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Abstract

The molecular mechanisms by which a variety of naturally-occurring dietary compounds exert chemopreventive effects have been
a subject of intense scientific investigations. Induction of phase Il detoxification and anti-oxidant enzymes through activation of Nrf2/
ARE-dependent gene is recognized as one of the major cellular defense mechanisms against oxidative or xenobiotic stresses and
currently represents a critical chemopreventive mechanism of action. In the present review, the functional significance of Keap1/
Nrf2 protein module in regulating ARE-dependent phase |l detoxification and anti-oxidant gene expression is discussed. The bio-
chemical mechanisms underlying the phosphorylation and expression of Keap1/Nrf2 proteins that are controlled by the intracellular
signaling kinases and ubiquitin-mediated E3 ligase system as well as control of nucleocytoplasmic translocation of Nrf2 by its innate

nuclear export signal (NES) are described.
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CONCEPT OF CARCINOGENESIS

It is widely accepted that electrophiles and pro-oxidants
promote carcinogenesis by causing damage to DNA. In fact,
tumor cells are regarded as a collection of neoplastic cells that
were transformed after a series of critical somatic mutations
and then clonally expanded. Studies in the past decades have
demonstrated that the genes whose mutations contributing
to carcinogenesis can be categorized into three types: onco-
gene, tumor-suppressor gene and stability gene (Fig. 1). Al-
though the mode of genetic alterations in oncogene and tumor
suppressor gene is different: (1) mutations in oncogene and
tumor suppressor genes will lead to activation (gain of func-
tion) and inactivation (loss of function) of the gene product,
respectively, and (2) activation of oncogene can be induced
by mutations in either of maternal or paternal alleles (domi-
nant mutation) but inactivation of tumor suppressor requires
mutations in both alleles (recessive mutation), mutations in
oncogene or tumor suppressor gene operate similarly at the
physiological level: they increase the rate of carcinogenic
process in normal cells by targeting key cellular processes.
On the other hand, mutations in stability gene contribute to
carcinogenesis in a slightly different manner that, if this class
of gene is inactivated, mutation rates in oncogene and tumor
suppressor gene will increase due to a lack of cellular systems

that repair the genetic mistakes. In an analogy to automobile,
Drs. Vogelstein and Kinzler have described that mutations in
oncogene and tumor-suppressor gene are akin to stuck ac-
celerator and dysfunctional brake that render the vehicle un-
able to stop when the driver attempts to engage them and that
mutations in stability gene are akin to an inept mechanic who
fails to oversee the operation systems in the car (Vogelstein
and Kinzler, 2004).

In addition to somatic mutations and subsequent uncon-
trolled cell proliferation, other biological characteristics have
been recognized as unequivocally important components in
the development of human cancers. Drs. Hanahan and Wein-
berg initially classified these attributes of tumor cells and re-
ferred to them as six hallmarks of cancer: (1) self-sufficiency in
growth signal, (2) insensitivity to anti-growth signals, (3) tumor
invasion and metastasis, (4) limitless replicative potential, (5)
sustained angiogenesis, and (6) evading apoptosis (Hanahan
and Weinberg, 2000). With a remarkable progress in cancer
research in the past decade, they have recently broadened
the categories by adding several new hallmarks, including (1)
reprogramming of energy metabolism, (2) evading immune
destruction and (3) creation of tumor-prone microenvironment
(Hanahan and Weinberg, 2011). This classification provides
us with a clear idea that tumorigenesis in human is a com-
plex and multistep process, in which the addition of individual
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hallmarks contributes to accumulation of genetic alterations
that drive the progressive transformation of normal human
cells into highly malignant ones. This concept is rendered
more concrete by a large number of works, indicating that the
genomes of human tumors are invariably altered at multiple
sites and tumor formation in mice occurs through multiple rate-
limiting steps (Sharpless and Depinho, 2006).

REGULATION OF PHASE Il DETOXIFICATION AND
ANTI-OXIDANT GENE EXPRESSION BY Nrf2/Keap1
MODULE THROUGH REGULATORY PROTEINS AND
INTRACELLULAR KINASE SIGNALING CASCADES

As mutagenesis plays a significant role in tumor develop-
ment, it is likely that cancer prevention can be accomplished
by two ways: (1) minimizing the exposure of DNA to endog-
enous and exogenous carcinogenic factors or (2) increasing
the rate of their detoxification in our body. Considering that
avoiding the putative chemical or viral carcinogens can be
achieved by maintaining a healthful lifestyle, finding out how
carcinogen detoxification system in our body can be increased
seems to be a feasible theme of cancer prevention research.
In order to combat against oxidative stress and electrophiles,
normal cells have developed the elaborate defense enzyme
systems during evolution, e.g. phase |l detoxification and anti-
oxidant enzymes, such as heme oxygenase-1 (HO-1), NAD[P]
H:quinone oxidoreductase-1 (NQO1), superoxide dismutase
(SOD), glutathione S-transferase (GST), and y-glutamyl cys-
teine ligase (y-GCL), etc. Transcriptional regulation of these
enzymes is coordinated, largely in part, by the antioxidant re-
sponse element (ARE), a nucleotide motif sequence that ex-
ists in 5’-upstream promoter region of these genes (Kensler
et al., 2007). Now it is widely accepted that a transcriptional
factor, e.g. NF-E2-related factor-2 (Nrf2), is responsible for
ARE-dependent gene activation. Under a basal condition,
Nrf2 is sequestered in the cytosol but, in response to a variety
of cellular stresses, it translocates into the nucleus and acti-
vates ARE-dependent gene expression by binding to ARE se-
quence in the genome in association with small Maf proteins

and/or other coactivator proteins (Itoh et al., 1997).

Nrf2 is a basic leucine zipper transcription factor that con-
tains a Cap’n’Collar (CNC) structure. CNC is typically defined
by the presence of a conserved 43-amino acid domain, and
located in the N-terminal to the DNA binding domain (Syki-
otis and Bohmann, 2010). Most CNC transcription factors are
transcriptional activators, but they can act as transcriptional
suppressors when naturally-truncated or Caspase-cleaved
(Ohtsubo et al., 1999; Motohashi et al., 2002). Nrf2 protein is
composed of 6 highly conserved Nrf2-ECH homology (Neh)
domains (Fig. 2A, upper panel). The Neh1 domain contains a
basic leucine zipper (bZIP) motif and behaves as a platform
for ARE sequence binding. The Neh2 domain is located in
the most N-terminal region and acts as a negative regulatory
domain by binding to a cellular repressive regulator, Keap1
(Kelch-like ECH-associated protein 1). The tandem Neh4 and
Neh5 domains are essential for Nrf2 transactivation and the
Neh3 domain, located in the most C-terminal region, is known
to play a permissive role of Nrf2 transactivation (Nioi et al.,
2005). The Neh6 domain, located between the transactivation
domain (the Neh4 and Neh5) and the DNA binding domain
(the Neh1), is known to be necessary for degradation of Nrf2
protein (McMahon et al., 2004).

Keap1 is a negative regulatory protein of Nrf2 by binding to
the Neh2 domain of Nrf2. In fact, Keap1 was initially identified
by yeast 2-hybrid assay, using the Neh2 domain of Nrf2 as
bait (Itoh et al., 1999). Keap1 consists of 5 different domains:
an amino-terminal region (NTR), a Broad complex, Tramtrack
and Bric a brac domain (BTB), an intervening region (IVR),
six Kelch/dougle glycin repeats (DGRs), and a carboxyl ter-
minal region (CTR) (Fig. 2A, bottom panel). Keap1 is a cyto-
solic protein whose subcellular location can be explained, at
least in part, by binding to a cytoplasmic actin or myosin Vlla
through the DGR domain (Kang et al., 2004). Therefore, it is
conceivable that Keap1 acts as a cytosolic anchor of Nrf2,
sequestering Nrf2 in the cytoplasm during basal conditions
and this fact can be easily confirmed by overexpression of
GFP-tagged Keap1 in cells. By conducting intensive biophysi-
cal analyses, Yamamoto and colleagues have demonstrated
that Keap1 protein employs the DGR regions by forming six-

1. Oncogene:
A. Activated by gain of function mutation
B. Dominant mutation

(sufficiently activated by mutations in one allele)
C. Analogous to continuously stepping on the accelerator in car

N

Tumor suppressor gene:
A. Activated by loss of function mutation
B. Recessive mutation

(requires mutations in both alleles)

C. Analogous to engaging the broken brake in car

w

. Stability gene:

A. Repair mutations of oncogene and tumor suppressor gene

B. Mutations in stability genes increase the rate of mutations in
oncogene and tumor suppressor gene

C. Analogous to an inept mechanic, who doesn’t maintain the

operation system in car

Fig. 1. Three types of gene mutations responsible for tumor formation. Mutations in oncogene and tumor suppressor gene contribute to
carcinogenesis. Mutations in stability gene, on the other hand, increase the frequency of mutations in oncogene and tumor suppressor gene
due to a failure of cellular genetic repair system, facilitating the rate of carcinogenesis that is caused by mutations in oncogene and tumor

suppressor gene.
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bladed propeller to recognize two primary sequences, e.g. the
ETGE and DLG motifs, existing in the Neh2 domain of Nrf2
protein, in which Keap1 homodimerizes via the BTB domain
to bind to Nrf2 protein at a ratio of 2:1 (Tong et al., 2006). The
overlapping ETGE and DLG maotifs in Nrf2 protein seem to
bind to two Keap1 proteins with a highly differential affinity.
Isothermal calorimetry (ITC) measurement showed that the
Keap1 binding affinity to ETGE motif (Ka=20%107 M-") is much
stronger than DLG motif (Ka=0.1x10" M-") (Tong et al., 2007).
Based on these observations, they have proposed, so called
“hinge and latch” model to explain the regulation of Nrf2 by
Keap1 in the cytoplasm, in which the “hinge” mediates a high-
affinity interaction between the Nrf2 ETGE motif and Keap1
and this interaction is unaffected by stress inducers, whereas
the “latch” mediates displacement of the Nrf2 DLG motif from
Keap1 in response to stress inducers (Fig. 2B). While this
model is currently considered as a prime mechanism of ac-
tion that explains the mode of Nrf2/Keap1 interaction in the
cytoplasm, there are some disputes against this model (Li and
Kong, 2009).

After identification of Keap1 as a binding partner of Nrf2,
scientists have identified a number of putative Nrf2 or Keap1-
regulatory proteins. For example, He et al. have identified acti-
vating transcription factor 4 (ATF4) as an Nrf2-interacting pro-
tein in which ATF4 heterodimerizes with Nrf2 and potentiates
ARE activation by Nrf2 (He et al., 2001). Karapetian et al. have
identified prothymosin-o. as a novel binding partner of human

Nrf2 (592 aa)

Keap1 protein that competes with Nrf2 protein for binding to
the same domain of Keap1 (Karapetian et al., 2005). Sun et
al. have demonstrated that Bach1 protein inhibits transcription
of HO-1 in a basal condition by making the enhancer regions
of HO-1 (E1 and E2) inaccessible to Nrf2 protein or the other
unknown activator proteins (Sun et al., 2002). Clements et al.
have demonstrated that DJ-1/PARKY is an indispensable pro-
tein for Nrf2-mediated transcriptional activation, although its
direct interaction with Nrf2 or Keap1 protein was unclear (Cle-
ments et al., 2006). More recently, it was shown that the selec-
tive autophagy substrate, p62 interacts with the Nrf2-binding
site on Keap1. As such, overproduction of p62 or a deficiency
in autophagy interferes with the interaction between Nrf2 and
Keap1, resulting in the stabilization of Nrf2 (Komatsu et al.,
2010). Collectively, these studies point out that Nrf2-mediated
regulation of ARE-dependent gene expression is a complicat-
ed process that is orchestrated by many intracellular cofactor
proteins.

Natural chemopreventive agents are reported to be strong
chemical inducers of ARE-dependent gene expression as well
as phase |l detoxification and antioxidant enzymes (Jeong et
al., 2005). Accumulating evidence indicates that ARE activa-
tion by chemopreventive compounds is mediated by modu-
lating the activities of intracellular signaling kinase pathways.
Kong and colleagues have shown that mitogen-activated pro-
tein kinases (MAPKSs) are implicated in the regulation of ARE-
dependent gene expression, in which ERK and JNK are posi-

Keap1-binding Transactivation DNA-binding
domain domain domain
NH, | Neh2 | | Nena | nens [ nens | | Nent  [Nen3}- cooH
DLG motif ETGE motif bZIP motif
Keap1 (624 aa)
Self-dimerization Nrf2-recognizing domain (kelch)
domain Formation of six-bladed propeller
NH,{ NTR | BTBdoman | R [pGrlper|per|peRlDGRIDeR| cTR | coOH
B
Keap1
Keap1 Keap1 Keap1
—’
ARE inducers O

Stable Stable
Nrf2 (Neh2 domain) ]

ETGE motif
(hinge)

DLG motif
(latch)

QS
@
o
\ Stable

[ Nrf2 (Neh2 domain) ]

ETGE motif
(hinge)

DLG motif
(latch)

Fig. 2. Molecular architecture of Nrf2 and Keap1 proteins and two-site substrate recognition model (Hinge and Latch Model) for the Keap1/
Nrf2 System. Nrf2 protein consists of 592 amino acids (592 aa) and is composed of six Neh domains (Neh1-Neh6). Neh2 is the interact-
ing domain with Keap1 and Neh4 and Neh5 are transactivation domain. Neh1 domain contains basic leucine zipper (bZIP) motif and is the
binding domain for ARE. On the other hand, Keap1 consists of NTR (N-terminal Region), BTB (a Broad complex, Tramtrack and Bric a brac
domain), IVR (intervening region), six DGRs (dougle glycine repeats, also called as Kelch), and CTR (carboxyl terminal region) (A). Keap1
proteins homo-dimerize each other by utilizing the BTB domains in cells. The Keap1 protein homodimer recognizes the DLG (weak interac-
tion) and ETGE (strong interaction) motifs in the Neh2 domain of Nrf2. After stress, detachment of the weak-binding DLG motif from Keap1
(latch) occurs, but the strong binding ETGE motif from Keap1 (hinge), however, remains attached (B).
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tive regulators while p38 MAPK is a negative regulator (Keum
et al., 2004). On the other hand, there exist a number of other
kinases involved in ARE-dependent gene regulation, such as
phosphatidylinositol 3’-kinase (PI3K), PKR-like endoplasmic
reticulum kinase (PERK), protein kinase C (PKC), Fyn kinase,
and glycogen synthase kinase-3p (GSK3p). Due to their abil-
ity to phosphorylate many proteins, the possibility that these
kinases directly phosphorylate Nrf2 protein have been raised
and tested. Huang et al. have reported that a direct phosphor-
ylation of Nrf2 at Ser*® by PKC play a positive role in Nrf2-me-
diated ARE activation by interfering with the interaction of Nrf2
with Keap1 (Huang et al., 2000). Cullinan et al. also showed
that Nrf2 could be directly phosphorylated by PERK, although
its target sites remain to be identified (Cullinan et al., 2003).
In both cases, Nrf2 phosphorylation contributes to the acti-
vation of ARE-dependent gene expression. On the contrary,
Jain et al. have reported an intriguing observation that Fyn
kinase can phosphorylate Tyr*® of Nrf2 and causes a nuclear
exclusion of Nrf2 protein (Jain and Jaiswal, 2006). Although
the detailed mechanisms how phosphorylation of Nrf2 protein
differentially contributes to ARE-dependent gene expression
are still unclear, these observations suggest that phosphoryla-
tion of Nrf2 protein can dictate the activation or inhibition of
ARE-dependent gene expression, probably depending on the
amino residue(s) that are phosphorylated. In summary, Fig. 3
depicts the mode of Nrf2-mediated ARE gene regulation and
its modulation by Keap1, intracellular signaling kinases and
Keap1/Nrf2/ARE-binding proteins.

n of Nrf2-mediated Phase Il Detoxification and Anti-oxidant Genes

REGULATION OF Nrf2 PROTEOSOMAL DEGRADA-
TION AND NUCLEOCYTOPLASMIC TRAFFICKING

Nrf2 is a redox-sensitive transcriptional factor and such
sensitiveness will involve at least two key steps: (1) the modu-
lation of protein phosphorylation and/or cellular expression
level and (2) the regulation of nuclear import and export. Con-
sidering that many intracellular signaling kinase cascades are
involved in the regulation of ARE-dependent gene expression,
it is possible to assume that the activation of selected kinase
pathways might be linked to the proteosomal degradation of
Nrf2 protein. This conjecture is based on the facts that (1)
phosphorylation of a protein can serve as a precursor signal
to elicit or inhibit ubiquitin-mediated proteosomal degradation
(Pickart, 2004) and (2) the regulation of cellular Nrf2 protein
level is largely mediated by the ubiquitin-mediated protein
degradation (Furukawa and Xiong, 2005). Ubiquitin is a small
conserved regulatory protein whose main function is to mark
the proteins for proteolysis. Ubiquitin-mediated proteolysis re-
quires a cascade of three enzymes: E1 (ubiquitin-activating),
E2 (ubiquitin-conjugating) and E3 (ubiquitin-ligase) enzymes.
Unlike circumscribed functions of E1 and E2 enzymes, E3
enzymes are loosely defined with at least two distinct func-
tions: catalyzing isopeptide formation and recruiting specific
substrates to this catalytic activity. At present, hundreds of E3
enzymes have been identified and many of these E3 ligases
contain either the homologous to E6-associated protein (E6-
AP) COOH-terminus (HECT) domain or the really interesting
new gene (RING) finger domain, in which RING finger-type
E3 promotes the ubiquitination of substrates by position-
ing the substrates in a close proximity to the activated E2,

Cytoplasm

Nucleus

Phase Il detoxification and
Anti-oxidant enzymes:

Nrf2

Cellular stress

1. Halts Nrf2 protein ubiquitination
2. Promotes Nrf2 nuclear translocation

A. MAPK: ERK (activation), JNK (activation)

B. PI3K/Akt (activation)

C. PERK (activation)

E. Fyn (suppression, directly phosphorylates
2. Keap1/Nrf2 regulatory proteins:

C. Bach1: occupies enhancer region of HO-1
D. p62: interacts with Nrf2 and stabilize Nrf2.

1. Keap1/Nrf2 regulatory kinases and the effect on ARE-dependent gene expression

D. PKC (activation, directly phosphorylates Nrf2 at Ser40)

A. ATF4: forms a heterodimer with Nrf2 and activates ARE.
B. DJ-1/PARK?7: stabilizes Nrf2 by preventing association with Keap1.

ARE Hemoxygenase-1 (HO-1)

NADI[P]H: quinone oxidoreductase (NQO1)
Superoxide dismutase (SOD)
v-Glutamylcysteine ligase (y-GCL)
etc.

and p38 MAPK (activation or suppression)

Nrf2 at Tyr568)

and suppresses Nrf2 binding to ARE.

Fig. 3. Regulation of Nrf2-mediated are activity by Nrf2 phosphoryl

ation and Keap1/Nrf2/ARE-interacting proteins. Cellular Nrf2 protein is

constantly synthesized and degraded by Keap1-mediated poly-ubiquitination in the cytoplasm. In response to endogenous or exogenous
stresses, degradation of Nrf2 protein halts, which causes Nrf2 to translocate into the nucleus and bind to ARE, contributing to the synthesis
of phase Il detoxification and anti-oxidant enzymes. In addition, Nrf2-mediated ARE gene activation is placed under a tight control of Nrf2
phosphorylation directly or indirectly by numerous intracellular kinases or can be modulated by interactions with other Nrf2/Keap1/ARE-

binding proteins in cells.
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while HECT-type E3 ligases display a catalytic activity by itself
(Chen et al., 2006).

Cullins (Culs) are a group of evolutionary conserved pro-
teins consisting seven different isotypes in human (Cul1, 2, 3,
4A, 4B, 5 and 7) and serve as a scaffold to assemble Cullin-
RING E3 Ligases (CRLs) by its C-terminal interaction with the
small RING finger-containing protein, ROC1 or ROC2 and its
N-terminal interaction with a number of substrate adaptor pro-
teins that recognize and bind to specific domains in the sub-
strates (Fig. 4A). The SCF complex, one of a classical RING
finger-type E3 ligase, consists of 4 distinct modular proteins
(Skp1, Cullin 1, F-box and ROC1) and serves as the prototype
of other cullin-based E3 ligases, including the well-defined
ECS complex (ElonginB/C-Cullin 2-SOCS-ROC1), Cul3-

BTB-binding
proteins

based (BTB-Cul3-ROC1) and Cul4-based E3 ligase structures
(DDB1-Cul4A/B-ROC1, respectively) (Petroski and Deshaies,
2005). It is known that Cul1 uses Skp1 and F-box proteins
to recruit and degrade the substrates to Cul1-dependent E3
ligase (Nakayama and Nakayama, 2006). Likewise, Cul2 and
Cul5 utilizes elongins B and C and SOCS box proteins (Kaelin,
2002). Cul3 and Cul4 utilize the BTB and DDB1 motif proteins
to recognize and ubiquitinate the substrates, respectively (Fu-
rukawa et al., 2003; Higa and Zhang, 2007).

Because Keap1 possesses BTB domain, this protein can
act as an adaptor protein for the Cul3-mediated Nrf2 ubig-
uitination (Cullinan et al., 2004; Kobayashi and Yamamoto,
2005) and that two cysteine residues in Keap1, e.g. Cys273
and Cys288, appear to be critical for the degradation of Nrf2

C ouinzs D
Elongin
B/C

CAND1
Cullins

Linker/
adapter

Protein degradation

CAND1

Fig. 4. Modular composition and CAND1-mediated regulation of cullin-based E3 ligase activity. Cullin 1 (Cul1) uses F-box proteins to de-
grade the substrates as adaptors that recognize a variety of substrates through Skp1 linker protein. Representative substrates of Cul1-
dependent E3 ligase include p27, IkB and Cyclins. Likewise, Cul2/5 recruits SOCS proteins as adaptor to recognize a variety of substrates,
including HIF1a using Elongin B/C as linker proteins. Without a linker protein, Cul3 utilize BTB proteins (for example, Keap1) as an adaptor
and recruits many protein substrates, including Nrf2. Cul4 recruits DDB1 as a linker and proteins with WD-40 motif as an adaptor protein to
recognize and degrade the substrates, including Cdt1 and Histone 3/4 (H3/4) (A). CAND1 protein inhibits the activity of Cullins by enabling
linker or adaptor proteins inaccessible to Cullins at the N-terminus and Roc1 and E2 inaccessible to Cullins at the C-terminus. When a sub-
strate is signaled for degradation, CAND1 is removed from Cullins and Nedd8 is conjugated to Cullins (Neddylation) by ubiquitin-conjugating
enzymes (Ubcs), which helps to recruit the E1 and E2 ligase components to E3 enzymes and subject substrates to poly-ubiquitin (Ub) chain

formation and proteolysis (B).
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protein (Zhang and Hannink, 2003). The activity of Nrf2 pro-
teosomal degradation is regulated, at least in part, by the as-
sembly of Cul3 with its adaptor protein, Keap1. Cullin-associ-
ated and neddylation-dissociated 1 (CAND1) is an inhibitory
protein of all cullins that form a ternary complex with cullins
and ROC1 by binding to both N-terminal and C-terminal se-
quences of cullins (Fig. 4B). When the cells perceive a deg-
radation signal of proteins, CAND1 protein is removed from
Culs by the COP9-signalosome (CSN), which in turn leads
to NEDD8 modification of Culs, e.g. Neddylation, leading to
the decreased affinity of CAND1 for the cullin protein that en-
ables another substrate adaptor protein (presumably with its
bound substrate) to displace CAND1 and initiate another cycle
of substrate ubiquitination and degradation (Fig. 4B) (Liu et
al., 2002). Lo and Hannink have previously observed that en-
dogenous expression of Nrf2 was decreased by an ectopic
expression of CAND1, but increased by anti-CAND1 siRNA
and that (2) Neddylation of Cul3 at Lys712 was required for an
efficient Keap1-dependent Nrf2 ubiquitiation (Lo and Hannink,
2006). This fact suggests that CAND1 is an important compo-
nent in regulating Nrf2 protein stability.

Treatment of chemopreventive compounds (for example,
-NF, curcumin, and sulforaphane) induces the expression of
Nrf2 protein by attenuating its proteosomal degradation with-
out affecting Nrf2 mRNA level (Nguyen et al., 2003). Consider-
ing the critical role of CAND1, Cul3, Keap1 and Nrf2 proteins
in regulating ARE-dependent gene expression, it can be pre-
sumed that chemopreventive agents will induce Nrf2 protein
expression by affecting the expression and/or assembly of
CAND1, Cul3 and Keap1 proteins. However, CAND1, Cul3,
and Keap1 proteins are very stable proteins (data not shown).
Therefore, modulation of CRL assembly by chemopreventive
agents seems an appropriate mechanism responsible for Nrf2
stability and a couple of putative biochemical mechanisms can
be proposed to explain how chemopreventive agents attenu-
ate Nrf2 proteosomal degradation. First, it is possible to spec-
ulate that chemopreventive compounds affect CAND1 binding
to Cul3 possibly by modulating Neddylation status of Cul3 to
accomplish Nrf2 protein stabilization. Second, chemopreven-
tive compounds might suppress Nrf2 ubiquitination by dis-
rupting the association of Keap1/Nrf2 proteins. To the best of
my knowledge, however, no clear-cut studies have been per-
formed to address these issues yet. Third, the possibility that
unknown protein factor(s) other than Keap1 might be involved
in Nrf2 protein stabilization by chemopreventive agents can be
raised. This view is supported by findings of Hayes and col-
leagues that deletion of the ETGE from Nrf2-Gal4 fusion pro-
tein could undergo proteosomal degradation without the need
to interact with Keap1 (McMahon et al., 2003) and DIDLID
element in Nrf2 might serve as a component for Keap1-in-
dependent degradation by recruiting an unidentified ubiquitin
ligase (McMahon et al., 2004). If these observations truly hold,
it is proposed that protein(s) possessing BTB domain other
than Keap1 may take part in Keap1-independent proteosomal
degradation of Nrf2 by binding to Cul3. In fact, there exist a
large number of putative proteins with BTB domain that can
potentially bind to Cul3 in cells (Sumara et al., 2008).

While it is generally held that Keap1 protein behaves as a
sensor protein to regulate the release of Nrf2 protein in the
cytosol (Zhang, 2006), Kong and colleagues have identified a
nuclear export signal (NES, ¥’LKKQLSTLYL5%4) that overlaps
with the basic leucine zipper (bZIP) domain in Nrf2 protein

(Li et al., 2005). This sequence appears to be redox-insensi-
tive, since cytoplasmic distribution of overexpressed Nrf2zip-
domain truncated protein was unaltered by treatments of oxi-
dants (sulforaphane and diethyl maleate) or reducing agents
(N-acetyl cysteine or reduced glutathione). Also, they have
identified another nuclear export signal (NES, "SLLSIPELQ-
CLNI'8), located in the transactivation (TA) domain of Nrf2
protein (Li et al., 2006) and, in contrast to NES located in bZIP
domain, this NES seemed redox-sensitive, as reflected by an
observation that treatments of sulforaphane, tert-butylhydro-
quinone and H,O, effectively induced nuclear translocation
of overexpressed GFP-NES protein (amino acids 162-295).
Together, these study open up an interesting possibility that,
in addition to Keap1, Nrf2 protein by itself can act as a sensor
protein to dictate transcription of phase Il detoxification and
anti-oxidant enzymes by modulating its own subcellular loca-
tion in response to oxidative stress or electrophiles.

CONCLUDING REMARKS

Chemoprevention research has emerged as an important
research discipline in recent years. A number of population-
based clinical trials are currently in progress to affirm the
chemopreventive efficacy of natural or synthetic compounds
against various types of tumors in human (Lippman and Hawk,
2009). However, the number of chemopreventive agents prov-
en to be effective in human is still few and several naturally-
occurring ingredients, observed to possess chemopreventive
effects in preclinical studies were ineffective or even harmful
against selected types of tumors in the clinical settings. Such
examples include selenium and vitamin E against prostate
cancer (Lippman et al., 2009) and alpha-tocopherol and beta-
carotene against lung cancer (Omenn et al., 1996). The pos-
sible reason for these surprising results probably stemmed,
at least in part, from our ignorance of their exact molecular
targets in our body. Therefore, understanding the in-depth
regulatory mechanisms of chemopreventive targets, including
Keap1/Nrf2 module will increase the chance to develop more
effective chemopreventive and/or chemotherapeutic agents in
the future.
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