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ABSTRACT

Several years have passed since NF-E2-related factor 2 (Nrf2) was demonstrated to regulate the induction of
genes encoding antioxidant proteins and phase 2 detoxifying enzymes. Following a number of studies, it was
realized that Nrf2 is a key factor for cytoprotection in various aspects, such as anticarcinogenicity, neuropro-
tection, antiinflammatory response, and so forth. These widespread functions of Nrf2 spring from the coordi-
nated actions of various categories of target genes. The activation mechanism of Nrf2 has been stodied exten-
sively. Under normal conditions, Nrf2 localizes in the cytoplasm where it interacts with the actin binding
protein, Kelch-like ECH associating protein 1 (Keapl), and is rapidly degraded by the ubiquitin-proteasome
pathway. Signals from reactive oxygen species or electrophilic insults target the Nrf2-Keapl complex, dissoci-
ating Nrf2 from Keapl. Stabilized Nrf2 then translocates to the nuclei and transactivates its target genes. In-
terestingly, Keapl1 is now assumed to be a substrate-specific adaptor of Cul3-based E3 ubiquitin ligase. Direct
participation of Keapl in the ubiquitination and degradation of Nrf2 is plausible. The Nrf2-Keap1 system is
present not only in mammals, but in fish, suggesting that its roles in cellular defense are conserved throughout
evolution among vertebrates. This review article recounts recent knowledge of the Nrf2-Keapl system, focus-

ing especially on the molecular mechanism of Nrf2 regulation. Antioxid. Redox Signal. 7, 385-3%94.

INTRODUCTION

THE ACCUMULATION OF REACTIVE OXYGEN SPECIES (ROS)
or electrophilic insults conttbules to a wide variety of
discases, including cancer, diabetes, and nevrodegenerative
diseases. Cytoprotection is provided by the expression of an-
tioxidant proteins and phase 2 detoxifying enzymes that are
strongly induced upon exposure to low levels of electrophiles
or oxidative stress. For convenience, in this review we have
referred to induction as phase 2 induction. Activation of the
defense system by phase 2 induction renders cells more resis-
1ant fo the potential challenges of a subsequent, even greater
stress. This coordinaled response is regulated through a cis-
acting element called the antioxidant responsive element
(ARE) or electrophile responsive element {EpRE) within the
regulatory region of each gene. A number of studies were per-
formed to identify ARE/EpRE binding factors, and NF-E2-

related factor 2 (Ntf2) finally got into the limelight as the
major confributor to phase 2 induction.

Nrf2 was first isolated as a closely related protein of p45
NF-E2 by an expression cloning procedure using an oligonu-
cleotide containing the NF-E2 site as a probe (37, 65). pd5
NF-E2 is the larger subunit of a heterodimer with binding ac-
tivity at the NF-E2 site (3“TGCTGAGTCAC-3"), a key cis-
acting regulator of globin gene expression (5). The smaller
subunit was shown to be one of the small Maf proteins,
MafK, MafG, or Mafl (34). Four members of the p45 NF-E2-
related proteins, p45 NF-E2, Nifl, Nrf2, and Ntf3, have been
isolated in mammals and referred to as Cap’n’collar (CNC)-
type basic lencine zipper (bZLP) proteins (68). This term was
derived from their sequence similarity to Drosophila CNC
protein. CNC-typs BZIP proteins require a member of (he
small Maf proteins as a heterodimeric partuer molecule for
DNA binding. Although Nrf2 was assumed to be an important
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regulater of hematopoiesis like p45 NF-E2, Nrf2-deficient
mice did not display any abnormality in blood formation (13,
38, 50, 62). Instead, they showed a drastic reduction in the
electrophilic-induced gene expression of phase 2 detoxifying
enzymes (38). Many subsequent studies demonsirated that
most knownt ARE/EpRE-driven cyloprotective genes, includ-
ing those encoding antioxidant proteins, are transcriptionally
regulated by Nrf2. This shifted the interest of researchers to
the regulatory mechanism of Nrf2 activity. As a result, Kelch-
like ECH associating protein 1 (Keapl) was isolated and
demonstrated to regulate the intracellular localization of Nrf2
by sequestering Nrf2 in the cytoplasin (39). Phase 2 inducers
cause the dissociation of Nrf2 from Keapl, allowing for nu-
clear accumulation of Nrf2 and enhanced expression of its
target cytoprotective genes. In this review, we have selected
four topics related to the Nrf2-Keapl system: target gemes,
roles in the defense mechanism, regulatory mechanism, and
evolutional conservation.

TARGET GENES OF Nrf2

When Nrf2 was clarified to be a transcriptional regulator
of phase 2 detoxifying enzymes, it was thought to ¢omtrol a
relatively small set of genes. However, following various ex-
fensive studies, a substantial number of genes are considered
fo be under Nrf2 regulation. In this section, we have listed
Nrf2 target gencs, mainly identified through Nrf2-deficient
mouse analysis, and classified them into several categories
(Fig. 1). :

Data from in vivo studies using Nrf2-deficient mice clearly
implicated Nrf2 as a protein critical in regulating the expres-
sion of glutathione S-transferases (GSTs) and NAD(PIH
quinone oxidoreductase (38). Nrf2 was shown to control
genes encoding other phase 2 detoxifying enzymes, such as
UDP-glucuronyl transferase 1AG6, aflatoxin Bl aldehyde te-
ductase, and microsomal epoxide hydrolase (12, 53). In addi-

oo |
Hydoparciies Isothiocy Prostagand
Garotencids Heavy mefuls Growtt: fsctors
Arcenic derivatives
Quinones Low density Epoprolsine
Ditiicis
Diphencie Heme Shearstress
Michas! reaction acosplomn Nittie axide ER stress
Nri2-Keap1
system -

[Fooiores | e —

Phase 2detoxifying enzymes Scavenger receptom
Anlicxidont proteins Chaporon proteins
GSH ganenaing snzymes Pre .p .
Phase 3 delcxdfying proteine
(traneport proteins) Tranacriplion regulators

FIG. 1. Indacers and target genes of the Nrf2-Keap! sys-
tem. '
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tion to phase 2 detoxifying enzymes, we demonstrated that
induction of antioxidant proteins during oxidative atress de-
pends on Nrf2 activation (35). In this category of genes, heme
oxygenase-1, ubiquitin/PKC-I-interacting protein A170,
petoxiredoxin 1, the heavy and Tight chain of ferritin, cata-
lase, glutathione peroxidase, superoxide dismutase, and thio-
redoxin were shown to be regulated by Nrf2 (12, 17, 35, 46,
52,74). ‘

Glutathione (GSH) is an effective scavenger of electrophiles
and ROS that are generafed during chemical metabolism
witlin cells, Thus, it {s important that the gene expression of -
v-glutamylcysteine synthetase (y-GCS), the rate-limiting en-
zyme m GSH biosynthesis, is well regulated in order to main-
tain intracellular levels of GSH. Nrf2 controls both the basal
and inducible expression of genes encoding the heavy and
light chains of y-GCS (11, 12, 92). In some cells, cystine/
glutamate exchange transport by system X7 is crucial for the
maintenance of GSH levels. Nef2 has also been demonsirated
fo control expression of the gene encoding xCT, one of two
protein components of system X (78). .

Chemicals conjugated to GST or similar are actively re-
moved from cells, and factors involved in this elimination
process are now designated as phase 3 detexifying proteins,
Multidrug resistance-associated protein 1/ATP-binding cas-
sette transporter C plays an important role in the cellular ¢x-
tusion of conjugated metabolites and is induced by elec-
trophiles in an Nrf2-dependent manner (29). We recently
found that CD36, a gene encoding the scavenger receptor that
mediates the uptake of oxidized low-density lipoproteins, is
also a target of Nef2 in vascular smooth muscle cells (36).
This result implicates Nrf2 as an important signaling pathway
component in atherosclerosis. .

Some transcription factors, incTuding regulatory proteins of
phase 2 genes, are also regulated by Nif2, The level of Nrf2
transcription itself is basically unchanged before and after
treating cclls with phass 2 inducers. Howover, in keratino-
cytes, Ntf2 appears to autoregulate its own expression through
an ARE/EpRE-like sequence (54). Some oxidative siress was
shown to induce the expression Ievels of small Maf proteins
and Keapl (19, 61, 66, 83, 84). It is suggested that induction
of these genes results in a negative feedback regulation of
phase 2 induction. Nif3, another member of CNC-type bZIP
proteins, was up-regulated in Nri2-deficient skin (9).

Finally, several groups have recently tried to identify Nrf2-
target genes systematically by use of a microartay-based sur-
vey (56, 58, 59, 85). Their results suggested that the Nrf2-
Keapl pathway might modulate in excess of 200 genes. We
identified Ntf2-dependent induction of most subunits of the
268 proteasome by antioxidants (56). The promoter of the
PSMBS5 subunit of the 265 proicasome was analyzed by re-
porier gene and chromatin immunoprecipitation assays, and
its tandem ARE/FpRE sequences were shown to be direct tar-
gets for Nrf2 (55). Induction of the 268 proteasome may pro-
vide an efficient means for cells to survive conditions of vari-
ous stresses that collectively enhance the likelihood of chronic
disease, Heat shock proteins are also inducible by the Nrf2-
dependent pathway (56). Accumulation of unfolded polypep-
tides following oxidative stress can disturb mormal cellular
functions and trigger apoptasis, These chaperone proteins, to-
gether with the proteasome system, play an essential role in
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response to stress by repairing and removing damaged pro-
teins.

ROLES OF Nrf2
IN THE DEFENSE MECHANISM

As Nrf2 regulates various cytoprotective genes, il seems
to serve as a key factar in the protection against toxic xenabi-
otics. Without N2, induction of cytoprotective enzymes is
insufficient and the susceptibility of cells to toxic xenobi-
otics, including acetaminophen, butyrated hydroxytoluene,
and diesel exhaust, is increased (6, 12, 25). Moreover, Nrf2
hias been implicated in the protection against oxidative dam-
age induced by acute pulmonary injury and hyperoxia (14,
17, 18). Elimination of Nrf2 also enhances ihe sensitivity of
neurons and astrocyles to oxidative stress by reducing both
comstitutive and indncible gene expression of cyloprotective
genes (58, 59). These studies demonstrate that Nrf2 is funda-
mentil to defense against ROS and imply that Nrf2 is in-
volved in the pathogenesis of Jung, neural, and other chronic
diseases. The redox status of wild-type and Nrf2-deficient
mice was measured using a combination of real-lime elsctron
paramagnetic resonance imaging and spin probe kinctic
analysis (31) and clearly showed that Nrf2 functions in the re-
duction of ROS in vive (31). Nef2-deficient mice also form
higher levels of DNA adducts following exposure to carcino-
gens such as aflafoxin B, diesel particulate matter, and
benzo[alpyrene (6, 52, 77). In addition, the effects of cancer
chemopreventive reagents such as ollipraz and sulforaplhane
are abolished in mice deficient in Nrf2 (26, 52, 53, 76, 77).
Functions of Ntf2 in cell survival are also clear (20, 58, 59,
67) and thought to be mediated at least partially by inhibition
of the FAS pathway (49, 67).

Recently, Nrf2 target genes were suspected to play antiin-
flammatory roles, and the influence of Nrf2 during acute in-
flammation was explored. The persistence of inflammatory
cells in Nrf2-deficient mice was observed during cartageenan-
induced pleurisy (41). In endothelial cells, overexpression of
Nrf2 inhibited the tumor necrosis factor-e-mediated industion
of vascular cell adhesion molecule-1 gene expression, which is
important for monocyte recruitment during the inflammatory
response (16). Laminar shear stress, which acts as an and-
inflammatory signal, activaied phase 2 genes in an Nrf2-
dependent manner, The induced expression of proinflamma-
tory cytokines in wounded skin was delayed in Nrf2-deficient
mice (9). Aged Nif2-deficient female mice developed lupus-
like autoimmuue nephritis (94). All these results suggest that
Nrf2 plays important roles in antiinflammation,

REGULATION OF Nrf2

The activities of Nrf2 in the defense system allowed us to
imagine that constitutive expression of Nrf2 causes animals
10 Decome more resistant to stress, but this is not the case.
Keapl-deficient mice in which Nrf2 is constitutively active
die within 3 weeks after birth (90). Therefore, controlled Nif2
activity is quite important for our health.
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Nrf? activation is regulated in several steps. Some key fea-
tures emerged from an extensive study of the molecular mech-
anism of Nrf2 activation in phase 2 induction. In this section,
we discuss current models for Nrf2 regulation (Fig. 2).

DNA binding

The regions homologous between mouse Nrf2 and chicken
Nif2 (BCH) are called Neh (Nrf2-ECH homology) domains.
Six Neh domains, Nehl to Neh6, have been identified (39)
(Fig. 3). The Neh! domain containg a BZIP structure that is
required for DNA binding samd dimer formation. Nrf2 cannot
bind to the ARE/EpRE as a monomer or a homodimer and
must heterodimerize wilh one of the small Maf proteins for
DNA binding and transactivation (37, 44, 84). The require-
ment for a “GC” motif in the ARE/EpRE conscnsus scquence
strongly supports the contention that small Maf proieins
serve as the heterodimeric partner molecules for Nrf2 (51).
Indeed, we recently demonstrated genetically that small Maf
proteins are required for Nrf2 activities in vivo using com-
pound mutant mice {69). ¢-Jun and activating transcription
factor 4 (ATF4) were also reported o form heterodimers with
Nrf2 in vitro and to enhance the activity of ARE/EpRE-driven
reporter genes. It is possible that these proteins also acl as
partnet miolecules for Nrf2 in some conditions (30, 88).

DNA binding was also controlled through competition
with other ARE/EpRE-binding proteins, Among these fac-
tors, the roles of the transcriptional repressors Bachl and
Bach2 are the most intriguing, particularly because it has
been established that Bachl antagonizes the function of Nrf2,
especially in heme oxygenase-1 gene expression (82), and
that oxidafive stress induces the nuclear accumulation of
Bach2 while reducing ARE/FpRE-dependent reporter gene
expression (70). Nrfl is also fascinating, Chimeric mouse
analysis using Nrfl-deficient embryonic stem cells indicated
that loss of Nrf! results in impaired expression of antioxidant
genes and increased oxidative stress in the liver (15). Mouse
embryonic fibroblasts (MEF) from Nrfl-deficient embryos
displayed enhanced sensitivity to oxidative stress and an in-
creased acoumulation of free radicals (57). MEF deficient in
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both Nrfl and Nrf2 contained a higher level of intracellular
ROS and were more sensitive to oxidative stress than Nrf2-
single deficient MEF (60). These resulis indicate that the
functions between Nrf2 and Nrfl are redundant, e‘:peclally in
liver cells.

Transactivation

Nehd and NehS domains have both been shown to be im-
portant for the transactivation acfivity of Nrf2 (39, 48) (Fig.
3). Nehs5 is highly similar to the domain in p45 NF-E2 that is
responsible for associating with coactivator CREB binding
protein (CBP). The Neh4 domain contains a TRAM binding
motif to which CBP and its inhibitor adenovirus E1A protein
were shown to interact. Indeed, CBP or p300 was shown to
mediate Nrf2 transactivation activity (45, 97). Among CNC-
type bZIP family proteins, Nrf2 was found to be the most po-
fent transcriptional activator and typically activates reporter
gene transcription by nearly 100-fold (47, 86). The synergis-
tic activity of Neh4-CBP and Neh5-CBP can explain the
sirong activation potential of Nrf2 (45).

Intracellular localization

Deletion of the N-terminal Neh2 domain enhanced the
transeriptional activity of Nrf2 (39) (Fig. 3). This cbservation
suggested that the Neh2 domain recruits a negative regulator
of Nef2. This repressor, Keapl, was identified in a yeast two-
hybrid screen using the Neh2 domain as bait (39). Keapl isa
member of the Kelch family of proteins that possess two
characteristic domains, the broad complex/tramtrack/bric-a-
brac (BTB) domain and the double glycine repeat (DGRY do-
main (1) (Fig. 4). In common with other Kelch family pro-
teins, Keapl direetly interacts with actin through the DGR
domain, thus colocalizing with the actin ¢ytoskeleton in the
cytoplasm (43). In the absence of phase 2 inducers, Nf2 as-
sociates with Keap] in the cyloplasm, but upon the addition
of electrophiles, Ntf2 translocates into nuclei and concludes
in activation of target gene transcription (22, 39).

As the association and dissociation of the Nrf2-Keapl
complex was considersd to be the most significant step for
regulating Nrf2 aclivity, residues essential for the interaction

Keap1 interaction

Neh domains in Nrfl,

of each protein were analyzed. From this analysis, the ETGE
motif in the Neh2 domain was identified as a Keapl-interacting
site by a yeast reverse two-hybrid screen (48) (Fig. 3). In the
case of Keapl, a point mutation at Serl04 in the BTB domain
of Keapl decreased the association of Kezpl with Nrf2 (99).
Keapl was demonstrated to self-associate, and the mutation
at Ser104 disrupts this Keap! dimerization. In contrast, dele-
tion of the BTB domain did not impair Keapl activity in our
transfection analysis (43). Therefore, the importance of Keapl
dimerization should be elucidated.

The interaction between Nrf2 and Keapl was also demon-
strated at the genetic level (90). Keapl-deficient mice died
within 3 weeks after birth due to hyperkeratosis in the esoph-
agus and forestomach. In the liver of these mice, a high
steady-state nuclear accumulafion of Nrf2 and constitutive
expression of phase 2 genes were observed. Importantly,
these phenotypes were all Tescued in compound Keap!-Ntf2-
deficient mice. Our results strongly suggest that Keapl acts
as an indispensable regulator of Nrf2.

Protein stability

Recently, we and other groups demonstrated the rapid
degradation of Nrf2 by the ubiquitin-proteasome pathway and
the stabilization of Nrf2 by phase 2 inducers (3, 40, 63, 72,
80, 81). By aunalyzing LacZ or green fluorescent protein fu-
sion proteins, the Neh2 domain was shown to be responsible

Nri2 binding
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mouseKeapt | L] |

Flopression of NIf2 activity l .

I
Respansa to Inducars l Ublquitination and degradaticn of Nrt2

FIG.4. Critical cysteine residnes in monse Keapl.
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for mediating the rapid degradation of Nrf2, in (urn suggest-
ing that Keapl participates in the regulation of Nif2 degrada-
tion (40). Indeed, the addition of Keapl, but not an ETGE
motif-deleted mutant, destabilizes Nrf2 (63), and Cys273 and

Cys288 in Keapl are required for Keap1-dependent ubiquiti- .

pation of Nrf2 (96) (Fig. 4). Interestingly, BTB proteins, in-
cluding Kelch family proleins, were recently reported to be
subsirale-specific adaptors of Cul3-based E3 ubiquitin ligase
complexes {27, 28, 75, 93). One plausible modsl is that
Keapl binds 1o Cul3 and facilitates Nrf2 degradation as an
Nrf2-specific adaptor of E3 ubiquitin ligase.*

Sensing inducers

Identifying molecules that sense phase 2 inducers und
transduce their signals to Nef2 have become hot topies. Indue-
ers of phase 2 genes vary as in nine structurally diverse chem-
ical groups (23). Although these inducers share only a few
properties, they can all modify selfhydryl groups by alkyla-
tion, oxidation, or reduction. Recognition of these properties
suggested that cells possess primary sensors equipped with
highly reactive cysteine residues. Interesiingly, Keapl con-
tains 27 cysteine residues, and several of them are reactive,
implying that Keapl might be a direct target of phase 2 indue-
ers. Recently, we showed in a cell-free system that selective
cysleine amino acids in Keap! could react direcy with dex-
amethasone mesylate, a sulfhydryl reactive inducer, and trig-
ger the release of Nof2 from Keapl (24). The direct inleraction
of Keap! and the phase 2 inducer 15-deoxy-A1-".prostaglan-
din J, (15d-PGJ,) was also demonstrated (41). The most reac-
tive residues in Keapl were Cys257, Cys273, Cys2388, and
Cys297 present in the intervening region (IVR) (24) (Fig. 4).
Among them, mutation of Cys273 or Cys288 resulted in the
inability of Keapl o repress Nrf2 activily (91, 96). These cys-
teine residues were further demonstrated fo be required for
Keapl-dependent ubiquitination of Nrf2 (96). It is possible
that phass 2 inducers directly target these residues, with the
resulting modification decreasing ubiguitination activity. The
BTB domain may be an alternative target for phase 2 inducers,
because Zhang and Hannink (96) further elucidated that a
Cysl151 mutation in the BTB domain makes Keap! a constitu-
tive repressor of Nrf2 (Fig. 4).

In addition to Keapl, protein kinases might be candidates
as sensor molecules of electrophiles or oxidative streys, be-
cause aclivation of protein kinase C (PKC) (8, 32, 73), extra-
celtular signal-regulated kinases (ERK) (10, 98, 100}, p38
mitogen-activated protein kinase (MAPK) (2,7, 19, 98, 100),
MAPK/ERK kinasc-1 (79), MEK kinase 1 (95), phosphati-
dylinositol 3-kinase (P13K) (42, 71}, and PKR-like endoplas-
mic reficulum kinase (PERK) (20) was observed afier treat-
ment with phase 2 inducers. Furthermore, phase 2 gene and
ARE/EpRE-driven reporter gene induction was blocked by
specific kinase inhibitors. Among the kinases, PKC and
PERK are remarkable because both can phosphorylate Nrf2
directly in vitro and in vive (20, 32, 33}, A colmmunoprecipi-
tation assay revealed that phosphorylation of Nrf2 by PKC
promoles its dissociation from Keapl and that a Ser to Ala

*Specific associstion of Keapl with Cid3 has been confirmed dur-
ing editorial process of this review (101).
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mutation al amino acid 40 in Nrf2, which is the target site for
PKC, decreased this PKC-dependent dissociation (33} (Fig.
3). On the other hand, PERK-dependent phosphorylation of
Nrf2 also iriggers dissociation of the Nrf2-Keapl complex
{20). It is possible fliat PKC andfor PERK or their upstream
signaling molecules may be sensors for oxidative siress.

EVOLUTIONARY CONSERVATION
OF THE Nrf2-Keap1 SYSTEM

The importance of the bZIP protein in cellular defense has
been sliown in yeast ¢ells (87). The bZIP protein Yap! in bud-
ding yeast and Pap] in fission yeast regulate the gene expres-
sion of various cytoprotective proteins, such as 4-GCS,
thioredoxin, the hsp70 family member, NAD(P)H oxidore-
ductase, glutathione transferase, catalase, and ATP binding
cassette-type transporters. Both Yapl and Papl are cytoplas-
mic in unstressed cells and translocate into nuclei in response
to treatment with oxidants, electrophiles, or heavy metals.
These characteristics are quite similar 1o those of Nrf2. The
clear diffetence between the Yapl/Papl and Nrf2 systems s
the regulatory mechanism of cytoplasmic retention and nu-
clear translocation. In budding yeast, redox signals promote
the formation of disulfide bonds between the intenmolecular
cysteines of Yap! that mask the C-terminal nuclear export
signal domain, resulting in inhibition of Yapl nuclear export
{21). Cyloplasmic retention molecules such as Keapl are nol
required for Yapl. and Nrf2 probably does not contain a nu-
clear export signal domain as in Yapl. :

In nematode, SKN-1 was demonstrated to regulate phase 2
detoxifying genes through constitufive and stress-inducible
mechanisms (4). Its binding sites exist in the upstream re-
gions of 4-GCS heavy chain, glutathione synthetase, NADH
quinone oxidoreductase, GST, catalase, and superoxide dis-
mutase. SKN-1 mutants are sensitive to oxidative stress and
have shortened life spans. Analysis of green fluorescent pro-
tcin fusion proteins revealed that beat or paraquat treatment
induced the nuclear accumulation of SKN-1. Again, the func-
tions of SKN-1 seem 10 be siinilar to those of Nrf2. Although
SKN-1 shares homology with Nef2 in both the N-terminal
talves of the Neh2 and Nehl domains, it lacks an ETGE
motif or leucine zipper domain. Indeed, homologues for
Keap] or small Maf proteins bave not been found in C. ele-
gans. implying that the regulatory mechanisms of SKN-1 ac-
tivation may be different from those for Nrf2.

In fruit fly, CNC protein has homology with Nrf2. CNC
was originally identified as a regulatory protein for labral and
mandibular development (64). Se far, no study has been re-
ported about CNC functions in the defense system. Interest.
ingly, CNCC protein, one of three isoforms of CNC, pos-
sesses a Neh2-related region containing an ETGE motif (48).
In addition, & Keapl-related gene and a small Maf protein
were identified in Drosopkila (48, 89). In common with Nrf2
in vertehrates, it is possible that CNCC plays important roles
in the defense mechanism in fruit flies.

Nrf2 was identified in mouse, human, chicken, and ze-
brafish and supposedly exists in all other vertebrates (48).
Gene knock-down analysis of zebrafish Nrf2 using morpho-
linophosphorodiamidate-modified antisense oligonucleotide
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revealed that Nrf2 is required for phase 2 induction in fish, as

it is in mammal. Keapl also exists in zebrafish and was-

shown 1o inleract with and repress the activity of zebrafish
Nrf2. The molecular mechanism regulating the Nrf2-Keap!
system may be conserved among vertebrates,

CONCLUSION

Recently, Nif2 has been found to be activated by endoge-
nous products of oxidative stress or other stress generated in-
side the body, such as 4-hydroxynonenal (36, 73). oxidized
low-density lipoproteins (36}, heme (2, 46, 71), and nitric
oxide (10, 42). In addition, prostagiandin 15d-PGJ, {41) and
keratinocyte growth factor (¥) can induce Nrf2-dependsnt
gene expression. As these agents fumction as signaling mole-
cules in many systems, the Nrl2-Keapl system may be con-
sidered as a central component of cellular defense networks,
Identification of molecules sensing phase 2 inducers and
transducing their signals to Nrf2 will greatly contribute to a

better understanding of these networks. A number of signifi- -

cant findings were reported in the last couple of years, and
the molecular mechanism activating the Nrf2-Keap! pathway
is gradually being unveiled. The complete picture of the Nrf2-
Keap! system should come into view in the near future.
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ABBREVIATIONS

ARE, antioxidant responsive element; ATF4, activating
transcription factor 4; BTB, broad complex, tramtrack, and
bric-a-brac; bZIP, basic leuéine zipper; CBP, CREB binding
prolein; CNC, Cap’n‘collar; DGR, double glycine repeal;
15d-PGJ,, 15-deoxy-AlzM-prostaglandin J,; EpRE, electro-
phile responsive element; ERK, extracellular signal-regufated
kinase; v-GCS, vy-glutamyleysteine synthetase; GSH, gluta-
thione; GST, glutathione S-transferase; 1VR, intervening re-
gion; Keapl, Kelch-like ECH associating protein 1; MAPK,
mitogen-activated protein kinase; MEE, mouse embryonic fi-
broblast; Neh, Nrf2-ECH homology; Nrf2, NF-E2-related
factor 2; PERK, PKR-like e¢ndoplasmic reticulum kinase;
PI3K, phosphatidylinositol 3-kinase; PKC, protfein kinase C;
ROS, reactive oxygen specics.
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