radiation (Dhakshinamoorthy et al., 2000).

Antioxidant Response Element and NF-E2 Related Factors

Exposure of cells to antioxidants and xenobiotics leads to the induction of a battery of defensive
genes encoding detoxifying enzymes [NAD(P)H:quinone oxidoreductase 1 (NQOL1),
glutathione S-transferases (GST), heme oxygenase 1 (HO-1)], antioxidant and related proteins
[thioredoxins, y-glutamyl cysteinyl synthetase (y-GCS), glutathione peroxidase, glutathione
reductase], ubiquitination enzymes and proteasomes, and drug transporters (MRPs) (reviewed
in Dhakshinamoorthy et al., 2000; Jaiswal, 2004; Zhang, 2006; Kobyashi and Yamamoto,2006;
Copple et al., 2008; Kwak et al., 2007; Hayashi et al. 2003; Maher et al., 2005; Slitt et al.,
2006; Maher et al., 2007; Maher et al., 2008). NQOL1 is a flavoprotein that competes with
cytochrome P450 reductase and catalyzes two-electron reduction and detoxification of
quinones and other redox cycling compounds (Joseph and Jaiswal, 1994). GST Ya conjugates
hydrophobic electrophiles with glutathione, aiding in their excretion (Pickett and Lu, 1989;
Tsuchida and Sato, 1992). HO-1 catalyzes the first and rate-limiting step in heme catabolism
(Choi and Alam, 1996). glutamate cysteine ligase is a rate limiting step in the synthesis of
glutathione (Kretzschmar et al., 1992). Glutathione peroxidase and reductase are glutathione
metabolism enzymes (Pickett and Lu, 1989; Tsuchida and Sato, 1992). Ubiquitination enzymes
and proteasomes mediate ubiquitination and degradation of proteins including oxidized
proteins (Kwak et al., 2007). Drug transporters play an important role in drug intake and efflux
(Hayashi et al., 2003; Maher et al., 2005; Slitt et al., 2006; Maher et al., 2007; Maher et al.,
2008).

Deletion mutagenesis and transfection studies identified an element designated as antioxidant
response element (ARE) in the promoter regions of Nrf2 downstream genes that regulates
expression and coordinated induction of these genes in response to antioxidants and xenobiotics
(reviewed in Dhakshinamoorthy et al., 2000; Jaiswal, 2004; Zhang, 2006; Kobyashi and
Yamamoto, 2006; Copple et al., 2008). Mutational analysis revealed GTGACA***GC as the
core sequence of the ARE (reviewed in Dhakshinamoorthy et al., 2000; Jaiswal, 2004; Zhang,
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2006; Kobyashi and Yamamoto, 2006; Copple et al., 2008; Li and Jaiswal, 1992; Prestera et
al., 1993; Wasserman and Fahl, 1997). NF-E2 related factors are known to bind to the ARE
and regulate ARE-mediated antioxidant enzyme genes expression and induction in response
to a variety of stimuli including antioxidants, xenobiotics, metals and UV irradiation (Jaiswal,
2004; Zhang, 2006; Kobyashi and Yamamoto, 2006; Copple et al., 2008). NF-E2 (p45) binds
to an Activator Protein 1 (AP1) like, NF-E2 recognition site (GCTGAGTCA), and regulates
tissue specific expression of the globin genes (Andrews et al., 1993; Ney et al., 1990; Moi and
Kan, 1990; Liu et al., 1992; Mignotte, et al., 1989). NF-E2 functions as a heterodimer with the
ubiquitously expressed small Maf proteins (Igtarashi et al., 1994). NF-E2—/— mice have no
circulating platelets, and most die due to hemorrhage (Shivdasani and Stuart.1995). NF-E2
related factors Nrf2 and Nrfl, both 6668 kDa proteins, were cloned using a yeast
complementation assay (Chan et al., 1993; Moi et al., 1994). Both display a significant amount
of homology to NF-E2, but unlike NF-E2 both are ubiquitously expressed. A third family
member of the Nrfs, Nrf3, was also cloned and sequenced (Kobayashi et al., 1999). The Nrfs
belong to the family of basic leucine zipper proteins (bZIP) (Fig. 1). The basic region, just
upstream of the leucine zipper region, is responsible for DNA binding. The acidic region is
required for transcriptional activation. The cap’n’collar region, so called because of its
homology to the Drosophila cap’n’collar protein, is highly conserved among the Nrfs, but the
function of this region remains unknown. Nrfl1 —/— mice die in utero due to a decreased number
of enucleated red blood cells and severe anemia (Chan et al., 1998). Nrf2—/— mice are viable
and live to adulthood (Chan et al., 1996). Nrf2 is therefore not required for erythropoeisis,
development, or growth (Chan et al., 1996).

The evidence demonstrating the role of Nrf2 and Nrfl in protection against oxidative and/or
electrophilic stress came from studies on the role of Nrf2 in ARE-mediated regulation of NQO1
gene expression (Venugopal and Jaiswal, 1996). Overexpression of Nrf2 and Nrf1 cDNA was
shown to upregulate the expression and induction of the NQO1 gene in response to antioxidants
and xenobiotics (Venugopal and Jaiswal, 1996). In addition, Nrf2-null mice exhibited a marked
decrease in the expression and induction of NQO1, indicating that Nrf2 plays an essential role
in the in vivo regulation of NQOL1 in response to oxidative stress (Itoh et al., 1997). Further
studies have shown that Nrf2 is also a prevailing factor in the regulation of ARE-mediated
activation of other defensive genes including GST Ya, y-GCS, HO-1 antioxidants,
proteasomes, drug transporters etc (Kobyashi and Yamamoto, 2006; Copple et al., 2008; Kwak
et al., 2007; Hayashi et al., 2003; Maher et al., 2005; Slitt et al., 2006; Mabher et al., 2007;
Mabher et al., 2008). Studies have also demonstrated that Nrf2 is the most prominent factor in
activation of ARE-mediated genes expression and induction as compared with Nrfl and Nrf3
(Venugopal and Jaiswal, 1996; 2000; Jaiswal, 2004; Zhang, 2006; Kobyashi and Yamamoto,
2006; Copple et al., 2008).

INrf2, a Cytosolic Inhibitor of Nrf2

INrf2 (Inhibitor of Nrf2) or KEAP1 (Kelch-like ECH-associated proteinl), protein retains Nrf2
in the cytoplasm (Dhakshinamoorthy and Jaiswal, 2001; Itoh et al., 1999) (Fig. 2). Analysis
of the INrf2 amino acid sequence revealed a protein-protein interaction domain BTB/POZ BTB
(broad complex, tramtrack, bric-a-brac)/POZ (poxvirus, zinc finger) and a Kelch domain (Itoh
et al., 1999). In the Drosophila Kelch protein, and in PIP, the Kelch domain binds to actin
(Albagli et al., 1995; Kim et al., 1999). Therefore, it was expected that INrf2 bind to actin in
the cytoskeleton. Indeed, a report showed that INrf2 binds to actin of cytoskeleton (Kang et
al., 2004). The same report also showed that scaffolding of INrf2 to the actin cytoskeleton plays
an important role in retention of Nrf2 in the cytosol. INrf2 exists as dimers inside the cells
(Zipper and Mulcahy, 2002). INrf2 functions as an adapter for Cul3/Rbx1 mediated
degradation of Nrf2 (Kobayashi et al., 2004; Cullinan et al., 2004; Zhang et al., 2004; Fig. 2).
INrf2 with its N-terminal BTB/POZ domain binds to Rbx1 bound Cul3 and with C-terminal

Toxicol Appl Pharmacol. Author manuscript; available in PMC 2011 April 1.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Niture et al.

Page 4

Kelch domain binds to Nrf2. This leads to ubiquitination and degradation of Nrf2. Under basal/
normal conditions, cytosolic INrf2/Cul3-Rbx1 is constantly degrading Nrf2. When a cell
encounters stress Nrf2 dissociates from INrf2, stabilized and translocates into the nucleus
leading to activation of ARE-gene expression (reviewed in Dhakshinamoorthy et al., 2000;
Jaiswal, 2004; Zhang, 2006; Kobyashi and Yamamoto,2006; Copple et al., 2008). It is
noteworthy that INrf2 is specific to Nrf2 and does not interact with Nrfl or Nrf3 (Jain and
Jaiswal, Unpublished).

Studies have shown that INrf2 (Keap1)-null mice are not viable and die shortly after birth,
probably from malnutrition resulting from hyperkeratosis in the esophagus and forestomach
(Wakabayashi et al., 2003). However, mating of heterozygous INrf2+/— mice with Nrf2—/—
mice led to generation of double knockout (INrf2—/— and Nrf2—/-) mice that did not express
both INrf2 and Nrf2 (Kwak et al., 2003). The double knockout mice survived. These results
indicated that Nrf2 accumulation in the absence of INrf2 in the nucleus might be sensitive for
esophagus and forestomach tissues due to unknown reasons. INrf2 floxed mice were generated
(Okawa et al., 2006). Hepatocyte-specific deletion of the Keapl (INrf2) gene led to activation
of Nrf2 that conferred potent resistance to acetaminophen toxicity (Okawa et al., 2006).

Reports have suggested that any mechanism that modifies INrf2, and/or Nrf2, allowing it to
disrupt the Nrf2/INrf2 complex will result in the upregulation of ARE-mediated gene
expression. Because the metabolism of both antioxidants and xenobiotics results in the
generation of superoxides and electrophiles (De Long et al., 1987), it is thought that these
molecules might act as second messengers, activating ARE-mediated gene expression. Several
protein kinases such as protein kinase C (PKC) (Huang et al., 2002; Bloom and Jaiswal,
2003), extracellular signal-regulated kinases (ERK) (Buckley et al., 2003), MAPK and p38
MAP kinase (Yu etal., 1999; Zipper et al., 2000), and PKR-like endoplasmic reticulum kinase
(PERK) (Cullinan et al., 2003) are known to modify Nrf2 and hence activate its release from
INrf2. Among these mechanisms, oxidative/electrophilic stress mediated phosphorylation of
Nrf2 at serine40 by PKC is a very well-studied and accepted model for activation mechanism
of Nrf2 (Huang et al., 2002; Bloom and Jaiswal, 2003). In addition to post-translational
modification in Nrf2 resulting in ARE-induction, several crucial residues in INrf2 have also
been proposed to be important for activation of Nrf2. Studies based on the electrophile mediated
modification, location and mutational analyses revealed that three cysteine residues, Cys151,
Cys273 and Cys288 are crucial for INrf2 activity (Zhang and Hannink, 2003). INrf2 itself
undergoes ubiquitination by the Cul3 complex which was markedly increased in response to
phase Il inducers such as t-BHQ (t-butylhydroquinone) (Zhang et al., 2005). It has been
suggested that, under physiological conditions INrf2 targets Nrf2 for ubiquitin mediated
degradation but electrophiles may trigger a switch of Cul3 dependent ubiquitination from Nrf2
to INrf2 resulting in ARE gene induction. Recently, Eggler at al. (2005) demonstrated that
modifying specific cysteines of the electrophile-sensing human INrf2 protein is insufficient to
disrupt binding to the Nrf2 domain Neh2. Upon introduction of electrophiles, modification of
INrf2 C151 leads to a change in the conformation of the BTB domain by means of perturbing
the homodimerization site, disrupting Neh2 ubiquitination, and causing ubiquitination of INrf2.
Modification of INrf2 cysteines by electrophiles does not lead to disruption of the INrf2—Nrf2
complex. Rather, the switch of ubiquitination from Nrf2 to INrf2 leads to Nrf2 nuclear
accumulation.

The redox modulation of cysteines in INrf2 might be a mechanism redundant to the
phosphorylation of Nrf2 by PKC, or that the two mechanisms work in concert. In addition to
cysteine1l51 modification, phosphorylation of Nrf2 has also been shown to play a role in INrf2
retention and release of Nrf2. Serine104 of INrf2 is required for dimerization of INrf2 (Zipper
and Mulcahy, 2002). Mutation of Serine104 led to disruption of INrf2 dimer and release of
Nrf2 (Zipper and Mulcahy, 2002). Recently, we demonstrated that phosphorylation and
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dephosphorylation of INrf2tyrosine141 regulates stability and degradation of INrf2 (Jain et al.,
2008). Phosphorylation of tyrosine141 is required for stability of INrf2. The treatment of cells
with hydrogen peroxide led to dephosphorylation of tyrosinel41 and destabilization/
degradation of INrf2. This led to release of Nrf2. More recently, we showed that prothymosin-
a mediates nuclear import of INrf2/Cul3-Rbx1 complex (Niture and Jaiswal, 2009).
Antioxidant treatment increases nuclear import of INrf2/Cul3-Rbx1 complex. The INrf2/Cul3-
Rbx1 complex inside the nucleus exchanges prothymosin-o with Nrf2 resulting in degradation
of Nrf2. These results led to the conclusion that prothymosin-a mediated nuclear import of
INrf2/Cul3-Rbx1 complex leads to ubiquitination and degradation of Nrf2 inside the nucleus
presumably to regulate nuclear level of Nrf2 and rapidly switch off the activation of Nrf2
downstream gene expression.

Mechanism of Signal Transduction and Regulation of Nrf2 Activation and
Degradation

A hypothetical model illustrating the role of INrf2, Nrf2 and other ARE-binding factors in
activation of antioxidant genes by antioxidants and xenobiotics is shown in Fig. 3. Nrf2:INrf2
acts as a sensor for oxidative/electrophilic stress. In response to oxidative/electrophilic stress,
Nrf2 is switched on (separation from INrf2 and stabilization of Nrf2) and then off
(ubiquitination and degradation of Nrf2) by distinct early and delayed mechanisms. Oxidative/
electrophilic modification of INrf2cysteine151 and/or PKC phosphorylation of Nrf2serine40
results in the escape or release of Nrf2 from INrf2. Nrf2 is stabilized and translocates to the
nucleus, heterodimerizes with small Maf, Jun or yet unknown proteins and binds to the ARE
that leads to coordinated activation of gene expression (Jaiswal, 2004; Kobyashi and
Yamamoto, 2006; Copple et al., 2008). It takes close to two hours from the time of exposure
to optimally switch on nuclear import of Nrf2 (Jain et al., 2005). This is followed by activation
of a delayed mechanism involving GSK3p that controls switching off of Nrf2 activation of
gene expression. GSK3p phosphorylates Fyn at unknown threonine residue(s) leading to
nuclear localization of Fyn (Jain and Jaiswal, 2007). Fyn phosphorylates Nrf2tyrosine568
resulting in nuclear export of Nrf2, binding with INrf2 and degradation of Nrf2 (Jain and
Jaiswal, 2006). Bachl is a nuclear protein that competes with Nrf2 for binding to ARE leading
to suppression of Nrf2 downstream genes (Dhalshinamoorthy et al., 2005). The negative
regulation of Nrf2 through Fyn and Bach1l pathways are important in switching off the
induction of Nrf2 downstream genes that were switched on in response to oxidative stress. The
switching on and off of Nrf2 protect cells against free radical damage, prevents apoptosis and
promotes cell survival (Dhakshinamoorthy et al., 2000;Jaiswal, 2004;Zhang, 2006; Kobyashi
and Yamamoto, 2006; Copple et al., 2008;Giudice and Montella, 2006).

Auto-regulatory Loop Between INrf2 and Nrf2

An auto-regulatory loop between stress sensors INrf2 and Nrf2 controls their cellular
abundance and ARE-mediated gene expression and induction (Lee et al., 2007). An ARE in
the reverse strand of the proximal INrf2 promoter that binds to Nrf2 regulates expression and
antioxidant induction of the INrf2 gene expression. The induction of INrf2 followed
ubiquitination and degradation of Nrf2 and suppression of INrf2 gene expression. In other
words, Nrf2 regulates INrf2 by controlling its transcription, and INrf2 controls Nrf2 by
degrading it.

Nrf2:INrf2 in Cell Survival, Cancer and Chemoprevention, and Drug
Resistance

Nrf2 is considered a major mechanism of protection against chemical and radiation capable of
damaging DNA integrity and initiating carcinogenesis (Giudice and Montella, 2006). It
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protects cells against chemical and radiation stress and promotes cell survival. The Nrf2-
knockout mouse was prone to acute damages induced by acetaminophen, ovalbumin, cigarette
smoke, pentachlorophenol and 4-vinylcyclohexene diepoxide and had increased tumor
formation when they were exposed to carcinogens such as benzo[a]pyrene, diesel exhaust and
N-nitrosobutyl (4-hydroxybutyl) amine (Enomoto et al., 2001; Chan et al., 2001; Rangasamy
et al., 2005; lizuka et al., 2005; Hu et al., 2006; Aoki et al., 2001; Ramos-Gomez et al., 2001,
lida et al., 2004).

A role of Nrf2 in drug resistance is suggested based on its property to induce detoxifying and
antioxidant enzymes (Vollrath et al., 2006; Kim et al., 2007; Okawa et al., 2006; Wang et al.,
2008; Padmanabhan et al., 2006; Singh et al., 2006). The loss of INrf2 (Keapl) function is
shown to lead to nuclear accumulation of Nrf2, activation of metabolizing enzymes and drug
resistance (Wang et al., 2008). Studies have reported mutations resulting in dysfunctional INrf2
in lung, breast and bladder cancers (Padmanabhan et al., 2006; Singh et al., 2006; Ohta et al.,
2008; Nioi and Nguyen, 2007; Shibata et al., 2008A). A recent study reported that somatic
mutations also occur in the coding region of Nrf2, especially in cancer patients with a history
of smoking or suffering from squamous cell carcinoma (Shibata et al., 2008B). These mutations
abrogate its interaction with INrf2 and nuclear accumulation of Nrf2. This gives advantage to
cancer cell survival and undue protection from anti-cancer treatments. However, the
understanding of the mechanism of Nrf2 induced drug resistance remains in its infancy. In
addition, the studies on Nrf2 regulated downstream pathways that contribute to drug resistance
remain limited. Furthermore, it is unknown if the inhibition of Nrf2 or activation/increased
expression of INrf2 and Bach1 could reverse the drug resistance.

Future Perspectives

Further studies are required to completely understand the mechanism of signal transduction
from chemicals and radiation to Nrf2:INrf2 complex leading to the release of Nrf2 from INrf2
and activation of a battery of defensive genes. Preliminary studies demonstrate that
deactivation of Nrf2 is equally important as activation of Nrf2. Therefore, studies must also
explore negative regulation of Nrf2. Future studies should also address the role of Nrf2 and
INrf2 in cell survival and drug resistance and cancer.
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Fig. 1. NF-E2 related factors

Protein domains of three NF-E2 related factors are shown. INrf2 binding site in Nrf2 is also
shown. Nrfl and Nrf3 lack INrf2 binding domain and do not bind with INrf2. CNC,
Cap'n'Collar region. Amino acid sequence of basic and leucine zipper regions from three factors
are aligned to demonstrate conservation of cysteine (C) and leucines (L). Please note that the
three proteins and its domains are not drawn on scale.
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Fig. 2. Schematic presentation of the various domains of INrf2

Nrf2, NF-E2 Related Factor 2; INrf2, Inhibitor of Nrf2; NTR, N-Terminal Region; BTB, Broad
complex, Tramtrack, Bric-a-brac; IVR, Intervening/linker Region; DGR, Kelch domain/

diglycine repeats; CTR, C-Terminal Region.
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Fig. 3. Oxidative/electrophilic stress and Nrf2:INrf2 signaling
S40 is serine 40 phosphorylation in Nrf2. Y568 is tyrosine 568 phosphorylation in INrf2.
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