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ABSTRACT The KEAP1-NRF2 pathway is the principal protective response to oxida-
tive and electrophilic stresses. Under homeostatic conditions, KEAP1 forms part of an
E3 ubiquitin ligase, which tightly regulates the activity of the transcription factor
NRF2 by targeting it for ubiquitination and proteasome-dependent degradation. In
response to stress, an intricate molecular mechanism facilitated by sensor cysteines
within KEAP1 allows NRF2 to escape ubiquitination, accumulate within the cell, and
translocate to the nucleus, where it can promote its antioxidant transcription pro-
gram. Recent advances have revealed that KEAP1 contains multiple stress sensors
and inactivation modalities, which together allow diverse cellular inputs, from oxida-
tive stress and cellular metabolites to dysregulated autophagy, to regulate NRF2 ac-
tivity. This integration of the KEAP1-NRF2 system into multiple cellular signaling and
metabolic pathways places NRF2 activation as a critical regulatory node in many dis-
ease phenotypes and suggests that the pharmaceutical modulation of NRF2's cyto-
protective activity will be beneficial for human health in a broad range of noncom-
municable diseases.
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xidative stress plays an important role in the initiation and progression of many

chronic diseases, including diabetes, cancer, and neurodegenerative diseases
(1-4). Through the regulation of cytoprotective gene expression, the KEAP1-NRF2 stress
response pathway is the principal inducible defense against oxidative and electrophilic
stresses (5). Disease models utilizing Nrf2 knockout (KO) mice have directly implicated
NRF2 activity in a wide range of diseases, including metabolic syndrome, diabetic
nephropathy, rheumatoid arthritis, and Alzheimer’s disease (6-9). The inducible nature
of the pathway means that, by clearly delineating the molecular mechanism of NRF2
activation, we can optimize the design and activity of NRF2 modulators in order to
mitigate the deleterious effects of oxidative stress on human health. As such, a
thorough understanding of the KEAP1-NRF2 pathway may lead to the development of
novel treatments for a broad range of human diseases.
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TABLE 1 Inducers of NRF2 activity

Inducer Reference(s)
Endogenous signaling compounds/metabolites
H,0, 122, 124
Lipid peroxidation products 110
Nitric oxide 119, 122
8-Nitro-cGMP 192, 193
Hydrogen sulfide 123,194
Methylglyoxal 195
Oncometabolites
Fumarate 196, 197
Succinylacetone 198
Immunometabolite itaconate 199, 200

Dietary compounds
Sulforaphane 201
Curcumin 202

Pharmaceuticals

Dimethyl fumarate 156

Bardoxylone 203
Microorganisms

Bacteria/lipopolysaccharide 204

Marburg virus 205, 206

Plasmodium infection 207

Extracellular inducers

Heat 208
Laminar flow 209
UVA radiation 210
Exercise 211

cytoprotective gene expression were studied in the context of chemoprevention. These
pioneering studies revealed that a wide variety of structurally diverse chemical com-
pounds, including substituted phenols, coumarins, indoles, and sulfur compounds,
were all able to protect rodents from the tumorigenic properties of carcinogens (10, 11).
Despite their structural diversity, the chemopreventative compounds functioned
through a common mechanism, namely, the upregulation of phase Il drug-
metabolizing enzyme gene expression, and were therefore collectively named “phase
Il inducers” (Table 1) (11-15).

Analyses of upstream enhancer elements of the genes encoding the phase Il
NAD[P]H:quinone acceptor oxidoreductase 1 (NQO1) and glutathione S-transferase
(GST) enzymes identified the sequence 5’-TGACNNNGC-3’, which was shown to be
responsible for the increased gene expression in response to inducers and oxidative
stress (16-19). This enhancer sequence became known as the antioxidant response
element (ARE) or electrophile response element (EpRE).

NRF2 MODULATES THE TRANSCRIPTIONAL RESPONSE TO PHASE Il INDUCERS
AND OXIDATIVE STRESS

The transcription factor NRF2 (NF-E2-related factor 2) was identified due to its ability
to bind to the NF-E2 site in the B-globin gene cluster (20, 21). Analysis of the
NRF2-coding region revealed that its DNA binding domain had significant homol-
ogy to the NF-E2 p45 transcription factor (Fig. 1). This protein family is distinguished
by the presence of a CNC homology domain, located at the N terminus of the basic
leucine zipper (bZIP) domain, and includes the transcription factors NF-E2 p45,
NRF1, NRF2, NRF3, BACH1, BACH2, and the founding member of the family, cap and
collar (CNQ).

Through the comparison of consensus DNA binding sites of the CNC and bZIP
protein families, NRF2 was revealed to be the transcription factor responsible for
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FIG 1 The domain architectures of the NRF2 and KEAP1 proteins. The frequency and spectrum of
mutations in NRF2 in human tumors are shown above the domain scheme. For KEAP1, the locations of
the stress sensors are shown, with a dashed line linking the three parts of the H,0, sensor.

regulating the oxidative stress response. The first bZIP-specific DNA binding site to be
identified was the T-MARE enhancer element, which was shown to be bound by the
Maf oncogene either as a homodimer or as a heterodimer with members of the AP-1
transcription factor family (22). The similarity between the T-MARE and the consensus
binding site of NF-E2 led to the discovery that the p18 small subunits of NF-E2
heterodimers are Maf family members and that together, the CNC factor p45 forms a
heterodimer with one of the three p18 small Maf proteins, MAFF, MAFG, or MAFK, to
form a functional NF-E2 complex (23). The chicken homologue of NRF2, ECH (erythroid
cell-derived protein with CNC homology), was also found to dimerize with a small Maf
protein to form a heterodimer which can similarly regulate gene expression through
the NF-E2 consensus DNA motif (21).

As the T-MARE/NF-E2 consensus site was found in the enhancer regions of genes
encoding the antioxidant proteins NQO1 and GSTa1 and had a sequence similar to that
of the antioxidant response element, it was hypothesized that NRF2 may be responsible
for the regulation of phase Il enzyme gene expression (24). The treatment of Nrf2 KO
mice with the phase Il inducer butylated hydroxyanisole (BHA) validated this hypoth-
esis, as the induction of the oxidative stress response was significantly diminished in the
absence of NRF2, while Nrf2 KO mice also displayed increased sensitivity to a broad
range of chemical insults (24-28). Furthermore, NRF2 was also shown to be responsible
for the cytoprotective activity of phase Il inducers, as the beneficial effects of oltipraz
and sulforaphane are lost in Nrf2 KO mice in models of stomach, bladder, and skin
carcinogenesis (26, 29-31).

The global analysis of gene expression in different model systems confirmed that
NRF2 directly regulates both the basal and inducible expression of a broad range of
genes involved in the oxidative stress response (Table 2) (24, 32-37). Furthermore, a
comparison of chromatin immunoprecipitation sequencing (ChIP-Seq) analyses carried
out on the CNC transcription factors revealed that although all family members bind to
the same TGACNNNGC consensus motif, they mostly regulate the expression of non-
overlapping sets of genes, confirming the specific function of NRF2 in the oxidative
stress response (38-45).

Taken together, these complementary data from a wide variety of experimental
models comprehensively show that NRF2 is the primary factor involved in the regula-
tion of the antioxidant response.

KEAP1 IS THE PROTEIN SENSOR FOR PHASE Il INDUCERS AND OXIDATIVE
STRESS

It was observed that despite the structural diversity within the chemicals which elicit
the oxidative stress response, they all have one common property: an electrophilic
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TABLE 2 NRF2 target genes, focusing on the antioxidant and cytoprotective functions of

NRF2

Target gene product Reference(s)

Antioxidants/antioxidant-generating enzymes
GCLC 33,34
GCLM 33,34
HO-1 32, 36
Glutathione reductase 34
Thioredoxin reductase 1 35, 36
Glutathione peroxidase 2 212
Thioredoxin 35,213
Peroxiredoxin 32,35
Sulfiredoxin 214, 215
Glutarodoxin 215, 216
Ferritin light chain 34
Ferritin heavy chain 214, 215

Xenobiotic-metabolizing enzymes
NQO1 24, 33
GSTal 24, 34
GSTa3 24, 33
Aldehyde dehydrogenase 34
Aldo-keto reductase 1b10 214
Carbonyl reductase 34

Pentose phosphate pathway/NADPH generation

G6PDH 34, 215
6PGDH 34, 215
Transaldolase 34, 215
Transketolase 34, 215
Malic enzyme 34, 215

center that allows them to react with cysteine residues in proteins (15, 46). This
realization led to the prescient prediction by Talalay and colleagues that a mechanism
dependent on protein thiol modification may be responsible for the cytoprotective
effects of phase Il inducers (47).

The discovery that KEAP1 (Kelch-like ECH-associated protein 1) was the long-sought
sensor protein of the oxidative stress response was made by analyzing a range of
domain mutants of NRF2 (48). These experiments revealed that the Neh2 (Nrf2-ECH
homology) domain of NRF2 was responsible for its negative regulation, and a yeast
two-hybrid screen identified KEAP1 as the protein responsible for this negative regu-
lation (48). Importantly, overexpression of KEAP1 was shown to repress the nuclear
accumulation and transcriptional activity of NRF2, while the addition of phase I
inducers was able to relieve this repression. Together, these findings provided the first
evidence that KEAP1 was the sensor which could integrate into a single linear
mechanism phase Il inducers, NRF2 activity, and the regulation of cytoprotective
gene expression (Fig. 2). This model was confirmed through the generation and
analysis of Keap1 KO mice (49). In the absence of KEAP1, both NRF2 and its stress
response target genes were constitutively activated, and they could not be further
upregulated upon the addition of phase Il inducers (49). These in vivo data
conclusively showed that the KEAP1-NRF2 axis is responsible for the regulation of
the oxidative stress response.

KEAP1 PROMOTES THE UBIQUITINATION AND PROTEASOME-DEPENDENT
DEGRADATION OF NRF2

Early analysis of the mechanism regulating the oxidative stress response revealed
that the transcript encoding NRF2 is not upregulated in response to stress, which
implies that NRF2 activity is regulated through a posttranscriptional mechanism (32).
The modulation of NRF2 protein levels through the use of translation and proteasome
inhibitors revealed that the regulation of NRF2's protein stability was important for its
cytoprotective function. In the absence of new translation, phase Il inducers are not
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FIG 2 The KEAP1-NRF2 pathway integrates the sensing of a wide range of cellular stresses to the
upregulation of cytoprotective gene expression. Endogenous and exogeneous stress molecules are able
to directly bind to reactive cysteine residues within KEAP1, resulting in the stabilization of NRF2 and the
upregulation of its cytoprotective transcription program.

able to upregulate NRF2 target genes, while inhibition of the 26S proteasome leads to
a robust increase in NRF2 protein levels, suggesting that under basal conditions, NRF2
is subject to constitutive degradation (50).

This finding was consistent with an earlier observation showing that inhibition of
the proteasome increased NRF2’s binding to an ARE in the GCLC enhancer, which
correlated with an increase in GCLC gene expression (51). Inducers were shown to
liberate NRF2 from the proteasome-mediated degradation, resulting in the rapid
stabilization of the NRF2 protein during oxidative stress (52-54). Together, these data
revealed the crucial role that the proteasome-dependent degradation of NRF2 plays in
the oxidative stress response.

The mechanism of NRF2 regulation was completed by the integration of KEAP1 into
the NRF2 degradation pathway (55, 56). Together, these studies revealed that in the
basal state, NRF2 is maintained at a low level due to its KEAP1-mediated proteasome-
dependent degradation. In response to phase Il inducers, the constitutive degradation
of NRF2 is inhibited, which allows NRF2 to accumulate within the cell, translocate to the
nucleus, and regulate cytoprotective gene expression.

Upon the identification of KEAP1, it was revealed to be a BTB-Kelch family protein
(Fig. 1) (48). In 2003, contemporaneous with the elucidation of the mechanism of the
KEAP1-dependent regulation of NRF2's protein stability, BTB proteins were discovered
to function as adaptor proteins for cullin 3 (CUL3)-based E3 ubiquitin ligases (57-60).
Based on this discovery, it was hypothesized that KEAP1 may regulate NRF2's degra-
dation by forming a complex with CUL3 and RBX1 to form a functional E3 ubiquitin
ligase (61). This hypothesis was validated by multiple groups, which confirmed that the
KEAP1-CUL3 complex targets NRF2 for ubiquitination and proteasome-dependent
degradation (61-64).
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KEAP1 IS A COMPONENT OF AN E3 UBIQUITIN LIGASE

E3 ubiquitin ligases function in the final step of the three-step process of protein
ubiquitination (reviewed in references 65 and 66). In the first step, E1 ubiquitin-
activating enzymes form a covalent thioester bond between their catalytic cysteine
residue and the C-terminal diglycine motif within ubiquitin. The E1 transfers the
ubiquitin to the catalytic cysteine of an E2 ubiquitin-conjugating enzyme, forming an
E2 ubiquitin thioester complex, which subsequently binds to a substrate-bound E3
ubiquitin ligase. The E3 ligase functions to correctly orientate the E2-loaded ubiquitin
and the substrate protein and, in so doing, facilitates the ubiquitination of the sub-
strate, in which an isopeptide bond is formed between ubiquitin and the s-amino
group of a lysine residue within the substrate. This monoubiquitinated substrate is then
subject to additional successive rounds of ubiquitination, in which additional ubiquitin
molecules are conjugated through Lys48 residues of the proceeding ubiquitin protein,
producing a Lys48-polyubiquitinated chain attached to the substrate. Once the ubig-
uitin chain reaches four ubiquitins in length, the polyubiquitinated protein becomes a
new substrate for degradation by the 26S proteasome (67). The human genome
encodes two E1 enzymes, 38 E2s, and over 600 E3 ubiquitin ligases.

In the KEAP1-CUL3-RBX1 E3 ubiquitin ligase complex, KEAP1 functions as the
substrate adaptor, RBX1 binds to the ubiquitin loaded E2-ubiquitin conjugating en-
zyme, and CUL3 provides the scaffold which joins KEAP1 and RBX1. Together, the
complex functions to correctly orientate the NRF2-bound KEAP1 and the E2-bound
RBX1 to facilitate ubiquitination of NRF2.

The first crystal structure of a complete RBX1-cullin-based E3 ubiquitin ligase, or
cullin RING ligase (CRL), was solved for the CUL1-RBX1-SKP1-FBOX>KP2 quaternary
complex (68). This structure revealed that the E3 ligase forms an elongated structure,
with the SKP1-FBOX>KP2 substrate adaptor and RBX1 binding at opposite ends of the
cullin protein. Posttranslational modification of cullin proteins by the ubiquitin-like
protein NEDDS8, through the process of neddylation, stimulates CRL activity (69-72).
This cullin neddylation induces a conformational change in the cullin-RBX1 complex,
such that the RING domain of RBX1 is “liberated” from an inhibitory interaction with the
cullin protein (73, 74). This conformational change allows the RING-bound ubiquitin-
loaded E2 to bridge the 50-A distance between the catalytic site of the E2 and the
target lysine residues within the substrate protein, and it therefore is critically required
for protein ubiquitination to take place (68, 73, 75). When the protein level of the target
protein is depleted, the substrate-free CRL is deneddylated, and thus inactivated, by the
COP9 signalosome complex (76). The deneddylated CRL then binds to CAND1, which
facilitates the formation of new substrate-bound CRL complexes (77). These novel
CRL-substrate complexes then become targets for neddylation, and thus the cycle of
CRL activation begins again.

A range of different experimental approaches together provide evidence to suggest
that the ubiquitination of NRF2 by the KEAP1-CUL3-RBX1 E3 ubiquitin ligase complex
occurs through the same intricate cycling mechanism common to all CRL E3 ubiquitin
ligase complexes. Complete inhibition of CUL3 neddylation by the NEDD8-activating
enzyme inhibitor MLN4924 results in the stabilization and cellular accumulation of
NRF2, highlighting the fact that neddylation of CUL3 is required for NRF2 regulation
(78). Consistent with this result, use of a complementary compound, CSN5i-3, which
inhibits the COP9 deneddylation complex, has no impact on NRF2 degradation, pre-
sumably because the KEAP1-dependent CRL is locked in the active neddylated state
(79). Interestingly, while the neddylation inhibitor NAcM-OPT results in a significant
decrease in CUL3 neddylation, this does not result in the stabilization of NRF2, sug-
gesting that even low levels of neddylated CUL3 are sufficient for the ubiquitination
and degradation of NRF2 (80). Furthermore, both overexpression and small interfering
RNA (siRNA)-mediated depletion of the recycling factor CAND1 result in an increase in
NRF2 protein levels, implying that an optimum level of KEAP1-CUL3 complex cycling is
required for ubiquitination of NRF2 (81). Together, these results are consistent with the
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FIG 3 The cycle of cullin-RING ligase activation. 1, the KEAP1-dependent E3 ubiquitin ligase consisting
of KEAP1, CUL3, and RBX1 binds to both the substrate, NRF2, and an E2 ubiquitin-conjugating enzyme.
2, neddylation by Nedd8 (N8) of CUL3 induces a conformational change in the complex such that the
ubiquitin-bound E2 is able to transfer the ubiquitin to an acceptor lysine within NRF2. 3, after multiple
rounds of ubiquitination, the polyubiquitinated NRF2 becomes a substrate for degradation by the
proteasome. In the absence of NRF2, the KEAP1-dependent E3 ubiquitin ligase becomes a target for
deneddylation, and thus inactivation, by COP9. 4, the deneddylated CUL3 is then bound by CAND1,
which promotes the formation of new E3 ubiquitin ligase complexes, and the cycle of ubiquitination can
begin again.

established cycling model of CRL activity and suggest that the activity of the KEAP1-
CUL3-RBX1 CRL complex is consistent with the general model first proposed for
SCF-CUL1-RBX1 complexes (Fig. 3).

In a variety of cellular signaling contexts, the output of ubiquitin conjugation
reactions is fine-tuned by the parallel activity of deubiquitinating enzymes (DUBs) (82).
In the context of NRF2 signaling, compared to the prodegradation function of the
KEAP1-CUL3 complex, the relative importance of DUB activity for NRF2 stabilization is
less well understood. That notwithstanding, the available data suggest that USP11 and
DUB3 may be candidate DUBs for NRF2, although further studies are required to show
robustly the physiological significance of DUB activity for NRF2 function (83, 84).

STRUCTURAL ANALYSIS OF THE KEAP1-NRF2-CUL3 COMPLEX

The original identification of KEAP1 revealed that its Kelch domain, along with the
Neh2 domain of NRF2, is required for the negative regulation of the pathway (48).
Based on these initial findings, a detailed understanding of the molecular interactions
underpinning the regulation of NRF2 by KEAP1 began with the analysis of NRF2's Neh2
domain. Mutagenesis studies in zebrafish revealed that a short ETGE motif in the Neh2
domain is critical for binding to KEAP1 and for the negative regulation of NRF2's
transcriptional activity (85). Furthermore, the analysis of evolutionarily conserved se-
quences in NRF2 identified a second sequence in the Neh2 domain, the DLG motif, to
also be essential for the KEAP1-dependent regulation of NRF2 (86, 87). In a comple-
mentary parallel set of experiments, in vitro analysis of recombinant KEAP1 revealed
that it forms a homodimer through its N-terminal BTB domain, while analysis of the
stoichiometry of the KEAP1:NRF2 complex revealed the ratio of the proteins to be 2:1
(88-90). Together, these findings led to the hypothesis that a single NRF2 protein binds
to the Kelch domain of one member of the KEAP1 dimer through its ETGE motif and to
the second member of the KEAP1 dimer through its DLG motif (91, 92). Indeed, nuclear
magnetic resonance (NMR) analysis of the KEAP1-NRF2 interaction revealed that the
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TABLE 3 Binding affinities for the interactions between the Kelch domain of KEAP1 and
NRF2 and p62

Motif K, (106 M—") Fold less than ETGE K, Reference
NRF2 ETGE 38.0 1.0 98

NRF2 DLGex 1.9 20.0 98
p62-KIR 0.3 126.7 146
Phosphorylated p62-KIR 8.5 45 146

ETGE and DLG motifs of NRF2 have overlapping binding sites in KEAP1, suggesting that
one motif binds to a similar site on each member of the KEAP1 dimer (91). Furthermore,
the NMR data also showed that the sequence between the DLG and ETGE motifs forms
an a-helix in which six lysine residues, all potential targets for ubiquitination, are
located on one side of the helix (91). This suggests that the utilization of a two-site
binding mode positions NRF2's acceptor lysine residues in the correct orientation to
facilitate ubiquitination by the KEAP1-dependent E3 ubiquitin ligase complex. The
physiological significance of the two-site binding mode was confirmed through the
analysis of NRF2 mutations in human cancer, as mutations in either the DLG or ETGE
motif are sufficient to render NRF2 insensitive to KEAP1-mediated degradation (93).

Analysis of the crystal structure of the Kelch domain of KEAP1 revealed that it forms
a six-bladed B-propeller structure with pseudo-6-fold symmetry, in which each of the
six Kelch repeats forms a single blade of the propeller and where each blade comprises
four antiparallel B-strands (94-96). The loops which connect the B-strands form a
pocket on the bottom surface of the Kelch domain which provides the interface
through which the ETGE motif (7°Glu-Thr-Gly-Glug2) within the Neh2 domain of NRF2
binds to KEAP1 (95, 96). Asp77 to Glu82 of the Neh2 domain form a B-hairpin
conformation, which allows the ETGE motif to bind tightly into the central pocket of the
Kelch domain. All six blades of the Kelch propeller contribute to the interaction with
NRF2, creating a total of 13 electrostatic interactions (95-97).

While the initial identification of the DLG motif confined it to residues Leu23 to
Gly31, subsequent analysis based on the mutation spectrum of NRF2 in human tumors
extended this sequence to Met17 to GIn51, which was designated the DLGex motif (Fig.
1) (98). Analysis of the DLGex motif, including its crystal structure in complex with the
Kelch domain of KEAP1, revealed a number of significant differences compared to the
shorter, original DLG motif (97, 98). For example, the larger DLGex motif contains three
a-helices, and their interactions with one another form a U-shape structure which
allows the DLGex motif to bind to the bottom surface of the Kelch domain (98). In
contrast, the shorter DLG motif forms a four residue B-hairpin conformation, suggesting
that the truncation of the true binding motif results in a significant change in its
physical properties (97).

A comparison between the Kelch-DLGex crystal structure and the Kelch-ETGE crystal
reveals that, while the binding interfaces for the two motifs partially overlap, the DLGex
motif makes contact with a much larger surface of KEAP1 than the ETGE motif (780 A2
versus 550 A2), resulting in a greater number of electrostatic interactions in the
Kelch-DLGex complex than in the Kelch-ETGE complex (14 versus 13) (98). Furthermore,
differences in the thermodynamic interaction dynamics contribute to distinct binding
kinetics for each of the two motifs. Thus, the binding of the ETGE motif involves a
two-step process in which the formation of a transient intermediate occurs through a
fast association and dissociation step, followed by a slower second step through which
the final conformation of the complex is formed. In contrast, the binding of the DLGex
motif follows a single fast association and fast dissociation modality (98). These kinetic
differences result in the tighter binding of the ETGE motif than of the DLGex motif;
however, the difference in affinity is only 20-fold, and not 100-fold as was previously
reported for the shorter DLG motif (Table 3) (91, 98). Nevertheless, the differential
binding modes for the two motifs allow for additional noncanonical signaling inputs to
regulate NRF2’s activity, as will be explained below.
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Crystallization and structural analysis of the BTB dimerization domain of KEAP1
revealed that it consists of a three-stranded B-sheet coupled to six a-helices, which
together form a structure similar to that of other BTB proteins (99-102). Cocrystalliza-
tion studies with proteins related to KEAP1 have revealed that BTB proteins bind to the
N terminus of CUL3 in a manner similar to the interaction between SKP1 and CUL1
(103-105). However, in addition to the SKP1-CUL1-like interface, BTB proteins also
contain an additional pair of C-terminal a-helices, termed the “3-box,” which are also
required for binding to CUL3 (103-105). Sequence analysis of KEAPT shows that it
also contains a consensus 3-box motif (residues 180 to 212), suggesting that this
conserved sequence is important for its function (Fig. 1).

Although high-resolution X-ray crystallography analysis of the full-length KEAP1
protein structure has not been performed, electron microscopy imaging of negatively
stained recombinant KEAP1 revealed that the KEAP1 dimer forms a structure resem-
bling a pair of cherries connected by their stalks (106). In this reconstruction of the
KEAP1 dimer, each Kelch domain is contained within a cherry-like sphere, while the BTB
dimerization domains form elongated forked-stem structures. The distance between
the two binding pockets of the Kelch domains is 80 A, which provides sufficient space
to accommodate the binding of the DLGex and ETGE maotifs, which are separated by
approximately 98 A, and therefore these structural data provide important complemen-
tary support for the two-site binding model (106). To complete the molecular charac-
terization of the complete KEAP1-dependent E3 ubiquitin ligase complex, analysis of
the stoichiometry of the KEAP1-CUL3 interaction revealed that KEAP1 and CUL3 bind in
a 2:2 ratio, implying that each member of the KEAP1 dimer binds to a single CUL3-RBX1
protomer, which is consistent with other BTB-CUL3 complexes (103-105, 107).

THE CYSTEINE CODE OF OXIDATIVE STRESS SENSING

Prior to the discovery of KEAP1, the existence of a sensor protein containing reactive
cysteine residues which could modulate the oxidative stress response was predicted
based on the chemical properties of phase Il inducers (47). The first direct evidence that
KEAP1 contains stress sensors came from mass spectrometry studies using the elec-
trophile dexamethasone 21-mesylate (89, 108). Through this approach, five residues in
KEAP1 (Cys257, Cys273, Cys288, Cys297, and Cys613) were identified as having impor-
tant roles in stress sensing. Subsequent work using cysteine point mutations found that
Cys257 and Cys297 were not required for KEAP1's sensor function and also identified
Cys151, which forms an additional stress sensor (109, 110). Subsequent mass
spectrometry-based studies consistently found that a range of NRF2-activating com-
pounds are able to covalently modify Cys151, Cys273, and Cys288, confirming their
importance in the KEAP1-mediated stress response, as well as identifying other sensor
residues, including Cys226 (111-114).

Interestingly, Cys151, Cys226, Cys273, Cys288, and Cys613 are all located adjacent to
basic amino acids, which are predicted to lower the pK, of the cysteine residue by
stabilizing the thiolate anion (Fig. 4) (115). This lowering of the pK, will increase the
reactivity of the cysteine, making it ideally suited to carry out a sensor function.
Consistent with this idea, X-ray crystallography analyses revealed that within its three-
dimensional environment, Cys151 is surrounded by a cluster of positively charged
amino acids (His129, Lys131, Arg135, Lys150, and His154), mutation of which destroys
the sensor function (102, 116, 117). Together, these findings show that in addition to
the cysteine residues themselves, the surrounding basic residues also play an important
functional role in KEAP1's stress sensing.

The physiological importance of Cys151 was confirmed through the generation of
C151S complementation rescue mice, in which Cys151 was mutated into Ser151
(118). These mice were viable but were unable to respond to the inducer tert-
butylhydroquinone (tBHQ), confirming the importance of Cys151 in vivo for the oxida-
tive stress response (118). Analysis of the sensor function of Cys273 and Cys288 was
hindered by the fact that mutating the residues into either serine or alanine produces
a nonfunctional KEAP1 protein which is unable to regulate NRF2's activity (89, 109, 118).

July 2020 Volume 40 Issue 13 e00099-20

Molecular and Cellular Biology

mcb.asm.org 9


https://mcb.asm.org

Minireview

Cysteine 151 Cysteine 273 Cysteine 288
Zebrafish A VGETCVLH NAVHIYAL QLQSCPIL
Zebrafish B VGEKCVIH QAVRCHSL QLEHF---
Xenopus VGEKCVIH RAVRCHSL QLQRCEIL
Chicken VGERCVLH RAVRCHAL QLOKCELL
Mouse VGEKCVLH RAVRCHAL QLOKCEIL
Human 147 MGEKCVLH 154 269 RAVRCHSL 276 284 QLQKCEIL 291

Cysteine 226/613/622/624

Zebrafish A SLSHCQLLEL VIMEPCPGILP------ EEEEEVDEEM---
Zebrafish B TLSHCQLVTL VIMEPCHKELI----——--=-—-————— PCQC
Xenopus RVNPCESVNC ITMEPCRKQPCGGGLFPERVKDGSHDKKKC
Chicken NLSHCQLATL ITMEPCKPGQRKPGQ---—-——--— RHECPC
Mouse NLSHCQLATL VIMEPCRKQID----—----—-——-— QONCTC
Human 222 NLSHCQLVTL 608 VIMEPCRKQID--—--—-—-—-—-- QONCTC

FIG 4 The conservation of KEAP1’s four main stress sensors within vertebrates. The sensor cysteine residues are
highlighted in red, with the adjacent positively charged amino acids underlined and in bold. Zebrafish contain two

copies of KEAP1, with the stress sensors distributed between the paralogues.

These data show that in addition to their putative sensor function, Cys273 and Cys288
also play an important role in KEAP1’s basal function for the ubiquitination of NRF2. The
generation of novel C273W and C288E mutants of KEAP1, which retain the ability to
target NRF2 for ubiquitination in the basal state, allowed for the uncoupling of the
basal and sensor functions of Cys273 and Cys288 and conclusively showed that Cys273
and Cys288 function as stress sensors (119).

The existence of multiple sensors within KEAP1 is a salient feature of the oxidative
stress pathway (Fig. 5). The relative importance of each sensor for distinct stressors was
revealed through the study of the antioxidant response in zebrafish, which contain two
related KEAP1 proteins, with the sensors differentially distributed across the paralogues
(120). Thus, analysis of the oxidative stress response in zebrafish, and subsequently
confirmed in mammals, revealed that NRF2 inducers can be divided into Cys151-
dependent and Cys151-independent compounds (117, 120, 121). Utilization of the
functional Cys273 and Cys288 mutants allowed the Cys151-independent inducers to be
further subdivided based on their requirements for the Cys273 or Cys288 sensor motifs
(119). Together, these data revealed that the different sensors within KEAP1 have
distinct physiological functions in response to different forms of stress.

Class 4
Cys226/613/622/624-dependent inducers
(ROS sensor)

- HZOZ

Class 1

Cys151-preferring inducers
- Bardoxolone

- Sulforaphane
Class 3
Cys151/273/288-prefering inducers
- 4-HNE
- As3+
Class 2
Cys288-preferring inducers
- 15d-PGJ,
Class 5
Cys151/273/288/R0S sensor-independent inducers
- PGA,
- Ebselen

Class 6
Protein-protein interaction inhibitors

FIG 5 The classification of NRF2 inducers based on their specificity for different stress sensors within
KEAP1. Inducers of NRF2 activity can be divided into five categories based on their preference for the
Cys151, Cys273, Cys288 or the Cys226, Cys613, Cys622/624 ROS sensor within KEAP1. The sixth class of
inducers function independently of the stress sensors by directly inhibiting NRF2’s binding to KEAP1.
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Despite its physiological importance, the sensor for H,O, could not be attributed to
either Cys151, Cys273, or Cys288, suggesting that KEAP1 contains a fourth stress sensor
(119). Analysis of the redox state of KEAP1 suggested that Cys226 and Cys613 play an
important role in sensing H,O,; however, in mice, knock-in mutations at either locus did
not abolish the response to H,0, (122-124). These data suggested that the sensor for
H,0, is more complex than those previously identified for electrophiles. The generation
and analysis of additional mutant mouse lines, including both single and compound
mutations, revealed that the sensor for H,O, consists of four residues within KEAP1:
Cys226, Cys613, Cys622, and Cys624 (124). Together, these residues function in a
redundant fashion such that the loss of a single residue does not inactivate the sensor.
This elaborate fail-safe mechanism is distinct from that used by the previously identified
sensors at Cys151, Cys273, and Cys288, revealing that KEAP1 uses multiple sensing
mechanisms to coordinate the NRF2-dependent oxidative stress response.

To date, four distinct cysteine sensors have been identified within KEAP1. The
analysis of knock-in mice and stable clones of complemented mouse embryo fibro-
blasts (MEFs) has resulted in the classification of NRF2 inducers into six distinct
groups based on their specificities for different sensor motifs (Fig. 5). Class | inducers,
including the medically relevant bardoxolone, specifically target the Cys151 sensor
(120, 125). Class Il inducers, which target the Cys288 sensor, currently consist of only
prostaglandin 15d-PGJ, (110, 119). The third class of inducers, including arsenite and
4-hydroxynonenal (4-HNE), function in a more promiscuous fashion, as they are able to
bind to either Cys151, Cys273, or Cys288 (117, 119). The most recently delineated class
of inducers, class IV, which includes cadmium and the physiologically important H,0,,
bind to the oxidative stress sensor consisting of Cys226, Cys613, Cys622, and Cys624
(117, 124). Class V consists of compounds which inactivate KEAP1 but function inde-
pendently of Cys151, Cys226, Cys273, Cys288, Cys613, Cys622, and Cys624. The fact that
class V compounds, including prostaglandin A, (PGA,), cannot stabilize NRF2 in
an 11-cysteine mutant of KEAP1 suggests that they function through an as-yet-
unidentified sensor. This additional sensor may lie within Cys257, Cys319, Cys434, or
Cys489, as they are all also mutated in the 11-cysteine-less KEAP1 mutant (124). The
final class of compounds includes nonelectrophilic protein-protein interaction inhibi-
tors (PPIs), which directly inhibit the interaction between KEAP1 and NRF2 and thus
function independently of KEAP1's stress sensors (discussed in detail below).

INACTIVATION OF KEAP1 BY NRF2 INDUCERS

The idea that NRF2 inducers function by inhibiting the KEAP1-dependent ubiquiti-
nation of NRF2 is well established (62, 126). However, robust experimental support for
the mechanism through which KEAP1’s E3 ubiquitin ligase activity is inactivated is
currently lacking. Furthermore, the existence of multiple sensors within KEAP1 allows
for the possibility that different classes of inducers inactivate KEAP1 through distinct
mechanisms.

One mechanism through which Cys151-dependent inducers may function is by
promoting the dissociation of the KEAP1-CUL3 complex. As Cys151 is located within the
CUL3-binding BTB domain of KEAP1, it has been suggested that inducer binding may
disrupt the interaction between KEAP1 and CUL3, which would result in the stabiliza-
tion of NRF2 as it could no longer be targeted for ubiquitination by the complete
KEAP1-CUL3-RBX1 E3 ubiquitin ligase complex (62, 102, 107, 127-129). However, the
data related to inducer-mediated inhibition of KEAP1-CUL3 binding are conflicting, with
multiple reports suggesting that inducers do not dissociate KEAP1 from CUL3 (107,
130-133). In some of the experiments in which inducers were able to dissociate KEAP1
from CUL3, relatively high concentrations of the compounds were used, which has
been shown to exhibit nonspecific effects in certain contexts (62, 102). While the
mutation of Cys151 to tryptophan, which mimics the reaction of Cys151 with inducers
due to the bulky physical properties of the tryptophan side chain, is able to inhibit
KEAP1's ubiquitin ligase function, the general applicability of these results to the
wild-type protein is unclear, as C151W is a loss-of-function mutation (120, 134).
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Nevertheless, there remains the possibility that the addition of bulky inducers is able to
dissociate KEAP1 from CUL3 (107).

Where observed, the dissociation between KEAP1 and CUL3 takes place over a time
scale of hours, whereas NRF2 is stabilized by inducers within 15 minutes (54, 56).
Importantly, this means that the causality required for this mechanism (KEAP1 first
dissociates from CUL3, resulting in stabilization of NRF2) has not been demonstrated.
Furthermore, structural analysis of three different inducers bound to Cys151 of KEAP1,
as well as the C151W mutant, provided no evidence that inducer binding to Cys151
causes a conformation change in the BTB domain of KEAP1 which would affect CUL3
binding (102, 116). Indeed, the most recent crystal structure of the BTB domain of
KEAP1 bound to CUL3 suggests that Cys151 is not located in close proximity to the
CUL3 binding interface (Protein Data Bank ID 5NLB). Together, the available data
suggest that while Cys151-dependent inducers may be able to dissociate KEAP1 from
CUL3 under certain circumstances, there is currently insufficient evidence to suggest
that this is the main mechanism through which they stabilize NRF2. Similarly, cysteine-
reactive inducers are not able to dissociate NRF2 from KEAP1, which implies that
inducers modify the activity but not the composition of the KEAP1-CUL3-NRF2 complex
(90, 135).

The fact that oxidative stress is not able to dissociate NRF2 from KEAP1 implies that
when inducers bind to and inactivate KEAP1, NRF2 is neither ubiquitinated nor released
from the KEAP1 dimer, which is an idea which is supported by the study of inactivating
mutations in KEAP1. In cancer, mutations in KEAP1 often occur which do not impair
KEAP1’s ability to bind to NRF2 but do result in the stabilization of NRF2, which shows
that the interaction between KEAP1 and NRF2 is not sufficient to promote NRF2's
ubiquitination (136-139). Therefore, the data suggest that in response to oxidative
stress, NRF2 functions as a suicide substrate, as it occupies KEAP1’s binding sites but
cannot be targeted for ubiquitination and degradation. Importantly, in the absence of
protein translation, NRF2 is not stabilized by inducers, which suggests that newly
translated NRF2 is required for the upregulation of ARE-dependent gene expression
(50, 55).

Additional insights into the molecular mechanism of KEAP1’s regulation of NRF2 can
be obtained from the mutation spectrum of KEAP1 in human tumors. For example,
mutations in close proximity to the stress sensor motifs in the IVR domain of KEAP1
(C252W, R272C, R272L, and Q284L) result in the inactivation of KEAP1, as do most
mutations in either Cys273 or Cys288, which implies that the secondary structure of the
sensor-rich IVR domain is critical for KEAP1’s E3 ubiquitin ligase function (119, 136, 137,
139). This hypothesis is supported by the fact that inducers have been shown to
promote a conformational change in KEAP1 upon binding to its sensor motifs (127,
140).

Taken together, the current data suggest that activation of KEAP1’s stress sensors
leads to a conformational change in the E3 ligase complex such that NRF2 is no longer
correctly orientated with the RBX1-bound E2-ubiquitin conjugating enzyme and there-
fore is not ubiquitinated (Fig. 6). Under these stressed conditions, the NRF2 binding
sites of the inactivated KEAP1 become saturated with “old” NRF2, which allows newly
translated NRF2 to bypass KEAP1 binding, translocate to the nucleus, and activate
ARE-dependent gene expression (135).

REGULATION OF NRF2 ACTIVITY BY p62 THROUGH THE HINGE-AND-LATCH
MECHANISM

In parallel with the experimental approaches focusing on the oxidative stress-
induced regulation of NRF2, a cDNA expression screen for activators of NRF2-
dependent gene expression identified the autophagy adaptor protein p62 as a novel
regulator of ARE gene expression (141). Concomitantly, data from an autophagy-
deficient Atg7 conditional knockout mouse revealed that in vivo, the accumulation of
p62 could also activate the NRF2-dependent stress response (142). Importantly, the
p62-mediated regulation of NRF2 was not dependent on the cellular redox state, which
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Basal State

)

Proteasome

New translation

Oxidative
Stress

Nucleus

FIG 6 The mechanism of NRF2 activation by oxidative stress. In the basal nonstressed state, NRF2 is
targeted for ubiquitination and proteasome-dependent degradation by the KEAP1-dependent E3 ubig-
uitin ligase. In response to oxidative stress, the direct binding of stressors to reactive cysteine residues
results in a conformation change in KEAP1, which inhibits the ubiquitination of NRF2. As NRF2 is not
release by KEAP1, it saturates all of KEAP1’s binding sites, allowing newly translated NRF2 to bypass
KEAP1, translocate to the nucleus, and upregulate cytoprotective gene expression.

suggested that it functioned through a novel, cysteine sensor-independent mechanism
(143). Taken together, these complementary results suggested that a noncanonical
mechanism may integrate NRF2 activity into the autophagy response pathway.

Subsequent analysis revealed that p62 was able to directly bind to KEAP1 due to the
presence of a 34°DPSTGE3>4 motif, which is similar to the high-affinity ETGE motif within
NRF2 (143, 144). Structural analysis of the interaction between KEAP1 and p62 found
that the binding interface overlaps significantly with the NRF2 binding sites in the Kelch
domain, suggesting that p62 may function as a competitive inhibitor of NRF2 binding
(143). Interestingly, due to the differential binding affinities of the ETGE and DLG motifs
of NRF2 for KEAP1, a “hinge-and-latch mechanism” had previously been proposed, in
which the release of the weakly binding DLG motif would result in the inhibition of
NRF2's ubiquitination (97, 145). The discovery of the p62-dependent pathway allowed
for the direct testing of this model of NRF2 activation. Importantly, overexpression of
p62 results in a significant decrease in the ubiquitination of NRF2 and the upregulation
of ARE-dependent gene expression, confirming that p62 functions as a competitive
inhibitor of NRF2 binding and validating the “hinge-and-latch mechanism” of NRF2
activation (143, 144). Furthermore, phosphorylation of Ser351 within p62, which is
observed in both human hepatocellular carcinoma and autophagy-deficient mouse
liver, enables p62 to interact with two additional residues within the Kelch domain,
which further enhances its ability to compete with NRF2 for KEAP1 binding (Table 3)
(146, 147). Together, these data suggest that the noncanonical regulation of NRF2 by
p62 is physiologically important for human health and disease.

Interestingly, in addition to competing with NRF2 for binding to KEAP1, data from
a range of knockout mouse models suggest that p62 is also able to directly promote
the degradation of KEAP1 through selective autophagy (148, 149). This p62-dependent
degradation of KEAP1 further integrates NRF2 activation into the autophagy pathway.
Furthermore, in response to electrophilic stimuli, the half-life of KEAP1 is reduced (from
12.7 hto as low as 3.4 h), which suggests that under conditions of sustained stress,
degradation of KEAP1 may also contribute to the NRF2-dependent oxidative stress
response (148).

Although evidence has been provided to suggest that other proteins can also utilize
the hinge-and-latch mechanism to inhibit the interaction between KEAP1 and NRF2, to
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date, robust experimental support has been provided only for the p62 pathway (143,
144, 146-152).

The validation of the hinge-and-latch model suggested that a protein-protein
inhibitor (PPIl)-based approach could be utilized to pharmaceutically promote NRF2
activity. This novel modulation modality may provide an advantage over the more
common electrophile-based inducers due to the added degree of pathway specificity
which can be achieved. For example, the potent NRF2 inducers based on the triterpe-
noid scaffold, like CDDO, can bind to over 500 cellular proteins, including mTORC1,
AMP-activated protein kinase (AMPK), and IKK, which may result in pleiotropic effects
in cells (140, 153). Similarly, the dietary compound sulforaphane and its derivatives are
also able to bind to histone deacetylase 6 (HDACS6), peroxiredoxins, and thioredoxin
and therefore may have a broad effect on the cellular redox state, while the electro-
philic NRF2 inducer dimethyl fumarate also modulates glycolysis through its interaction
with glyceraldehyde-3-phosphate dehydrogenase (GAPDH) (154-157). Together, these
studies suggest that, as many of the electrophile inducers of NRF2 also have other
cellular targets beyond KEAP1, a complementary PPI-based approach may be beneficial
in certain contexts.

To this end, high-throughput screening, fragment-based discovery, and structure-
based virtual screening have all been used to identify compounds which can compete
with NRF2 for binding with KEAP1, resulting in the stabilization of NRF2 and the
upregulation of its ARE-dependent gene signature (158-164). One such PPl compound,
named compound 7, is able to induce NQO1 expression with a half-maximal effective
concentration (ECsp) of 12 nM, which is comparable to those of potent electrophile
inducers; this therefore suggests that the utilization of a PPl-based approach may be a
viable complementary strategy for NRF2 activation (162).

ADDITIONAL REGULATORS OF NRF2 ACTIVITY

In the absence of the KEAP1-binding Neh2 domain, NRF2 is still a relatively unstable
protein, which suggests that it is subject to additional modes of regulation (86). This
observation led to the identification of a second degron in the Neh6 domain, which
revealed that NRF2's activity can be regulated by an additional degradation pathway
(86). This KEAP1-independent regulation of NRF2 is dependent on the E3 ubiquitin
ligase B-TRCP and requires prior phosphorylation by glycogen synthase kinase 33
(GSK-3B) and a priming kinase, for which a candidate is c-Jun N-terminal kinase (JNK)
(165-171).

In comparison with KEAP1, a number of important observations suggest that the
B-TRCP pathway plays a secondary role in the regulation of NRF2. In all mouse models
in which NRF2 activity is increased (Keap1/—, Keap1—/~ Nrf2*/~, caNrf2, and NEKO) the
mice are distinguished from their wild-type littermates due to their small size (172-
175). In contrast, in mice deficient for both isoforms of B-TRCP, a small-size phenotype
was not observed, which suggests that, because KEAP1 is active in the B-TRCP KO mice,
NRF2 activity is not increased (176). Furthermore, in Keap1 knockout mice, B-TRCP
activity is unable to rescue the NRF2-dependent juvenile lethal phenotype (49). Taken
together, the in vivo data suggest that B-TRCP functions as a supplementary pathway
for NRF2 regulation.

Interestingly, data from human cancer analysis point to an important physiological
function for the B-TRCP-dependent regulation of NRF2 in human disease. While mu-
tations inactivating the Neh6 degron in NRF2 are rare in human tumors (Fig. 1),
presumably due to the dominance of KEAP1, detailed analysis has revealed that
activating mutations in the KEAP1-NRF2 and phosphatidylinositol 3-kinase (PI3K)-AKT
pathways together are the most common combination of mutations between signaling
pathways in human tumors (177). Activation of the PI3K-AKT pathway results in the
phosphorylation and inhibition of GSK-38 and thus the inactivation of B-TRCP-
mediated degradation of NRF2. This suggests that the supplementary inactivation of
the B-TRCP pathway, in concert with KEAP1 inactivation, is physiologically important for
NRF2 function in human cancer. This finding is supported by mouse models, where in
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TABLE 4 Additional mechanisms of NRF2 activation, focusing on pathways which are supported by multiple studies

Molecular and Cellular Biology

Pathway Mechanism References

B-TRCP The Neh6 domain of NRF2 contains an additional degron which is ubiquitinated by p-TRCP 86, 166

Protein kinase C In response to inducers like phorbol myristate acetate, PKC can phosphorylate NRF2 on Ser40 184, 185

PERK In response to ER stress, PERK can phosphorylate NRF2 on Thr80 217-219

Acetylation of NRF2 Acetylation of NRF2 by p300/CBP enhances DNA binding, which can be inhibited by ARF or 220-223
directly deacetylated by SIRT1 and SIRT2

Transcription of NRF2 Increased transcription of NRF2 overloads KEAP1's repressor activity, resulting in an increase 174, 224
in antioxidant gene expression

MicroRNAs High levels of microRNA 200a result in an increase in NRF2-dependent gene expression 225, 226

KEAP1 promoter KEAP1 promoter hypermethylation results in a decrease in KEAP1 protein levels and a concomitant 227, 228

hypermethylation increase in NRF2 protein levels
Cross talk with p53 Mutant forms of p53, but not the wild type, modulate the transcriptional output of NRF2 signaling 229, 230
Cross talk with AMPK Activation of AMPK signaling can result in increased NRF2-dependent gene expression 183, 231

the absence of KEAP1, NRF2 levels can be further upregulated by the additional loss of
PTEN activity, which inactivates GSK-38 through the PTEN-PI3K-AKT-GSK-33 cascade
(178, 179).

In addition to B-TRCP, a number of additional mechanisms, posttranslational mod-
ifications, and cross talk with other signaling pathways have been proposed to play a
role in the regulation of NRF2's activity (Table 4). In most cases, and in contrast to the
KEAP1-mediated mode of regulation, the physiological significance of these additional
mechanisms is currently unclear, as they mostly lack support from knockout mouse
models.

Similar to the case of B-TRCP, as Keap1 knockout mice are juvenile lethal due to
hyperactivation of NRF2, it is suggested that any additional modes of regulation are
unable to adequately control NRF2 activity in the absence of KEAP1 and therefore are
limited to a minor role in the oxidative stress response (49). In addition, in cancer,
mutations in NRF2 are highly localized within the KEAP1 binding ETGE and DLGex
motifs, which provides additional support from human disease that KEAP1 is the main
regulator of NRF2 (Fig. 1) (93). Furthermore, the analysis of the contributions of
additional signaling pathways to NRF2 activation is complicated by the fact that any
experimental manipulations which result in a change in the cellular redox state, or
generation of secondary messengers, may activate NRF2 through the canonical KEAP1
pathway. For example, inhibition of p38a generates reactive oxygen species (ROS),
while activation of KRAS induces the generation of the NRF2 activator 15d-PGJ,, both
of which could stabilize NRF2 through KEAP1 inactivation (180, 181). Thus, the wide
variety of mechanism through which KEAP1 can be inactivated may complicate the
interpretation of experiments carried out using small-molecule activators or inhibitors
which display pleiotropic effects.

A number of reports have suggested that NRF2 is phosphorylated by a range of
cellular kinases, with mass spectrometry analysis frequently identifying phosphoryla-
tion of Ser215, Ser408, and Ser577 within NRF2 (182, 183). However, mutation of these
phosphorylated residues has almost no impact on NRF2's stability or transcriptional
output, and therefore their physiological significance is currently unclear (182, 183).
This uncertainty of the importance of NRF2 phosphorylation is exemplified by the study
of Ser40 phosphorylation by protein kinase C (PKC) (Table 4) (184, 185). Ser40 lies within
the DLGex motif, which is required for KEAP1 binding, and therefore is ideally located
to play an important role in NRF2 activation. However, in vitro analysis revealed that
phosphorylation of Ser40 has a minimal effect on the binding of NRF2 to KEAP1, and
therefore the importance of this modification is currently unclear (98). As the experi-
ments related to the PKC-NRF2 axis were carried out before it was revealed that NRF2
is requlated primarily at the level of protein stability by KEAP1, their significance should
be interpreted with caution. Based on the current literature, PKC activity is not required
for the NRF2-dependent oxidative stress response.
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CONCLUSION

Molecular and Cellular Biology

The upregulation of the NRF2-dependent transcription program is observed during

almost all life span extension interventions, which clearly highlights the beneficial
effects of NRF2's myriad of cytoprotective activities (186). A comprehensive under-
standing of the mechanism and cellular functions of the KEAP1-NRF2 pathway has
allowed the field to progress to the point at which the pharmaceutical modulation of
NRF2's activity can be used to improve human health.

A prominent example of this is the NRF2 inducer dimethyl fumarate (Tecfidera),

which is currently used as a treatment for relapsing multiple sclerosis, where its
modulation of neuroinflammation allows it to function in a neuroprotective manner
(156, 187). In addition, while the phase 3 chronic kidney disease BEACON clinical trial
of the NRF2 inducer bardoxolone (a derivative of the potent NRF2 inducer CDDO) was
prematurely terminated due to safety concerns related to an increase in cardiovascular
events, the valuable knowledge gained from this trial, including the identification of risk
factors, is currently being applied in ongoing clinical trials for patients with Alport
syndrome, chronic kidney disease (Tsubaki study and Ayame study), and pulmonary
hypertension (125, 188-191).

As oxidative stress is a key contributor to the development of a broad range of

noncommunicable diseases, the pleiotropic outputs of NRF2's transcriptional program,
coupled with the ease with which its activity can be upregulated by small molecules,
demonstrate the exciting potential that modulating NRF2's activity has for the treat-
ment of human diseases.
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