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Nuclear factor erythroid 2-related factor 2 (NRF2) is a transcription factor that regulates the cellular defense against
toxic and oxidative insults through the expression of genes involved in oxidative stress response and drug
detoxification. NRF2 activation renders cells resistant to chemical carcinogens and inflammatory challenges. In
addition to antioxidant responses, NRF2 is involved in other cellular processes, including metabolism and
inflammation, and its functions are beyond the originally envisioned. NRF2 activity is tightly regulated through a
complex transcriptional and post-translational network that enables it to orchestrate the cell’s response and
adaptation to various pathological stressors for the homeostasis maintenance. Elevated or decreased NRF2
activity by pharmacological and genetic manipulations of NRF2 activation is associated with many metabolism- or
inflammation-related diseases. Emerging evidence shows that NRF2 lies at the center of a complex regulatory
network and establishes NRF2 as a truly pleiotropic transcription factor. Here we summarize the complex
regulatory network of NRF2 activity and its roles in metabolic reprogramming, unfolded protein response,

proteostatsis, autophagy, mitochondrial biogenesis, inflammation, and immunity.

NRF2, INFLAMMATION, IMMUNITY, CANCER METABOLISM

| 1. Introduction

Homeostasis is key to organismal health and survival. Environmental stress is ubiquitous and unavoidable to all
living beings and threatens to disrupt cell functions. Organisms respond and adapt to stresses through defined
regulatory mechanisms. The transcription factor nuclear factor erythroid 2-related factor 2 (NRF2) is best known as
one of the main orchestrators of the cellular xenobiotic and oxidative stress response. NRF2, encoded by the gene
nuclear factor, erythroid 2 like 2 (NFE2L2), belongs to the Cap’n’Collar (CNC) subfamily of basic leucine zipper
(bzIP) transcription factors, which comprises nuclear factor erythroid-derived 2 (NFE2) and NRF1, NRF2, and
NRF3 [ NRF2 possesses seven conserved NRF2-ECH homology (Neh) domains with different functions to
control NRF2 transcriptional activity (Figure 1A). The bZip in the Nehl domain heterodimerizes with small
musculoaponeurotic fibrosarcoma proteins (sMAF) K, G, and F as well as other bZip proteins to recognize
antioxidant response elements (ARE) for activation of gene transcription, whereas the Neh2 domain contains
ETGE and DLG motifs that specifically interact with Kelch domain of Kelch-like-ECH-associated protein 1 (KEAP1)
to mediate NRF2 ubiquitination and degradation (Eigure 1B) 2. The Neh3-5 domains function as transcriptional
activation domains by binding to various components of the transcriptional machinery . Neh6 domain contains
two redox-independent degrons DSGIS and DSAPGS that bind to E3 ubiquitin ligase [B-transducin repeat-
containing protein (BTrCP), which mediates NRF2 degradation in oxidatively stressed cells (Figure 1C) . Neh7

domain mediates interaction with retinoic X receptor alpha (RXRa), which represses NRF2 activity . These
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domains modulate NRF2 stability and transcriptional activation of its target genes at multiple levels, including
transcriptional and post-transcriptional and post-translational regulation in response to various insults. Recent
studies have identified new NRF2 target genes and revealed several new functions of NRF2 that go beyond its
redox-regulating capacities, including regulation of inflammation, autophagy, metabolism, proteostasis, and
unfolded protein response (UPR), particularly in the context of carcinogenesis. NRF2 has become a prime subject
of extensive research involving inflammation, metabolism, cancer prevention and treatment, and its functions are
more far-reaching than originally envisioned. Understanding the regulation of NRF2 activity and its new emerging

functions presents new challenges but also new opportunities for targeting NRF2 in cancer.
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Figure 1. The architecture of Nuclear factor erythroid 2-related factor 2 (NRF2), Kelch-like-ECH-associated protein
1 (KEAP1), and B-transducin repeat-containing protein (3TrCP). (A) NRF2 contains seven conserved NRF2-ECH
homology NRF2-ECH homology (Neh) domains, Neh1-Neh7. Nehl contains a basic leucine zipper (bZip) motif,
where the basic region is responsible for DNA binding and the Zip dimerizes with other binding partners such as
sMAFs. Neh2 contains ETGE and DLG motifs, which are required for the interaction with KEAP1 and subsequent
KEAP1-mediated proteasomal degradation. Neh3, 4 and 5 domains are transactivation domains of NRF2. Neh4
and 5 domains also interact with HRD1 that mediates NRF2 degradation. Neh6 contains two BTrCP degrons
DSGIS and DSAPGS that are responsible for the 3-TrCP mediated proteasomal degradation. (B) KEAP1 contains
five domains, amino terminal region (NTR), a broad complex, tramtrack, bric-a-brac (BTB) domain, an intervening
region (IVR), six Kelch domains, and the C-terminal region (CTR). The Kelch domain and CTR mediate the
interaction with NRF2, p62, DPP3, WTX, and PALB2 that contains ETGE motifs. The BTB domain homodimerizes

with KEAP1 and contributes to the interaction of IVR with Cul3/RBX1 complex. Several functional important
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cysteine residues (C151, C226, C273 and C278) that sense reactive oxygen species (ROS) and electrophiles and
modulate KEAP1-NRF2 interaction. (C) BTrCP has three domains, dimerization domain (D) that forms homo- and
heterodimers between BTrCP1 and BTrCP2, the F-box that recruits SKP1 for the binding of CUL1/RBX1 complex,
and the WD40 repeat domain that binds BTrCP degrons DSGIS and DSAPGS in NRF2. BTrCP, B-transducing
repeat-containing protein; CUL3, Cullin3; RBX1, RING-box protein; WD40, WD Repeat protein 40; RXRa, retinoic
X receptor alpha; DPP3, dipeptidyl peptidase 3; WTX, Wilms tumor gene on X chromosome; PALB2, Partner and
Localizer of BRCA2; GSKS3, Glycogen synthase kinase-3; SKP1, S-phase kinase-associated protein-1.

| 2. Regulation of NRF2 Activity
2.1. Regulation of NRF2 Protein Stability

NRF2 abundance within the cell is tightly regulated and is mainly controlled by four E3 ubiquitin ligase complexes-
mediated ubiquitylation and proteasomal degradation: KEAP1-Cullin (CUL) 3-RING-box protein (RBX)1, BTrCP-S-
phase kinase-associated protein-1 (SKP1)-CUL1-RBX1, WD Repeat protein (WDR), 3-CUL4-damaged DNA
binding protein (DDB) 1, and HRD1 (also called Synoviolin) under different conditions. NRF2 is expressed in all cell
types and its basal protein levels are usually low in unstressed conditions mainly due to KEAP1 mediated
proteasomal degradation (Figure 2). KEAP1 is a redox-regulated adaptor for the CUL3- RBX1 ubiquitin ligase
complex and it binds NRF2 through its C-terminal Kelch domain, which interacts with the DLG and ETGE motifs in
the Neh2 domain of NRF2, resulting in ubiquitination of NRF2 in the cytoplasm and degradation by the 26 S
proteasome Bl This constitutive degradation of NRF2 ensures that only the basal expression of NRF2 target genes
are maintained for housekeeping functions. During oxidative stress, electrophiles and reactive oxygen species
(ROS) react with sensor cysteines of KEAPL, including cysteine 151 (C151), C273, and C288, to allow NRF2 to
escape from KEAP1 mediated degradation [EllZl. As a result, newly synthesized NRF2 accumulates in the nucleus
and activates the expression of cytoprotective genes B8, |In addition, KEAP1 dependent but cysteine independent
mechanisms were reported to stabilize NRF2 by interfering with formation of the NRF2-KEAP1 complex.
Autophagy cargo-adaptor p62/sequestosome 1 (SQSTM1) BHIAL dipeptidyl peptidase 3 (DPP3) 12 Wilms
tumor gene on X chromosome (WTX) 23l and Partner and Localizer of BRCA2 (PALB2) 14 all contain KEAP1-
interacting region (KIR)-like ETGE motifs and thus competes with NRF2 for KEAPL1 binding, resulting in KEAP1
sequestration and NRF2 stabilization. p21Cip1l/WAF1 13 and Breast Cancer Type 1 Susceptibility Protein (BRCAL)
(2161 can also directly interact with the ETGE motif of NRF2, thus competes with KEAP1 for NRF2 binding and
stabilizes NRF2. Furthermore, the acetyltransferase p300 stabilizes NRF2 and increases its nuclear localization by
interfering KEAP1-NRF2 interaction (7],
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Figure 2. Regulation of NRF2 activity. Under basal conditions, the amount of NRF2 is low due to its continuous
sequestration by KEAP1 and subsequent proteasomal degradation. Under stressed condition, the cellular NRF2
amount is temporarily or constitutively increased upon exposure to toxicants and ROS, oncogenic signaling,
genetic mutations, autophagy disruption, or metabolic alteration, which disrupt the KEAP1-NRF2 complex and lead
to activation of NRF2. Activated NRF2 accumulates in the nucleus, where it interacts with other transcription factors
and cofactors to regulate transcription of its target genes, which encoding proteins involved in the antioxidants,
detoxification, metabolism, and inflammation. NRF2 also regulates its own NFE2L2 mRNA transcription. Activity of
NRF2 is modulated at multiple levels, including transcriptional regulation (NF-kB, AhR-ARNT, ATF4, and other
transcription factors, cofactors), post-transcriptional regulation (MmiIRNA, RBPs, alternative splicing), post-
translational regulation (ERK, JNK, PKC, CK2, PERK, GSK3, p38), and regulation of NRF2 stability (KEAP1,
BTrCP, HRD1, WDR23, CRIF1). AhR, aryl hydrocarbon receptor; ARNT, AHR nuclear translocator; NF-kB, nuclear
factor-kB; PI3K, phopshoinositide 3-kinase; PKC, protein kinase C; ERG, extracellular signal-regulated protein
kinases; JNK, c-jun N-terminal kinase; PERK, protein kinase R (PKR)-like endoplasmic reticulum kinase; CK2,
casein kinase 2; WDR23, WD40-repeat protein 23; CRIF1, CR6-interacting Factor 1; ATF4, activating transcription
factor.

In contrast to KEAP1-CUL3-RBX1 mediated degradation under basal conditions, BTrCP-SKP1-CUL1-RBX1 and
WDR3-CUL4-DDB1 can contribute to NRF2 degradation under both basal and oxidative stress conditions,
independent of KEAP1 181191201 NRF2 contains two motifs, DSGIS and DSAPGS in its Neh6 domain, which can
be recognized by the F box of the WD40 substrate adaptor BTrCP. Glycogen synthase kinase-3 (GSK3)
phosphorylates the DSGIS motif and increases the affinity of BTrCP for NRF2, thereby stimulating NRF2
ubiquitination and degradation 2118l1191 GSK3 is inhibited by phosphorylation of an N-terminal serine residue (Ser9
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in GSK-3B and Ser21 GSK-3a, respectively) by protein kinase B (PKB)/AKT. The signaling that activates upstream
phosphoinositide 3-kinase (PI3K)-PKB/AKT, including growth factors, mTOR, and oncogenic RAS signaling,
inhibits GSK3 and thereby stabilizes NRF2 by suppressing BTrCP-mediated degradation 19, WDR23 is a WD40-
repeat protein and it binds the DIDLID sequence within the Neh2 domain of NRF2 to regulate NRF2 ubiquitination
and degradation 29, HRD1 is an endoplasmic reticulum (ER) membrane-associated E3 ubiquitin ligase involved in
ER-associated degradation (ERAD). Under ER stress conditions, HRD1 is induced and binds to the Neh 4-5
domains of NRF2 that mediate NRF2 ubiquitylation and degradation in cirrhotic livers 21, In addition, CR6-
interacting Factor 1 (CRIF1), also known as growth arrest and DNA damage-inducible proteins-interacting protein 1
(GADDA45GIP1), interacts with Neh2 domain and the C-terminal region containing Nehl and Neh3 of NRF2 to
promote NRF2 ubiquitylation and degradation in a redox-independent manner (22, Interestingly, KEAP1-mediated
NRF2 ubiquitination and degradation mainly act in the cytoplasm, whereas KEAP-1 independent NRF2 stability
regulation is both cytoplasmic and nuclear, which contributes to termination of NRF2-mediated transcriptional
response 2922123 Fyrthermore, posttranslational modifications of NRF2 contribute to the changes in its binding
partners and cellular localization that regulate NRF2 stability. Extracellular signal-regulated protein kinases (ERK)
(241 c-jun N-terminal kinase (JNK) 24, PI3K-AKT 22l protein kinase C (PKC) [22, casein kinase 2 (CK2) 28, and
protein kinase R (PKR)-like endoplasmic reticulum kinase (PERK) [£Z! were reported to mediate phosphorylation of
NRF2 and increase its stability and subsequent transcriptional activity, whereas p38 and GSK3-mediated
phosphorylation of NRF2 decreases NRF2 stability 12, In hepatocellular carcinoma triggered by MYC and KEAP1
inactivation, fructosamine-3-kinase (FN3K), a kinase that triggers protein de-glycation, mediates NRF2 de-glycation

that stabilizes NRF2 and executes its oncogenic function 28],

2.2. Regulation of NRF2 Transcription

Transcription factor NRF2 binds to ARE in the promoter region of many cell defense genes to activate their
transcription. NFE2L2 gene contains ARE within its promoter region that renders NRF2 the ability to directly
activate its own transcription, providing a positive feedback mechanism to amplify NRF2 effects 22, In addition,
NFE2L2 transcription is regulated by several transcription factors, including aryl hydrocarbon receptor (AhR) Y
and nuclear factor (NF)-kB 1. The NFE2L2 gene contains one xenobiotic-responsive element (XRE)-like element
at position -712 of the promoter region and two additional XRE-like elements located at +755 and +850 that are
activated by the transcription factor aryl hydrocarbon receptor (AHR) Y. When activated by ligands, such as
TCDD (2,3,7,8-tetrachlorodibenzo-p-dioxin), AHR dimerizes with AHR nuclear translocator (ARNT) to bind to the
XRE of NFE2L2 and activates NRF2 transcription B9, In addition, NFE2L2 promoter contains an NF-kB binding
site, which allows it to be regulated by NF-kB 2. Lipopolysaccharide (LPS) treatment in human monocytes
induced NFE2L2 transcription 23, Constitutive NF-kB activation mediates upregulation of NFE2L2 gene and
contributes to high basal NRF2 activity that renders resistance to chemotherapy in acute myeloid leukemia (AML)
(82 Oncogenic signaling pathways including oncogenic oncogenes K-RAS(G12D), B-RAF (V619E) and MYC
(ERT2) B4 the PI3K-AKT pathway 23, and the Notch signaling pathway 28 have been reported to augment
NFEZ2L2 transcription to stably elevate the basal NRF2 antioxidant program and support its pro-tumorigenic effects.
Some hypermethylation or single nucleotide polymorphisms (SNPs) of the NFE2L2 promoter region decreases
NRF2 mRNA expression [281371(38]
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2.3. Post-Transcriptional Regulation of NRF2

microRNAs (miRNAs) are endogenous single-stranded, noncoding RNAs with an average 22 nucleotides in length
that repress gene expression by sequence-specific binding with mRNA molecules and subsequent inhibition of
protein translation and destabilization of mMRNA B2, miRNAs that have been shown to be involved in the regulation
of NRF2 include miR-144 B9 miR-28 “l miR-34 (2 miR-93 “3l and miR-153 4. Increased miR-144 is
associated with reduced NRF2 transcriptional activity and impaired oxidative stress tolerance in erythroid cells,
which is associated with the sickle cell disease “9. miR-34 expression is increased in aging rat liver, which targets
NRF2 and downstream oxidative stress defense protein Mgst1s to inhibit their expression 42, Expression of miR-
28 4] miR-93 3] and miR-153 44l in breast cancer cells were reported to facilitate the degradation of NRF2
MRNA. In neuroblastoma cells, miR-153, miR-27a, miR142-5p, and miR-144 directly target 3'-untranslated region
(UTR) of NFE2L2 and changes in these miRNAs either individually or as a group could result in inefficient

transactivating ability of NRF2 48], However, validation in physiological and pathological conditions is still lacking.

In contrast to miRNAs, RNA-binding proteins (RBPs) are typically considered as proteins that bind RNA through
one or multiple globular RNA-binding domains (RBDs) and change the fate or function of the bound RNAs 48, Two
of RBPs, HuR and AUF1 binds to the 3-UTR of NFE2L2 mRNA and result in the elevated NRF2 activation 47,
HuR enhances NFE2L2 mRNA maturation and promotes its nuclear export, whereas AUF1 stabilizes NFE2L2
mRNA 7. Alternative splicing is another mechanism that can regulate NRF2 activity. Aberrant NFE2L2 transcript
variants lacking exon 2, or exons 2 and 3, have been observed in lung and head and neck cancers and the NRF2
protein isoforms encoded by these splice variants lack the KEAPL1 interaction domain, thus resulting in NRF2
stabilization and induction of the NRF2 program 8], The impact of post-transcriptional regulation of NFE2L2 on the

pathogenesis of disease remains to be evaluated.

2.4. Regulation of NRF2 Transcriptional Activation of Its Target Genes

NRF2 activity is tightly regulated. Gene transcription profiles revealed that not all genes in the vicinity of bound
NRF2 are transcriptionally regulated by NRF2 binding 4959 These genes require the recruitment of both NRF2
and NRF2 binding partners including transcription factors, cofactors, and mediators for a complete activation.
sMAF transcription factors, including MAFF, MAFG, and MAFK, binds to NRF2 through their leucine zipper
domains to form NRF2-MAF complexes for the recognition of ARE and supports NRF2-mediated transcriptional
activation of antioxidant and metabolic genes B, The transcription factor BTB and CNC homology 1 (BACH1),
which is essential in controlling heme level through the inhibition of heme oxygenase-1 (HO)-1 gene, competes
with NRF2-sMAF interaction at ARE sites for transcriptional repression of NRF2 target NAD(P)H:quinone
oxidoreductasel (NQO1) 52, NRF2-induced HO-1 expression requires inactivation of BACH1 B3l Activating
transcription factor 4 (ATF4) can dimerize with NRF2 at ARE to induce expression of HO-1 B4, Activator protein 1
(AP-1) subunit c-Jun can dimerize with NRF2 and activate NRF2-induced transcription, while another AP-1 subunit

c-Fos can suppress NRF2-induced transcription 231581,
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CREB-binding protein (CBP) and its cofactor p300 can be co-recruited to ARE by NRF2 through its Neh4/5
domains of NRF2 for transcriptional activation 4. CBP and p300 are histone acetyltransferases to facilitate
chromatin decondensation and the recruitment of the transcription machinery B8, However, ATF3 can compete with
CBP for the binding of NRF2 and inhibit the transcription induced by NRF2—CBP complex 3. Interestingly, ATF3
deletion increases NRF2 degradation through upregulating KEAP1 expression and loss of DJ-1 pathways in
human bronchoalveolar epithelial cells 89, Therefore, ATF3 can either positively or negatively control NRF2
activity. Transcriptional repressor silencing mediator for retinoid and thyroid hormone receptor (SMRT) that
mediates histone deacetylation, can interact with NRF2 Neh4/5 domains and inhibit NRF2-induced GSTA2
expression [l |n addition to histone-modifying enzymes, NRF2 interacts with other co-activators of the
transcription machinery, such as ATPase subunit of the SWI/SNF chromatin-remodeling complex Brahma-related
gene 1 (BRG-1) 82, chromodomain helicase DNA-binding protein 6 (CHD6) (63l receptor-associated co-activator 3
(RAC3) 64 and NAD*-dependent histone deacetylase sirtuin 6 (SIRT6) (€2 mediator of RNA polymerase |
transcription subunit 16 8 to selectively influence the transcription of NRF2 target genes. However, the functional
significance of these interactions has not been extensively elucidated. Nuclear receptors PPARy €7l and estrogen
receptor o (ERa) 88 can directly bind to NRF2 and suppress the NRF2 activity. Interestingly, a gene dose response
study analyzing expression changes in livers from Nfe2l2-null, wild-type, Keapl-knockdown, and Keapl-knockout
mice showed that the extent of NRF2 transactivation depends on the levels of NRF2 protein (184). Complete
understanding of NRF2-mediated gene transactivation requires paying attention to the cooperation or competition

with other transcription factors and co-factors at the ARE and ARE-like sites.

| 3. NRF2 Regulates Autophagy

Autophagy is a protein and organelle quality control mechanism that orderly degrades and recycles cellular
components, including protein aggregates and old or damaged organelles. Beside ubiquitin proteasome system,
oxidative, proteotoxic, and metabolic stresses increase autophagy and help to restore homeostasis 2. Autophagy
requires the coordinated participation of a set of proteins that participate in the formation of autophagosomes and
autolysosomes, as well as cargo-selective proteins that recognize specific cargos and direct them to degradation.
NRF2 induces the expression of autophagy genes encoding SQSTM1/p62, calcium-binding and coiled-coil domain-
containing protein 2 (CALCOCO2/NDP52), unc-51-like kinase 1 (ULK1), autophagy protein 5 (ATG5), and gamma-
aminobutyric acid receptor-associated protein-like 1 (GABARAPL1) and enhances autophagy 2. In the NRF2
activated context, autophagy-targeted therapy could be ineffective. Interestingly, insufficient autophagy leads to
accumulation of oxidized proteins or organelles that can lead to NRF2 activation. More importantly, autophagy
deficiency leads to accumulation of p62, a multifunctional cargo receptor that can sequester KEAP1 and stabilize
NRF2, resulting in NRF2 activation 2%, Thus, p62 and NRF2 create a positive feedback loop to regulate a plethora

of cellular functions 21211,

| 4. Concluding Remarks and Perspectives
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Although NRF2 is best known as an oxidant stress response transcription factor, it is also critical to the regulation
of metabolism, inflammation, autophagy, proteostasis, mitochondrial physiology, and immune responses. NRF2-
mediated target gene expression is determined by the activating stimulus, the cellular context, the availability of
binding partners, interaction with other transcription factors, activators, and repressors, as well as the crosstalk with
other signaling pathways. NRF2 lies at the center of a complex regulatory network and most of functions exerted
by NRF2 are interconnected that contribute to the initiation and development of many diseases, particularly
metabolism- or inflammation-associated diseases. Generally, NRF2 activation plays a protective role in
physiological conditions, but it promotes cancer development after cancer is established. In addition, NRF2 is
generally anti-inflammation, however, it exhibits opposite roles during different virus infections. Future studies need
to address how the NRF2-dependent network changes from a physiological (beneficial) to a pathological
(adversary) condition that can provide insights into mechanisms of disease pathogenesis. The key switch between
the tumor suppressive role and tumor promoting roles of NRF2 could be due to the active NRF2 protein
levels/doses and the duration of NRF2 activation in the crosstalk with specific factors and signaling pathways. In
addition, due to the broad action spectrum, understanding more dynamic and integrated NRF2-mediated
metabolism and immunity of different cell types in a disease context will facilitate discovery of molecular pathology

and new treatment strategies.
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