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1. Introduction

Multiple defense systems have evolved in all multicel-
lular organisms in order to ensure protection against the
toxic effects of the plethora of intrinsic and extrinsic
oxidants and electrophiles to which they are exposed. In
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higher eukaryotes, these systems may be divided into
four categories: (i) phase 1 enzymes, which introduce
functional groups onto largely hydrophobic organic mol-
ecules, and are usually cytochrome P450 enzymes — in
some instances, these enzymes produce highly reactive
products that are toxic to the cell; (ii) phase 2 enzymes,
such as glutathione S-transferases (GSTs)! and UDP-
glucuronosyl transferases, which conjugate the products
of phase 1 enzymes with hydrophilic groups in order to
facilitate their excretion, and also enzymes such as
superoxide dismutases, glutathione peroxidase, and cata-
lase, which inactivate reactive oxygen species; (iii) phase
3 efflux transporters that export toxic metabolites acting
synergistically with phase 2 enzymes to provide protec-
tion against electrophiles and carcinogens; and (iv) thiol-
containing molecules such as glutathione and thioredox-
in, which function to maintain reducing conditions within
the cell and inactivate electrophilic compounds. Often the
outcome of the encounter of a cell with a potentially toxic
agent is largely determined by the balance between the
activities of phase 1 enzymes that activate substrates to
reactive intermediates and the activities of phase 2
enzymes that detoxify these reactive species. Normally,

1Abbreviations: ARE, antioxidant response element; CTR, C-
terminal region of Keapl; DEM, diethylmaleate; Dex-mes, dexametha-
sone 21-mesylate; DGR, double glycine (Kelch) region of Keapl; GFP,
green fluorescent protein; GST, glutathione S-transferase; IVR, inter-
vening region of Keapl; Keapl, Kelch-like ECH-associated protein 1;
LMB, leptomycin B; NES, nuclear export signal; Nrf2, nuclear factor-
erythroid 2-related factor 2; NTR, N-terminal region of Keapl.
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Figure 1. General scheme for the induction of gene expression through the Keap1-Nrf2-ARE signaling pathway. Multiple stresses
as well as small molecules of endogenous and exogenous origin lead to activation of Nrf2-regulated genes. In many instances, these
processes and agents disrupt the association of Nrf2 with Keapl, leading to diminished rates of proteolysis of Nrf2 and enhanced
nuclear accumulation. Phosphorylation of Nrf2 by a series of kinases also affects its fate and distribution. Interaction of Nrf2 with
other transcription factors and proteins of the transcriptional complex allows for transactivation of ARE responsive genes. Induction
of these genes, which include prototypic phase 2 and antioxidative genes, results in an adaptive response that enhances the resistance
of cells to environmental stresses mediated by electrophiles and free radicals.

phase 2 enzymes are not expressed at their maximal
capacity but are highly inducible. Importantly, phase 2
enzymes can be induced selectively and independently
of phase 1 enzymes, resulting in enhanced cellular
protection and survival.

The discovery of the protective effects resulting from
selective induction of phase 2 enzymes represents one of
the true hallmarks of the principle of chemoprotection
and offers a promising strategy for reducing the risk of
cancer and other chronic diseases (1, 2). It has become
increasingly clear that the induction of phase 2 enzymes
protects against various oxidative and electrophilic agents
in many ways by (i) providing more direct antioxidants,
e.g., bilirubin, and CO through induction of heme oxy-
genase and biliverdin reductase (3, 4); (ii) increasing
levels of enzymes that catalyze direct inactivation of
oxidants, e.g., catalase, superoxide dismutase, selenium-
dependent glutathione peroxidase, and the glutathione
peroxidase function of GSTs (5, 6); (iii) increasing levels
of enzymes that catalyze detoxification of electrophiles,
e.g., GSTs, epoxide hydrolase, and quinone reductase 1
(NQO1) (7); (iv) stimulating glutathione synthesis and
regeneration through elevation of the activities of
y-glutamatecysteine ligase, glutathione reductase, and
thioredoxin reductase (8); (v) stimulating NADPH syn-
thesis (9); (vi) enhancing the export of toxic drugs via the
multidrug response transporters (10); (vii) inhibiting
cytokine-mediated inflammation, e.g., via leukotriene B,
dehydrogenase (11); (viii) preventing iron overload and
consequently oxidative stress, e.g., by increasing ferritin
levels (4, 12, 13); and (ix) recognition, repair, and removal
of damaged proteins (14).

As depicted in Figure 1, induction of the phase 2
response requires at least three essential components:
(i) antioxidant response elements (AREs) (15), upstream
regulatory sequences present on each phase 2 gene in
either single or multiple copies; (ii) Nrf2, nuclear factor-
erythroid 2-related factor 2, the principal transcription
factor that heterodimerizes with members of the small
Maf family of transcription factors, binds to the ARE, and
recruits the general transcriptional machinery for ex-
pression of ARE-regulated genes (16); and (iii) Keapl, a
cytosolic repressor protein that binds to Nrf2, retains it
in the cytoplasm, and promotes its proteasomal degrada-
tion. Since its initial discovery by Yamamoto and his
colleagues (17), it has become increasingly clear that
Keapl has multiple partners and plays multiple roles in
regulating the phase 2 response as will be discussed in
this review.

The development of nrf2 knockout mice provided the
first key insights into the toxicological importance of this
pathway (18, 19). As examples, nrf2-disrupted mice are
more sensitive to the hepatotoxicity of acetaminophen
(20, 21), the pulmonary toxicity of butylated hydroxyto-
lene (22) or hyperoxia (23), and the neurotoxicity of
3-nitropropionic acid (24, 25). The carcinogenicity of
benzola]pyrene (26) and N-nitrosobutyl(4-hydroxybutyl)-
amine (27) is exacerbated in the forestomach and bladder,
respectively, of knockout mice. Chronic exposure of
knockout mice to cigarette smoke leads to enhanced
development of emphysema in the lungs (28). Finally,
disruption of nrf2 increases susceptibility to severe
airway inflammation and asthma following an allergen
challenge (29).
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Figure 2. Domain organization of mouse Keapl (A) and Nrf2 (B). The amino acid sequence of the five domains of mouse Keap1 is
shown in panel A. NTR, N-terminal region; BTB, broad complex, tramtrack, bric-a-brac domain; IVR, intervening region; DGR (Kelch),
double glycine region; CTR, C-terminal region. The 25 cysteine residues are highlighted in yellow and their positions in the sequence
of the protein are indicated. Shown in red are the positions of the most reactive cysteine residues with Dex-mes. NES, nuclear

export signal.

The Keapl-Nrf2-ARE signaling pathway can be acti-
vated by a number of cellular stresses (endoplasmic
reticulum stress, oxidative stress, and shear stress),
signaling molecules (nitric oxide, growth factors), and
oxidized lipids (15-deoxy-A'>14-prostaglandin /5, oxidized
low-density lipoproteins) (30—32). Of great relevance to
disease prevention, this pathway also can be induced by
an expanding array of small molecule drugs and natural
products. Although inducers of phase 2 enzymes belong
to a variety of chemical classes and may be structurally
dissimilar, they appear to have a common chemical
feature: the ability to react with sulthydryl groups by
oxido-reduction, alkylation, or disulfide interchange (33).
This common property led Talalay and his colleagues to
propose that the sensor for inducers must be a molecule
(perhaps a protein) equipped with highly reactive cys-
teine thiols that are chemically modified upon encounter
with an inducer (34). This proposition gained further
strength when it was found that many inducers are
substrates for GSTs (35), and the potency of inducers to
elevate NQO1 paralleled their reactivity with nucleo-
philic donors such as mercaptans (36). After the discovery
of Keapl, interest became focused on its cysteine residues
and their potential reactivity with electrophiles. Exami-
nation of its sequence revealed, perhaps not surprisingly,
that it is extremely cysteine-rich with 25 and 27 cysteine
residues among the 624 amino acids of murine and
human Keapl, respectively (Figure 2A). This fact was
consistent with the idea that the sensor protein would
be a thiol-containing target for electrophiles, and so,
Keapl emerged as “the perfect candidate” for the long-
sought sensor for inducers.

2. Discovery of Keapl

The unequivocal establishment that Nrf2, a member
of the Cap’n’Collar (CNC) subfamily of bZIP transcription
factors, is the principal transcription factor responsible
for phase 2 gene induction (19) raised the question—How
is the signal from inducers transmitted to this DNA-
binding nuclear protein? A detailed examination of the
function of the six domains of Nrf2 (Neh1—Neh6) re-
vealed that the Nehl domain contains the bZIP region
through which it participates in heterodimerization with
transcription factors of the small Maf subfamily and in
subsequent DNA binding (Figure 2B). Neh4 and Neh5
are independent activation domains that act coopera-
tively to bind the CREB-binding protein and thereby
recruit the general transcriptional machinery (37). In
contrast, the Neh2 domain (the N-terminal, ~100 amino
acids) is a negative regulatory domain (17). Itoh et al.
(17) showed that cells transfected with DNA coding for
Nrf2 that lacks the Neh2 domain expressed a much
higher activity for a luciferase reporter gene than cells
transfected with a construct encoding full length Nrf2.
This result suggested the existence of a cellular repressor
that binds to the Neh2 domain of Nrf2 and thus prevents
its transactivation function. To address this possibility,
a construct encoding for a Gal4—Neh2 fusion protein was
used as bait in the yeast two-hybrid system. This ap-
proach led to the isolation of a single protein that was
named Keapl (Kelch-like ECH-associated protein 1)
because of its sequence homology with the Drosophila
actin-associated protein Kelch (38). Under basal condi-
tions, Keapl binds Nrf2, retains it in the cytoplasm, and
targets it for proteasomal degradation. In the presence
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of phase 2 gene inducers, however, Nrf2, perhaps in the
presence of Keapl, undergoes nuclear translocation and
activates the transcription of phase 2 genes (17).

3. Structure of Keapl

The complete amino acid sequences of Keapl from
eight species have been published as follows: mouse, rat,
pig, human (KIAA0132), Xenopus, zebrafish, Drosophila,
and rice (17, 39, 40). The four mammalian proteins
exhibit a high degree of homology.

Keapl belongs to the superfamily of BTB-Kelch pro-
teins that occur in the Metazoa. The murine protein has
624 amino acids and a molecular weight of 69552. On
the basis of its sequence, Keapl consists of five distinct
domains (Figure 2A). The first 60 amino acids comprise
the amino terminal region (NTR). Amino acids 61—179
form the BTB/POZ domain (bric-a-brac, tramtrack, broad
complex/Poxvirus zinc finger). This is an evolutionary
conserved domain also found in actin-binding proteins,
zinc finger transcription factors, and substrate specific
adaptor proteins in Cullin3 (Cul3)-based E3 ubiquitin
ligase complexes (41—43). In many cases, this is a
protein—protein interaction domain that mediates dimer-
ization (44). Indeed, Keapl forms a homodimer through
the BTB domain and dimerization is required for binding
to Nrf2 (45). Interestingly, T’"Jampens et al. (£6) have
shown that Keap1 can bind ATP (most likely through its
BTB domain), but the significance of this finding has not
been pursued and remains unclear. On the basis of the
fact that several BTB domain-containing proteins serve
as substrate adaptor molecules in Cul3-dependent pro-
tein ubiquitination systems and that Keapl has been
shown to form such a functional complex that targets
Nrf2 for ubiquitination and subsequent degradation
through the 26S proteasome pathway (see below), it is
tempting to speculate that the binding of ATP could be
involved in the mechanism of Keapl-mediated Nrf2
degradation.

The intervening region (IVR) of Keapl spans amino
acids 180—314 and is particularly cysteine-rich contain-
ing eight cysteine residues among 134 amino acids.
Furthermore, it is the domain in which highly reactive
cysteine residues reside. Because of its particularly
important role in the sensing of inducers and in the
regulation of the interaction between Keapl and Nrf2,
it will be discussed separately (see below).

The double glycine repeat (DGR), also known as the
Kelch domain, encompasses amino acids 315—608. This
is another evolutionary conserved multiple protein—
protein interaction domain consisting of six repeating
Kelch motifs that form a fS-propeller structure with
multiple potential protein—protein interaction sites (47).
At least 70 Kelch repeat proteins have been identified
in the human genome, three-quarters of them containing
both BTB and Kelch domains (48). It is this domain
through which Keap1 binds to the Neh2 domain of Nrf2.

The crystal structure of the Kelch domain of human
Keap1 was recently determined by X-ray crystallography
to a resolution of 1.85 A (49). The Kelch domain is a
monomer and is comprised of six Kelch repeats that form
a symmetric, six-bladed S-propeller structure. The struc-
ture reveals that the Kelch repeat motif is defined by
highly conserved glycine, tyrosine, and tryptophan resi-
dues. There are eight cysteine residues, none of them
engaged in disulfide bonds. Interestingly, the first blade
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of the propeller consists of three strands from the N
terminus of the protein and one strand from the C
terminus, thus bringing the carboxy terminal region of
Keapl into close proximity to the IVR.

Amino acids 609—624 comprise the short carboxy
terminal domain (CTR). This region is of interest because
it ends with a —CTC tripeptide, which is conserved in
the other three mammalian proteins. This motif is very
similar to the —CXXC— sequence found in the active site
of protein disulfide isomerase. Indeed, Woycechowsky
and Raines (50) have reported that the tripeptide CGC—
NH; has a disulfide reduction potential similar to that
of protein disulfide isomerase and even possesses disul-
fide isomerization activity. Whether the —CTC sequence
in Keapl has any disulfide reduction/isomerization activ-
ity has not yet been determined.

4. Keapl, a Zinc Metalloprotein

Recombinant murine Keap1 is a dimeric metalloprotein
in which each monomer binds stoichiometric amounts of
zinc with an association constant of 1.02 x 101 M1 (51).
As is the case with many other metalloproteins, Keapl
can also accommodate cobalt (although with lower affin-
ity) in its metal-binding site both during protein synthesis
in Escherichia coli as well as in vitro. Titration of
increasing amounts of CoCl; into metal deficient Keapl
leads to the appearance and increase of a characteristic
absorption spectrum for cobalt complexes that have a
tetrahedral geometry until stoichiometric amounts of
CoCl, are added and no further change occurs in the
presence of excess cobalt. Overall, the optical spectrum
of cobalt-saturated Keapl has an absorbance maximum
at 310 nm, a shoulder at 360 nm, and a maximum at
640 nm with a, = 420 M~ em~!. Titration of ZnCl, into
cobalt-saturated Keapl leads to a decrease in the absor-
bance at 640 nm indicating that zinc can displace cobalt
from its binding site in Keapl and that the binding
affinity for zinc is higher than for cobalt.

The identity of the ligands involved in the coordination
of the metal is still unknown, but recombinant mutant
Keapl in which the reactive cysteine residues in the IVR
(C257, C273, C288, and C297) were mutated to alanine
residues has nearly 100-fold lower zinc-binding affinity
as compared to its wild-type counterpart. The precise role
of zinc in the function or structure of Keapl has not been
established. Reaction with inducers of various types leads
to removal of the metal, but zinc is not required, at least
in vitro, for the ability of Keapl to react with inducers
or to bind to Nrf2. Furthermore, Keap1 is more reactive,
at least in vitro, with inducers in the presence of known
zinc chelators (EDTA, EGTA, or TPEN), but not the Fe3*-
chelator deferoxamine. It is tempting to speculate that
the metal plays a role in the “fine-tuning” of the reaction
with inducers: It protects its ligands from “overreacting”
under basal conditions yet keeps them poised for im-
mediate response upon inducer sensing.

5. Keapl as a Sensor for Phase 2 Gene
Inducers

Inducers of phase 2 genes belong to 10 chemically
distinct classes (562—54): (i) oxidizable diphenols, phe-
nylenediamines, and quinones; (ii) Michael acceptors
(olefins or acetylenes conjugated to electron-withdrawing
groups); (iii) isothiocyanates; (iv) thiocarbamates; (v)
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Table 1. Classes of Inducers of the Phase 2 Response

Inducer Class

Oxidizable diphenols,
phenylenediamines,
quinones
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trivalent arsenicals; (vi) dithiolethiones; (vii) hydroper-
oxides; (viii) vicinal dimercaptans; (ix) heavy metals; and
(x) polyenes (Table 1). Within the class of Michael
acceptors, the order of inducer potency parallels the order
of reactivity with nucleophiles in the Michael reaction
(33). Similarly, the order of inducer potency in the class
of heavy metals parallels the order of their affinity for
sulthydryl groups (Hg?" > Cd2?* > Zn?"). Inducers were
found to be GST substrates, and known GST substrates
were found to be phase 2 gene inducers. Moreover, the
inducer potency was closely correlated with the electron-
withdrawing power of the substituents at the para
position within a series of methyl cinnamate analogues
(35) and with the rate of reactivity with sulfthydryl
reagents within a large series of phenolic mono and
double Michael reaction acceptors (36). Thus, compelling
evidence has accumulated to support the idea that the
cellular sensor for inducers must be endowed with highly
reactive sulfthydryl groups, most likely two cysteine
residues in close spacial proximity to account for the
extremely high inducer potency of trivalent arsenicals
that are classically known to react with vicinal thiols
leading to the formation of stable cyclic thioarsenites.
The high cysteine content of Keapl suggested that it
would be an excellent candidate as the sensor for induc-
ers. Murine Keapl contains 25 cysteine residues (Figure
2A), whereas its human homologue has 27. In the
primary sequence of murine Keapl, nine (C23, C38,
C151, C241, C273, C288, C297, C319, and C613) of the
25 cysteines are flanked by basic amino acid residues, a
phenomenon that is known to decrease their pK, values

thus increasing their reactivity (55). To determine which
cysteine residues are targets for phase 2 gene inducers,
Keapl was overexpressed in E. coli and the recombinant
protein was purified to homogeneity. It was demonstrated
spectroscopically that Keap1 reacted directly with induc-
ers of many different types (Figure 3), e.g., the isothio-
cyanate sulforaphane, the double Michael reaction ac-
ceptor bis(2-hydroxybenzylidene)acetone, the thiol reagents
2,2'- and 4,4'-dipyridyl disulfide (56), and more recently,
with a synthetic electrophilic triterpenoid, 2-cyano-3,12-
dioxooleana-1,9(11)-dien-28-onitrile (57). In addition, a
number of inducers that belong to different classes were
used in a competition assay for binding to Keapl with
the steroid dexamethasone 21-mesylate (Dex-mes) (Fig-
ure 3), an inducer that alkylates cysteine residues
irreversibly (56). The order of potency of the tested
compounds as inhibitors in this assay closely paralleled
their order of potency as phase 2 inducers, i.e., phenyl-
arsenoxide > 1-nitrocyclohexene > 1-chloro-2,4-dini-
trobenzene > 2-cyclohexanone > a-methylene-y-butyro-
lactone. A similar correlation was also found with three
triterpenoid analogues that are very closely related in
structure but have very different inducer potencies (57).

Using 4,4'-dipyridyl disulfide, an inducer that reacts
quantitatively and unidirectionally with thiols, a hier-
archy of reactive cysteine residues in Keapl was identi-
fied (56). The unexpected finding that addition of one
equivalent of dipyridyl disulfide to Keap1 resulted in the
formation of two molecules of pyridinethione suggested
for the first time that as soon as the first Keapl-pyridyl
mixed disulfide is formed, this bond is attacked by
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Figure 3. Some inducers that have been used in reactions with cysteine residues of Keapl.

another cysteine thiolate ion on the protein giving rise
to either an intra- or intermolecular protein disulfide. In
addition, the formation of higher molecular weight spe-
cies has been observed when recombinant Keapl was
treated with inducers of different types and then sub-
jected to nonreducing SDS—PAGE. Subsequent experi-
ments established the formation of disulfide-linked dimers
of Keapl when mammalian cells overexpressing Keapl
were exposed to various inducers, e.g., sulforaphane, 1,2-
dithiole-3-thione, and bis(2-hydroxybenzylidene)acetone
(58). At the end of the exposure period, cell-free extracts
were prepared and analyzed by two-dimensional SDS—
PAGE. The first dimension was carried out under non-
reducing condition in tube gels. Following incubation in
2-mercaptoethanol-containing buffer, each tube was in-
serted into the well of a slab gel and subjected to SDS—
PAGE under reducing conditions in the second dimen-
sion. Western blot analysis was then used to localize
Keapl. The anti-Keapl antibody recognized only a single
immunoreactive product corresponding to monomeric
Keapl in extracts from control cells, but it detected two
products in extracts from induced cells corresponding to
a monomer and an intermolecular disulfide-linked dimer.
This experiment provided evidence that one outcome of
the encounter of an inducer with Keapl in cells is the
formation of intermolecular dimers and suggested that
Keapl could operate as a redox switch.

Dex-mes was used as a probe in an attempt to identify
the reactive cysteine residues of murine Keapl. Titration
experiments with [*H]Dex-mes revealed that 3—4 cys-
teine residues were the most reactive. Reaction of Keapl
with a limited amount of Dex-mes followed by a large
excess of N-ethylmaleimide, subsequent tryptic digestion
of the labeled protein, separation of the tryptic peptides,
and MALDI-TOF mass spectrometric analysis revealed
that C257, C273, C288, and C297, all residing in the IVR
domain, were consistently labeled with the steroid me-
sylate. In addition, C613 from the CTR was also labeled,
probably due to its predicted close spacial proximity to
the IVR cysteines and its high reactivity due to a
neighboring basic amino acid.

This finding suggested that C257, C273, C288, and
C297 were candidates for the actual targets for inducers.

Single and multiple mutations of these and other cysteine
residues of Keapl established that modification of C273
and C288, either individually or in combination, but not
of any other cysteine residues, abrogated the capacity of
Keapl to repress the activity of Nrf2 as promoter of
transcription of ARE-dependent genes (58—60). This
finding is in agreement with the conclusions drawn from
a phylogenetic sequence comparison of Keapl from
several species, which showed that C273 and C288 are
conserved only in members of the “oxidant sensing”
Keapl homologues. C297, however, is almost invariably
present in all Keapl-related homologues suggesting a
structural rather than a “sensor” role (61).

The finding that individual or simultaneous substitu-
tion(s) of C273 and C288 with alanine or serine renders
Keap1 unable to repress Nrf2 was somewhat unexpected,
since (i) C273 and C288 are located in the intervening
domain of Keapl, yet Keapl interacts with Nrf2 via its
Kelch domain (17), and (ii) given the fact that Keapl
requires a reducing environment in order to bind Nrf2
(56). Because C273 and C288 are critical for this interac-
tion and exposure to inducers leads to the formation of
disulfide-linked dimers of Keapl (58), the inability of
C273 and C288 to form a disulfide bond is expected to
lock Keapl permanently bound to Nrf2. Instead, it was
found that any kind of modification of C273 and C288
(e.g., alkylation with inducers, participation in disulfide
linkages and possibly higher orders of oxidation states,
or even amino acid substitution) leads to the inability of
Keapl to repress Nrf2. Furthermore, such mutant pro-
teins are not able to target Nrf2 for ubiquitin-dependent
proteasomal degradation (59) (see sections 6 and 7 below).
Thus, C273 and C288 appear critical not only for the
inducer sensing function of Keap1 but also for its repres-
sor activity.

Cysteine-to-serine mutagenesis within the BTB do-
main of human Keap1 revealed that substitution of C151
with a serine residue resulted in constitutive repression
of the Nrf2-dependent transcriptional activity both under
basal conditions as well as upon exposure to inducers
(sulforaphane or tBHQ) (59). Although tBHQ treatment
of cells transfected with wild-type Keapl led to the
formation of high molecular weight species of Keapl, this
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Figure 4. Inducer binding leads to zinc release and a confor-
mational change in Keapl. It is proposed that this conforma-
tional change renders the Keapl dimer unable to repress Nrf2.

did not occur in transfected cells expressing the C151S
mutant protein, suggesting that this cysteine residue
could also be a target site for modification by certain
inducers.

Initial characterization of interactions of inducers with
human Keapl suggests a similar, but nonetheless dis-
tinct, mode of interaction. Incubation of His-tagged
recombinant human Keapl with N-iodoacetyl-N-bio-
tinylhexylenediamine (Figure 3), an inducer of ARE-
dependent transcription, yielded adducts with C196,
C226, C241, C257, C288, and C319, all of which are
within the IVR domain (63), while 1-biotinamido-4-(4'-
[maleimidoethyl-cyclohexane]carboxamido)butane la-
beled C77, C196, C249, C368, and C489 (63). In another
study, the reaction of a His-tagged recombinant human
Keapl with biotinylated iodoacetamide labeled primarily
C151, C288, and C297 and to a lesser extent C257, C273,
and C613 (62). It is noteworthy that the pattern of
cysteine modifications by biotinylated iodoacetamide is
similar to the modification pattern by Dex-mes, both
reagents being phase 2 inducers, while 1-biotinamido-
4-(4'-[maleimidoethyl-cyclohexane]carboxamido)bu-
tane, which did not induce the phase 2 response, labeled
a completely different set of cysteine residues. It is
possible, however, that the system is much more finely
tuned in vivo under conditions in which the concentra-
tions of both proteins and inducers are expected to be
much lower than those used for in vitro studies. Further-
more, sites of sulfydryl adduction or modification may
vary among different classes of inducers and across
phylogenic species. It might be possible that different
reagents and reaction conditions could be “sensed” by
different cysteines. Such flexibility is in agreement with
the fact that a plethora of conditions can trigger the
phase 2 response.

Reaction with inducers of various structural types
leads to zinc release and a conformational change in
murine Keapl (Figure 4) (51). This can be followed by
monitoring the intrinsic tryptophan fluorescence of Keapl
because six of its eight tryptophan residues are located
in the Nrf2-binding Kelch domain. Native Keapl has an
emission maximum at 337 nm with four times higher
fluorescent intensity than either an equimolar amount
of tryptophan alone, equimolar amounts of the mixture
of all amino acids comprising Keapl, or denatured Keapl,
all of which have an emission maximum at 350 nm. These
spectral characteristics indicate that some of the tryp-
tophan residues of the native protein are located in a
hydrophobic environment that is not accessible to fluo-
rescence quenching by the buffer and are in agreement
with the crystal structure of the Kelch domain in which
the tryptophan residues are part of a hydrophobic core
at the interface between two blades of the propeller (49).
Reaction with inducers leads to substantial quenching
of the tryptophan fluorescence with a blue shift in the

Chem. Res. Toxicol., Vol. 18, No. 12, 2005 1785

emission maximum to 344 nm, suggesting the occurrence
of a conformational change in the protein and a decrease
in its hydrophobicity. An identical conclusion was also
reached when a reaction of Keapl with an inducer (4,4'-
dipyridyl disulfide) was carried out in the presence of a
hydrophobicity probe (bis-ANS), whose fluorescence was
markedly decreased in a manner that was linearly
dependent on the concentration of the inducer. Taken
together, these experiments indicate that upon reaction
with inducers Keapl undergoes a profound conforma-
tional change that subsequently allows Nrf2 to activate
the expression of phase 2 cytoprotective genes.

6. Binding of Keapl to Nrf2

The discovery of Keapl as the cytosolic repressor of
Nrf2 was followed by establishing that the binding
between Keapl and Nrf2 occurred through their Kelch
and Neh2 domains, respectively (17). Deletion of the
Neh2 domain of Nrf2 or of the Kelch domain of Keapl
enhances the transcriptional activity of Nrf2 (17, 38)
indicating that such mutant proteins are not able to
interact. Analysis by native gel electrophoresis revealed
the formation of a complex when Keapl was incubated
in vitro with the Neh2 domain of Nrf2 (56). The phylo-
genetically conserved acidic ETGE sequence motif at the
C terminus of the Neh2 domain was shown to be critical
for this interaction, and point mutations in this sequence
abolished the ability of Keapl to repress Nrf2 (£0). This
affinity may be explained by the fact that in the crystal-
lographic structure of the Kelch domain of Keapl the
bottom face of the f-propeller is positively charged due
to the presence of a highly conserved arginine residue in
each of the six blades of the propeller, and it has been
suggested that electrostatic interactions with the ETGE
motif of Nrf2 could contribute to this binding (49).

In addition to the ETGE motif that is essential for
binding of Nrf2 to Keapl, the sequence LxxQDxDLG
(called the DLG motif) in the Neh2 domain was recently
found to be important for the interaction between the two
proteins (64). The DLG motif is highly conserved among
members of the CNC bZIP family members that also have
the ETGE motif. Deletion or mutations in this region
decrease the binding affinity of Nrf2 to Keapl and
consequently abolish Keapl-mediated Nrf2 proteasomal
degradation in the cytoplasm with no significant effect
on the Keapl-independent proteasomal degradation of
Nrf2 in the nucleus. The authors hypothesized that
binding of Keapl to the ETGE motif of Neh2 occurs first
followed by binding to the DLG motif and these coopera-
tive interactions contribute collectively to the overall
stability of the Keapl—Nrf2 complex.

7. Role of Keapl in Regulating the Stability
of Nrf2

Keapl binds to Nrf2 and targets it for ubiquitin-
dependent degradation through the 26S proteasome, thus
playing a role not only in the cytosolic sequestration of
the transcription factor but also in regulating its steady
state level in the cell (15, 59, 65—67). Exposure to
inducers causes nuclear translocation of Nrf2 and also
an increase in the total cellular content of Nrf2 as a result
of both enhanced transcription and inhibition of its
proteasomal degradation (15, 67—69). This finding is
consistent with a previous report of Sekhar et al. (70)
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who observed that proteasome inhibitors activate gene
expression through the ARE in HepG2 cells and that
inducers increase the protein stability of Nrf2 in trans-
fected cells (15, 569, 67). McMahon et al. (66) and Itoh et
al. (65) demonstrated that Nrf2 undergoes Keapl-
independent and Keapl-dependent proteasomal degrada-
tion. Consistent with this finding is the demonstration
that Keapl targets Nrf2 for ubiquitination (59, 66).
Under homeostatic conditions, Keapl binds Nrf2 and
targets it for ubiquitination and proteasomal degradation
and is thus responsible for the very short half-life of the
transcription factor. Upon exposure to inducers, the half-
life of Nrf2 is substantially extended.

As is the case for the nuclear translocation of Nrf2, the
redox status of Keapl is critically important for the
ubiquitination and subsequent proteasomal degradation.
C273 and C288 are required for Keapl-dependent ubig-
uitination of Nrf2 (59), and C151 was identified to be an
essential residue for inhibition of the Keapl-dependent
degradation of Nrf2. It was proposed that Keapl is a
component of an E3 ubiquitin ligase complex that is
inhibited by exposure to inducers. A critical element in
the Neh2 domain of Nrf2 (DIDLID, amino acids 17—32)
is indispensable for the Keapl-dependent destabilization
of Nrf2 and its rapid turnover under homeostatic condi-
tions (71). Removal of this element enhances the stability
of the transcription factor; apparently, it functions to
recruit the ubiquitin ligase. Subsequent studies in four
different laboratories demonstrated that Keapl associ-
ates with Cul3 to form an E3 ubiquitin ligase complex
that targets Nrf2 for ubiquitination (72—75).

Because BTB domain-containing proteins have been
reported to function as substrate adaptors for Cul3-
dependent ubiquitin ligase complexes (43, 76), it was
hypothesized that Keapl may associate with Cul3 through
its BTB domain and thus promote ubiquitination of Nrf2.
Immunoprecipitation analysis detected Cul3 in immu-
nocomplexes of Keapl (72—74). In vitro translated Nrf2
was able to bind to Cul3 only in the presence of Keapl,
and the association between Cul3 and Nrf2 was markedly
decreased in cells in which Keapl was knocked down (73).
These results indicated that Keapl provides a bridge
between Cul3 and Nrf2.

Although the data presented from these laboratories
have agreed that Keapl is a component of an E3-
ubiquitin ligase system, one major point of controversy
still remains. The laboratory of Yamamoto made the
surprising finding that a BTB deletion mutant of murine
Keapl was still able to associate with Cul3, while an IVR
deletion mutant was not (72). This observation is con-
sistent with the findings that inducers modify primarily
highly reactive cysteine residues that reside in the IVR
domain of Keapl and that exposure of cells to inducers
leads to inhibition of the proteasomal degradation (in-
creased protein stability) of Nrf2 and its subsequent
nuclear translocation. In contrast, Cullinan et al. (73) and
Furukawa and Xiong (75) showed that a BTB deletion
mutant of human Keap1 did not coprecipitate with Cul3.
Zhang et al. (74) found that although the BTB domain
of human Keapl was necessary for binding to Cul3, it
was not sufficient. Whether this discrepancy is due to
species differences or to the various experimental condi-
tions that all utilize different deletion strategies and
forced overexpression is not clear at present.

In a recent study, Eggler et al. reported that electro-
philic modifications of cysteine residues of Keapl by
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several inducers (i.e, sulforaphane, isoliquiritigenin, 15-
deoxy-A-12,14-prostaglandin /5, 1-Cl-2,4-dinitrobenzene,
and biotinylated iodoacetamide) did not lead to dissocia-
tion of the Keapl—Nrf2 complex, and when human
Keapl was preincubated with inducers, it was still able
to bind the Neh2 domain of Nrf2 in vitro (62). In addition,
the laboratory of Hannink showed (74) that exposure of
cells to sulforaphane or tBHQ: (i) decreased the levels
of ubiquitinated Gal4-Neh2 fusion protein—ubiquitination
of this fusion protein was also decreased in cells trans-
fected with expression vectors for Keapl and Cul3; (ii)
decreased the level of Cul3 that copurified with Keapl;
and (iii) increased the level of Keap1l-associated Nrf2. On
the basis of these results, it was hypothesized that
inducers disrupt the ability of Keapl to assemble into
E3 ubiquitin ligase complex, decrease the ubiqutination
of Nrf2, and increase its steady state levels.
Interestingly, certain mutations in the BTB domain of
human Keapl resulted in an increased association with
Cul3 and an increased level of ubiquitination of Keapl
but a decrease in ubiquitination of Nrf2 (74). Treatment
of HEK293 cells transfected with FLAG-tagged human
Keapl with tBHQ or N-iodoacetyl-N-biotinylhexylenedi-
amine (Figure 3) resulted in polyubiquitination of Keapl
that coincided with increased stability and nuclear ac-
cumulation of Nrf2 (63). Similarly, exposure to tBHQ
causes Keapl ubiquitination by a Cul3-dependent E3
ubiquitin ligase complex coincidentally with a decrease
in Nrf2 ubiquitination (77). Interestingly, exposure to
sulforaphane, although inhibiting ubiquitination of Nrf2,
does not promote ubiquitination of Keapl. Furthermore,
in contrast to the Nrf2 degradation that is dependent on
a functional proteasome, degradation of Keapl is not.
Analysis of deletion mutants of Keapl suggested that
lysine residues residing in the IVR domain of Keap1 are
the likely sites of ubiquitination (77). Indeed, LC-MS-
MS analysis of tryptic peptides derived from in-gel
digestion of Keapl bands from cell lysates of FLAG-
Keapl expressing 293 cells treated with N-iodoacetyl-N-
biotinylhexylenediamine revealed ubiquitination at lysine
298 (63). Both research groups have proposed a model
according to which inducer binding to Keapl triggers a
switch in ubiquitination from Nrf2 to Keapl. In addition,
Eggler et al. (62) suggested that this switch in ubiquiti-
nation becomes possible due to a conformational change
in Keapl triggered by its reaction with electrophiles.
Although the ubiquitination switch hypothesis is cer-
tainly viable, especially for inducers that modify Keapl
irreversibly (e.g., alkylating agents), regeneration of
reversibly modified Keapl (e.g., by disulfide bond forma-
tion or thiol-disulfide interchange) remains an attractive
possibility given the fact that many components of the
systems for glutathione and thioredoxin biosynthesis and
regeneration are elevated as part of the phase 2 response.

8. Nuclear-Cytoplasmic Shuttling of Keapl

A recent paper by Karapetian and co-workers (78) has
called into question the current view of Keapl as an
exclusively cytoplasmic protein that releases Nrf2 for
nuclear translocation upon exposure to inducers. Fur-
thermore, they also have introduced a new protein that
appears to interact with the Keapl—Nrf2 complex, pro-
thymosin a (ProTa).

ProTa is a small (12 kDa), highly acidic, apparently
nuclear protein originally isolated from rat thymus but
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also occurs in numerous other tissues (79). To identify
proteins that interacted with ProTa, a yeast two-hybrid
screen was carried out using cDNA libraries from human
brain and bone marrow. Ultimately, four positive clones
were obtained that, upon sequencing of the inserts from
the rescued library plasmids, revealed that they all
encoded for portions of the same protein, Keapl. Further
experiments using deletion mutants of ProTa identified
the region of this protein that interacted with Keapl as
amino acids 32—52. This region contains the sequence
—ENGE— that presumably is analogous to the —ETGE—
sequence in Nrf2 that is required for binding to Keapl
(40). Similarly, the region of Keapl to which ProTa binds
was localized to the carboxy half of the protein or Kelch
domain to which Nrf2 also binds. An association between
Keapl and ProTa was demonstrated in cell extracts by
immunoprecipitation techniques. Further experiments
uncovered a nuclear export signal (NES) sequence of the
“leucine-rich” type (80) near the end of the IVR region of
Keapl. In HeLa cells transfected with Keapl, Keapl-
green fluorescent protein (GFP), or just containing the
endogenous protein, Keapl was found by immunofluo-
rescent staining to be localized in the cytoplasm under
normal conditions. However, in the presence of leptomy-
cin B (LMB), an inhibitor of the CRM1 nuclear export
protein (81), Keapl was relocated to the nucleus. In cells
transfected with both wild-type Keapl and Nrf2, colo-
calization of both proteins in the cytoplasm was observed,
but in the presence of LMB or using a Keapl with a
mutated NES, both proteins were found in the nucleus.
Finally, in HeLa cells overexpressing wild-type ProTa,
upregulation of an Nrf2-dependent gene mRNA (heme
oxygenase-1) was demonstrated by Northern blot hybrid-
ization. On the other hand, no upregulation was seen if
a mutant ProTa with an altered Keapl recognition
sequence (E44A, E50A) was used. In conclusion, these
authors presented a model of the phase 2 response in
which the Keapl—Nrf2 complex shuttles between the
cytoplasm and the nucleus. After entry into the nucleus,
the much higher concentration of ProTa relative to the
complex is able to displace some to the Nrf2 resulting in
basal level expression of Nrf2-controlled genes. Inducers
of phase 2 genes destabilize the Keapl—Nrf2 association
and permit greater displacement of Nrf2 by ProTa, and
this results in upregulation of gene expression.

The nuclear-cytoplasmic shuttle model has received
additional support from a recent paper by Velichkova and
Hasson (82) who also noted the NES sequence at the end
of the IVR region of Keapl (Figure 2A). To examine the
function of this NES, a series of GFP—Keapl fusion
constructs were created. Transfection of NIH 3T3 cells
with those constructs that contained the NES resulted
in expression of fusion proteins that were localized in the
cytoplasm. In contrast, the ones lacking the NES were
seen predominantly in the nucleus, and this is consistent
with the finding of Zhang and Hannink (59) that over-
expression of a Keapl deletion mutant that lacked the
IVR was mislocalized to the nucleus and was unable to
sequester overexpressed Nrf2 in the cytoplasm. In the
presence of LMB, even constructs containing the NES
sequence were found in the nucleus. More detailed
analysis suggested that a minimal CRM1-binding site is
located between amino acids 272 and 315. Further
characterization of the NES was achieved by the intro-
duction of point mutations in this region. Mutation of the
hydrophobic amino acids 1.301, .304, 1.308, and L.310 to
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alanine residues resulted in nuclear localization of the
fusion proteins, while mutation of C273, C288, and C297
to serine residues had no effect on the subcellular
distribution of the resulting proteins. These results
demonstrated the critical role of the leucine residues.
Although the cysteine residues appear not to be critical
for the function of the NES, the possibility that their
modification could disrupt the functional integrity of the
NES cannot be excluded. In addition to their impact on
the subcellular distribution of Keapl, mutations of the
NES also affected the subcellular localization of Nrf2,
which was now predominantly nuclear. A similar result
was obtained by treatment with either LMB or diethyl-
maleate (DEM) that led to nuclear accumulation of
endogenous Keapl and Nrf2. However, the expression
of an ARE target gene, GSTa, was much higher in cells
treated with DEM as compared to those treated with
LMB, suggesting that nuclear trapping of Keapl and
Nrf2 is not sufficient for maximal induction of phase 2
genes. This prompted the examination of the effect of
phosphorylation of Nrf2 by a protein kinase C activator,
phorbol 12-myristate 13-acetate. While this treatment
had no effect on the nuclear distribution of Keapl and
Nrf2, it elevated the expression of GSTa to a level similar
to that of LMB. Simultaneous treatment with LMB and
phorbol ester was necessary to achieve induction com-
parable to that caused by DEM. Further studies using
immunostaining techniques discerned three pools of
Keapl within the cell: cytoskeletal, cytoplasmic, and
nuclear. Interestingly, Nrf2 was not collocalized with the
cytoskeletal fraction but instead with the cytoplasmic
Keapl. Treatment of cells with the inducer DEM caused
a dissociation of Keapl from the cytoskeleton, and much
like endogenous Nrf2, it underwent a nuclear transloca-
tion. This result is in contrast with the observation that
in the same cell line overexpressed Keapl—GFP fusion
protein does not translocate to the nucleus upon inducer
treatment, sending out a warning against drawing
conclusions under conditions of forced overexpression. A
model for Keapl and Nrf2 function was proposed that
shares similarities with the one suggested by Karapetian
and co-workers (78). Most of the cytoplasmic Keapl—Nrf2
complex is associated with proteasomes, but some can
translocate to the nucleus because of the NLS on Nrf2.
However, most of this complex is rapidly exported due
to the dominant function of the NES of Keapl. Some
dissociation of the complex within the nucleus may occur
resulting in basal level expression of ARE-controlled
genes. In the presence of phase 2 inducers, the critical
cysteine residues of Keapl are modified, and the protein
undergoes a conformational change that has two effects:
(i) It brings about a dissociation of Keapl—Nrf2 from the
proteasomal apparatus and Keap1 from the cytoskeleton,
and (ii) it masks the NES of Keapl. The free Keapl—
Nrf2 and Keapl can now accumulate in the nucleus.
Dissociation of Nrf2 from Keapl, possibly through the
action of protein kinase C, leads to induced levels of
expression of phase 2 genes.

In a recent report, the Pickett laboratory has suggested
that Nrf2 is primarily a nuclear protein (83). The authors
have proposed a model according to which Nrf2 im-
mediately after synthesis undergoes nuclear transloca-
tion activating expression of phase 2 genes and thus
accounting for their basal expression. The transiently
shuttling Keapl then binds to Nrf2 in the nucleus and
targets it for degradation. The presence of inducers



1788 Chem. Res. Toxicol., Vol. 18, No. 12, 2005

interferes with the ability of Keapl to target Nrf2 for
degradation, leading to its stabilization, which, together
with its de novo protein synthesis, accounts for the
nuclear accumulation of Nrf2 and increased transcription
of phase 2 genes. The nuclear-cytoplasmic shuttle models
have not only added a new dimension to the traditional
view of Keap1 as an exclusively cytoplasmic, actin-bound
protein but also have questioned the presence of Nrf2 in
the cytoplasm. However, better reagents for monitoring
the trafficking of endogenous Keapl and Nrf2 will be
required to reveal the full significance of this model.

9. Keapl and the FAC1 Protein

In addition to ProTa, discussed in the previous section,
another recent paper, also employing a yeast two-hybrid
screen, identified the Fetal ALZ-50 Clone 1 (FAC1)
protein, a transcriptional regulator prominent in neural
tissue, as a partner of human Keapl (84). Using GST pull
down assays, hKeap1l binding to GST:FAC1 was localized
to amino acids 501—610, which contains a PEST domain.
In addition, the Kelch domain of Keapl was identified
as the region to which FAC1 bound. Immunofluorescent
staining of PT67 murine fibroblast cells transfected with
epitope-taged FAC1 showed that FAC1 colocalized with
Keapl and with a subset of F-actin in the cytoplasm.
Neither protein was detected in the nucleus. In vitro GST
pull down assays demonstrated that Nrf2 could compete
with GST:FAC1 (501—610) for binding to Keapl. In the
presence of DEM, an inducer of phase 2 enzymes, this
competition was impaired. However, DEM did not affect
the affinity of GST:FAC1 (501—-610) for Keapl. The
physiological significance of this interaction between
FAC1 and Keapl is not known at present but may relate
to Keapl-directed proteasomal degradation of FAC1.

10. Keapl in Adhesion Junctions

A yeast two-hybrid screen was also used to identify
Keapl as a protein interacting with the SH3 domain of
the molecular motor myosin-VIIla, an unconventional
myosin that has an essential role in the development and
function of the eye and the ear (85). Myosin-VIla is also
found in Sertoli cells, specifically in specialized adhesion
structures within the testis termed ectoplasmic special-
ization that are subjected to continuing remodeling
during spermatogenesis. Although Keapl is associated
with myosin-VIIa within the ectoplasmic specialization,
the presence of myosin-VIla is not required for proper
Keap1 localization, which appears normal in mice lacking
myosin-VIIa (known as shaker-1 mice). In many epithe-
lial cell types, Keapl is an integral component of focal
adhesions, the sites of attachment of the cell membrane
to the extracellular matrix, and is similar to the ecto-
plasmic specialization. They are also dynamic structures
that undergo continuous remodeling. Subsequent studies
revealed that Keapl is present only in peripheral focal
adhesions and assembling adherens junctions and does
not collocalize entirely with any markers that are typical
for these structures, suggesting its recruitment to specific
subregions in a subset of adhesion structures, probably
those that undergo constant dynamic structural rear-
rangements (86). It was hypothesized that Keapl func-
tions to bundle F-actin within these cell adhesion com-
ponents, but the underlying mechanism still remains an
unanswered question. Because cell adhesion complexes
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interact with the extracellular environment, thus playing
an essential role in signal tranduction and cellular
communications, it will be important to investigate
whether Keapl modifications (e.g., caused by phase 2
inducers) have any impact on the assembly/disassembly
of these structures.

11. Targeted Deletion of Keapl: The
Consequences

The Yamamoto laboratory has generated mice in which
the keap gene is disrupted (87). KeapI-null pups initially
are indistinguishable from their wild-type counterparts.
However, at about postnatal day 4 (P4), they begin to
show signs of growth retardation with progressively
increasing severity, such that none of the mutant mice
survive beyond P21, with the cause of death being
asthenia. In addition, these mice display a scaling skin
phenotype. Histological analysis of skin sections revealed
a thicker stratum corneum but a similar number of hair
follicles as compared to the wild-type genotype. The levels
of the squamous cell differentiation markers keratin K1
and flaggrin did not differ between genotypes, but the
terminal differentiation marker loricrin was more abun-
dant in the skin of kZeap I knockout mice. Consistent with
the observed scaling of the skin, there were multiple
cornified layers on the inner walls of the esophagus and
forestomach and large masses in the lumens of these
organs. Histological analyses demonstrated markedly
increased levels of loricrin and keratin K6 and decreased
levels of involucrin in the esophagus. This excessive
hyperkeratosis leads to gastric obstruction that is prob-
ably the primary cause of premature death of these
animals. These observations also suggested that some of
the squamous differentiation markers could be under the
direct negative control of Keapl. Indeed, reporter assays
confirmed that loricrin and keratin K6 have functional
AREs that, in the absence of Keap1, are under the control
of the constitutively active Nrf2. The ultimate proof of
the hypothesis that the scaling skin and hyperkeratotic
esophageal phenotype of the keap1 knockout mouse and
the squamous cell differentiation markers associated with
them were entirely due to improper hyperactivity of Nrf2
was achieved by generating the Keapl/Nrf2 double
knockout mouse whose rescued phenotype was indistin-
guishable from that of wild-type mice (87). Furthermore,
a complementation rescue assay indicated that the
lethality of the keapI-null mice could be reversed by
transgenic expression of wild-type Keapl but not C273A/
C288A mutant Keapl (88).

Keapl knockout mice have high levels of phase 2
enzymes indicating that Keapl is not required for nuclear
import and accumulation of Nrf2. Gene expression levels
of GSTxw and NQO1 are much higher in livers and mouse
embryo fibroblast cells prepared from keapl knockout
mice as compared to their wild-type counterparts (87).
In contrast to wild-type cells in which the phase 2
response is induced by DEM, 1,2-dithiole-3-thiones, or
sulforaphane, no induction is observed in cells from keap I
knockout, nrf2 knockout, or keap1/nrf2 double knockout
mice (58, 87, 89).

Among the first experiments to demonstrate a role of
Keapl—Nrf2 signaling as a stress response pathway in
vivo were the studies of Enomoto et al. (27) and Chan et
al. (20). Both groups described the enhanced sensitivity
of nrf2 knockout mice to the hepatotoxicity of acetami-
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nophen and related this outcome to lowered cellular thiol
levels and diminished capacity for conjugation reactions.
Taking an opposite experimental approach, Okawa et al.
(90) have observed recently that hepatocyte specific
disruption of the keapl gene confers striking resistance
of mice toward acetaminophen-induced hepatic injury.
Because of the juvenile lethality of simple keap 1 knockout
mice, hepatocyte specific keap I-null mice were generated
using the Cre-loxP system regulated by the albumin
promoter, allowing for viable mice with high constitutive
expression of hepatic phase 2 enzymes. Thus, Nrf2
activation through a genetic approach leads to acetami-
nophen resistance. Consistent with these genetic models,
it has been long established that pharmacological induc-
ers (e.g., oltipraz, BHA) of the phase 2 response are
effective inhibitors of acetaminophen hepatotoxicity (91).

Small interfering RNA (siRNA) strategy was recently
used to knockdown Keap1 in the human keratinocyte cell
line HaCaT (92). Transfection of siRNA into these cells
reduced the steady state levels of Keapl mRNA to ~30%
of the levels in control cells, and the knockdown was
maintained up to 72 h posttransfection. The levels of
Keapl protein in treated cells were below the limit of
detection. In contrast, Nrf2 protein levels were increased
and this correlated with increased nqol-ARE-reporter
gene activity as well as with increased expression of
endogenous ARE-driven phase 2 genes, i.e., NQO1, aldo-
keto reductase 1C1/2, y-glutamatecysteine ligase catalytic
and modifier subunits, and cellular glutathione 48 h after
transfection. The extent of increase was comparable to
that achieved by induction with sulforaphane. Similar
to the knockout strategy, the knockdown strategy also
unequivocally demonstrated that Keapl functions to
control the expression of phase 2 genes through negative
regulation of the transcription factor Nrf2 and that the
absence of Keapl is sufficient for the constitutive activa-
tion of Nrf2 and high expression of phase 2 genes.

12. Conclusions

Since the discovery of Keapl was reported in 1999,
steady progress has been made in elucidating its cellular
function. Initial research focused on its role in phase 2
enzyme induction and suggested that it acted as a
cytoplasmic anchor for the transcription factor Nrf2. In
the presence of inducers, the association between the two
proteins was disrupted allowing Nrf2 to migrate to the
nucleus and activate the transcription of ARE-controlled
genes. Recent studies, however, have expanded this
picture of Keapl. Evidence has accumulated that it is
one component of an E3-ubiquitin ligase system that
actively targets Nrf2 for degradation by the 26S protea-
somes. The discovery of a NES in the IVR region led to
studies revealing nuclear-cytoplasmic shuttling of at least
some Keapl—Nrf2 complexes. Immunostaining experi-
ments have distinguished three cellular pools of Keapl,
cytoskeletal, cytoplasmic, and nuclear, and the cyto-
skeletal fraction is apparently not associated with Nrf2.
Several other proteins have been found to interact with
Keapl, and one of them, ProTa, may play a role in the
regulation of phase 2 enzymes. Taken together, these
results suggest that Keapl may have a more complex
function within the cell than was originally envisioned.
Further work will be needed before a complete under-
standing of the role of Keapl in cellular protective
responses can be achieved. Nonetheless, it is clear that
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Keapl plays a central role in regulating adaptive re-
sponses to electrophilic and oxidative stresses.
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