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Abstract

Cap’n’collar (Cnc) transcription factors are conserved in metazoans and have important
developmental and homeostatic functions. The vertebrate Nrfl, Nrf2, and Nrf3, the
Caenorhabditis elegans SKN-1, and the Drosophila CncC comprise a subgroup of Cnc factors
that mediate adaptive responses to cellular stress. The most studied stress-activated Cnc factor is
Nrf2, which orchestrates the transcriptional response of cells to oxidative stressors and
electrophilic xenobiotics. In rodent models, signaling by Nrf2 defends against oxidative stress and
aging-associated disorders, such as neurodegeneration, respiratory diseases, and cancer. In
humans, polymorphisms that decrease Nrf2 abundance have been associated with various
pathologies of the skin, respiratory system, and digestive tract. In addition to preventing disease in
rodents and humans, Cnc factors have lifespan-extending and anti-aging functions in invertebrates.
However, despite the pro-longevity and antioxidant roles of stress-activated Cnc factors, their
activity paradoxically declines in aging model organisms and in humans suffering from
progressing respiratory disease or neurodegeneration. We review the roles and regulation of stress-
activated Cnc factors across species, present all reported instances in which their activity is
paradoxically decreased in aging and disease, and discuss the possibility that the pharmacological
restoration of Nrf2 signaling may be useful in the prevention and treatment of age-related diseases.

The Cnc Family of Transcription Factors

Cap’n’collar (Cnc) proteins are a family of basic leucine zipper transcription factors that are
conserved in worms, insects, fish, birds, and mammals, including humans, but are not
present in plants or fungi. They are defined by the presence of a conserved 43-amino acid
Cnc domain located N-terminally to the DNA binding domain. Cnc transcription factors
comprise the Caenorhabditis elegans SKN-1 (Skinhead family member 1) (1), the
Drosophila Cnc (2), and four vertebrate counterparts-- the p45 NFE2 (nuclear factor
erythroid-derived 2) and the NFE2-related factors Nrfl, Nrf2 and Nrf3 (hereafter referred to
as “the Nrfs”) (Fig. 1) (3-10). The related vertebrate transcription factors Bachl (BTB and
CNC homology 1) and Bach2 are characterized by the additional presence of a BTB (Broad
complex, Tramtrack, Bric-a-brac) protein interaction domain (11). Most Cnc factors are
transcriptional activators; however, Bach 1, Bach2, a naturally occurring truncated isoform
of Nrfl, and a caspase-cleaved form of Nrf2 function as transcriptional repressors (11-16).
One study has suggested that Bach1l can activate transcription in erythroid cells (11).
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Cnc proteins function during development, or contribute to the maintenance of homeostasis
in response to some types of environmental stress, or both. Worms and flies have a single
gene encoding their respective Cnc factors, which function both in development and in
stress responses. In contrast, each Cnc protein is encoded by a separate gene in vertebrates.
Though Bachl is expressed ubiquitously and is abundant in hematopoietic organs, such as
bone marrow and fetal liver (11,17), it is dispensable for development and reproduction in
mice (18). Bach2 is most abundant in the brain and in the B-cell lineage where it is required
for antibody class switching (15,19). The p45 NFE2 functions in development; it is present
only in hematopoietic progenitor, erythroid, megakaryocytic, and mast cells, and it is
required for proper development of platelets (4,20,21). The three Nrfs have broad and partly
overlapping expression patterns and function as stress-activated transcription factors
(5,7,9,22). We focus on the vertebrate stress-activated Nrfs and their invertebrate homologs,
and discuss their conserved roles in the cellular response to oxidative stress, with particular
emphasis on their paradoxical dysfunction in aging and human disease.

Cnc Transcription Factors as Mediators of the Antioxidant Response

Cells experience oxidative stress when pro-oxidant and electrophilic reactive species
overwhelm the cell’s antioxidant and detoxification proteins (23). In addition to causing
protein and lipid damage, oxidative stress can cause mutations and epigenetic perturbation
by damaging DNA and proteins that modify chromatin. Therefore, oxidative stress can be a
causative or exacerbating factor in a range of diseases, including respiratory and metabolic
disorders, neurodegenerative diseases, and cancer (24,25). Cells possess signaling pathways
that can sense oxidative stress and launch adaptive responses that bolster the antioxidant
defense networks (26). Nrf2 is the central mediator of a prominent antioxidant response
system (27,28). In response to oxidative stress, Nrf2 accumulates in the nucleus, where it
binds to Antioxidant Response Element (ARE) sequences in the regulatory sequences of its
target genes. Nrf2 activates transcription primarily as a dimer with a member of the small
Maf (musculo-aponeurotic fibrosarcoma oncogene) family of proteins (29-31). Binding of
the small Maf-Nrf2 dimers to ARE sequences results in the coordinated transcriptional
activation of a battery of antioxidant enzymes and detoxifying proteins. This regulated
adaptive response has been termed “the electrophile counterattack”, and is also known as the
“Phase 2 detoxification response” (32). Activation of Nrf2 increases the abundance of
thioredoxins and glutathione-synthesizing enzymes (which maintain the redox balance),
glutathione S-transferases (which detoxify xenobiotics), molecular chaperones (which
facilitate optimal protein folding), proteasome subunits (which remove damaged
macromolecules) and various other cytoprotective proteins (33-36). In the absence of
oxidative stress, the basal activity of Nrf2 maintains the housekeeping expression of many
of the same antioxidant and detoxification genes (27,28,37,38). Thus, Nrf2 controls the basal
and inducible activity of the cell’s antioxidant defenses.

Regulation of Nrf2 activity and ARE-mediated transcription

The understanding of the molecular mechanisms by which ARE activity is regulated
continues to evolve (39-42). In the absence of oxidative stress, Nrf2 binds to its cytoplasmic
inhibitor Keapl (Kelch-like ECH-associating protein 1), a protein tethered to the actin
cytoskeleton (27,43-45). Keapl suppresses the activity of Nrf2 both passively by
sequestering it in the cytoplasm, as well as actively by targeting it for polyubiquitination by
a Cullin3-based E3 ligase complex and thus facilitating its proteasomal degradation (46-49)
(Fig. 2). In addition to serving as an inhibitor of Nrf2, Keapl also functions as a sensor of
oxidants and electrophiles, which react with its redox-sensitive cysteine residues (50-52).
Oxidative stresses or electrophilic xenobiotics abolish the inhibition of Nrf2 by Keap1l.
Although these inducers do not disassociate Nrf2 from Keapl, they impair the ability of
Keap1 to target Nrf2 for ubiquitination and degradation, presumably by triggering a
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conformational change in Keapl structure (53-55). The “hinge and latch” structural model
for the Keap1-Nrf2 association proposes that a single Nrf2 molecule makes contacts of
different strength with the two molecules of a Keapl dimer (Fig. 3A) (54,56). The “hinge” is
a high affinity interaction that is not affected by inducers; in contrast, inducers abolish the
low-affinity interaction mediated by the “latch,” thereby disrupting the presentation of Nrf2
to the ubiquitination machinery (57). The “hinge and latch” model was originally based on
in vitro biochemical and structural evidence using purified peptides (53,56) and this model
is supported by the finding that cancer-associated somatic mutations specifically altering
amino acids in either the DLG or the ETGE motif result in aberrant cellular accumulation of
Nrf2 (58). The genetic data suggest that the interaction mediated by the DLG is relevant in
vivo, even though in vitro it is two orders of magnitude weaker than the ETGE interaction
(59). Further supporting the “hinge and latch” model, it was shown that the p21 protein
directly interacts with the DLG and ETGE motifs and thus competes with Keapl for Nrf2
binding (60). On the other hand, cell culture studies using forced expression of differentially
tagged or mutated forms of Keapl and Nrf2 have concluded that the stoichiometry of the
Keap1-Nrf2 association in cells is not 2:1 but is rather 2:2 (61). In addition, Keapl binds
simultaneously one Nrf2 molecule and one molecule of phosphoglycerate mutase 5
(PGAMDS) (62,63) (Fig. 3B), which also conflicts with the “hinge and latch model”. Thus, it
remains to be resolved which of the two models best represents the interaction between
Keapl and Nrf2 in vivo. However, it should be noted that the two models are not necessarily
mutually exclusive, because each might be valid for different Keapl dimers or higher order
multimers that Keapl might potentially form. The transcriptional activation of genes
through the ARE by oxidative stress is regulated at multiple levels, from transcription to
protein localization to protein degradation and posttranslational modifications. The shuttling
of Nrf2 into and out of the nucleus has been linked to the redox status of the cell. Nrf2
possesses both nuclear localization signals (NLSs) and nuclear export signals (NESs), which
are balanced under basal conditions (64—67). Oxidative conditions inactivate one of the Nrf2
NESs through modification of a reactive cysteine, which facilitates the nuclear accumulation
of Nrf2 (67). Thus, the oxidative stress-sensing function of Keapl may have a permissive
role for Nrf2 activation, whereas the direct effects of oxidative stress on Nrf2 itself may fine
tune the speed, magnitude, and duration of the antioxidant response (40). Keapl also
exhibits nucleocytoplasmic shuttling (68,69), although the physiological relevance of this
observation has been challenged (70). Nuclear localization of Keapl might serve to target
Nrf2 to specific chromatin areas through the Keapl BTB protein interaction domain (40,71).
Alternatively, it may promote the degradation of Nrf2 inside the nucleus or facilitate the
nuclear export of Nrf2, or both, thereby terminating the antioxidant response after the redox
balance has been restored (40,69,72).

Phosphorylation also contributes to the cellular response to oxidative stress, by targeting
Keapl, Nrf2, other leucine zipper proteins, or their transcriptional cofactors, and thus
directly or indirectly activating or repressing ARE activity. The mitogen-activated protein
kinases (MAPKS) p38, ERK, and JNK, as well as protein kinase C (PKC), glycogen
synthase kinase 3p (GSK-3B), the tyrosine kinase Fyn, casein kinase 2 (CK-2),
phosphoinositide 3-kinase (P13K), and protein kinase-like endoplasmic reticulum kinase
(PERK) have all been implicated in ARE regulation (73-94). Mostly, the phosphorylation
targets of these kinases that are relevant for the response to oxidative stress remain poorly
characterized, with the exceptions of PKC, Fyn, and the MAPKSs, which phosphorylate
specific Nrf2 residues (81-83,88,92). Different kinase pathways are involved in ARE
regulation in a manner that is both inducer- and tissue-type specific. For example, p38 has
been found to either positively or negatively regulate the Nrf2-mediated transcriptional
induction of the gene encoding the antioxidant enzyme heme oxygenase 1 (HO-1) (76,95-
a7).
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The abundance of Keapl, Nrf2, small Mafs, Bachl, Bach2, and factors with which these
proteins interact is also regulated and may influence the cellular sensitivity to oxidative
stress. The genes encoding Keapl, Nrf2, and MafG (a small Maf protein) contain the ARE
and thus their expression is stimulated by Nrf2 (98-100); the nrf2 gene is also
transcriptionally induced by the aryl hydrocarbon receptor (101). Moreover, oxidative stress
stimulates the translation of Nrf2, increasing its abundance (102). In response to ARE
inducers, Bachl undergoes rapid nuclear export and proteasomal degradation (103,104), and
bachl gene transcription is also stimulated, such that Bachl abundance can be ultimately
restored (104). Conversely, oxidative stress induces nuclear accumulation of Bach2, which
suppresses ARE activity and promotes apoptosis (105,106). The chromatin remodeling
factor BRG1 and the transcriptional repressor SMRT can interact with Nrf2 and enhance or
silence ARE activity, respectively (107,108). Various other transcription factors interact
with Nrf2, the ARE, or both, including the activator protein 1 (AP-1) transcription factors
Fos and Jun, the activating transcription factors 1, 2, 3 and 4 (ATF-1, ATF-2, ATF-3 and
ATF-4), the estrogen receptors o and  (ERa and ERp), the peroxisome proliferator-
activated receptor y (PPAR), and the retinoic acid receptor a (RARa) (109-120). The
relative cellular abundance and activity of these ARE-regulating proteins may fine tune
transcriptional responses mediated by Cnc factors (13,121-124). In addition to
phosphorylation, acetylation and regulated cleavage influence Nrf2 activity. The
posttranslational acetylation of Nrf2 by its transcriptional co-activator p300/CBP promotes
its DNA binding to specific ARE promoters (125). The caspase-mediated removal of its N-
terminal transactivation domains converts Nrf2 to an apoptosis-promoting ARE repressor
(16). Thus, molecular processes regulating ARE activity can be broadly classified into
ubiquitous mechanisms that involve the oxidative stress-sensing functions of Keapl and
Nrf2, and tissue-specific mechanisms that involve (i) the abundance of factors that interact
with Nrfs or the ARE and (ii) the posttranslational modification of proteins involved in
mediating the antioxidant response.

Functions and Regulation of Other Vertebrate Cnc Proteins

In addition to Nrf2, Nrfl and Nrf3 also stimulate transcription of ARE-containing genes
(126,127). In contrast, the Bach factors repress ARE activity (11,12,128), as do dimers of
small Maf proteins (121,122) (Fig. 2). Whereas full-length Nrfl activates the ARE, a
naturally occurring truncated Nrfl isoform functions as a transcriptional repressor (14).
Because the genes encoding Keapl, Nrf2, and MafG can be induced through AREs in their
regulatory sequences (98-100), transcriptional cross-regulation among the Cnc proteins
might also occur. Thus, for example, it is possible that Nrfl might contribute to Nrf2
abundance by inducing ARE-mediated nrf2 gene transcription, or Nrfl might reduce Nrf2
abundance by inducing ARE-mediated keapl gene transcription. Although all Nrfs can
regulate the ARE, the distinct phenotypes of the corresponding mouse knockouts indicate
that they are not functionally redundant (Table 1). Whereas nrf1 ™~ mice die during mid- to
late embryonic development due to a non-cell autonomous defect in liver erythropoiesis
(129), Nrf2 is not required for development (130). Instead, aged nrf2~/~ mice develop a
neurodegenerative disorder characterized by destruction of the myelin sheath in the nervous
system, which is accompanied by the widespread presence of reactive astroglia and is
presumably caused by oxidative stress (131). In addition, aged female nrf2~/~ mice develop
a multi-organ autoimmune disease similar to human Systemic Lupus Erythematosus (132—
134). Mice lacking Nrf2 are also highly sensitive to environmental stressors. nrf3~~ mice
are also viable and have no obvious phenotypes under nonstressful conditions (22).

Examination of double and triple knockout mice further supports that members of the Cnc
family in mammals have mostly nonredundant functions (Table 1). Whereas nrf2~/~ mice
are born normally (130) and nrf1~/~ mice suffer from oxidative stress (135) and die in late
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embryonic development (129), nrf1~/~ nrf2~/~ mice die in early development and their cells
show elevated amounts of intracellular oxygen species and an increased rate of cell death
compared to cells from either nrf2~/~ or nrf1 =/~ mice (136). Thus, although Nrf2 does not
rescue the lethality of Nrfl deficiency, Nrf2 does partially ameliorate the nrfl~/~ phenotype,
indicating that Nrf2 can partially compensate for the absence of Nrfl. (136). Thus far, there
is no genetic evidence in support of a similar functional overlap between Nrf3 and the other
Cnc factors. The lack of Nrf3 did not cause lethality in nrf2=/~, p45~/~, or nrf2~/~ p45~/~
mice, and no changes in the transcript levels of p45, nrf1, and nrf2 were detected in nrf3=/~
mice (22).

The phenotypic differences in the mouse knockouts, which are consistent with functional
specificity in the Nrf family, are unlikely to relate to tissue-specific expression, because their
expression patters are largely overlapping. Rather, Nrfs differ in their modes of regulation,
subcellular localizations, target gene complements, and transactivation potencies (Table 2).
The Neh2 (Nrf2-ECH homology 2) domain, which mediates the interaction with the Kelch
domain of Keapl (10), is not conserved in Nrf3 (127). Although Nrfl has a Neh2-like
domain, Nrfl is not regulated by Keapl (141,142). Nrf2 is soluble and localized mostly to
the cytoplasm and partly to the mitochondria under basal conditions, whereas Nrfl and Nrf3
are integral membrane proteins targeted to the endoplasmic reticulum (ER) through a
conserved NHB1 (N-terminal homology box 1) domain (141,143-145). The precise
mechanisms by which Nrfl and Nrf3 shuttle from the ER to the nucleus to regulate
transcription are not yet well understood. What is known is that ER stress (caused by the
accumulation of misfolded proteins in the ER lumen) activates Nrf3 but suppresses Nrfl
activity (145,146), and that Nrf2 is also induced by ER stress through activation of the ER
transmembrane kinase PERK (86,147). Although Nrfl and Nrf2 regulate many of the same
genes, each of these factors also has unique transcriptional targets (148), as does Nrf3 (149).
Nrf2 is a more potent transcriptional activator than either Nrfl or Nrf3 (9), which may relate
to the membrane association of Nrfl and Nrf3 or the presence of two transcription activation
domains in Nrf2, or both (150).

Invertebrate Cnc Factors

Oxidative stress poses a threat to all aerobic species, thus it is not surprising that Cnc
transcription factors regulate antioxidant responses in invertebrate organisms (Fig. 1). The
C. elegans Cnc homolog is SKN-1, a protein initially characterized as critical to the
formation of the digestive system during worm embryogenesis (1). In addition to this early
developmental function, SKN-1 regulates a Phase 2 detoxification response in the digestive
tract of larvae and adults, thereby conferring resistance against various pro-oxidants, such as
hyperbaric oxygen, hydrogen peroxide, paraquat, arsenic, and juglone (151,152).

The regulation of SKN-1 and its mechanism of action are divergent from that of vertebrate
Nrf2. The worm does not possess Keapl and small Maf homologs, and SKN-1 binds ARE
half-sites as a monomer (153). Phosphorylation by diverse protein kinases is a central
mechanism of SKN-1 regulation. In the absence of stress, GSK-3, the serum/glucocorticoid
regulated kinase 1 (SGK-1), and the serine-threonine kinases AKT-1 and AKT-2 are all
needed to repress SKN-1 activity by preventing its nuclear accumulation (154,155). In
contrast, the kinases p38, MAP kinase kinase 4 (MKK-4), inhibitor of nuclear factor xB
kinase e-1 (IKKe-1), never in mitosis kinase like 2 (NEKL-2), and pyruvate dehydrogenase
kinase 2 (PDHK-2) all contribute to the activation of SKN-1 in response to stress (156,157).
The abundance SKN-1 is also controlled by the cell’s protein degradation machinery:
Proteasome core and regulatory subunits, ubiquitin-specific hydrolases, and chaperonin
components repress SKN-1 activity under normal conditions (152). In the nuclei of intestinal
cells, SKN-1 specifically interacts with the WD40 repeat protein WDR-23, which in turn
binds to a Cullin4-based ubiquitin ligase complex and presumably targets SKN-1 for
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ubiquitination and proteasomal degradation (158). Under conditions of oxidative stress,
SKN-1 escapes from WDR-23-mediated inhibition, accumulates in the nucleus, and
transactivates its target genes (158). Although the Cnc family of transcription factors was
named after the Drosophila Cnc protein nearly two decades ago (2), the functional
homology of Drosophila Cnc to the C. elegans SKN-1 and to the vertebrate Nrfs was only
recently demonstrated experimentally (159). In flies, the cnc locus encodes three protein
isoforms: CncA, CncB, and CncC, with CncC being the longest protein and CncB and CncA
representing progressively truncated forms derived from different transcripts (160). CncB is
active during embryogenesis in the labral and mandibular segments that develop into regions
of the fly’s head. Thus, the embryonic expression pattern of CncB resembles a cap (labral
segment) and a collar (mandibular segment), hence the name of the protein family
(2,160,161). Like the truncated p65 isoform of Nrfl and the caspase-cleaved form of Nrf2,
Drosophila CncA lacks transcription activation domains (160,162); it is yet unknown
whether CncA functions as a transcriptional repressor like the short forms of Nrfl and Nrf2.

CncC, the longest of the Drosophila Cnc proteins, is present from late embryogenesis
through adult life. Unlike CncA or CncB, CncC contains a unique N-terminus with
homology to the Keapl-binding domain of Nrf2 (10,160). Furthermore, a Keapl ortholog is
present in Drosophila and functions as an inhibitor of CncC and ARE activity (159). Like
SKN-1 and Nrf2, CncC is activated by various oxidants, such as paraquat, diethyl-maleate,
and hydrogen peroxide. CncC is also induced by compounds, like oltipraz, that have cancer
chemopreventive properties in rodents, and its activation augments the fly’s antioxidant
defense systems (159). The N-terminus of CncC contains a stretch of amino acids that is
homologous to the NHB1 domains of Nrfl and Nrf3, through which these vertebrate factors
are targeted to the ER (141,142,145). Whether CncC also localizes to the ER compartment
and responds to ER stress or to oxidative stress in the ER has not been investigated, but the
structural homology suggests that CncC may perform the functions of not only Nrf2, but
also those of Nrfl and/or Nrf3. Thus, Drosophila appears to encode in a single locus all of
the diversified functions of Cnc proteins: CncB would represent the developmental effector
that is not subjected to Keapl-mediated inhibition (reminiscent of p45 NFE2); CncC
represents a stress-responsive homeostatic mediator (like the Nrfs); and CncA is a putative
competitive repressor of CncB or CncC binding to the ARE (functionally analogous to p65
Nrfl, caspase-cleaved Nrf2, or the Bach factors). More work is needed to further
characterize the functional correspondence between the invertebrate Cnc and SKN-1
isoforms and the vertebrate Cnc factors.

Activation and Paradoxical Dysregulation of Nrf2 in Disease

It has been appreciated for several years that the electrophile counterattack rallied by Nrf2
might be exploited as a strategy for the chemoprevention of cancer (163,164). The rationale
is that the administration of drugs that augment the cellular defense against electrophilic
carcinogens could potentially prevent, ameliorate, or even reverse the tissue damage these
chemicals cause (165). Various compounds that activate Nrf2 are regarded as promising
chemopreventive agents, and some of these substances are being studied in human trials of
cancer chemoprevention. Such Nrf2-activating drugs include synthetic compounds like
oltipraz and related dithiolthiones (166) and novel triterpenoids (167), as well as natural
products like curcumin (168) and sulforaphane (169). These substances are effective in
mouse models of experimental carcinogenesis, and their chemopreventive actions are
markedly reduced or abolished in nrf2 knockouts, indicating that their activities are
mediated by the induction of Nrf2 (168,170-172). Consistent with the role of Nrf2 as a
central regulator of the adaptive response to oxidative stress, nrf2~/~ mice are sensitive to
diverse oxidative insults. When exposed to electrophilic xenobiotics or chemicals that
generate intracellular oxidative stress, nrf2~~ mice display increased tissue damage and
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prolonged inflammation, high amounts of DNA, lipid, and protein oxidation, and increased
incidence of cancers (171,173-175).

Oxidative stress is linked not only to cancer but also to various nonmalignant diseases.
Primarily on the basis of experiments with nrf2~/~ mice and cells derived from them, there
is additional interest in pharmacological manipulation of the Nrf2 system beyond cancer
chemoprevention. For example, nrf2~/~ mice are sensitive to experimental models of
pulmonary diseases, such as asthma (176), emphysema (33), pulmonary fibrosis (177),
hyperoxia (178), and acute lung injury (179). The protective role of Nrf2 has also been
established in models of neurodegenerative disorders, such as Parkinson’s disease (180),
Alzheimer’s disease (181), and Amyotrophic Lateral Sclerosis (182); inflammatory
disorders, such as inflammatory bowel disease (183); models of liver toxicity including
toxin- and alcohol-induced liver damage (184,185); atherosclerosis (186); and insulin
resistance (187), among others (28,188). Thus, Nrf2 appears to have a broad protective
function that could potentially be exploited therapeutically for the prevention or treatment of
many diseases (28,189,190).

Analysis of disease-associated DNA polymorphisms in humans also supports a protective
role of Nrf2 against multiple human diseases. Inherited DNA polymorphisms that reduce the
abundance of Nrf2 (191,192) have been associated with skin vitiligo (193), chronic gastritis
(194), peptic ulcer (195), ulcerative colitis (196), and adult respiratory distress syndrome
(192). Notably, the affected organs are ones through which the body comes into contact with
environmental stressors. Strikingly, the allelic frequencies of the disease-associated
polymorphisms are as high as 20% in Europeans, 40% in Asians, and 55% in Native
Americans (192). Thus, there are many individuals in the general population who may have
a hereditary predisposition to a reduced antioxidant response and can be at increased risk for
diseases related to oxidative stress. Those subjects might benefit the most from
pharmacological stimulation of Nrf2.

Extending the focus on Nrf2 signaling from a protective mechanism for cancer
chemoprevention to a candidate drug target for numerous other clinical indications raises the
question whether the pharmacological induction of Nrf2 will prove to be a practicable and
efficacious strategy for the treatment of diseases related to oxidative stress even subsequent
to their clinical manifestation. It could be argued that Nrf2 activation should not be expected
to be therapeutically useful: In a disease caused or exacerbated by oxidative stress, the
stress-responsive Nrf2 may be already activated fully during disease pathogenesis and
progression. Thus, if the disease can progress despite the endogenous induction of the
antioxidant response, then the exogenous administration of compounds that stimulate Nrf2
may have little added value. In stark contract to the large literature on the protective role of
Nrf2 in experimental mouse models, few human studies have yet directly examined its
involvement in disease. To date, the activity of the Nrf2 pathway in human disease has been
investigated only in cancer, respiratory disease, neurodegeneration, and preeclampsia. Thus
far, the data support the notion that the progression of nonmalignant human diseases related
to oxidative stress can be associated with, and likely promoted by, paradoxically deficient
Nrf2 function. Thus, the pharmacological restoration of Nrf2 activity might have not only
preventive, but indeed also therapeutic applications in human diseases.

Nrf2 suppression in Chronic Obstructive Pulmonary Disease

Chronic Obstructive Pulmonary Disease (COPD) is a disorder of the lungs in which the
airways become narrowed, leading to reduced air flow that causes shortness of breath (197).
In contrast to asthma, the limitation of air flow is not fully reversible, and in most cases it
worsens gradually over time. COPD is associated with an abnormal inflammatory response
of the lung to noxious particles or gases, the most common risk factor being chronic
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cigarette smoking (198). The clinical presentation of the disease ranges from chronic
bronchitis, which results from the inflammatory response in the larger airways, to
emphysema, the destruction of lung tissue caused by the inflammatory response in the
alveoli. The precise mechanism of the pathogenesis of emphysema is not clear, but it
involves the recruitment and potent activation of alveolar macrophages, and it is also
associated with an imbalance in the relative abundance of proteases versus antiproteases and
oxidants versus antioxidants in the lung; namely, oxidative stress (199,200).

Consistent with the involvement of oxidative stress in COPD, Nrf2 is protective in two
different mouse models of the disease, in which emphysema is experimentally induced by
exposure of the lung to neutrophil elastase or cigarette smoke. nrf2~/~ mice were much more
susceptible to elastase- or smoke-induced emphysema than their wild-type counterparts
(33,201). The cellular mechanism by which Nrf2 activity protects against COPD is not fully
known, but macrophages have an important role. Transplantation of wild-type bone marrow
cells with an intact nrf2 locus into nrf2~/~ mice instilled with elastase retarded the
development of the initial lung inflammation and subsequent emphysema (201). This
improvement was associated with the appearance of macrophages expressing Nrf2-regulated
genes encoding antiproteases and antioxidant proteins in the lung, which suggests that Nrf2
signaling in pulmonary macrophages has a crucial role for the prevention of emphysema.

Another study with the cigarette smoke-induced mouse model of COPD demonstrated that
the induction of Nrf2 activity during the course of emphysema development is not only
pharmacologically feasible but also beneficial (202). This work confirmed that the alveolar
destruction, declining lung function, and severe emphysema caused by chronic exposure to
cigarette smoke are significantly more pronounced in nrf2~/~ mice than in wild-type
animals. At the cellular level, tobacco smoke exposure causes protein oxidation and leads to
cell death, and these effects were more dramatic in the lungs of nrf2~/~ mice than in wild-
type tissue (202). Despite the clearly protective function of Nrf2 and ARE-regulated
antioxidant genes, the endogenous activity of the transcriptional targets of Nrf2 in lungs
chronically or acutely exposed to tobacco smoke was surprisingly modest. Importantly, the
administration of CDDO-imidazolide, a synthetic triterpenoid, significantly activated Nrf2
and boosted the expression of its target genes. Treatment of mice with this small molecule
compound over the course of tobacco smoke exposure showed significant therapeutic
benefit (202). These findings suggest that the endogenous induction of Nrf2 during the
development and progression of experimental emphysema is suboptimal, and that further
pharmacological stimulation of the antioxidant response could improve lung function.

The connection between decreased Nrf2 activity and susceptibility to COPD has also been
demonstrated in humans. When the abundance of Nrf2, Keapl, and Bach1 in patients with
severe emphysema was compared to those in smokers and non-smokers without the disease
(203), Nrf2 was decreased in whole lung tissue of emphysema patients, whereas Keapl and
Bachl were increased. Similarly, the abundance of Nrf2 was decreased in the cytoplasm and
nucleus of alveolar macrophages in subjects with emphysema, whereas that of Keapl and
Bachl was increased. The combined decrease in both nuclear and cytoplasmic Nrf2 in the
macrophages of emphysema patients suggests a global reduction in the abundance of Nrf2
rather than a defect in nuclear localization, which is consistent with the increased Keapl that
would reduce Nrf2 protein abundance by promoting proteasomal degradation. The reduced
abundance of Nrf2 was accompanied by reduced expression of its target genes, such as those
encoding the antioxidant proteins HO-1, NAD(P)H dehydrogenase quinone 1 (NQO1), and
glutathione peroxidase 2 (GPX2), in alveolar macrophages from emphysema patients, and
this correlated with clinical indices of COPD severity. In addition, macrophages from
emphysema patients displayed higher amounts of the lipid peroxidation product 4-
hydroxynonenal (203) which is an indication of oxidative stress. Thus, patients with severe
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emphysema have a pulmonary phenotype of excessive oxidative stress and suppressed
antioxidant response. This may be due to compromised signaling through the Nrf2 pathway
caused by increased abundance of Keapl and Bachl, which negatively regulate Nrf2 and the
ARE, respectively. Therefore, therapies that restore Nrf2 activity might prove valuable in
the treatment of this disease.

A related study provided additional evidence supporting a reduced antioxidant response in
COPD patients and suggested another potential mechanism underlying Nrf2 dysfunction in
the disease (204). This work compared whole lung tissue samples from patients with mild
and advanced COPD to tissue from smokers and former smokers without the disease.
Compared to the control subjects’ lungs, the COPD patients’ lungs showed a marked
reduction in the expression of the antioxidant genes encoding HO-1, NQO1, and the
glutamate cysteine ligase regulatory subunit (GCLM), which is critical for the synthesis of
the abundant antioxidant glutathione. In tissues from patients with advanced COPD, the
concentration of glutathione was significantly reduced and lipid peroxidation was
significantly increased (204), confirming that COPD is associated with a phenotype of
excessive oxidative stress and deficient antioxidant response in the lung (203). This study
also found that the abundance of Nrf2 was decreased in the COPD patients’ lungs, although
the amount of Nrf2 mRNA was similar in COPD and control tissue (204). Whereas the
abundance of Keapl mRNA and protein was also similar in the COPD and control samples
(204), the mRNA and protein abundance of DJ-1, a protein that stabilizes Nrf2 by
interfering with its Keapl-mediated proteasomal degradation (Fig. 2), was significantly
reduced (205). Oxidative modification of DJ-1 decreases its functionality and promotes its
degradation (206,207), and prolonged exposure of a human lung epithelial cell line to
cigarette smoke extract caused oxidation, carbonylation, and degradation of DJ-1 (204).
Thus, the loss of the Nrf2-dependent antioxidant response in COPD could be due to a
disease-associated reduction in DJ-1 abundance. In support of this model, in mouse lungs,
mouse embryonic fibroblasts, and human lung cells, the genetic disruption of DJ-1
decreased Nrf2 protein stability and impaired the antioxidant response to cigarette smoke. In
the DJ-1-disrupted cells, it was still possible to relieve Nrf2 inhibition and restore the
expression of Nrf2-dependent antioxidants by targeting Keapl, either genetically with small
interfering RNASs to knock down its expression or pharmacologically with sulforaphane
(204). This confirms that DJ-1 is epistatic to Keapl and Nrf2, and suggests that the
suppressed antioxidant response phenotype in COPD might be reversible by
pharmacological intervention at the level of Keapl or at other points downstream of DJ-1.

Further evidence for a dysfunction of the Nrf2 response in COPD was provided by an
independent study that found reduced Nrf2 mRNA and protein in alveolar macrophages
from COPD patients compared to control subjects (208). These three reports on Nrf2 in
human COPD have some discrepancies; for example, the abundance of Nrf2 mRNA was
reportedly normal (204), reduced (208), or not tested (203), and the abundance of Keapl
protein was normal (204), increased (203), or not tested (208). Nevertheless, a common
theme of the studies and an important concept in Cnc biology is that Nrf2 function and the
antioxidant response can be unexpectedly compromised during the progression of an
oxidative stress-related disease like COPD.

Nrf2 suppression in neurodegenerative diseases

Studies on neurodegeneration in humans suggest that the paradoxical dysfunction of Nrf2
signaling in disease is not specific to COPD, but rather a more general phenomenon.
Oxidative stress in the nervous system is associated with neuronal cell death during the
pathogenesis of multiple neurodegenerative disorders, including Alzheimer’s disease (AD),
Parkinson’s disease (PD), Huntington’s disease (HD), and amyotrophic lateral sclerosis
(ALS) (189,209). These are all age-related degenerative disorders leading to progressive
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functional impairment and ultimate mortality, for which effective treatments are lacking.
Oxidative stress activates Nrf2 in both neuronal and glial cells, and the Nrf2 pathway is
critical for the protection of neurons from degeneration-related oxidative insults in cell
culture systems (210-215). Nrf2 contributes to neuronal homeostasis through the adaptive
response mounted by glia, which exert prosurvival actions on stressed neurons (213).
Genetic and pharmacological approaches have also demonstrated the importance of Nrf2 as
a protective factor against neurodegeneration with in vivo models of AD, PD, HD, and ALS
(180-182,215-219).

Even though compounds that are approved treatments of PD, such as bromocryptine (220)
and selegiline (221), activate Nrf2, little is known about the activity of the Nrf2 pathway in
human neurodegenerative diseases. Only three human studies have so far investigated Nrf2
in neurodegeneration (222—-224). One of these studies found that cultured fibroblasts from
patients with Friedreich’s ataxia, a genetic neurodegenerative disease associated with
decreased abundance of the mitochondrial protein ataxin, showed impaired Nrf2 antioxidant
response (222). The normal cytoplasmic colocalization of Nrf2 and Keapl with actin fibers
was not observed in the patients’ cells, and the ability of Nrf2 to accumulate in the nucleus
in response to oxidative challenges was significantly impaired. The suppressed Nrf2
pathway activity was restored pharmacologically by exposing the cells to Euk-134, a small
molecule compound that mimics catalase and scavenges hydrogen peroxide (222).

Neuronal degeneration in AD initiates in the entorhinal cortex and hippocampus (225). In a
comparative study of postmortem brains of AD patients and control subjects, differences in
Nrf2 abundance and subcellular localization were detected (223). In control hippocampi,
Nrf2 was detected in both the cytoplasm and nucleus of neurons and astrocytes. Few
astrocytes were positive for Nrf2 in AD hippocampi, and this minimal Nrf2 abundance in
glia may contribute to neuronal impairment. Moreover, Nrf2 was mostly cytoplasmic in
hippocampal neurons from patients with AD or the Lewy Body Variant of Alzheimer’s
Disease (LBVAD), and its abundance in the nucleus was dramatically reduced. Neurons in
the AD or LBVAD samples that had cytoplasmically localized Nrf2 were under substantial
oxidative stress, as indicated by the increased amount of the lipid peroxidation product 7-
hydroxynonenol. In light of the protective role of Nrf2 against oxidative stress and the
abundant oxidative damage of hippocampal neurons in AD, the reduced nuclear localization
of Nrf2 indicates that the antioxidant response is paradoxically compromised in human AD
(223). This conclusion is supported by the observation that in a transgenic mouse model of
AD the abundance of Nrf2 and the expression of its target genes declines in an age-
dependent manner (181).

In PD, severe damage occurs in the substantia nigra, resulting in loss of dopaminergic
neurons (226). Nrf2 in the few surviving dopaminergic neurons of postmortem brains from
PD patients was nuclear and increased compared to control subjects or patients with AD or
LBVAD, in whom it was cytoplasmic and weak (223). Thus, in contrast to AD, Nrf2
accumulates in the nucleus in at least some of the neurons severely affected in PD. One
explanation for these findings is that in PD the dopaminergic neurons that manage to
accumulate Nrf2 in their nuclei are the ones that survive, whereas those who fail to do so are
the ones that perish. Alternatively, the transcriptional activity of Nrf2 may be compromised
in PD, such that its nuclear accumulation does not translate into increased target gene
expression. Finally, it is possible that Nrf2 is transcriptionally competent but the antioxidant
response is not sufficient to protect the neurons from the oxidative stress that underlies the
pathology of PD. It is not straightforward to distinguish among these possibilities in a study
of postmortem brain samples with substantial loss of dopaminergic neurons. Nevertheless,
Nrf2 localization in the hippocampal neurons correlates with the degree of neuropathology.
In control brains, Nrf2 was predominantly nuclear, presumably due to age-associated
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oxidative stress. In PD, where the hippocampal neurons are only secondarily affected, Nrf2
was both nuclear and cytoplasmic. In AD, however, where the hippocampal neurons are the
primarily affected neurons, Nrf2 was predominantly cytoplasmic (223). These observations
suggest that the subcellular localization of Nrf2 in neurons may indeed be compromised at
early stages of PD pathogenesis. It is conceivable that individuals who develop PD may be
those who have an inherently reduced ability to accumulate Nrf2 in the nucleus, either
globally or in a critical subset of their neurons.

ALS is characterized by neuronal degeneration that affects motor neurons in the motor
cortex, brain stem, and spinal cord (227,228). ALS is usually a sporadic disease, although it
is familial in 10% of cases. A subset of familial ALS cases have been associated with
mutations in the antioxidant protein superoxide dismutase 1 (SOD1) (229). In postmortem
samples from patients with ALS, the mMRNA and protein abundance of Nrf2 in motor
neurons of the motor cortex and spinal cord was decreased compared to age-matched
controls (224). This finding did not simply reflect neuronal cell death, as Nrf2 was reduced
at the individual cell level. For Keapl, a slight increase in mMRNA was found in the motor
cortex but not in the spinal cord, and no differences in protein abundance were detected.
These findings indicate that Nrf2 signaling is suppressed in late stages of ALS in humans,
and suggest that Nrf2 suppression may promote cell death due to unrestricted oxidative
stress (224). Whether the five ALS patients examined in this study had familial disease or
harbored SOD1 mutations was not determined (224). However, evidence for suppression of
Nrf2 signaling in ALS has been found in some SOD1 transgenic and cellular models of
familial ALS (230,231), but not in others (217,232). These discrepancies may be related to
the inability of the rodent transgenic models of familial ALS to accurately reflect all aspects
of the human disease. Interestingly, in a rodent model of ALS utilizing immune-mediated
spinal cord motor neuron injury, the abundance of Nrf2 and the expression of its antioxidant
target genes was significantly reduced (233,234).

The paradoxical dysfunction of Nrf2 in neurodegeneration is a novel concept, and the
comprehensive elucidation of its significance and underlying mechanisms deserves further
investigation. Nevertheless, p62 and DJ-1 have already been identified as Nrf2 modulators
whose expression or function is compromised in neurodegeneration leading to impaired
antioxidant response. p62 is a cytoplasmic protein that mediates the formation of
ubiquitinated aggregates that are removed by autophagy (235,236), and it is localized to
intracellular aggregates in various neurodegenerative diseases (237). Knock out of the p62
gene leads to increased oxidative DNA damage to the mouse brain and to biochemical and
cognitive defects that resemble AD (238). Interestingly, p62 and Nrf2 are positively related:
Nrf2 activates the transcription of p62 (239-241), and p62 promotes the nuclear localization
of Nrf2 and the activation of ARE transcription (236,242,243). The abundance of p62 was
decreased in brains from patients with AD relative to age-matched controls, and this
decrease correlated with oxidative damage to the p62 promoter (243). A transgenic mouse
model of AD also exhibited increased p62 promoter damage and reduced p62 abundance in
the brain (243). These findings suggest that the decreased activation of Nrf2 in AD may be
at least partially due to disease-associated oxidation of the p62 promoter and reduced p62
expression. Thus, a feed-forward cycle of decreased p62 expression and reduced Nrf2
activation could accelerate neuronal dysfunction and demise in AD (243). Because oxidation
of the p62 promoter is a shared feature among neurodegenerative disorders, including AD,
PD, and HD, this mechanism may account for Nrf2 dysfunction in multiple settings of
neuronal degeneration (244). In PD, the dysfunction of Nrf2 is likely also related to DJ-1.
Inherited loss-of-function mutations in PARK?7, the gene encoding DJ-1, are associated with
early-onset Parkinsonism (245,246). DJ-1 protects neurons from oxidative stress, but its
functionality is lost when the protein is oxidatively modified (206). Because DJ-1 stabilizes
Nrf2 by preventing its association with Keapl, the oxidation of DJ-1 in PD could
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compromise Nrf2 signaling and precipitate the collapse of the antioxidant response system
(205). Other studies have also implicated DJ-1 and p62 as defense mediators in ALS (247-
249), which further supports the possibility that common mechanisms may underlie the
suppression of Nrf2 signaling in neurodegenerative disorders. Thus, progressive disease
processes related to oxidative stress, like COPD and neurodegeneration, are paradoxically
associated with impaired Nrf2 signaling in humans. Similarly, advancing age also correlates
with a suppression of the Nrf2 antioxidant response. This age-related suppression could in
turn predispose to diseases linked to environmental exposures, including COPD, PD, cancer,
and many others. Interestingly, the mouse p62 promoter exhibits elevated oxidative damage
with increasing age, and the degree of p62 promoter oxidation also correlates with age in
human brain samples (244). Likewise, increasing age correlates with oxidative modification
and inactivation of the DJ-1 protein in flies, mice, and humans (206). Thus, the suppression
of Nrf2 in aging and human disease may be mediated by mechanisms shared among
pathophysiological contexts and conserved across species.

Stress-Activated Cnc Transcription Factors in Longevity

In addition to their roles in defending organisms against electrophilic insults and oxidation-
related diseases, stress-activated Cnc transcription factors have anti-aging and pro-longevity
functions. A popular hypothesis about the causes of aging is the “free radical theory”
(250,251), in which aging is the result of progressive damage to macromolecules and
cellular structures that is caused by exposure to endogenous and exogenous pro-oxidant
substances and free radicals. Oxidative damage accumulates with advancing age and
progressively compromises various functions of the organism; aging can thus be viewed as
the collective phenotypic manifestation of accumulated oxidative damage. The oxidative
stress hypothesis predicts that bolstering the organism’s antioxidant defenses may retard the
aging process and extend lifespan. This prediction has received considerable support in
recent years, mainly from studies in model organisms showing that various genetic
manipulations that extend lifespan also confer increased resistance to oxidative stress, and
also by studies showing that the overexpression of antioxidant genes can augment oxidative
stress tolerance and promote longevity (252-255). By extension, signaling pathways that
regulate antioxidant responses, like stress-activated Cnc factors, are plausible regulators of
the aging process (256).

Role for Nrf2 in longevity through calorie restriction

Despite the rational associations between aging, oxidative stress, and the Nrf2 pathway, the
hypothesis that Nrf2 may have an impact on the aging of vertebrates has not yet been
sufficiently investigated. One study examined the role of Nrf2 in the context of the anti-
aging effects of caloric restriction in mice (257). Hypocaloric diets have impressive
beneficial effects on experimental animals: They prevent the age-related decline in
antioxidant capacity, increase the abundance of antioxidant enzymes, raise insulin
sensitivity, reduce the incidence of various spontaneous and experimentally induced cancers,
and significantly extend the lifespan (258-260). Consistent with its established role in
cancer prevention, Nrf2 was required for the cancer-preventive effects of a reduction of
ingested calories by 20%, 30%, or 40% (257). In contrast, the increase in insulin sensitivity
was not linked to Nrf2 at any level of caloric restriction. nrf2~~ mice subjected to a 40%
reduction in caloric intake lived significantly longer than ad libitum feeding nrf2=/~ mice,
which shows that the knockout mice still possess mechanisms for the lifespan-extending
effects of caloric restriction (257). However, this finding cannot completely rule out a role
of the antioxidant response in longevity. First, Nrfl may have compensated for a pro-
longevity function of Nrf2 in nrf2~/~ mice. Second, the most convincing evidence for the
role of Nrf2 in cancer prevention by caloric restriction is that the mildest intervention (20%
reduction of calories) markedly reduced cancer incidence in wild-type but not in nrf2=/~
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mice. In contrast, a 40% reduction of calories significantly reduced cancer incidence in both
wild-type and nrf2~~ mice. Because the lifespan experiment neither evaluated milder
restrictions nor included wild-type mice as controls (257), an involvement of Nrf2 in the
longevity of rodents caused by a hypocaloric diet or other interventions remains plausible.

Role of Cnc transcription factors in invertebrate longevity

Experiments in invertebrate model organisms, where genetic redundancies are less common,
have provided compelling evidence for a function of Cnc factors in promoting longevity. C.
elegans lives for a few weeks, and Drosophila lives for a few months, making the extensive
lifespan studies required for an exhaustive test of the association between the antioxidant
response and aging quite feasible. Indeed, studies in these organisms have linked Cnc
homologs to longevity in various contexts: caloric restriction (261), reduced insulin- and
insulin-like growth factor-1 (IGF-1)-like signaling (155), and normal growth conditions
(159).

Caloric restriction significantly extends lifespan not only in mammals but in many
organisms across the evolutionary spectrum. Longevity brought about by caloric restriction
in these species has often been associated with increased oxidative stress resistance and with
the activation of stress defense pathways, although the exact interplay between the
antioxidant and lifespan-extending effects of caloric restriction is not thoroughly understood.
Similarly to its effect on vertebrates, caloric restriction significantly extends lifespan in C.
elegans (262). SKN-1, the worm’s Cnc protein, is present in epithelial cells of the intestine
and also in the ASI neurons, a set of cells in the brain that are critical in translating
information about food availability into endocrine signals that influence the worm’s
developmental and reproductive behavior (263). Importantly, SKN-1 is required in the ASI
neurons for the extension of the worm’s lifespan by caloric restriction (261). In contrast,
intestinal SKN-1 does not contribute to the longevity caused by a hypocaloric diet. The
mechanism by which SKN-1 function in the ASI neurons promotes longevity is not known.
One hypothesis is that SKN-1 specifically facilitates the expression of an unknown hormone
or other signal that is produced by the ASI neurons in response to caloric restriction and that
exerts beneficial effects on peripheral tissues (261). Another explanation is that the ASI
neurons are subjected to intense cellular stress during caloric restriction and require the
antioxidant function of SKN-1 to cope with the stress and sustain their functions, including
their effects on survival under these conditions. Even though the underlying mechanism was
not elucidated, this study linked an extension of lifespan with a Cnc transcription factor
(261).

In addition to caloric restriction, a related intervention that has positive effects on longevity
in various species is the reduction of signaling through the insulin and IGF-1 (or IGF-1-like)
signaling (11S) pathway (264). In C. elegans, mutations that reduce 1IS activity increase
resistance to oxidative stress and extend lifespan even in the absence of caloric restriction.
These effects require the expression and activity of the transcription factor DAF-16, a
homolog of vertebrate FOXO, which is normally phosphorylated and inhibited by 11S (265).
I1S causes the phosphorylation and inhibition not only of FOXO but also of SKN-1 (155).
Conversely, SKN-1 is activated in conditions of reduced I1S and accumulates in the nuclei
of the intestinal cells of the worm where it transcriptionally induces its target genes. In this
manner, SKN-1 contributes to the increase of antioxidant resistance and extension of
lifespan that are associated with reduced 11S. Under conditions of normal insulin signaling,
the transgenic overexpression of SKN-1 in the intestine extended C. elegans lifespan (155).
Conversely, the lack of SKN-1 shortened C. elegans lifespan (151). Consistent with these
findings, genetically targeting the SKN-1 inhibitor WDR-23 also increased oxidative stress
resistance and extended lifespan in worms (158). Finally, the activation of SKN-1 was
suggested to contribute to the “soma-to-germline transformation” observed in long-lived C.
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elegans mutants, in which somatic cells modify their transcriptional program to resemble
that of the more stress-resistant and “immortal” germline (266).

Work in Drosophila has provided independent evidence supporting the notion that the
antioxidant program controlled by Cnc transcription factors contributes to the regulation of
longevity (159). Heterozygous mutations in the fruit fly keapl gene, whose protein product
suppresses CncC and ARE activity, result in elevated mMRNA levels of the CncC target gene
gstD1 (encoding a glutathione S-transferase). This implies that loss of one keapl copy is
sufficient to activate CncC. The oxidative stress tolerance and the lifespan of adult keapl
heterozygotes were compared to those of their otherwise genetically identical wild-type
siblings. Male keapl heterozygous flies showed significantly increased survival rates after
exposure to the free radical generator paraquat, and they also lived significantly longer than
controls under normal growth conditions (159). For reasons that are not well understood,
female keapl heterozygotes did not show significant differences in either paraquat resistance
or longevity. These findings demonstrate that partial loss of function of the Nrf2 pathway’s
main negative regulator has beneficial effects on the oxidative stress tolerance and longevity
of male Drosophila. Thus, this study showed that manipulation of the Cnc antioxidant
response system can have lifespan-extending effects under normal laboratory growth
conditions (without caloric restriction (261), reduced 1S (155), or other interventions) and
demonstrated that targeting the Nrf2 pathway at the level of Keapl can promote longevity
(159).

Reduced stress-activated Cnc transcription factor activity in mammalian aging

Although Nrf2 protects the organism from disease, its activity paradoxically declines during
the progression of COPD and neurodegeneration. It seems that the same paradox holds true
in aging: Despite the role of Cnc factors in promoting longevity, their activity declines with
advancing age. Evidence for an age-dependent dysfunction of the Cnc system was originally
provided by studies in rats showing that the basal amount of Nrf2 protein declines with age
and that this decline correlates with decreased expression of Nrf2-regulated genes, with
lower concentrations of intracellular glutathione, and with increased abundance of various
oxidation products (267,268). The Nrf2 transcriptional response was restored
pharmacologically by administration of the Nrf2 activator lipoic acid (267), which is
consistent with the ability of other pharmacological agents to reactivate Nrf2 activity, such
as sulforaphane, which restores Nrf2 activity after it has been compromised by prolonged
exposure to cigarette smoke (204), and Euk-134, which has a similar effect in Friedreich’s
ataxia (222). Thus, similar mechanisms may mediate the suppression of Nrf2 activity in the
contexts of aging, neurodegeneration, and COPD, and the reversibility of this suppression by
pharmaceuticals is likely to have general applicability and utility. This potential for
beneficial pharmacological manipulation of Nrf2 activity is further supported by several
studies. For example, one study administered to mice the Nrf2 inducer tert-butyl-
hudroxyanisole (tBHA), an antioxidant widely used to preserve packaged foods, and showed
that feeding mice with a diet supplemented with tBHA over 18 months stimulated the Nrf2
antioxidant response, decreased molecular indices of oxidative stress and inflammation, and
led to healthier aging with reduced weight gain and improved locomotor function (269).
Aging in mice is also associated with a decline in innate immunity, manifested as decreased
hypersensitivity of the skin to contact with antigens (contact hypersensitivity, CHS). The
age-associated decline of CHS was exacerbated in nrf2~/~ mice; in contrast, the
pharmacological activation of Nrf2 with sulforaphane restored the CHS response in aged
animals (270). Furthermore, the abundance of Nrf2 and the expression of its target genes
encoding HO-1 and NQOL also decreases with age in mouse spinal cord astrocytes, but this
decrease is reversible with the Nrf2 activator epigallocatechin gallate (271). Other studies
have shown that the statins simvastatin and atorvastatin and the thiazolidinedione
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rosiglitazone, which are approved for use in humans with hypercholesterolemia and
diabetes, respectively, also have the ability to increase Nrf2 activity in rodents
(186,272,273). The antioxidant and anti-aging effects of these compounds in humans
warrant further investigations. The loss of the Cnc antioxidant response with advancing age
has been documented across the evolutionary spectrum. In worms, increasing age is
associated with a reduced adaptive transcriptional response to the pro-oxidant xenobiotic
juglone; this effect is mediated by suppression of the activity of both DAF-16 and SKN-1
(274). In humans, the dysfunction of the Nrf2 response in COPD was positively correlated
with the age of the subjects and their years of exposure to cigarette smoke (208).
Specifically, the abundance of Nrf2 and HO-1 mRNAs was reduced in alveolar
macrophages from old, chronic smokers compared to young smokers; the reduction in Nrf2
MRNA levels correlated with an increase in the amount of oxidized glutathione and
carbonylated albumin, which are markers of oxidative stress (208). Although these effects
could in principle be attributable to either the age of the subjects or the duration of smoking,
the Nrf2 system was differentially activated by cigarette smoke in alveolar macrophages
from mice depending on their age. The induction of Nrf2 mRNA and protein by cigarette
smoke was substantially reduced in macrophages from old mice compared to those from
young animals (208). Reduced mRNA abundance of human Nrf2 has also been documented
in liver transplants from older liver donors compared to those from younger ones (275).
Consistent with the role of Nrf2 as a protective factor against ischemia-reperfusion injury,
transplants from younger donors were less susceptible to this form of oxidative damage.
However, whether the decrease in liver Nrf2 mRNA was directly related to the difference in
the subjects’ age or was a result of the prolonged mechanical life support and more potent
pharmacological stimulation of the younger donors could not be clarified (275).

Taken together, these discoveries support the notion that, in both aging and disease, the
activity of stress-induced Cnc factors is paradoxically suppressed at the time when the
organisms most need their function. Multiple mechanisms may contribute to the suppression
of Nrf2 activity as a result of aging and oxidative stress, including, somatic loss-of-function
mutations in the genes encoding Nrf2 or small Mafs, oxidation or epigenetic modification of
the NRF2 promoter causing reduced expression, or changes in the abundance or activity of
other factors (such as kinases, phosphatases, or DNA binding proteins) that regulate Nrf2
activity, ARE activity, or both, which leads to transcriptional silencing of the antioxidant
response. Regardless of the precise mechanism, the impairment of Cnc activity during
disease may accelerate the age-related deterioration of the affected tissue. Conversely,
organismal aging may promote specific age-related diseases through the suppression of the
antioxidant response in the relevant organs.

Homeostatic Regulation of the Cnc Antioxidant Response

The realization that stress-activated Cnc signaling can be paradoxically suppressed under
conditions of oxidative stress, when it is most needed, poses puzzling questions. Why is the
basal Cnc activity not set at a higher point? Why has the counterintuitive suppression of Cnc
factors in aging and disease not been eliminated by evolution? Some insights into these
intriguing enigmas are offered by observations in various organisms supporting the notion
that, whereas the Cnc response is critical for cellular adaptation, organismal survival, and
longevity, the prolonged and unopposed activation of Cnc signaling can be detrimental. In
flies, the constitutive transgenic high overexpression of CncC can be lethal to both
individual cells as well as the organism, whereas conditional moderate overexpression can
confer oxidative stress resistance (159). Similarly, whereas the transgenic overexpression of
SKN-1 in the intestine of worms promotes longevity, expression from high-copy transgenic
arrays is toxic (155). Moreover, reducing WDR-23 with RNA interference increases the
stress resistance and extends the lifespan of worms, but also retards growth in a SKN-1-
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dependent manner (158). These findings suggest that an optimal window of Cnc factor
abundance is important for resistance to oxidative stress and for longevity; in contrast,
excessive amounts of Cnc activity can have deleterious consequences. This concept is
further supported by the detrimental phenotypes associated with loss of Keapl. In flies,
whereas loss of one keapl copy activates CncC and increases oxidative stress resistance and
longevity, loss of both keapl alleles leads to lethality during mid-larval development (159).
Although it would be interesting to know whether this lethality depends on CncC, it is not
straightforward to test this hypothesis, because cncC mutations also cause early
developmental lethality (162). In mice, however, loss of keapl causes Nrf2-dependent
hyperplasia of the esophagus and occlusion of its lumen, which leads to early postnatal
lethality from the inability to feed (276). Taken together, these observations indicate that the
ability to limit the antioxidant response is as vital to homeostasis as the ability to mount it.
This may partially rationalize the existence of mechanisms that suppress the activity of Cnc
factors despite conditions of chronic oxidative stress.

A dramatic demonstration of the importance of accurate regulation of the antioxidant
response pathway is provided by discoveries showing that Nrf2 is constitutively activated in
diverse human cancers (42,277). Although Nrf2 inherently prevents the malignant
transformation of healthy cells, cancer cells hijack the Nrf2 pathway, presumably to protect
themselves from the cellular stresses associated with their increased proliferation, hypoxic
environment, and deregulated protein synthesis (278). This is accomplished through somatic
genetic events, including KEAP1 or NRF2 mutations and KEAP1 loss of heterozygosity
(57,279-282), or through the epigenetic hypermethylation of the KEAP1 promoter (283).
The loss of KEAP1 heterozygosity and KEAP1 promoter hypermethylation likely activate
Nrf2 by decreasing Keapl protein abundance. The KEAP1 and NRF2 mutations associated
with human cancers impair the Keapl-mediated repression of Nrf2 (281). The clustering of
NRF2 mutations in the two domains of high and low affinity for Keapl supports the “hinge
and latch” Keapl-Nrf2 protein association model (Fig. 3A) (58). Such paradoxical activation
of the Nrf2 pathway has been documented in human cancers and cancer cell lines of the
lung, breast, ovary, billiary tract, and head and neck. Furthermore, the constitutive activation
of Nrf2 correlates with the inherent or acquired resistance of cancer cells to chemotherapy
(284-289). Conversely, some cancer cell lines and human cancers with high sensitivity to
chemotherapy exhibit reduced Nrf2 abundance (290). This chemosensitive phenotype
depends on the increased abundance of Cullin3, which presumably increases degradation of
Nrf2 (290). On the basis of these observations, the development of strategies to inhibit Nrf2
signaling in cancer has emerged as a logical strategy for the re-sensitization of tumors to
chemotherapy (291). Furthermore, the association of Nrf2 activity with cancer and
chemoresistance also warns against excessive pharmacological stimulation of Nrf2 in
nonmalignant diseases, like COPD and neurodegeneration.

The Antioxidant Response as a Target for Drug Discovery

The fact that the activation of the Keap1-Nrf2 pathway confers cellular protection from
oxidative stress and defends organisms against pathologies associated with stress and aging
has not been lost on translational investigators interested in discovering novel treatments for
various human disorders. Efforts are currently underway to discover compounds that
activate Nrf2 and to develop them as treatments for oxidative stress-related diseases. These
endeavors are largely guided by the elucidation of the mechanistic basis of Keap1-Nrf2
signaling at the biochemical and biophysical level (190).

The key role of Keapl as the ubiquitous regulator of Nrf2 qualifies it as the central target in
Nrf2-oriented drug discovery. One obvious strategy to activate the antioxidant response by
targeting Keapl is to knock down its expression using RNA interference, and proof-of-
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principle for this approach has been provided (292). In the more conventional arena of small
molecule compounds, the detailed characterization of the mechanisms by which Keapl
integrates oxidative stress sensing with Nrf2 inhibition offers additional opportunities for the
pharmacological activation of Nrf2. One such targeting strategy is highlighted by the
discovery that the stability of Keapl requires a specific phosphorylation event (293).
Phosphorylation of Keapl on Y141 has no direct effect on Keapl dimerization or Nrf2
binding, but it stabilizes the Keapl protein and thus prevents its rapid degradation.
Conversely, oxidative stress triggers the dephosphorylation of Y141, through the presumed
activation of a yet unidentified redox-sensitive phosphatase (293). These discoveries suggest
that it should be possible to modulate the Keap1-Nrf2 system indirectly by targeting the
Keapl phosphorylation-dephosphorylation mechanism. Specifically, pharmacologically
inhibiting the activity of the kinase that phosphorylates Keap1 would be expected to
promote Keapl degradation, thus preventing Keapl-mediated inhibition of Nrf2 and
ultimately leading to ARE activation. Although the kinase that mediates Keapl Y141
phosphorylation is currently unknown, a combination of chemical and genetic approaches
employing kinase-specific inhibitors and RNA interference constructs should help uncover
its identity.

Another approach to manipulation of ARE activation is to indirectly induce Nrf2 by
targeting other proteins that serve as interaction partners of Keapl. For example,
phosphoglycerate mutase 5 (PGAMDS) is a Keapl-binding protein (62,63). The N-terminal
sequence of PGAMS targets this protein to the outer membrane of mitochondria, where a
Keapl dimer simultaneously binds PGAMS5 and Nrf2 in a ternary complex (Fig. 3B). Thus,
PGAMS serves to localize a subset of the total cellular Keapl and Nrf2 pool to the outer
membrane of the mitochondrion. Genetically reducing PGAMS expression induced the
antioxidant transcriptional program, presumably by selective activation of the mitochondrial
Nrf2 fraction (63). Thus, even though only a small fraction of the total cellular Keapl and
Nrf2 pool localizes to mitochondria, its activation is sufficient to trigger the antioxidant
response. This organelle-specific Keapl-Nrf2 system may, therefore, serve as a mechanism
that elicits nuclear responses to leakage of reactive oxygen species from mitochondria into
the cytoplasm. Pharmacologically targeting PGAMS5 or its interaction with Keapl would be
expected to selectively activate this subcellular Nrf2 fraction. It would be interesting to test
whether selective induction of mitochondrial Nrf2 can restore the suppressed antioxidant
response in aging and disease. The most attractive strategy to activate Nrf2 entails the
targeting of protein-protein interactions in its cytoplasmic degradation machinery. Logical
targets for pharmacological disruption include the Keapl dimerization interface, the Keapl-
Cullin3 interaction, and the Keap1-Nrf2 association (190). Because Keapl dimerization is a
prerequisite for Nrf2 inhibition at basal conditions (294,295), blocking this process with a
small molecule compound should activate the antioxidant response. Similarly, because
Keapl targets Nrf2 for degradation through a physical association with Cullin3, disrupting
the Keapl-Cullin3 interface should also lead to Nrf2 stabilization and target gene induction.
However, because Keapl has other binding partners and ubiquitination substrates in addition
to Nrf2 (62,72,296,297), inhibiting Keapl dimerization or Cullin3 binding may also affect
the protein stability or activity of those proteins, with unpredictable functional
consequences. Thus, disrupting the Keap1-Nrf2 interaction is likely the most specific
intervention. The in vitro structure of the Nrf2-binding domain of Keapl alone and in
complex with Keapl-associating fragments of Nrf2 has been established by crystallography,
and the structural model has been validated by the mutagenesis of critical amino acid
residues (56,57,61,298). This is so far the only protein interaction in the Nrf2 pathway for
which the crystal structure has been determined. Knowledge of this protein interaction
interface can be exploited to discover small molecule compounds that can disrupt the
association by occupying the Nrf2-binding pocket of Keap1 (190).
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Outlook

Notwithstanding the scientific promise of Nrf2 induction as a preventive and therapeutic
strategy, it is prudent to consider caveats that could potentially apply to the pre-clinical
development and clinical use of Nrf2-activating compounds. (i) It should be anticipated that
the unchecked and long-term pharmacological stimulation of Nrf2 may be detrimental in
vivo. The discovery of constitutively activated Nrf2 in cancer is especially disconcerting,
and fuels an intimidating uncertainty as to whether Nrf2 activators will be safe or may
accelerate the growth of pre-clinical malignant or pre-malignant lesions. Indeed, the
administration of very high doses of cancer chemopreventive phenolic antioxidants
promotes tumor development in the forestomach and bladder of rodents (299). (ii) The
mechanism of action of electrophilic compounds is not likely to be selective for the Nrf2
system, because they are expected to react with many cellular proteins in addition to Keapl,
and perhaps to irreversibly modify some of their targets. This expectation raises two issues:
First, although previously unknown Nrf2 activators can be easily identified in cell-based
screens by their ability to activate Nrf2 or its target genes (300,301), it can prove very
challenging to decipher the molecular target (or all targets) of each compound. Lack of
knowledge of the direct target of a compound severely impairs the understanding of its
mechanism of action. Second, the chronic and systemic exposure to electrophilic Nrf2
inducers may prove detrimental not only through sustained Nrf2 activation but also through
the covalent modification of other cellular proteins (“off-target” effects). Both of these
shortcomings can be critical liabilities for drug development. (iii) Drug-drug interactions
may well turn out to be a hallmark of Nrf2-inducing compounds. Through the induction of
Phase Il enzymes, Nrf2 activators might promote the metabolism of other compounds. From
a clinical standpoint this is a very important consideration, especially because it is likely that
many of the patients with age-related, chronic, and degenerative diseases where Nrf2
stimulation may be indicated will be middle-aged or elderly and will also be taking
additional medications. The impact of Nrf2 signaling on pharmacokinetics is evidenced by
the altered disposition of acetaminophen and sulfobromophthalein in nrf2~/~ and Keap1-
knockdown mice (302,303).

Although none of these considerations is sufficient reason to discredit the Keap1-Nrf2
signaling pathway as a drug target, it is important to take them all into account in the drug
discovery and development process. Specifically, it seems logical to define the goal of
treatment as the restoration of physiological Nrf2 activity or inducibility, rather than the
hyperstimulation of the ARE. Pre-clinical disease models and trials of Nrf2 activators should
also test whether the intermittent — rather than continuous — long-term induction of Nrf2 is
safe and efficacious (304,305). The discovery of small molecule disruptors of the Keapl-
Nrf2 protein interaction should be vigorously pursued, because they are likely to be more
specific and thus safer than electrophilic agents (190). In the clinical setting, the effects of
Nrf2 induction on the pharmacokinetics of standard treatments for each contemplated
indication should be thoroughly evaluated. Agents that activate Nrf2 only in specific tissues
would be particularly attractive, as they could limit the antioxidant response to the diseased
organ. However, the evidence for tissue-specific mechanisms activating Nrf2 in the human
stems mainly from cultured cells derived from various tissues, and the in vivo relevance of
such mechanisms needs further study. Moreover, tissue type-specific Nrf2 activation in
these cellular systems is mediated by various protein kinases, which can be good targets for
inhibition but not for activation. The GSK-3p and Fyn kinases are exceptions, because they
promote suppression, rather than activation, of Nrf2, and are, therefore, reasonable targets
for pharmacological inhibition (89,306,307).

Multicellular organisms utilize Cnc transcription factors to defend themselves against
oxidative stress. The antioxidant response orchestrated by Cnc proteins is essential for the
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prevention of diseases associated with oxidative and electrophilic insults. A collapse of the
antioxidant response during the progression of such diseases may be a precipitating factor
for their overt clinical presentation. In addition, converging evidence from invertebrate
model organisms supports a role for Cnc factors in the regulation of longevity. The aging
process itself correlates with a gradual breakdown of antioxidant responses, which may
predispose to age- and oxidative stress-associated disorders. The pharmacological
reactivation of the Nrf2 system may provide disease-preventive or therapeutic benefit in
such settings, especially in individuals genetically predisposed to a suboptimal antioxidant
response.

Since the cloning of the first mammalian Nrfs (Nrfl and Nrf2) in the mid-1990s, research on
stress-activated Cnc factors has been growing rapidly, and the field is now entering the
important, yet challenging, arena of translational medicine. Whether the richness of basic
research on Cnc proteins will ultimately lead to improved human health will depend
critically on how much progress will be made in three key areas of clinical and translational
investigation: human pathophysiology, the genetic basis of human disease, and drug
discovery.

Human pathophysiology

The importance of the Nrfs as disease-preventing and longevity-promoting factors has been
firmly established in model organisms. However, their roles in human disease have only
recently begun to be probed, and whether they are also champions of human longevity is
unknown. Much more research is needed in the domain of human pathophysiology: First, it
will be important to identify additional human disease areas in which the Nrfs are important.
Diseases most likely to be linked to the Nrfs are those affecting tissues that are exposed to
the environment, such as the skin, lung, and digestive tract; generate high amounts of free
radicals, such as muscle; have functions in detoxification, such as the liver, kidney, and
placenta; or are particularly sensitive to oxidative stress, such as the nervous system. For
example, the expression of human Nrf2 is highly up-regulated in the placenta in pregnancies
complicated by preeclampsia, a disease known to be associated with oxidative stress (308).
The degree to which the aging-associated physiological impairment of human tissues,
manifested, for example, as sarcopenia in muscle or impaired wound healing in the skin, is
linked to age-related decline in Nrf activity should also be investigated. Second, the relative
contributions of the various Nrfs to human health must be characterized. The current
disproportionate focus on Nrf2 is largely due to the serendipitous fact that nrf2~~ mice were
viable whereas nrfl~/~ mice were not. However, there is no scientific reason why Nrfl
should not be as important for human disease as Nrf2, and the same applies to Nrf3.

Finally, it will be very interesting to investigate whether the paradoxical suppression of the
antioxidant response is a general occurrence in human aging and disease. Such studies could
be informed by research on rodent models. For example, inflammatory bowel disease (IBD)
is associated with oxidative stress, and Nrf2 protects mice from experimental IBD induced
by dextran sulfate (183,309,310). Nevertheless, the expression of Nrf2 mRNA and protein
paradoxically declines during the progression of dextran sulfate-induced colitis (311). The
protein prohibitin was discovered as a positive regulator of Nrf2 in gut epithelial cells (311).
Exposure of mice to dextran sulfate led to a decrease in the abundances of prohibitin and
Nrf2 in the colonic mucosa. Conversely, the transgenic expression of prohibitin promoted
the sustained presence of Nrf2 during experimental IBD and led to reduced oxidative stress
and inflammation (311). These findings suggest that the suppression of Nrf2 during IBD is
due to the loss of prohibitin (Fig. 2), and that the collapse of the antioxidant response can be
prevented by maintaining prohibitin expression. It will be important to test whether the
progression of human IBD is also associated with suppressed Nrf2 activity. If there are
exceptions to or variations on the phenomenon of disease-associated Nrf2 suppression, then
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the comparative investigation of these settings could help elucidate the underlying
mechanisms, and would thereby also highlight strategies for prevention or reversal.
Ultimately, the comprehensive identification of the human diseases where the Nrfs are
critical players will guide related research in both human genetics and drug discovery.

Human genetics

Equally important to deciphering the exact role of the Nrfs in human pathophysiology is
investigating whether they also make genetic contributions to human disease. Common
variants (single nucleotide polymorphisms, SNPs) in the NRF2 promoter have been
associated with various diseases (192-196). These studies need to be replicated in
independent and larger patient cohorts from different ethnic populations. One of the NRF2
promoter SNPs compromises a functional ARE, likely leading to impaired Nrf2
transcriptional autoregulation (192). Independent work has shown that numerous putative
ARE sequences in the human genome are polymorphic, and that some of these sequence
variations may contribute to variability in Nrf2-mediated transcription of antioxidant genes
(312). Thus, the importance of SNPs in human AREs and their potential roles in gene-
environment interactions in disease warrant further exploration. Moreover, it should be
examined whether NRF1 and NRF3 also harbor SNPs that are associated with disease. SNPs
in NRF2 and KEAP1 were associated with respiratory capacity in the general population;
thus, genetic variation in the Cnc antioxidant system may be linked not only to disease
predisposition but also to variability in physiological functions (313). Finally, whether rare
variants (germline mutations) in KEAP1, NRF1, NRF2, or NRF3 underlie human disease has
not been examined. It will be very interesting to test whether these genes contribute mutant
alleles to human diseases other than cancer.

Drug discovery

Beyond cancer chemoprevention, the development of Nrf2-activating compounds seems to
be focused mostly on chronic disorders, like COPD and neurodegeneration. These disease
areas are fraught with inherent difficulties because of their chronic nature and need for long-
term administration of compounds, their clinical manifestation in late stages of pathogenesis
after substantial loss of functional tissue has occurred, and, for disorders of the nervous
system, the requirement for compounds to pass through the blood-brain barrier. For cancer
chemoprevention, a compound must also have an extremely safe profile, because it will be
administered for months or years to individuals who may be at elevated risk for cancer but
are not suffering from disease (165). These considerations can severely handicap preclinical
and early clinical “proof-of-concept” trials of Nrf2 activators. In contrast, these
shortcomings do not apply to acute settings where targeting Nrf2 over a short period of time
may also be beneficial. Acute lung injury (also known as the adult respiratory distress
syndrome) is an illustrative example of acute disease that has been linked to decreased Nrf2
in humans (192). Because this acute-onset disorder is associated with substantial mortality,
it offers a unique opportunity for human proof-of-concept trials of Nrf2-inducing
compounds. Evidence from mice shows that Nrf2 activation by the synthetic triterpenoid
CDDO-imidazolide protects against acute lung injury caused by concomitant exposure to
hyperoxia (314). In rodent models of brain injury (315,316), cerebral ischemia (317), and
intracerebral hemorrhage (318), the pharmacological activation of Nrf2 has been associated
with improved outcomes even when initiated after the onset of the tissue-damaging event.
These could be additional fruitful paradigms for trials of Nrf2 inducers in acute-onset human
disease. Regardless of the disease indication, human trials also require the identification of
biomarkers of target activity, which in the case of Nrf2 could be one or more of the ARE-
regulated antioxidant enzymes. However, stress response genes are often regulated by
multiple pathways in tissue-specific manners. Therefore, it may prove challenging to
identify a biomarker that is both specific for Nrf2 and applicable to all pertinent human
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tissues. Because Keapl is regulated by Nrf2 at the transcriptional level (98) and its known
functions are quite specific to the Nrf2 pathway, the abundance of Keapl mRNA may be
useful as a general purpose biomarker for the pharmacological stimulation of Nrf2.

Finally, although the discovery of Nrf2 activators can be guided by information already
available about obvious targets in the antioxidant response system, such as Keapl, the
identification of previously unknown pathway modulators remains a priority, because they
may also represent favorable targets for the ubiquitous or tissue-specific modulation of Nrf2
by compounds. The phylogenetic conservation of stress-activated Cnc factors in model
organisms offers a unique opportunity for pathway expansion through whole-genome
screens in C. elegans (using in vivo RNA interference), Drosophila (using traditional
genetics or RNA interference in cell culture and in vivo), and zebrafish (using chemical
mutagens). These approaches may facilitate the identification of targets for Nrf2 activation
in stress- and age-related diseases, as well as for Nrf2 suppression in cancer. The
development of Nrf2 inhibitors can also be informed by the successful method employed for
the leucine zipper transcription factors Fos and Jun (319). It must be noted, however, that
globally suppressing Nrf2 is likely to increase the toxicity of the chemotherapy to healthy
tissues (320,321); therefore, tumor- or tissue-specific rather than systemic delivery or
activity of an Nrf2 inhibitor would be the desirable strategy. These are exciting times for
research on stress-activated Cnc transcription factors. Translational investigations of the
Nrfs promise to reveal insights useful for the prevention and treatment of diseases related to
oxidative stress, and may also have implications for extension of the healthy lifespan.

GLOSS

Cap’n’collar (Cnc) proteins are a family of basic leucine zipper transcription factors.
Some Cnc factors have important functions in development, whereas others are critical
for maintaining homeostasis in the face of environmental stresses. The “electrophile
counterattack” is a conserved cellular response to oxidative stressors and electrophilic
xenobiotics. In this adaptive process, Cnc factors transcriptionally activate protective
genes through Antioxidant Response Elements (ARES) in their regulatory sequences. In
vertebrates, the electrophile counterattack is largely mediated by Nrf2. By defending
animals against oxidative stress, Nrf2 prevents DNA and protein damage, and protects
from the development of cancer and many other oxidative stress-related disorders,
including respiratory and neurodegenerative diseases. In animal models of disease,
pharmacological activation of Nrf2 can prevent cancer and other pathologies linked to
oxidative stress. In humans, inherited DNA sequence polymorphisms that decrease Nrf2
abundance have been linked to various diseases of the skin, lung, stomach, and intestine,
which are all organs that are subjected to environmental stressors. Thus, individuals
genetically predisposed to a suboptimal antioxidant response may be more susceptible to
disorders caused or exacerbated by oxidative stress. Like many diseases, the aging
process is also linked to oxidative stress, and studies in model organisms show that Cnc
transcription factors promote longevity. Paradoxically, in aging and in advanced human
respiratory and neurodegenerative disease, the Cnc antioxidant response is suppressed.
Thus, Nrf2-activating compounds could be beneficial in the treatment of human diseases
and might help extend the healthy lifespan. However, hyperactivation of the antioxidant
response is detrimental in model organisms and has been linked to chemoresistant
cancers in humans. These observations caution that sustained induction of Cnc factors
can be deleterious, and indicate that the antioxidant response system must be tightly
controlled; moreover, they imply that compounds inhibiting Nrf2 may also be useful
therapeutics as chemotherapy sensitizers. This Review with 3 figures, 2 tables, and 321
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citations, describes the stress-activated Cnc transcription factors and their regulatory
mechanisms, and highlights their roles in aging and human disease
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Fig. 1. A phylogenetic tree of the Cnc and Bach transcription factors

A multiple species alignment was constructed using ClustalW (www.ebi.ac.uk/clustalw) and
a phylogenetic tree was generated using the Jalview applet. The tree was based on the
largest gap-free block of aligned sequences, which contained the DNA binding domains of
the Cnc and Bach factors. Accession numbers were: mouse p45 NFE2, NP_032711.2;
mouse Nrfl, NP_032712.2; mouse Nrf2, NP_035032.1; mouse Nrf3, NP_035033.1; mouse
Bachl, NP_031546.1; mouse Bach2, NP_001103131.1; Drosophila CncC, NP_732833.1;
C.elegans SKN-1, NP_741404.1.
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Fig. 2. Regulation of the Keap1-Nrf2 antioxidant response pathway

Signaling through the Keapl-Nrf2 antioxidant response pathway is shown in a simplified
manner. In basal conditions, Nrf2 is targeted by Keapl for Cullin3-mediated
polyubiquitination and proteasomal degradation. Phase 2 genes are mostly inactive and
Antioxidant Response Elements (ARES) in their enhancers are largely bound by small Maf
dimers or other repressive factors like Bachl. Oxidants, electrophiles, cancer
chemopreventive agents, and other “inducers” impair Nrf2 degradation and facilitate the
nuclear accumulation of Nrf2. The activation of Nrf2 is further promoted by positive
pathway modulators like DJ-1, p62, and prohibitin. As a result, antioxidant response genes
are transcriptionally induced in a coordinated manner through Nrf2-small Maf dimers bound
to their AREs, the redox balance is restored, and oxidative damage is minimized. Chronic
oxidative stress associated with aging or degenerative diseases handicaps the expression or
function (|) of critical Nrf2 pathway modulators, or increases the abundance (1) of negative
regulators like Keapl and Bachl. Nrf2 proteolysis is increased, while several other steps (*)
of the pathway are reduced. As a result, Nrf2 activity is compromised despite the presence
of oxidative conditions. Nrf2-stimulating compounds, like sulforaphane and lipoic acid,
induce Nrf2 activity and restore the Cnc antioxidant response.
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Fig. 3. Two models for the Keap1-Nrf2 interaction

The molecules are not drawn to scale. (A) Keapl molecules form dimers through their BTB
domains. The “hinge and latch” model proposes that a Keapl dimer binds a single Nrf2
molecule through high and low affinity interactions with the Neh2 domain’s ETGE
(“hinge”) and DLG (“latch™) motifs, respectively. In addition to Nrf2, the Keapl Kelch
domain binds actin, thus tethering the Keap1-Nrf2 complex to the cytoskeleton. Oxidative
stress impairs Nrf2 ubiquitination and proteasomal degradation by abolishing only the low
affinity “latch” interaction. (B) The “quaternary complex” model proposes that a Keapl
dimer binds two molecules of substrate(s) through high affinity interactions with E(S/T)GE
motifs. A Keapl dimer can bind one Nrf2 molecule and one PGAMb5 molecule as shown
here, or two Nrf2 molecules (not shown). PGAMS5 possesses an N-terminal membrane
targeting signal (M), through which the Nrf2-Keap1-PGAM complex is tethered to the
cytosolic surface of the outer mitochondrial membrane. Oxidative stress impairs Nrf2
degradation without abolishing the high affinity interaction.
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Table 1

Summary of the mouse Cnc knockout phenotypes.

Page 44

Genotype Phenotype Reference
nrfl=/- Mid- to late embryonic lethal; defective erythropoiesis; oxidative stress (129)
nrf2=/- Viable and fertile; age-related lupus-like syndrome (9) and neurodegeneration (¢ and &); sensitivity (130-134)
to oxidative and ER stress
nrfl="=, nrf2"~ Enhancement of nrf1~/~ phenotypes: early embryonic lethal; increased oxidative stress (136)
p45~/- Viable; mild anemia; thrombocytopenia (lack of platelets); death from hemorrhage (20,137)
p45~'=, nrf2"- No synthetic lethality; mild enhancement of p45~/~ phenotype (thrombocytopenia) (138-140)
nrf3~- No obvious phenotype (22)
nrf3~"~, nrf2™~ Viable and fertile (22)
nrf3~-, p45-- No synthetic lethality (22)
nrf3~/=, nrf2=~, p45~/~ | No synthetic lethality (22)
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