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Abstract

Purpose of review—The goal of this review is to summarize the current knowledge in the field
regarding the non-canonical activation of the NRF2 pathway. Specifically, we address what role
p62 plays in mediating this pathway, which pathologies have been linked to the p62-dependent
activation of NRF2, as well as what therapeutic strategies could be used to treat diseases
associated with the non-canonical pathway.

Recent findings—It has recently been shown that autophagic dysfunction leads to the
aggregation or autophagosomal accumulation of p62, which sequesters KEAP1, resulting in
prolonged activation of NRF2. The ability of p62 to outcompete NRF2 for KEAP1 binding
depends on its abundance, or post-translational modifications to its key domains. Furthermore, the
relevance of the p62-dependent activation of NRF2 in disease has been demonstrated in human
hepatocellular carcinomas, as well as neurodegenerative diseases.

Summary—These findings indicate that targeting p62, or the enzymes that modify it, could
prove to be an advantageous strategy for treating diseases associated with autophagy dysregulation
and prolonged activation of NRF2. Other therapeutic possibilities include restoring proper
autophagic function, or directly inhibiting NRF2 or its targets, to restore redox and metabolic
homeostasis. Future studies will help further clarify the mechanisms, regulation, and relevance of
the non-canonical pathway in driving disease pathogenesis.
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Introduction

The cellular response to stress consists of an interconnected network of signaling pathways
designed to sense the stressor, mitigate the damage, and initiate a response that corrects the
insult and restores the cell to homeostasis. Which stress response pathways are activated
depends on the timing and nature of the insult, as well as the cell and tissue type in which
the insult occurs, with some of the same cellular machinery playing very different roles in
chronic versus acute responses in different cell types. One stress response pathway critical in
responding to increased xenobiotic or oxidative stress is the NRF2-KEAP1 pathway. Nuclear
factor E2-related factor 2 (NRF2) is a nuclear transcription factor that transcribes anti-
oxidant response element (ARE)-containing genes, many of which encode anti-oxidant and
detoxifying enzymes critical in mitigating oxidative damage and restoring metabolic and
redox homeostasis to the cell. Under normal physiological conditions, NRF2 is bound in the
cytosol by Kelch-like ECH-associated protein 1 (KEAP1), which recruits the Cullin-3/Ring-
Box1 (Cul3/Rbx1) E3 ubiquitin ligase complex, ubiquitylating NRF2, thus targeting it for
proteasomal degradation [1]. However, under stress conditions, oxidative or electrophilic
modification of key cysteine residues in KEAP1 (i.e. C151) results in a conformational
change that prevents ubiquitylation of NRF2, allowing newly synthesized NRF2 to
translocate to the nucleus and initiate transcription of its target genes [2]. This regulated
mode of NRF2 activation, which occurs as a direct result of increased oxidative or
electrophilic stress, is termed “canonical activation”, and many disease treatment strategies
harness the protective power of a controlled NRF2 response, including prevention of cancer
and diabetes, by utilizing the electrophilic modification of KEAP1 to transiently activate the
NRF2 pathway [3-7].

Another pathway that plays a critical role in mediating oxidative stress is the autophagy-
lysosome pathway. Autophagy is a tightly regulated cellular degradation pathway
responsible for the removal of damaged proteins and organelles, including oxidatively
damaged proteins and dysfunctional mitochondria, both of which can propagate further
oxidative damage and cellular dysfunction if not properly removed. The autophagic response
consists of three main stages, initiation, elongation, and fusion, with each step being
mediated by a coordinated set of protein-protein interactions that are critical in ensuring
proper flux through the pathway. The importance of autophagy in removing damaged
cellular constituents is evidenced by the fact that autophagic dysfunction at any step in the
pathway results in the accumulation of pathogenic proteins and organelles, an underlying
cause of a number of disease states, including neurodegeneration, cardiovascular disease,
liver disease, lung disease, and cancer [8, 9]. Importantly, a link between dysregulation of
the autophagy pathway and activation of NRF2 has also been demonstrated. Autophagy
blockage, either via genetic ablation of the key autophagy initiation proteins Beclin-1,
ATG5, or ATG7, or exposure to the environmental toxicant arsenite, results in the
accumulation of the autophagy adapter protein p62/SQSTM1 [10, 11]. The accumulation of
p62 is a hallmark of pathologies associated with autophagic dysfunction, and since p62 is a
multi-domain protein that can interact with a host of protein targets, its accumulation results
in the sequestration and loss of function of a number of its binding partners, including
KEAP1 [12].
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KEAP1 interacts with the KEAPL-interacting region (KIR) of p62 via a DPSTGE motif [13,
14], which is similar to the ETGE motif involved in NRF2-KEAP1 binding. The
sequestration of KEAP1 by p62 allows stabilization of NRF2, which can then translocate to
the nucleus and initiate target gene transcription. Since activation of NRF2 occurs
independently of cysteine madifications, this mode of p62-dependent regulation of NRF2 is
termed “non-canonical activation” [13]. In this review, we will discuss the current
understanding of the mechanisms and disease relevance of the non-canonical activation of
the NRF2 pathway. Furthermore, we will examine the multi-faceted role of p62 in mediating
this response, as well as possible therapeutic approaches that could be utilized to restore
proper regulation of both the autophagy and NRF2 pathways to treat diseases where the non-
canonical activation of NRF2 is prevalent.

The non-canonical NRF2 pathway

Discovery of the non-canonical activation of NRF2 dates back to 2010, when five separate
groups, including ours, discovered that p62 competes with NRF2 for KEAP1 binding [14,
11, 13, 15, 16]. This p62-KEAP1-NRF2 axis was further validated by the discovery that p62
contains an ARE, with the p62-dependent upregulation of NRF2 increasing transcription of
p62 itself, creating a positive feedback loop that promotes prolonged activity of NRF2 [14].
Intriguingly, the p62 ARE was recently verified, along with a number of ARE-like
sequences in other key autophagy proteins, further demonstrating a crucial link between
NRF2 activation and the autophagy pathway [17]. Mentioned briefly above, the non-
canonical mechanism of NRF2 activation is driven by autophagic dysfunction, with the
autophagosomal accumulation of p62 and sequestration of its target proteins, including
KEAP1, leading to prolonged activation of the NRF2 pathway. Autophagic dysfunction can
occur as a result of genetic ablation of key autophagy proteins, such as ATG5, ATG7, or
Beclin-1, all of which are critical in initiating the formation of the autophagosome, or as a
result of exposure to exogenous stressors, such as the environmental toxicant arsenic, which
causes the sequestration of KEAP1 into p62 positive autophagosomes that are unable to fuse
with the lysosome to complete the autophagic process [10]. The relevance of autophagic
dysfunction as it pertains to the non-canonical activation of NRF2 in disease will be
discussed in greater detail below.

As mentioned above, the accumulation of p62 is a critical driving force behind the non-
canonical pathway of NRF2 activation. There are a number of domains in p62 that govern its
interacting partners and function, including a: 1) Phem and Box1 (PB1) domain, responsible
for dimerization and oligomerization of p62 with other PB1 containing proteins, including
p62 itself, atypical protein kinase C (aPKC), dual specificity mitogen-activated protein
kinase kinase 5 (MEKS5), and next to BRCA1 gene 1 protein (NBR1); 2) ZZ-type zinc finger
domain, which interacts with TNF-a via binding to the receptor interacting protein 1
(RIP-1); 3) Tumor necrosis factor receptor-associated factor 6 (TRAF6) binding (TB)
domain, which mediates binding to TRAF6, an E3 ubiquitin ligase involved in protein
ubiquitylation; 4-6) Two nuclear localization signal (NLS) domains and one nuclear export
signal domain (NES), responsible for the nuclear-cytoplasmic shuttling of p62; 7) LC3
interacting region (LIR), which mediates the interaction between p62 and the
autophagosomal protein microtubule-associated protein 1A/1B-light chain 3 (LC3); 8)
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KEAP1-interacting region, the domain that contains the DPSTGE motif responsible for
mediating the p62-KEAPL1 interaction; and 9) Ubiquitin associated (UBA) domain, which
binds to poly-ubiquitylated cargo [18, 19] (Figure 1A). The ability of p62 to self-
oligomerize and heterodimerize with other PB1 domain containing proteins, as well as
interact with specific binding partners, including KEAP1 and LC3, and bind to poly-
ubiquitylated proteins, are critical to its function as an adapter protein and autophagic
substrate; however, when p62 is not properly turned over, it’s diversity of binding partners is
what also contributes to the sequestration and aggregation of p62-associated proteins.

Interestingly, a number of post-translational modifications to p62 can also modulate its
interaction with its binding partners [20]. For example, phosphorylation of p62 by the
mammalian target of rapamycin (MTOR) at S349 in the KIR domain enhances p62-KEAP1
binding and the subsequent accumulation of NRF2 [21]. Furthermore, phosphorylation of
S403 in the UBA domain of p62 by Unc-51 Like Autophagy Activating Kinase 1 (ULK1),
Casein kinase Il (CKII), or Tank-binding kinase 1 (TBK1), which promotes recruitment of
ubiquitylated cargo, plays an important role in the degradation of p62 and its substrates,
although whether or not this modification also drives KEAP1 degradation is still uncertain
[22-24]. Conversely, ubiquitylation of K7 by tripartite motif family 21 (TRIM21) in the PB1
domain of p62 prevents its oligomerization and interaction with KEAP1, keeping the
KEAP1-dependent degradation of NRF2 intact [25]. These studies indicate that the
accumulation of p62, as well as enzyme-mediated post-translational modifications of
relevant amino acids in its critical domains, are important in mediating the non-canonical
activation of NRF2. Thus, understanding the mechanism that contributes to the p62-KEAP1-
dependent upregulation of NRF2 will play an important role in targeting diseases where
autophagic dysfunction and the prolonged activation of NRF2 are observed.

Relevance of the non-canonical pathway in disease

There are a number of diseases where the increased expression or aggregation/
autophagosomal accumulation of p62 have been linked to the non-canonical activation of the
NRF2 pathway. Interestingly, non-canonical activation of NRF2 can have beneficial or
detrimental outcomes depending on the disease context. For example, one of the most
notable examples of detrimental non-canonical activation of NRF2 occurs in hepatocellular
carcinomas, with human hepatocellular carcinoma cell lines (HCC) exhibiting increased
aggregates of p62, including the phosphorylated form, as well as KEAP1, accounting for the
elevated levels of NRF2 observed in these cell lines. Furthermore, p62 is necessary for the
increased activity of NRF2 in HCC, as ablation of p62 prevented activation of NRF2 and its
downstream target genes [26]. Aggregates positive for phosphorylated p62 and KEAP1 are
also observed in HCC patient samples [21], indicating this mechanism of NRF2 activation
could play a critical role in mediating the progression of hepatocellular carcinomas. Mice
with ATG5 specifically deleted in the liver exhibit increased liver inflammation, fibrosis, and
tumorigenesis, all of which can be reversed by deletion of NRF2 [27], indicating autophagy
deficiency and NRF2 activation play a critical role in numerous liver-based pathologies. The
non-canonical pathway may also play a negative role in neurodegenerative disease, as the
aggregation of phosphorylated p62 and KEAP1 is observed in neurofibrillary tangles found
in postmortem Alzheimer’s disease brain tissue, which also correlates with an increase in
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NRF2 target gene expression [28-30]. Furthermore, the S349T mutation in the KIR of p62,
which prevents phosphorylation of p62 by mTOR, has also been shown to result in
suppressed NRF2 signaling, possibly affecting osteoclast and osteoblast differentiation in
patients with Paget’s disease of the bone [31].

The non-canonical activation of NRF2 is not always associated with negative outcomes. The
p62-dependent activation of NRF2 plays a critical role in preventing the oxidative liver
damage that results from increased lipogenesis, which is commonly observed during
metabolic disorders such as non-alcoholic fatty liver disease (NAFLD) and type Il diabetes,
with the stress activated proteins sestrin 1 and sestrin 2 enhancing degradation of the p62-
KEAP1 complex to activate NRF2 [32-34]. Also quercetin, a common dietary flavonoid,
prevents the cytotoxicity associated with hepatotoxicants such as acetaminophen and carbon
tetrachloride by disrupting KEAP1-NRF2 binding, either through direction interaction with
KEAP1 cysteines, or by enhancing the p62-dependent sequestration of KEAP1, to
upregulate the NRF2 response [35]. Liver specific deletion of ATG5 also alleviates
acetaminophen toxicity via prolonged activation of NRF2 and increased hepatocyte
proliferation [36]. These studies demonstrate that the non-canonical activation of NRF2,
either via genetic or pharmacological means plays an important role in a diverse array of
disease pathologies, and can have either beneficial or detrimental outcomes depending on
the tissue type and context of the p62-KEAP1 interaction.

Possible therapeutic strategies

While a number of “canonical” NRF2-based therapies exist, with dimethyl fumarate (DMF)
currently approved for the treatment of multiple sclerosis [37], therapeutic strategies
targeting the non-canonical activation of NRF2 are limited. There are a number of possible
strategies that could be employed to prevent the sustained activation of NRF2 that occurs as
a result of the autophagosomal accumulation of p62 and KEAP1 or the phospho-p62-
dependent autophagic degradation of KEAP1 (Figure 1B). The first tactic would be to
restore proper autophagic function using activators of the autophagy pathway. To date, there
are few, if any, targeted activators of autophagy. The most promising thus far is the inhibitor
of mTOR rapamycin, which has known immunosuppressive effects [38], but has also been
shown to activate autophagy in a number of experimental settings. Interestingly, rapamacyin
has been shown to prevent degradation of KEAP1 via autophagy by blocking the
phosphorylation of p62 [21]. Thus, rapamycin treatment, through the targeted inhibition of
p62 phosphorylation, could prevent the autophagic degradation of KEAP1 and subsequent
non-canonical upregulation of NRF2, especially in cases linked to environmental exposures
such as arsenic. Another promising possibility, at least in a neuronal setting, is the
disaccharide trehalose, which has been shown to stimulate the autophagic removal of
neuropathic proteins [39]. A number of high-throughput screening studies have also
identified other autophagy inducers that could also prove useful once further testing
confirms their specificity and mechanism of action [40-42]. Inhibiting ULK1, CKIlI, or
TBKI, the enzymes responsible for phosphorylating S403 in the UBA domain of p62, or
enhancing the activity of TRIM21 to prevent p62 oligomerization and heterodimerization,
could also prove to be viable therapeutic interventions should a targeted compound that
modulates the activity of these enzymes be discovered (Figure 1B).
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Another tactic for treating diseases in which there is prolonged activation of NRF2 is to
directly inhibit NRF2 itself, or the function of its target proteins, to restore proper redox and
metabolic homeostasis (Figure 1B). Our lab discovered one of the only established inhibitors
of NRF2, brusatol, which could be used to mitigate some of the negative effects that result
from sustained NRF2 activation. Furthermore, direct inhibitors of NRF2 target proteins
could also be utilized. Another intriguing possibility would be to re-establish or enhance the
activity of the negative regulators of NRF2 (i.e. KEAPL, p-transducin repeat-containing
protein (B-TRCP), or HRD1), although currently there are no established compounds
capable of achieving this effect. Furthermore, an inhibitor of the phospho-p62-KEAP1
interaction that does not directly affect KEAP1-NRF2 binding has recently been discovered
[43], implying that compounds targeting the p62-KEAP1 interaction can be utilized to
prevent the non-canonical upregulation of NRF2. Therefore, discovering novel inhibitors of
NRF2 or its target proteins, or developing novel compounds that enhance the negative
regulation and degradation of NRF2 could prove useful in re-establishing physiological
NRF2 signaling (Figure 1B).

Conclusions

Similar to the canonical activation of NRF2, the role of the non-canonical pathway is cell-
type and context dependent, and our understanding of the mechanisms underlying this mode
of NRF2 regulation is still growing. What is well established is the critical role of the p62-
KEAP1 interaction in driving the sustained activation of NRF2. While the initial discovery
of the non-canonical activation of NRF2 was based upon autophagic dysfunction and the
subsequent autophagosomal accumulation/aggregation of p62, recent work has shown that
post-translational modification of key amino acid residues in p62 can also dictate its
interaction with KEAP1 and contribute to prolonged activation of the NRF2-mediated
response. These findings are critical, not only in contributing to our understanding of the
p62-dependent sequestration or degradation of KEAP1, but also in providing novel
therapeutic targets that can be utilized to treat diseases where enhanced expression of p62
and increased levels of NRF2 are prevalent. Thus, understanding the mechanism by which
NRF2 is activated is of critical importance in developing a therapeutic regimen for NRF2-
based disease treatment or prevention.
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Figure 1. The domain structure of p62 and possible therapeutic interventionsto treat the p62-
dependent activation of NRF2

(A) p62 is a multifunctional protein consisting of the following domains: 1) PB1 domain,
responsible for p62 self-oligomerization and binding to other PB1 containing proteins (i.e.
aPKC, MEKS5, and NBR1, shown above); 2) ZZ domain, interacts with RIP-1, which
recruits TNF-a and mediates cell death; 3) TB domain, binds to TRAF6, which mediates
protein ubiquitylation; 4-6) NLS and NES domains, control the nuclear-cytoplasmic
shuttling of p62; 7) LIR, binds to LC3 in the autophagosomal membrane, recruiting cargo
for autophagic degradation; 8) KIR, binds to KEAP1; and 9) UBA domain, binds to poly-
ubiquitylated proteins. (B) Possible autophagy and NRF2-based therapeutic interventions for
treating diseases associated with non-canonical activation of NRF2. Genetic alterations to
key autophagy proteins, or chronic exposure to environmental toxicants (i.e. arsenic), result
in autophagy blockage and the p62-dependent upregulation of NRF2. Prolonged activation
of NRF2 results in changes to the cellular metabolic and redox state, contributing to the
pathogenesis of certain diseases. Restoring autophagic function via autophagy activating
compounds, preventing the post-translational modifications of p62, or directly inhibiting the
function of NRF2 or its downstream targets, could prove viable therapeutic options in the
treatment of diseases associated with increased levels of p62 and NRF2.
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