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While reactive oxygen species (ROS) is generally considered harmful, a relevant amount of ROS is necessary for a number of cellular
functions, including the intracellular signal transduction. In order to deal with an excessive amount of ROS, organisms are equipped
with a sufficient amount of antioxidants together with NF-E2-related factor-2 (NRF2), a transcription factor that plays a key role
in the protection of organisms against environmental or intracellular stresses. While the NRF2 activity has been generally viewed
as beneficial to preserve the integrity of organisms, recent studies have demonstrated that cancer cells hijack the NRF2 activity to
survive under the oxidative stress and, therefore, a close check must be kept on the NRF2 activity in cancer. In the present review,
we briefly highlight important progresses in understanding the molecular mechanism, structure, and function of KEAP1 and NRF2
interaction. In addition, we provide general perspectives that justify conflicting views on the NRF2 activity in cancer.

1. Introduction

A growing body of evidence indicates that oxidative stress
is responsible for the development of chronic diseases, such
as cancer, diabetes, atherosclerosis, neurodegeneration, and
aging [1, 2]. Oxidative stress results from a perturbation
between the production and removal of reactive oxygen
species (ROS). ROS refers to free radical and non-free-radical
oxygenated molecules, such as superoxide (O,"), hydrogen
peroxide (H,0,), and hydroxyl radical (OH"). The majority
of exogenous ROS is generated in organisms after exposure
to oxidants and electrophiles, such as pollutants, tobacco,
smoke, drugs, and xenobiotics [3]. Ionizing radiation also
generates ROS through the direct activation of water, a
process termed radiolysis [4]. On the other hand, intracellular
ROS can be generated from many sources: cytosolic NAPDH
oxidases (NOXs) take part in the regulated generation of
ROS, while ROS is generated as by-product of the oxidative
phosphorylation in mitochondria [5, 6]. Other significant
sources of cellular ROS production include xanthine oxidase
[7]. Oxidative metabolic process in peroxisomes cannot be

negligible as well [8]. It is known that low levels of intracel-
lular ROS are necessary to carry out a number of important
physiological functions, such as intracellular signal trans-
duction and host defense against microorganisms. However,
high levels of intracellular ROS are considered detrimental
because they impart significant oxidative damage on cellular
macromolecules, such as nucleotides, lipid, and proteins [9].

In order to fight against the oxidative stress, organ-
isms create a highly reducing intracellular environment
by maintaining a large amount of antioxidant molecules,
such as reduced glutathione (GSH) and soluble vitamins
(vitamin C and vitamin E) [10, 11]. During evolution,
organisms have also developed a variety of cellular defen-
sive enzymes, such as alcohol dehydrogenase and aldehyde
dehydrogenase to ATP binding cassette (ABC) transporters
that mediate the adaptive responses to survive under the
oxidative environment and xenobiotic assault. The first
defense metabolism, for example, phase I reaction, is car-
ried out by cytochrome P450 enzymes that catalyze the
monooxygenation reaction of substrates [12], for example,
the insertion of one atom of oxygen into the aliphatic
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position of an organic substrate with the other oxygen atom
reduced to water. A group of enzymes, including uridine
5'-diphospho-glucuronosyltransferases (UGT), glutathione
S-transferases (GST), or sulfotransferases, carry out the
subsequent reaction, referred to as phase II reaction, in
which the hydroxylated metabolites are further conjugated
with soluble molecules, such as glutathione, sulfate, glycine,
and glucuronic acid [13]. Finally, the addition of these large
anionic groups produces metabolites completely soluble in
cells, which can be actively transported out, a process referred
to as phase III reaction [14].

2. The Triad of ROS: Superoxide (O, ),
Hydrogen Peroxide (H,0,), and Hydroxyl
Radical (OH ) and Their Biological Targets
for Signaling

The first type of ROS, superoxide (O,"), is generated by
the one-electron reduction of O, through the electron
transport chain in mitochondria. Superoxide can also be
produced by a family of NADPH oxidases (NOXs), using
oxygen and NADPH as substrates [15], in which superoxide
is rapidly disposed. The second type of ROS, hydrogen
peroxide (H,0,), is rapidly formed in the cytoplasm, from
O, by superoxide dismutase 1 (SOD1), while extracellular
SOD (SOD3) produces H,O, outside the cell. Superoxide
produced in the matrix of mitochondria is converted into
H,0, by superoxide dismutase 2 (SOD2) [16]. In addition,
H,0, can be produced as a by-product during -oxidation
of fatty acids in the peroxisome or by a wide array of
cellular enzymes, including cytochrome P450s [17]. Finally,
H,0, is converted into harmless water and O, by various
cellular antioxidant enzymes, such as peroxiredoxins (PRXs),
glutathione peroxidases (GPXs), and catalases (CAT). While
PRXs and GPXs are present in most cell compartments,
catalase is confined to the peroxisome. In addition, PRXs are
among the most abundant enzymes and have been suspected
of degrading most of hydrogen peroxide with a slow rate
whereas GPXs seem to be less abundant but have higher rate
constants [18].

It is noteworthy that H,O, is a bona fide signaling
molecule. H,O, is stable and readily diffuses across the
membrane, thereby oxidizing cysteine residues of redox-
sensitive proteins. Susceptible cysteine residues in redox-
sensitive proteins exist as a thiolate anion in a physiological
pH and they can be reversibly oxidized by hydrogen peroxide
to yield sulfenic acid (SO™). When hydrogen peroxide level
is sufficiently high, sulfenic acid can undergo a further
hyperoxidation into sulfinic (SO*") and sulfonic (SO*") acids,
in which the formation of sulfonic acid is considered as an
irreversible oxidative modification [19, 20]. Alternatively, the
Fenton reaction can produce the third type of ROS, hydroxyl
radical (OH"), from H, O, by accepting an electron from free
cations (Fe** or Cu"). Although recent studies provide some
evidence that O,” and OH™ can participate in transmitting
the signal transduction, the detailed molecular mechanisms
are still largely unclear [21]. Together, it is likely that the
type and local concentration of ROS determine whether
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redox signaling is transmitted or the oxidative-stress induced
damage occurs in cells.

Mitogens, such as epidermal growth factor (EGF) and
platelet-derived growth factor (PDGF), promote the rate of
cell growth and proliferation by activating membrane-bound
receptor tyrosine kinases (RTKs) via the autophosphoryla-
tion of specific tyrosine residues on the cytoplasmic tails [22].
This event results in the recruitment of multiple adaptors to
RTKs and promotes subsequent activation of downstream
signal transduction cascades. On the other hand, protein
tyrosine phosphatases (PTPs) carry out tyrosine dephospho-
rylation of these receptors, thereby switching off the signal
transduction cascades [23]. Interestingly, previous studies
have demonstrated that the oxidation of catalytic cysteine
residues in PTPs contributes to the inactivation and sustained
promotion of cell growth and proliferation. For example, EGF
treatment can generate intracellular H,O, and promote the
inactivation of protein tyrosine phosphatase 1B (PTP1B) by
oxidizing the catalytic cysteine residues into sulfenic acid
[24]. Likewise, PDGF treatment led to the generation of intra-
cellular H,0, and caused oxidation of cysteine residues of
the PDGFR-associated phosphatase, SHP-2 [25]. Moreover,
H,0, can promote the cysteine oxidation of PTEN, a PTP
that removes the phosphate from phosphatidylinositol and
serves as a critical regulatory molecule of PI3K/Akt signaling
cascade [26, 27]. Together, these results suggest that oxidizing
cysteine residues in PTPs by H,O, is an important switch to
assist in the cell growth or proliferation by growth factors. In
addition, it is also possible to speculate that the oxidation of
cysteine residues in unknown redox-sensitive proteins other
than PTPs might contribute to the signal transduction by
hydrogen peroxide.

3. Structural Insights into NRF2
and KEAP1 Regulation

While a moderate amount of ROS can affect the cellular
signaling activity by modifying cysteine residues in redox-
sensitive proteins, an excessive amount of ROS is toxic
and must be eradicated. The removal of intracellular ROS
is carried out, at least in part, by a number of phase II
cytoprotective enzymes, including heme oxygenase-1 (HO-
1), NAD[P]H:quinone oxidoreductase-1 (NQOL1), glutathione
S-transferase (GST), and y-glutamylcysteine ligase (y-GCS)
(Figure 1) [28, 29]. It is widely accepted that transcription
of these enzymes is regulated by the antioxidant response
element (ARE), a cis-acting DNA sequence that exists in
the 5'-upstream promoter of these genes [30, 31]. NF-E2-
related factor-2 (NRF2) is a transcriptional factor that binds
to and mediates the ARE-dependent gene activation. Under
a basal condition, NRF2 is sequestered in the cytoplasm
and its expression is maintained to be low due to constant
polyubiquitination. In response to a variety of stresses, NRF2
is significantly induced and translocates into the nucleus,
where it activates the ARE-dependent gene expression in
association with small Maf proteins and other coactivators.
Detailed domain analyses have revealed that NRF2 comprises
six conserved NRF2-ECH (Neh) domains. The Nehl domain
contains a basic leucine zipper motif (bZIP) and behaves
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FIGURE 1: Regulation of NRF2 stability by KEAP1. NRF2 is constantly degraded by KEAPI-mediated ubiquitination in the cytoplasm.
Oxidative stress will halt degradation of NRF2 and lead it to bind to ARE to activate transcription of oxidant and detoxifying enzymes.

as a platform for binding to the ARE. The Neh2 domain is
located in the most N-terminal region and acts as a negative
regulatory domain. The Neh3 domain is located in the most
C-terminal region and plays a permissive role for NRF2
transactivation. The Neh4 and Neh5 domains seem to be
essential for NRF2 transactivation and the Neh6 domain is
required for NRF2 protein degradation [32, 33]. However,
the detailed studies elucidating the in-depth function of
individual domains of NRF2 are not available and required to
tully characterize the exact molecular functions of individual
domains.

Kelch-like ECH-associated protein 1 (KEAP1) was ini-
tially identified by yeast 2-hybrid assay as a novel binding
partner of NRF2, using the Neh2 domain as bait [34].
Subsequent studies have identified that KEAPI is a cytosolic
protein that inhibits the NRF2 activity by acting as an adaptor
for Cullin-3-based E3 ubiquitin ligase complex [35]. Due to
the existence of a large number of cysteine residues, it has
been proposed that KEAPI is a sensor molecule for oxidative
stress through Michael reaction and, based on this conjecture,
the so-called cysteine code hypothesis was proposed, in
which the structural changes of KEAPI by thiol modifications
of redox-sensitive cysteine residues alter and regulate the
KEAPI1 activity [36]. KEAPI protein consists of 5 different
domains: an amino-terminal region (NTR), a Broad Com-
plex, Tramtrack, and Bric-a-Brac (BTB) domain, an interven-
ing region (IVR), six Kelch/double glycine repeats (DGRs),
and a carboxy-terminal region (CTR) (Figure 2) [37]. A

number of biophysical and structural analyses have by far
provided meaningful insights into how KEAPI might control
the NRF2 stability. Using NMR analysis, it was demonstrated
that the peptide harboring the Neh2 domain assumes a rod-
like structure and the regions flanked by the ETGE and DLG
motifs form an «-helix [38]. Seven lysine residues located in
the Neh2 domain are all potential polyubiquitination sites by
KEAPI1 and six of them are aligned on the same side of the
a-helix. However, to the best of our knowledge, the crystal
or NMR structure of full NRF2 protein is not available yet,
possibly due to its intrinsic insolubility. On the other hand,
biochemical studies have demonstrated that KEAP1 employs
the DGR region to recognize two primary sequences on
NREF?2, for example, the ETGE and DLG motifs, both of which
are located in the Neh2 domain of NRF2. Crystal structure
studies revealed that KEAP1 DC (DGR + CTR) domain
forms a barrel structure composed of six -propellers and the
ETGE or DLG peptides fit into the bottom of the DC barrel
structure. Using a single particle electron microscopy, Tong
and colleagues have demonstrated that the overall KEAPI
dimers assume a cherry-bob-like structure [39], in which two
round globules are connected with a stem-like structure and
each globular structure is a rounded cylinder with a narrow
penetrating tunnel. Because the binding affinity of the ETGE
motif to KEAPI is much higher than that of the DLG motif
to KEAPI as demonstrated by the isothermal calorimetry
(ITC), the so-called hinge and latch model was proposed
[40], in which a strong interaction of KEAP1 with the ETGE
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acts as a hinge and a weak interaction of KEAP1 with DLG
motif is regarded as a latch (Figure 3). While the “hinge and
latch” model still holds as a primary model that accounts for
the KEAP1 and NRF2 interaction, alternative or disruptive
models explaining the NRF2 and KEAP1 interaction and the
resulting activity were also provided by employing different
experiment approaches [41].

4. The Janus Faces of NRF2: Good or Evil?

Itis generally accepted that the induction of NRF2-dependent
gene expression contributes to the detoxification of intra-
cellular ROS, thereby alleviating the oxidative damage in
organisms. This assumption is well supported by the obser-
vation that NRF2 knock-out mice were highly susceptible
to oxidative stress-mediated injuries or carcinogenesis, com-
pared with wild-type littermates [42]. Hence, it is plausible to
assume that enhancing the activity of NRF2 would be benefi-
cial to attenuate or block the progression of proinflammatory

diseases. In line with this idea, a number of chemopreventive
agents, including sulforaphane, curcumin, resveratrol, and a
synthetic terpenoid, 2-cyano-3,12-dioxooleana-1,9(11)-dien-
28-oic acid (CDDO-Me), unequivocally resulted in the atten-
uation of proinflammatory diseases through an induction of
NRF2-dependent phase II cytoprotective enzymes in a variety
of experimental animal models [43-46]. Notably, dimethyl
fumarate (DMF), a strong inducer of NRF2, was recently
approved by the Food and Drug Administration (FDA)
with a brand name, Tecfidera, for treatment of recurrent
multiple sclerosis (MS) patients [47]. This fact validates
the feasibility of KEAP1/NRF?2 signaling pathway as a drug
target. Although diverse mechanisms might be involved, it
is speculated that the induction of phase II cytoprotective
enzymes by NRF2 chemical inducers occurs, at least in
part, by modulating the activities of intracellular signaling
kinases. This assumption is well supported by many previous
experimental observations that genetic ablation or treatment
of pharmacological kinase inhibitors significantly affected
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the NRF2/ARE-dependent gene expression [48]. While it is
certain that multiple intracellular signaling kinase cascades
such as PKR-like endoplasmic reticulum kinase (PERK),
phosphatidylinositol 3'-kinase (PI3K), and protein kinase
C (PKC) are involved, the exact mechanisms underlying
how these individual kinases are orchestrated to regulate the
NREF2/ARE-dependent gene expression are relatively uncer-
tain. Therefore, additional studies elucidating direct NRF2
kinases and their exact phosphorylation residues in NRF2 are
necessary. By now, only two direct NRF2 kinases are reported:
PKC delta (PKC9) is known to phosphorylate NRF2 at serine
40 to activate the ARE-dependent gene expression, and Fyn
kinase can phosphorylate NRF2 at tyrosine 568 to suppress
the ARE-dependent gene expression. However, whether and,
if so, how NRF2 phosphorylation contributes to the NRF2
stability, for example, polyubiquitination, are also unclear.
On the other hand, recent studies have indicated that
cancer cells hijack the ability of NRF2 to survive under
the oxidative or electrophilic conditions. This conjecture is
supported by epidemiological observations that KEAPI and
NRF2 are abundantly mutated in various types of human
cancer [49-51]. In addition, recent studies have established a
role for NRF2 in modulating anabolic pathways to deal with
metabolic demands of cancer cell growth and proliferation.
Finally, an increased NRF2 activity is positively correlated
with a poor prognosis and chemotherapeutic resistance [52].
It is known that multiple KEAP1 missense mutations occur
in human lung adenocarcinoma and they are not limited in
certain domains but widely distributed throughout KEAPI1
[33]. No matter where KEAP1 mutations occur, they seem
to promote the overall stability and/or nuclear translocation
of NRF2, thereby contributing to the NRF2/ARE-dependent
gene activation. On the other hand, NRF2 mutations were
observed in patients in lung, esophagus, skin, and head and
neck cancers [53, 54]. Unlike KEAP1, most NRF2 mutations
were confined to the ETGD and DLG motifs, providing
an indirect support for the hinge and latch hypothesis in
the clinical setting. Another interesting aspect is that the
occurrence of KEAPI and NRF2 mutations is mutually
exclusive in cancer patients, suggesting that targeting either
KEAP1 or NRF2 is sufficient to activate ARE-dependent gene
expression in cancer. In addition, recent studies have iden-
tified that some proteins bear analogous peptide sequences
with the ETGE or DLG motif, which helps them to interfere
with the molecular interaction between NRF2 and KEAPI.
For example, Chen et al. have demonstrated that p21, a target
of p53-mediated cell cycle and apoptosis, can associate with
the DLG motifin NRF2 and increase the NRF2 level, resulting
in the inhibition of KEAPI and NRF2 interaction [55]. In
addition, Komatsu et al. [56] have demonstrated that p62, a
polyubiquitination binding protein that targets substrates for
autophagy, contains the STGE motif and it stabilizes NRF2
by inhibiting the polyubiquitination of NRF2 by KEAPL
Together, the involvement of p21 and p62 in the regulation of
KEAP1/NRF?2 lends a good support for the assumption that
modulating the NRF2/ARE signaling pathway is critical in
executing the cell-cycle arrest or autophagy in cancer.
Cancer-preventive activity of NRF2 has been well demon-
strated in experimental settings, not only by showing that

enhanced NRF2 activity results in inhibition of carcinogene-
sis through its cytoprotective effects, but also by showing that
impaired function of NRF2 through genetic deletion of NRF2
increased a susceptibility to cancer formation [57]. Consistent
with this view a number of chemopreventive agents, such as
sulforaphane, curcumin, CDDO-Me, and DME, are effective
in treating diverse proinflammatory diseases, via activation
of NRF2 and a subsequent induction of antioxidative and
cytoprotective enzymes.

On the other caveat, NRF2 is also considered as oncogenic
and the results of several studies support this view. DeNicola
et al. [58] showed that NRF2 might play a role in oncogenesis
through elegant genetic animal studies. NRF2 can upregulate
antiapoptotic proteins such as Bcl-2 and Bcl-xL [59] and
the rate of glycolysis to promote cell proliferation, thereby
contributing to cancer cell survival [60]. In the analysis of
clinical samples, it was found that gain-of-function mutations
in NRF2 exist in carcinomas of esophagus, skin, and larynx,
while loss-of-function mutations in KEAPI are observed in
carcinomas of lung, gall bladder, ovary, breast, liver, and
stomach [51]. Therefore it can be surmised that continuous
activation and accumulation of NRF2 due to perturbed
regulation and mutation will lead to chemotherapeutic resis-
tance [61]. The double faced function of NRF2 in different
contexts indicates that NRF2 can be both antitumorigenic
and protumorigenic.

5. Concluding Remarks

By now, we have discussed the molecular mechanisms
underlying the detoxification of intracellular ROS and how
H,0, participates in the activation of signal transduction
and contributes to cell proliferation and growth. We have
also provided structural insights demonstrating how KEAP1
regulates the NRF2 stability and coordinates the adaptive
defensive responses against oxidative stress. Finally, we have
provided an evidence that an increased NRF2 activity in nor-
mal cells is protective and beneficial against oxidative stress,
but cancer cells harness the ability of NRF2 to survive under
stress conditions. Due to this contradictory role of NRF2 in
cancer, it is important to determine whether NRF2 genotype
could be beneficial or detrimental in the development of
other chronic diseases, considering a broader implication
of oxidative stress in the pathogenesis of numerous human
diseases. The existence of various genetic tools, including
NRF2 knock-out mice model, can help to address this
issue.

Competing Interests
The authors declare that there are no competing interests
regarding the publication of this paper.

Acknowledgments

This work was supported by Bio-Theme Cluster program
of Korea Industrial Complex Corp. (KICOX) (RDNWIC
15005).



References

[1] F.Hecht, C.F. Pessoa, L. B. Gentile, D. Rosenthal, D. P. Carvalho,

(5]

and R. S. Fortunato, “The role of oxidative stress on breast
cancer development and therapy;,” Tumor Biology, vol. 37, no. 4,
pp. 4281-4291, 2016.

C. Cabello-Verrugio, M. Ruiz-Ortega, M. Mosqueira, and E
Simon, “Oxidative stress in disease and aging: mechanisms and
therapies,” Oxidative Medicine and Cellular Longevity, vol. 2016,
Article ID 8786564, 2 pages, 2016.

K. H. Al-Gubory, “Environmental pollutants and lifestyle fac-
tors induce oxidative stress and poor prenatal development,”
Reproductive BioMedicine Online, vol. 29, no. 1, pp. 17-31, 2014.
M. Misawa and J. Takahashi, “Generation of reactive oxygen
species induced by gold nanoparticles under x-ray and UV
Irradiations,” Nanomedicine, vol. 7, no. 5, pp. 604-614, 2011.

R. P. Brandes, N. Weissmann, and K. Schroder, “Nox family
NADPH oxidases: molecular mechanisms of activation,” Free
Radical Biology and Medicine, vol. 76, pp. 208-226, 2014.

[6] T. Finkel, “Signal transduction by reactive oxygen species,” The

Journal of Cell Biology, vol. 194, no. 1, pp. 7-15, 2011.

[7] J. Nomura, N. Busso, A. Ives et al., “Xanthine oxidase inhibition

(8]

(16

[17

]

]

by febuxostat attenuates experimental atherosclerosis in mice,”
Scientific Reports, vol. 4, article 4554, 2014.

L. A. Del Rio and E. Lopez-Huertas, “ROS generation in
peroxisomes and its role in cell signaling,” Plant and Cell
Physiology, 2016.

E. Holzerova and H. Prokisch, “Mitochondria: much ado about
nothing? How dangerous is reactive oxygen species produc-
tion?” International Journal of Biochemistry and Cell Biology,
vol. 63, pp. 16-20, 2015.

M.]. May and C. . Leaver, “Oxidative stimulation of glutathione
synthesis in Arabidopsis thaliana suspension cultures,” Plant
Physiology, vol. 103, no. 2, pp. 621-627,1993.

J. M. May, “Ascorbate function and metabolism in the human

erythrocyte,” Frontiers in Bioscience, vol. 3, no. 4, pp. d1-dl0,
1998.

H. Yasui, S. Hayashi, and H. Sakurai, “Possible involvement of
singlet oxygen species as multiple oxidants in p450 catalytic
reactions,” Drug Metabolism and Pharmacokinetics, vol. 20, no.
1, pp. 1-13, 2005.

P. Jancova, P. Anzenbacher, and E. Anzenbacherova, “Phase II
drug metabolizing enzymes,” Biomedical Papers, vol. 154, no. 2,
pp. 103-116, 2010.

C. Xu, C. Y.-T. Li, and A.-N. T. Kong, “Induction of phase I, II
and IIT drug metabolism/transport by xenobiotics,” Archives of
Pharmacal Research, vol. 28, no. 3, pp. 249-268, 2005.

W. M. Nauseef, “Detection of superoxide anion and hydrogen
peroxide production by cellular NADPH oxidases,” Biochimica
et Biophysica Acta—General Subjects, vol. 1840, no. 2, pp. 757-
767, 2014.

N. I. Venediktova, E. A. Kosenko, and I. G. Kaminskii, “Antiox-
idant enzymes, hydrogen peroxide metabolism, and respiration
in rat heart during experimental hyperammonemia,” Izvestiia
Akademii Nauk. Seriia Biologicheskaia, no. 3, pp. 351-357, 2006.
J. K. Reddy and T. Hashimoto, “Peroxisomal [-oxidation
and peroxisome proliferator-activated receptor o an adaptive
metabolic system,” Annual Review of Nutrition, vol. 21, pp. 193—
230, 2001.

S. Rocha, D. Gomes, M. Lima, E. Bronze-da-Rocha, and A.
Santos-Silva, “Peroxiredoxin 2, glutathione peroxidase, and

(21]

(22]

(27]

(28]

(31]

(33]

Oxidative Medicine and Cellular Longevity

catalase in the cytosol and membrane of erythrocytes under
H,0,-induced oxidative stress,” Free Radical Research, vol. 49,
no. 8, pp. 990-1003, 2015.

C. A. Neumann, J. Cao, and Y. Manevich, “Peroxiredoxin 1 and
its role in cell signaling,” Cell Cycle, vol. 8, no. 24, pp. 4072-4078,
2009.

R. Kassim, C. Ramseyer, and M. Enescu, “Oxidation of zinc-
thiolate complexes of biological interest by hydrogen peroxide: a
theoretical study;” Inorganic Chemistry, vol. 50, no. 12, pp. 5407-
5416, 2011.

I. B. Afanasev, “On mechanism of superoxide signaling
under physiological and pathophysiological conditions,” Med-
ical Hypotheses, vol. 64, no. 1, pp. 127-129, 2005.

M. Shimizu, Y. Shirakami, and H. Moriwaki, “Targeting recep-
tor tyrosine kinases for chemoprevention by green tea catechin,
EGCG;” International Journal of Molecular Sciences, vol. 9, no. 6,
pp. 1034-1049, 2008.

B. H. Shah and K. J. Catt, “Protein phosphatase 5 as a negative
key regulator of Raf-1 activation,” Trends in Endocrinology and
Metabolism, vol. 17, no. 10, pp. 382-384, 2006.

S.-R. Lee, K.-S. Kwont, S.-R. Kim, and S. G. Rhee, “Reversible
inactivation of protein-tyrosine phosphatase 1B in A431 cells
stimulated with epidermal growth factor,” The Journal of Bio-
logical Chemistry, vol. 273, no. 25, pp. 15366-15372, 1998.

T.-C. Meng, T. Fukada, and N. K. Tonks, “Reversible oxidation
and inactivation of protein tyrosine phosphatases in vivo,
Molecular Cell, vol. 9, no. 2, pp. 387-399, 2002.

C. Persson, T. Sjoblom, A. Groen et al., “Preferential oxidation of
the second phosphatase domain of receptor-like PTP-« revealed
by an antibody against oxidized protein tyrosine phosphatases,”
Proceedings of the National Academy of Sciences of the United
States of America, vol. 101, no. 7, pp. 1886-1891, 2004.

S.-R. Lee, K.-S. Yang, J. Kwon, C. Lee, W. Jeong, and S. G.
Rhee, “Reversible inactivation of the tumor suppressor PTEN
by H,0,,” The Journal of Biological Chemistry, vol. 277, no. 23,
pp- 20336-20342, 2002.

J.-H. Shin, S.-W. Kim, Y. Jin, L.-D. Kim, and J.-K. Lee,
“Ethyl pyruvate-mediated Nrf2 activation and hemeoxygenase
1 induction in astrocytes confer protective effects via autocrine
and paracrine mechanisms,” Neurochemistry International, vol.
61, no. 1, pp. 89-99, 2012.

H. Zhu, Z. Jia, J. S. Strobl, M. Ehrich, H. P. Misra, and Y. Li,
“Potent induction of total cellular and mitochondrial antioxi-
dants and phase 2 enzymes by cruciferous sulforaphane in rat
aortic smooth muscle cells: cytoprotection against oxidative and
electrophilic stress,” Cardiovascular Toxicology, vol. 8, no. 3, pp.
115-125, 2008.

A. Kobayashi, M.-I. Kang, Y. Watai et al, “Oxidative and
electrophilic stresses activate Nrf2 through inhibition of ubiq-
uitination activity of Keapl,” Molecular and Cellular Biology, vol.
26, no. 1, pp. 221-229, 2006.

T. Nguyen, P. Nioi, and C. B. Pickett, “The Nrf2-antioxidant
response element signaling pathway and its activation by
oxidative stress,” The Journal of Biological Chemistry, vol. 284,
no. 20, pp. 13291-13295, 2009.

Y.-S. Keum, “Regulation of the Keapl/Nrf2 system by chemo-
preventive sulforaphane: implications of posttranslational mod-
ifications,” Annals of the New York Academy of Sciences, vol. 1229,
no. 1, pp. 184-189, 2011.

K. Taguchi, H. Motohashi, and M. Yamamoto, “Molecular
mechanisms of the Keapl-Nrf2 pathway in stress response and
cancer evolution,” Genes to Cells, vol. 16, no. 2, pp. 123-140, 2011.



Oxidative Medicine and Cellular Longevity

(34]

[36

(37]

(38

[39

[46]

(47

(48]

K. Itoh, N. Wakabayashi, Y. Katoh et al., “Keapl represses
nuclear activation of antioxidant responsive elements by Nrf2
through binding to the amino-terminal Neh2 domain,” Genes
& Development, vol. 13, no. 1, pp. 76-86, 1999.

D. D. Zhang, S.-C. Lo, J. V. Cross, D. J. Templeton, and M.
Hannink, “Keapl is a redox-regulated substrate adaptor protein
for a Cul3-dependent ubiquitin ligase complex,” Molecular and
Cellular Biology, vol. 24, no. 24, pp. 10941-10953, 2004.

M. Kobayashi, L. Li, N. Iwamoto et al., “The antioxidant defense
system Keapl-Nrf2 comprises a multiple sensing mechanism for
responding to a wide range of chemical compounds,” Molecular
and Cellular Biology, vol. 29, no. 2, pp. 493-502, 2009.

L. Xu, Y. Wei, J. Reboul et al.,, “BTB proteins are substrate-
specific adaptors in an SCF-like modular ubiquitin ligase
containing CUL-3,” Nature, vol. 425, no. 6955, pp. 316-321, 2003.

K. I. Tong, Y. Katoh, H. Kusunoki, K. Itoh, T. Tanaka, and M.
Yamamoto, “Keapl recruits Neh2 through binding to ETGE
and DLG motifs: characterization of the two-site molecular
recognition model,” Molecular and Cellular Biology, vol. 26, no.
8, pp. 2887-2900, 2006.

K. 1. Tong, A. Kobayashi, F. Katsuoka, and M. Yamamoto, “Two-
site substrate recognition model for the Keapl-Nrf2 system: a
hinge and latch mechanism,” Biological Chemistry, vol. 387, no.
10-11, pp. 1311-1320, 2006.

K. L. Tong, B. Padmanabhan, A. Kobayashi et al., “Different
electrostatic potentials define ETGE and DLG motifs as hinge
and latch in oxidative stress response,” Molecular and Cellular
Biology, vol. 27, no. 21, pp. 7511-7521, 2007.

S.-C. Lo and M. Hannink, “PGAMS tethers a ternary complex
containing Keapl and Nrf2 to mitochondria,” Experimental Cell
Research, vol. 314, no. 8, pp. 1789-1803, 2008.

K. Itoh, T. Chiba, S. Takahashi et al., “An Nrf2/small Maf
heterodimer mediates the induction of phase II detoxifying
enzyme genes through antioxidant response elements,” Bio-
chemical and Biophysical Research Communications, vol. 236,
no. 2, pp. 313-322, 1997.

Y.-J. Surh, “Molecular mechanisms of chemopreventive effects
of selected dietary and medicinal phenolic substances,” Muta-
tion Research, vol. 428, no. 1-2, pp. 305-327, 1999.

Y.-J. Surh, “Cancer chemoprevention with dietary phytochemi-
cals,” Nature Reviews Cancer, vol. 3, no. 10, pp. 768-780, 2003.

Y. Zhang, P. Talalay, C.-G. Cho, and G. H. Posner, “A major
inducer of anticarcinogenic protective enzymes from broc-
coli: isolation and elucidation of structure,” Proceedings of the
National Academy of Sciences of the United States of America,
vol. 89, no. 6, pp. 2399-2403, 1992.

M. S. Yates, M. Tauchi, F. Katsuoka et al., “Pharmacodynamic
characterization of chemopreventive triterpenoids as excep-
tionally potent inducers of Nrf2-regulated genes,” Molecular
Cancer Therapeutics, vol. 6, no. 1, pp. 154-162, 2007.

D. Dubey, B. C. Kieseier, H. P. Hartung et al, “Dimethyl
fumarate in relapsing-remitting multiple sclerosis: rationale,
mechanisms of action, pharmacokinetics, efficacy and safety;,”
Expert Review of Neurotherapeutics, vol. 15, no. 4, pp. 339-346,
2015.

S. A. Rushworth, R. M. Ogborne, C. A. Charalambos, and M.
A. O’'Connell, “Role of protein kinase C § in curcumin-induced
antioxidant response element-mediated gene expression in
human monocytes,” Biochemical and Biophysical Research Com-
munications, vol. 341, no. 4, pp. 1007-1016, 2006.

(49]

(50]

(54]

(55]

(58]

(59]

(60]

(61]

J. D. Hayes and M. McMahon, “NRF2 and KEAP1 mutations:
permanent activation of an adaptive response in cancer;,” Trends
in Biochemical Sciences, vol. 34, no. 4, pp. 176-188, 2009.

H. Sasaki, M. Shitara, K. Yokota et al., “MRP3 gene expression
correlates with NRF2 mutations in lung squamous cell carci-
nomas,” Molecular Medicine Reports, vol. 6, no. 4, pp. 705-708,
2012.

M. B. Sporn and K. T. Liby, “NRF2 and cancer: the good, the bad
and the importance of context,” Nature Reviews Cancer, vol. 12,
no. 8, pp. 564-571, 2012.

L. M. Solis, C. Behrens, W. Dong et al., “Nrf2 and Keapl
abnormalities in non-small cell lung carcinoma and association
with clinicopathologic features;” Clinical Cancer Research, vol.
16, no. 14, pp. 3743-3753, 2010.

Y. R.Kim, J. E. Oh, M. S. Kim et al., “Oncogenic NRF2 mutations
in squamous cell carcinomas of oesophagus and skin,” Journal
of Pathology, vol. 220, no. 4, pp. 446-451, 2010.

T. Shibata, T. Ohta, K. I. Tong et al., “Cancer related mutations
in NRF2 impair its recognition by Keapl-Cul3 E3 ligase and
promote malignancy,” Proceedings of the National Academy of
Sciences of the United States of America, vol. 105, no. 36, pp.
13568-13573, 2008.

W. Chen, Z. Sun, X.-J. Wang et al., “Direct interaction between
Nrf2 and p21(Cipl/WAFI) upregulates the Nrf2-mediated
antioxidant response;,” Molecular Cell, vol. 34, no. 6, pp. 663-
673, 2009.

M. Komatsu, H. Kurokawa, S. Waguri et al,, “The selective
autophagy substrate p62 activates the stress responsive tran-
scription factor Nrf2 through inactivation of Keapl,” Nature Cell
Biology, vol. 12, no. 3, pp. 213-223, 2010.

C. Geismann, A. Arlt, S. Sebens, and H. Schifer, “Cytoprotec-
tion ‘gone astray’: Nrf2 and its role in cancer,” OncoTargets and
Therapy, vol. 7, pp. 1497-1518, 2014.

G. M. DeNicola, E A. Karreth, T. ]. Humpton et al., “Oncogene-
induced Nrf2 transcription promotes ROS detoxification and
tumorigenesis,” Nature, vol. 475, no. 7354, pp. 106-109, 2011.

S. K. Niture and A. K. Jaiswal, “Nrf2-induced antiapoptotic
Bcl-xL protein enhances cell survival and drug resistance,” Free
Radical Biology and Medicine, vol. 57, pp. 119-131, 2013.

Y. Mitsuishi, K. Taguchi, Y. Kawatani et al., “Nrf2 redirects
glucose and glutamine into anabolic pathways in metabolic
reprogramming,” Cancer Cell, vol. 22, no. 1, pp. 66-79, 2012.

P. A. Konstantinopoulos, D. Spentzos, E. Fountzilas et al.,
“Keapl mutations and Nrf2 pathway activation in epithelial
ovarian cancer;” Cancer Research, vol. 71, no. 15, pp. 5081-5089,
2011.



