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ABSTRACT 

NF-E2-related factor 2 (Nrf2) is a transcription factor that is responsible for maintaining 

cellular homeostasis by controlling the fate of cells through transcriptional upregulation 

of antioxidant response element-bearing genes critical for eliminating toxicants and 

carcinogens. Under quiescent conditions, basal levels of Nrf2 are relatively low due to 

tight regulation by Keap1, a substrate adaptor protein for a Cullin 3 (Cul3)-E3 ubiquitin 

ligase complex that facilitates the ubiquitination and degradation of Nrf2. It is thought 

that when cells are exposed to oxidative stress, naturally-occurring compounds, or 

synthetic chemicals, cysteine residues in Keap1, particularly cysteine 151 (C151), are 

modified causing a conformational change that compromises the ability of the Keap1-

Cul3-E3 ubiquitin ligase complex to properly ubiquitinate Nrf2. It is then stabilized and 

allowed to translocate into the nucleus to transcriptionally activate downstream genes. 

Interestingly, recent emerging data has revealed the “dark side” of Nrf2. Epigentic 

alterations and somatic mutations in either Nrf2 or Keap1 disrupting the Nrf2-Keap1 axis 

and causing constitutive activation of Nrf2 have been found in many human cancer cell 

lines and tumors. Thus, Nrf2 provides mutated cells a protective advantage against 

cytotoxic chemotherapeutics, allowing for further cell survival and growth. 

It is well known that arsenic is a human carcinogen and can activate the Nrf2 pathway 

through a Keap1-C151 independent mechanism. It has also been shown that arsenic can 

activate autophagy, a bulk-lysosomal degradation pathway. In this dissertation, we 
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establish the cross-talk between the Nrf2-Keap1 pathway and autophagy by elucidating a 

novel non-canonical mechanism of Nrf2 activation. We found that deregulation of 

autophagy causes accumulation of p62, a substrate adaptor protein, which sequesters 

Keap1 into autophagosomes and activates the Nrf2 pathway. Moreover, we also 

demonstrate how arsenic blocks autophagic flux and prolongs Nrf2 activation through 

this novel mechanism. Additionally, activation of the Nrf2 pathway has been shown to 

confer protection against arsenic-induced toxicity and carcinogenicity. We demonstrate 

that co-treatment with sulforaphane alleviates arsenic-mediated autophagy. These studies 

suggest that the Keap1-C151 dependent mechanism triggers the chemopreventive role of 

Nrf2 while activation through p62 elicits the dark side. Therefore, the use of Keap1-

C151-dependent compounds to counteract environmental insults continuous to be a 

promising strategy for cancer prevention. 
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CHAPTER 1 

INTRODUCTION 

I. The Nrf2-Keap1 Pathway 

In 1994, Moi et al. first cloned and characterized Nrf2 based on its ability to bind the NF-

E2/AP-1 repeat in the promoter of the beta-globin gene [1]. Like NF-E2, Nrf2 is also a 

member of the cap n’ collar (CNC) subfamily of transcription factors and contains a basic 

leucine zipper DNA binding domain (bZip) at the C-terminus. It was found to be 

ubiquitiously expressed in many organs and dispensable for the normal development of 

mice [2].  

Human Nrf2 is homologous to chicken and mouse and has six highly conserved domains, 

Neh1-6 (Figure 1). The Neh1 domain contains a CNC-type basic leucine zipper that is 

necessary for DNA binding and dimerization with other transcription factors. 

Additionally, a functional NLS has been identified in this domain [3]. The Neh2 domain 

binds the Kelch domain of Keap1, a negative regulator of Nrf2, and has seven lysine 

residues that are responsible for ubiquitin conjugation, which leads to proteasomal 

degradation of Nrf2 [4, 5]. Neh3 is necessary for transcriptional activation by recruiting a 

co-activator, CHD6; however, not much is known about the specific role of CHD6 [6]. 

Neh4 and Neh5, rich in acidic residues, are two independent transactivation domains that 

act synergistically and interact with the CREB-binding protein (CBP) [7]. Lastly, the 
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Neh6 domain is heavily concentrated with serine residues, but not much is known about 

the role and/or significance of the Neh6 domain. 

Upon exposure of cells to oxidative stress or chemopreventive compounds, Nrf2 

translocates to the nucleus, forms a heterodimer with its obligatory partner Maf, and 

binds to the ARE sequence to activate transcription of several different types of genes 

[8]. The Nrf2 downstream genes identified so far can be grouped into several categories, 

including (i) intracellular redox-balancing proteins: glutamate cysteine ligase (GCL), 

glutathione peroxidase (GPx), thioredoxin (Trx), thioredoxin reductase (TrxR), and 

peroxiredoxin (Prx), and heme oxygenase-1 (HO-1) (ii) phase II detoxifying enzymes: 

glutathione S-transferase (GST), NAD(P)H quinone oxidoreductase-1 (NQO1), and 

UDP-glucuronosyltransferase (UGT), and (iii) transporters: multidrug resistance-

associated protein (MRP) [9-17] (more listed on Table 1). The primary function of 

intracellular redox-balancing proteins is to maintain cellular glutathione and Trx levels 

and reduce levels of reactive oxygen species (ROS). Phase II enzymes function to do one 

of the following: (i) metabolize xenobiotics into less toxic forms, or (ii) catalyze 

conjugation reactions to increase the solubility of xenobiotics, thereby, facilitating their 

elimination. Lastly, the main function of transporters is to control uptake and efflux of 

endogenous substances and xenobiotics. The majority of the downstream genes of Nrf2 

contain an antioxidant response element (ARE) sequence in the promoter, which was 

discovered and characterized by Rushmore et al. in 1991 [18] (Table 1). The consensus 

sequence, 5`-GTGACNNNGC-3` was first identified in the 5`-flanking region of the rat 
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GST-Ya subunit and the NQO1 gene by mutation and deletion analysis [18]. Later, 

Wasserman et al. further characterized the ARE sequence to a “core” sequence of 5`-

RTGACnnnGCR-3` using murine GST-Ya ARE and identified 16 other genes that 

contained the sequence in their promoters [19]. However, in 2003 a comprehensive 

mutational study on the NQO1-ARE revealed that the ARE sequence did not conform to 

the general consensus sequence [20].  

Based on the function of Nrf2 target genes, one can easily conclude that activation of 

Nrf2 may protect cells from various stresses imposed by toxic exposure. Indeed, the 

Nrf2-mediated antioxidant response is one of the major cellular defense mechanisms that 

facilitate cell survival under toxic insults. This notion is best demonstrated in animal 

models, showing that Nrf2-null mice are more sensitive than wild-type mice to the toxic 

and carcinogenic effects of a wide variety of xenobiotics, including benzo[a]pyrene, 

diesel exhaust, cigarette smoke, N-nitrosobutyl (4-hydroxybutyl) amine, 

pentachlorophenol, and acetaminophen [21-27]. 

a. Mechanism of Nrf2 activation 

i. Canonical pathway 

The activity of Nrf2 is negatively regulated by Kelch-like ECH-associated protein 1 

(Keap1), which was cloned by Yamamoto and colleagues in 1999 using the N-terminal 

domain of Nrf2 (Neh2) as bait in a yeast two-hybrid system [5]. Keap1 contains two 
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major domains, a BTB domain (broad complex, tramtrack, and bric-a-brac) and a Kelch 

domain. The crystal structures of the Kelch domain alone or in complex with N-terminal 

peptides of Nrf2 have been resolved [28-31] (Figure 2). Despite the notion that the Kelch 

domain-containing proteins may bind actin filaments, mounting evidence has shown that 

Keap1 is a shuttling protein. For example, Keap1 interacts with the abundant nuclear 

protein prothymosin α (ProTα), which implies its ability to translocate from the 

cytoplasm to the nucleus [32]. Furthermore, leptomycin B, an inhibitor of Crm-1-

dependent nuclear export, restrains Keap1 in the nucleus [21]. Furthermore, a very strong 

leucine-rich nuclear export signal (NES) was identified in Keap1 and the importance of 

the NES in regulating Nrf2 was demonstrated [32-35]. 

Since the cloning of Keap1, great progress has been made in understanding the 

mechanism of Keap1-mediated negative regulation of Nrf2. It has been proposed that 

Keap1 acts as a molecular switch that is able to turn the Nrf2 signaling pathway on or off 

according to intracellular redox conditions. Serving as a molecular switch, Keap1 

possesses dual functions: it is able to (i) “sense” a disturbance in the redox homeostasis 

and (ii) turn the Nrf2-mediated response on or off. Recent studies have dissected how 

these two functions are accomplished by Keap1 (Figure 3). 

1. Keap1 functions as a sensor 

Keap1 is rich in cysteine residues (27 cysteine residues in human Keap1 and 25 cysteines 

in mouse Keap1), which encodes the sensor mechanism. Three key cysteine residues 
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(C151, C273, and C288) were identified by both in vitro alkylation and in vivo site-

directed mutagenesis assays [36-43]. Cysteine 151 is likely the major site that is directly 

alkylated by Nrf2 inducers [37-39]. The ability of the Keap1 mutant, where cysteine-151 

is replaced with a serine (Keap1-C151S), to repress the activity of Nrf2, is comparable to 

wild-type Keap1 (Keap1-wt). However, mutation of C151 completely abolished 

induction of Nrf2 by many Nrf2-activators, such as sulforaphane (SF) and tert-

butylhydroquinone (tBHQ) [40]. Interestingly, activation of the Nrf2 response by arsenic 

seems to be independent of C151 in Keap1 since the C151 mutation did not prevent Nrf2 

induction [44]. A single cysteine to serine mutation was also made in C273 or C288, 

which rendered Keap1 unable to repress Nrf2, even though the Keap1-C273S or Keap1-

C288S mutants were highly expressed and were capable of binding Nrf2 [40, 42, 43]. In 

summary, these data indicate that C151 in Keap1 is required for activation of the Nrf2 

pathway while C273 or C288 is necessary for repressing Nrf2. More significantly, the 

functional importance of these three cysteine residues under physiological conditions has 

recently been confirmed using animal models [45]. Keap1-C151 is able to rescue the 

phenotype presented by Keap1-null mice, such as overexpression of Nrf2 and postnatal 

lethality in Keap1-/-::Tg
Keap1-C151

 mice. Moreover, mouse embryonic fibroblasts (MEF) 

derived from Keap1-/-::Tg
Keap1-C151

 mice showed both lower basal and inducible 

expression of Nrf2 [45]. It was concluded from these experiments that these three 

cysteine residues may be the center of the Keap1 redox-sensing mechanism. The 

mechanism(s) by which these cysteines function by first sensing the redox-imbalance 

then transducing these signals to Nrf2 remain(s) elusive. 
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2. Keap1 functions as a molecular switch 

Under basal conditions, in which redox homeostasis is maintained in cells, the molecular 

switch of Keap1 is in an “off” position. This is achieved through constant Keap1-

mediated degradation of Nrf2 by the ubiquitin-mediated proteasomal degradation system 

[4, 46-48]. Ubiquitin-mediated protein degradation plays an important role in controlling 

many cellular processes, such as cell cycle, cell growth/differentiation, and cellular 

response to stress. The ubiquitin-mediated degradation machinery involves many proteins 

and protein complexes that execute degradation of a target protein by two successive 

processes: (i) ubiquitin conjugation to substrates, and (ii) 26S proteasomal-mediated 

degradation of the polyubiquitinated substrates [49-51]. 

Ubiquitin is an evolutionarily conserved small protein with 76 amino-acids. The post-

translational process in which ubiquitin is covalently added to lysine residues of a 

substrate is called ubiquitination. Ubiquitin becomes covalently attached to substrates 

either as a single molecule (monoubiquitination) or as a poly-ubiquitin chain 

(polyubiquitination). The major function of ubiquitination is to label proteins for 

proteasomal degradation. However, ubiquitin modification has also been shown to play a 

role in other processes such as DNA repair, endocytosis, and ribosome biogenesis. 

Covalent attachment of ubiquitin to substrates is accomplished through the coordinated 

action of three classes of enzymes: (i) ubiquitin activating enzyme, E1, (ii) ubiquitin 

conjugating enzyme, E2, and (iii) ubiquitin ligase, E3. In the initial step, ubiquitin is 
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attached to a cysteine residue on E1 through a high energy thioester bond. Next, ubiquitin 

is transferred from E1 to E2 by transthiolation, and lastly, E3 mediates ubiquitin transfer 

from E2 to lysine residues of a substrate. The E3 ligase is responsible for substrate 

specificity and can function as a single protein, but a large number of them appear to be 

protein complexes containing multiple proteins [49-51].  

Keap1 was proved to be a substrate adaptor protein for the Keap1-Cul3-Rbx1 E3 

ubiquitin ligase complex, responsible for Nrf2 degradation, by four independent groups 

in 2004 [4, 48, 52, 53]. Under basal conditions, Keap1 brings Nrf2 into the E3 ligase 

complex through its two major domains: the BTB domain interacts with Cul3 and the 

Kelch domain binds Nrf2 [4]. Docking of Nrf2 into the E3 complex facilitates ubiquitin 

transfer from E2 to lysine residues of Nrf2. Consequently, ubiquitinated Nrf2 is quickly 

degraded by the 26S proteasome to keep the Nrf2 pathway off. A low constitutive level 

of the Nrf2-dependent response is maintained by low levels of ROS that are generated by 

physiological processes, such as the respiratory chain reaction. In summary, Nrf2 is a 

very unstable protein under basal conditions because Keap1 is actively targeting Nrf2 for 

ubiquitination and degradation. Furthermore, we have shown that the ubiquitin accepting 

lysine residues are within the Neh2 domain of Nrf2 and mutating these seven lysine 

residues to arginines renders the Nrf2 mutant to be more resistant to Keap1-dependent 

degradation [4].  Interestingly, the seven lysine residues are within the high-affinity 

ETGE and the low-affinity DLG motifs that bind the Kelch domain of Keap1, which is 

the proposed hinge and latch two-site binding model [54, 55]. 
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In response to Nrf2 inducers, Nrf2 becomes very stable and the Nrf2 pathway is turned 

on. We observed that the half-life of endogenous Nrf2 increased from 19 min in untreated 

cells to 51 min in stressed MDA-MB-231 cells [56]. Keap1-mediated ubiquitination of 

Nrf2 was reduced significantly upon treatment with tBHQ or SF [56]. Interestingly, we 

have shown that in cells cotransfected with Keap1-C151, tBHQ or SF could no longer 

repress ubiquitination of Nrf2 and had no effect on the half-life of Nrf2 [4, 40]. These 

data demonstrate the importance of C151 in sensing ROS and in turning on the Nrf2 

pathway. However, the mechanism by which Nrf2 inducers are able to block Keap1-

mediated ubiquitination and degradation of Nrf2 is still unclear. It is likely that direct 

modification of C151 in Keap1 by tBHQ may cause a conformational change of the 

Keap1-Cul3 E3 complex, resulting in a switch from Nrf2 ubiquitination to auto-

ubiquitination of Keap1 [57]. Intriguingly, different Nrf2 inducers seem to activate Nrf2 

by distinct mechanisms. In support of this notion, SF was unable to elicit a switch of 

ubiquitination from Nrf2 to Keap1[57]. More dramatically, arsenic-induction of Nrf2 was 

shown to be independent of C151 in Keap1 [44]. The details and distinct mechanisms of 

how various Nrf2 inducers activate the Nrf2 signaling pathway remain to be deciphered. 

Recent results from our laboratory provide a better understanding of how the Nrf2-

signaling pathway is turned off in the post-induction phase as intracellular redox levels 

approach homeostasis [35]. Our work was greatly facilitated by the findings that Keap1 is 

a shuttle protein [32-34]. Since Keap1 is a major key regulator of the Nrf2 signaling 

pathway, we performed our studies in cells coexpressing Keap1 and Nrf2. We concluded 
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that the NES sequence in Keap1 is required for Nrf2 inactivation after redox homeostasis 

is re-obtained. In addition, we found that Keap1-mediated ubiquitination and degradation 

of Nrf2 occurred in the cytoplasm and that Keap1 was able to travel into the nucleus 

independent of Nrf2 [35]. Based on these findings, we proposed that post-induction 

repression of the Nrf2 activity is accomplished by Keap1 through two distinguished 

functions. (i) The NES in Keap1: Keap1 translocates into the nucleus, dissociates Nrf2 

from ARE-binding, and then exports the Nrf2-Keap1 complex back into the cytoplasm. 

(ii) The substrate adaptor function of Keap1: once in the cytoplasm, Keap1 targets Nrf2 

to the Cul3-containing E3 ubiquitin ligase for ubiquitination and degradation. 

Based on the current knowledge, we propose the following model of how Keap1 

functions in switching the Nrf2 signaling pathway on/off. Under basal conditions, Keap1 

switches the Nrf2 signaling pathway off and maintains low basal levels of Nrf2 by 

constantly targeting Nrf2 for ubiquitin-mediated protein degradation. When Keap1 

“senses” a disturbance in the redox balance, the cysteine residues in Keap1 are modified, 

resulting in a conformational change of the E3 ubiquitin ligase to a configuration not 

conducive for Nrf2 ubiquitination. Consequently, Nrf2 accumulates under oxidative 

conditions, which allows free Nrf2 to translocate to the nucleus and transcriptionally 

activate downstream genes by binding to the ARE sequences and switching the Nrf2 

signaling pathway on. Upon recovery of the redox balance, Keap1 travels into the 

nucleus, where it causes dissociation of Nrf2 from the ARE sequence. Subsequently, 

Keap1 escorts Nrf2 out of the nucleus to the cytoplasmic Cul3-dependent E3 ubiquitin 
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ligase machinery for degradation. Thus, a low level of Nrf2 is re-attained, turning the 

Nrf2 signaling pathway off.  

Although Keap1 is the major regulator of Nrf2 activation, there is further evidence 

indicating multiple levels of Nrf2 regulation. For example, phosphorylation of Nrf2 by 

several different kinases, which include protein kinase C (PKC), extracellular-regulated 

kinase (ERK), Jun N-terminal kinase (JNK), and phosphatidylinositol3-kinase (PI3K), 

has been implicated in regulating Nrf2 activation [58]. However, the functional 

significance of the reported phosphorylation residues in Nrf2, using cell-based 

mutagenesis analysis, has not been defined yet. Additionally, coactivator CBP and P300 

may provide another level of regulation. These coactivators have been shown to bind 

Nrf2 at the Neh4 and Neh5 domain to regulate transcription of ARE-containing genes [7, 

59]. (For a more detailed review on the regulation of Nrf2, refer to [58].) 

ii. Non-canonical pathway 

1. Autophagy and p62 

Autophagy, which means “self-eating,” is a complex catabolic process that is ubiquitous 

and occurs in all eukaryotic cells. It is a multiple step process and can be broken down 

simply as the following: (i) induction; (ii) cargo selection;  (iii) nucleation of vesicle 

formation; (iv) double-membrane vesicle expansion and completion or formation of 

autophagosome; (v) retrieval; (vi) targeting, docking, and fusion of the completed vesicle 
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with the lysosome; and (vii) breakdown of the vesicle and its contents [60]. This entire 

process requires the careful orchestration of several Atg (AuTophaGy-related) genes that 

participate in dynamic protein complexes necessary for assembly, docking, and 

degradation of the autophagosome [61]. Autophagy plays a major role in maintaining 

cellular homeostasis during nutrient deprivation and in eliminating damaged proteins and 

organelles that accumulate during stress [62]. It is also involved in various developmental 

pathways and functions in tumor suppression, resistance to pathogens, and extension of 

lifespan [60].  

Some of the well-characterized genes are: Atg5, Atg8 (LC3), and Atg6 (Beclin-1). Atg5 

and Atg12 are ubiquitinated by E1-like enzymes, Atg7 and Atg10, which are required to 

recruit other proteins to the autophagosomal membrane and form the autophagic vacuole. 

Atg8, or the mammalian homolog microtubule-associated protein light chain 3 (LC3), 

exists in two isoforms, LC3-I (18 kDa) and its cleaved form, LC3-II (16 kDa). LC3-I is 

localized in the cytosol and LC3-II is in autophagosomal membranes and thus, can be 

used to estimate the abundance of autophagosomes before they are destroyed through 

fusion with the lysosome. Beclin-1 localizes to the trans-Golgi network, belongs to the 

class III phosphatidylinositol 3-kinase complex, and participates in autophagosome 

formation.  

Formation of autophagosomes also requires substrate adaptor proteins, such as p62, that 

deliver specific cargo proteins to the autophagosomal membrane. p62 is a multifunctional 
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protein that contains (i) an ubiquitin-associated domain (UBA) that binds ubiquitinated 

proteins; (ii) an ubiquitin-like domain (UbL) that binds to the 26S proteasome; (iii) an 

LC3 interaction domain; and (iv) a PB1 domain for self oligomerization. Because p62 

binds ubiquitinated proteins and LC3 in the autophagosomal membrane, it has been 

shown to play a critical role in autophagy by bridging aggregated polyubiquitinated 

proteins to autophagosomes that fuse with lysosomes for degradation.  

A loss of the essential autophagy gene Beclin-1 is frequently found in ovarian, prostate, 

and breast cancer, and renders mice prone to hepatocellular carcinoma, lung 

adenocarcinoma, mammary hyperplasia, and lymphoma [63-65]. Additionally, mice with 

a deficiency in autophagy have tissues with signs of metabolic impairment, accumulate 

abnormal organelles and lipid droplets, and have both p62- and polyubiquitin-containing 

protein aggregates [65]. Protein accumulation, particularly p62, has been shown to be 

cytotoxic, which can cause cell death, neurodegeneration, and inflammation [65, 66]. In a 

recent publication sustained accumulation of p62, damaged mitochondria and ER 

chaperones, and elevated levels of ROS was found in autophagy-deficient cells. 

Furthermore, excessive accumulation of p62 due to a defect in autophagy was shown to 

cause an increase in oxidative stress, which can potentially lead to deregulation of several 

signal transduction pathways and altered gene expression [67]. However, the pathways 

that are affected by p62 accumulation and the physiological significance of these effects 

have yet to be fully elucidated. 
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2. p62-mediated activation of the Nrf2-Keap1 pathway 

Recently, we and others independently identified p62 as a new binding protein to Keap1 

[68-71]. Furthermore, the binding domain in p62 is similar to the strong ETGE binding 

motif in Nrf2 that binds to the Kelch domain of Keap1 [68-70]. Since the ETGE motif in 

p62 is also found to bind the Kelch domain of Keap1, this supports the notion that p62 

may compete with Nrf2 for Keap1 binding [68, 70]. This p62-Keap1 interaction was 

found to compromise the activity of the Keap1-Cul3-E3 ubiquitin ligase complex and 

thus, prevents the ubiquitination and degradation of Nrf2 [68]. Using fluorescently tagged 

proteins, ectopically expressed p62-CFP was shown to sequester Keap1-RFP into 

autophagosomes [68]. Furthermore, deregulation of autophagy led to the accumulation of 

p62, and again, recruited Keap1 into autophagosomes [68, 70, 71]. Accumulation of p62 

causes the Keap1-Cul3-E3 ubiquitin ligase complex to be sequestered into aggregates, 

decreasing its activity to ubiquitinate Nrf2, and consequently, stabilizing Nrf2 and 

allowing it to translocate into the nucleus to turn on transcription of its downstream 

genes. These results revealed a novel non-canonical cysteine-independent mechanism of 

Nrf2 activation, which may be the mechanism by which arsenic activates the Nrf2-Keap1 

pathway (discussed later) (Figure 3).  

b. Nrf2 in cancer prevention 

The concept of chemoprevention through the use of  dietary compounds or synthetic 

chemicals has been rooted half a century ago when the first report demonstrated that 
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systemic administration of small quantities of xenobiotics, such as 3-methylcholanthrene, 

decreased the incidence of cancer in rats that were subsequently fed large doses of 

carcinogenic azo dyes [72]. Work over the last 50 years has identified many compounds 

from plants, referred to as phytochemicals, possessing chemopreventive activities [73-

81]. Interestingly, many well-studied chemopreventive compounds have been identified 

as Nrf2 inducers (Figure 4). Examples of potent Nrf2 inducers from plants include 

sulforaphane (cruciferous vegetables) [74], curcumin (a widely used spice) [82-84], 

epigallocatechin-3-gallate (EGCG) (green tea) [85, 86], resveratrol (grapes) [87, 88], 

caffeic acid phenethyl ester (conifer trees) [82], wasabi (Japanese horseradish) [89], 

cafestol and kahweol (coffee) [90, 91], cinnamonyl-based compounds (cinnamon) [92], 

zerumbone (ginger) [93], garlic organosulfur compounds (garlic) [94, 95], lycopene 

(tomato) [96], carnosol (rosemany) [97, 98], and avicins (Bentham plant) [99]. Besides 

phytochemicals, certain synthetic chemicals such as oltipraz (a substituted 1, 2-dithiole-3-

thione) [21], 2-indol-3-yl-methylenequinuclidin-3-ols (an indole analogue) [100], and the 

synthetic triterpenoid 2-cyano-3,12-dioxooleana-1,9(11)-dien-28-oic acid (CDDO) and 

its derivative 1-[2-cyano-3-,12-dioxooleana-1,9(11)-dien-28-oyl] imidazole (CDDO-Im) 

[101, 102], are also potent Nrf2 inducers. This list of Nrf2 inducing chemopreventive 

compounds and synthetic chemicals is continuously growing. 

These chemopreventive compounds or synthetic chemicals exert their chemopreventive 

activity by inducing the Nrf2-dependent adaptive response, including phase II 

detoxifying enzymes, antioxidants, and transporters that defend cells from subsequent 
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carcinogenic insults. Therefore, Nrf2 has been viewed as a “good” protein that protects 

humans from genotoxic damage caused by carcinogens. Several in vivo studies using 

Nrf2-null mice further verified the pivotal role of Nrf2 in cancer protection. Nrf2-null 

mice have reduced basal and induced levels of phase II genes such as GST, NQO1, and 

glutamate cysteine ligase (GCL). [103-107]. Nrf2 knockout mice display increased 

sensitivity to chemical toxicants and carcinogens and are refractory to the protective 

actions of chemopreventive compounds [21-23, 26, 108-111].   

c. Nrf2 in cancer promotion 

Surprisingly, new emerging data has revealed the “dark” side of Nrf2. Nrf2 protects not 

only normal cells from transforming into cancer cells, but also promotes the survival of 

cancer cells under a deleterious environment. The first evidence indicating the 

involvement of Nrf2 in cancer promotion came from the finding that Nrf2 and GSTP1 

were upregulated during development of hepatocellular carcinoma [112]. GSTP1 is a 

mark for neoplastic lesions because it is absent in normal tissues but overexpressed in 

cancerous tissues. In the same paper, Nrf2 was shown to regulate expression of GSTP1 

through an ARE in the promoter of GSTP1 [112]. Thereafter, more evidence has 

indicated a positive role of Nrf2 in cancer tumorigenesis and chemoresistance. For 

instance, many Keap1 mutations or loss of heterozygosity in the Keap1 locus have been 

identified in lung cancer cell lines or cancer tissues [30, 113]. Keap1 mutations or loss of 

heterozygosity resulted in inactivation of Keap1 or a reduced expression of Keap1, which 
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upregulated the protein level of Nrf2 and transactivation of its downstream genes [30, 

113]. In a similar study, the status of Keap1 was investigated in 65 Japanese patients with 

lung cancer, which identified and showed a high incidence of Keap1 somatic mutations in 

patients with lung adenocarcinoma [114]. In another study, a mutation of Keap1 (C23Y), 

that was found in breast cancer, was reported to have impaired ability in repressing Nrf2 

[115]. Under a hypoxia/reoxygenation condition, which mimics a tumor 

microenvironment, Keap1 expression was decreased whereas Nrf2 and Prx1 were 

upregulated, resulting in removal of ROS and protection of cancer cells [116]. 

Interestingly, a recent report also indicates that Keap1 expression was reduced in lung 

cancer cell lines and tissues, compared to that in normal bronchial epithelial cell line 

[117]. However, the reduced expression was due to hypermethylation of the Keap1 

promoter, an epigenetic mechanism [117]. In accordance with the previous findings, we 

found that Nrf2 was overexpressed at later stages of cancer in lung tissue [118]. Recently, 

upregulation of Nrf2 was detected in an arsenic-transformed human keratinocyte cell line, 

compared to its parental cell line [119]. Collectively, these results suggest that loss of 

function of Keap1 may result in prolonged activation of Nrf2 providing cancer cells with 

a growth advantage due to upregulation of Nrf2 downstream genes (Figure 5). 

Very recently, several independent studies indicate that Nrf2 may be responsible for 

chemoresistance. Using genetic manipulation, we have demonstrated a strong positive 

correlation between Nrf2 levels and resistance of three cancer cell lines to 

chemotherapeutic drugs such as cisplatin, doxorubicin, and etoposide [118]. Chemical 
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activation of Nrf2 by pretreatment with tBHQ also increased survival of neuroblastoma 

cells in response to the three drugs tested [118]. Consistent with our findings, the role of 

Nrf2 in determining efficacy of cisplatin was also demonstrated in ovarian cancer cells 

using siRNA knockdown of Nrf2 [120]. When the molecular mechanism of acquired 

resistance to tamoxifen was investigated, a MCF-7 derived tamoxifen resistance cell line 

was found to have an elevated expression of Nrf2 and its downstream genes, such as HO-

1, Trx, Prx, and GCL [121]. Furthermore, knockdown of Nrf2, using Nrf2-siRNA, 

reversed resistance of the cells lines to tamoxifen [121]. Similarly, the Nrf2 pathway was 

activated in an imatinib-resistant cell line. Ascorbic acid, a reducing reagent capable of 

blocking Nrf2 activation, reversed imatinib sensitivity [122]. Using MEF cells from wild-

type and Nrf2-null mice, Nrf2 was shown to be important in determining the sensitivity 

of cells in response to the GSH inhibitors L-buthionine-(S, R)-sulfoximine and 

doxorubicin [123].  

Based on their ability to function as antioxidants and detoxifying enzymes, many Nrf2 

downstream genes have been shown to contribute to the observed Nrf2-dependent 

chemoresistance and cancer promotion. The role of HO-1 in cancer promotion and drug 

resistance has been extensively investigated [124]. HO-1 is an enzyme that degrades pro-

oxidant heme into ferrous iron, carbon monoxide, and biliverdin which is quickly 

converted into bilirubin. The end-products of HO-1 have antioxidant activities that are 

able to defend cells from oxidative stress. Therefore, activation of HO-1 plays a key role 

in the anti-inflammatory response and in cell survival. Similar to Nrf2, the protective 
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effect of HO-1 in normal cells may protect us from oxidative stress-related diseases. 

However, it is undesirable in cancer since it provides a selective advantage for cancer 

cells to survive. Consistent with this notion, HO-1 has been found to be overexpressed in 

various tumor types. It is believed that overexpression of HO-1 facilitates cancer cell 

growth and survival in many aspects, such as stimulating rapid growth of cancer cells, 

enhancing cancer cell resistance to stress and apoptosis, promoting angiogenesis of 

tumors, and aiding in metastasis of tumors [124]. In support of this, overexpression of 

HO-1 in melanoma cells by viral infection or transient transfection resulted in an increase 

in cell proliferation, resistance to H2O2-induced oxidative stress, and increase in 

endothelial cell division leading to angiogenesis [125]. Similar results were seen in vivo 

when mice were injected with HO-1 overexpressing melanoma cells, compared to mice 

injected with melanoma cells [125]. Overexpression of HO-1 has also been implicated in 

resistance of cancer cells to conventional cancer therapies. For example, A549 is more 

resistant to cisplatin and EGCG induced cell death than any other lung cancer cell line. 

This was contributed to the high expression of Nrf2 and HO-1 because inhibition of HO-

1 by siRNA or by zinc protoporphyrin, a pharmacological HO-1 inhibitor, rendered 

cancer cells to be more sensitive to cisplatin or EGCG-mediated cytotoxicity, associated 

with elevation of intracellular ROS [126-128]. Nitric oxide (NO) also induces the 

expression of HO-1 and has a potent anti-apoptotic function. However, when zinc 

protoporphyrin was utilized, apoptosis was induced and tumor growth was reduced in rat 

hepatoma cells in response to NO [129, 130]. In another study, auditory cells were 

protected by piperine, a major component of black pepper, from cisplatin-induced 
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apoptosis. The protection was due to piperine-mediated induction of Nrf2 and HO-1, 

since blockage of induction of HO-1 by either antisense oligos or zinc protoporphyrin 

abrogated protection [131]. Additionally, in acute myeloid leukemia cells, TNFα was 

able to upregulate Nrf2 and HO-1, which makes acute myeloid leukemia cells refractory 

to TNFα-induced apoptosis [132]. Lastly, upregulation of HO-1 attenuates the 

cytotoxicity induced by cisplatin or photodynamic therapy [133, 134]. 

In addition to HO-1, other Nrf2-downstream genes such as Prx1, GPx, and TrxR, were 

also upregulated in many cancer cells or tissues and may contribute to chemoresistance 

[116, 135, 136]. Prxs are thiol-specific antioxidant proteins that detoxify peroxides. There 

have been several studies showing elevated expression of Prx1 in human cancers. For 

example, Prx1 was significantly higher in abnormal biopsies from thyroid lesions 

compared to normal tissues [137]. In another study involving 90 patients who had non-

small cell lung cancer and underwent surgical resection, expression of Prx1 and Nrf2 was 

elevated in more than 60% of patients [136]. Additionally, a strong correlation was found 

between overexpression of Prx1 and recurrence/decreased survival [136]. Taken together, 

these data imply that Prx1 has an effect on cancer development and progression. 

Another Nrf2 downstream gene is GPx, which is part of a large family of selenoproteins. 

There are five known isoforms that all have the same general function of detoxifying 

hydroperoxides to water or an alcohol using reduced glutathione [138]. The difference 

between the five isoforms is in substrate specificity and localization [139]. One particular 
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GPx, GI-GPx or GPx2, is mainly expressed in the epithelium of the gastrointestinal 

system, but can also be found in other types of epithelial cells. It has been implicated in 

the control of inflammation and malignant growth [139].  An ARE sequence was 

identified in the promoter region of GI-Gpx and upregulation of GI-Gpx by 

overexpression of Nrf2 or by tBHQ, SF, and curcumin induction was demonstrated [11]. 

An increase in GI-GPx has been associated with carcinogenesis by supporting growth, 

facilitating proliferation, and inhibiting oxidant-mediated apoptosis. mRNA levels of GI-

GPx are elevated in Barrett’s esophageal mucosa and in advance stages of colorectal 

adenomas [140]. In addition, other isoforms of GPxs have also been implicated in both 

cancer prevention and cancer progression, but whether or not they are regulated by Nrf2 

is still uncertain. 

Another selenoprotein, TrxR, is ubiquitously expressed in mammalian tissues and 

catalyzes the reduction of the active site disulfide of Trx [135]. Trx and TrxR are 

important in regulating the redox status of cells and are involved in many cellular 

functions including redox control of transcription factors, protection against oxidative 

stress, and cell growth [135]. TrxR has also been shown to be induced by SF and tBHQ 

both in vivo and in vitro [141-143]. Sakurai et al. showed that cadmium, along with other 

Nrf2 activators, including arsenite, DEM, and hydrogen peroxide, induced gene 

expression, and activated the activity of TrxR1, which suggests that TrxR has a protective 

role against cancer [12, 13]. However, it has been shown that TrxR1 is elevated in several 

cancer lines and in human gastrointestinal cancer tissues [144, 145]. Other studies in 
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support of TrxR’s role in cancer progression showed that inhibition of TrxR prevents 

cancer cell growth in vivo and knockdown of TrxR in lung carcinoma cells reverses the 

tumorigenicity and invasion [146]. Several groups have shown that cisplatin induces 

intracellular expression of human Trx and that enhanced expression is closely associated 

with the development of cellular resistance to cisplatin [147]. It has also been shown that 

cells resistant to cisplatin have an elevated expression of TrxR and that inhibiting TrxR 

activity using a chemical inhibitor or siRNA increases the cellular sensitivity to cisplatin 

[147]. 

Other downstream genes of Nrf2 that are upregulated in response to oxidative stress 

include GSTs and GCL. There are three super-families of GSTs: microsomal (MAPEG), 

mitochondrial, and cytosolic [148]. GSTs are phase II conjugating enzymes that detoxify 

reactive electrophilic metabolites and their effectiveness relies on the level of glutathione 

(GSH), which is determined by GCL and GSH synthase (GSHS) [148]. Not only do 

GSTs detoxify electrophilic xenobiotics, but they also inactivate endogenous compounds, 

such as aldehydes, quinones, epoxides, and hydroperoxides [149]. The largest super-

family, cytosolic GSTs, is comprised of seven classes: Alpha, Mu, Omega, Pi, Sigma, 

Theta, and Zeta, with a broad spectrum of substrate specificity and different expression 

patterns. (For a more detailed review on the activities of the various human cytosolic, 

mitochondrial and microsomal GSTs, refer to [149].) 
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There have been several studies demonstrating increased GST expression in cancer cell 

lines and tumors that are multidrug resistant [148]. In an epidemiological study, patients 

with chronic lymphocytic leukemia had a higher expression of GST-Pi, Alpha, and Mu 

when compared to normal lymphocytes [150]. In addition, there was higher GST activity 

in chlorambucil-resistant patients [150]. It has been shown that transient transfection of 

GST-Pi into COS cells caused an increase in drug resistance to chlorambucil, and 

transfection of GST-Pi caused a human colon cancer cell line to be resistant to 

adriamycin, cisplatin, melphalan, and etoposide [151]. Also, inhibiting GST expression 

by antisense cDNA and specific inhibitors of GCL in several other cancer cell lines 

increased sensitivity to chemotherapeutics like doxorubicin and vincristine [152-155]. 

Levels of GSH and the expression of GCL, both mRNA and protein, were higher in 

human cancer cells that were resistant to cisplatin or doxorubicin compared to that in 

drug-sensitive cells [156]. In conjunction, depletion of GSH elevated the sensitivity of 

esophageal tumors to cisplatin, suggesting a role for GSH in drug resistance [157]. In a 

review discussing the role of glutathione-dependent enzymes, it listed a great deal of 

evidence supporting how these enzymes affect drug resistance in cancer cells: (i) GSH-

dependent enzymes and enzymes involved in maintaining cellular GSH are increased in 

cancer cell lines and are resistant to alkylating agents or drugs that generate free radicals, 

(ii) drug resistant bone marrow or lung cancer cells and preneoplastic foci in rat liver 

have higher GSH levels, (iii) depletion of cellular GSH levels sensitizes cells to the toxic 

effects of a wide range of chemotherapeutics, and (iv) amplification of cellular GSH 

levels, both in vivo and in vitro, protects against toxic effects of cytotoxic drugs [158].  
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Overexpression of detoxifying enzymes is not the only culprit thought to be involved in 

the progression of cancer. It has also been hypothesized that transporters, like MRPs, may 

also play a role because they too are increased in cancer cell lines and tumor samples. 

MRPs transport exogenous and endogenous organic anions, including conjugated 

metabolites derived from detoxification by phase II conjugating enzymes, out of the cell 

[159]. This causes tumor cells to acquire a resistance to different drugs because increased 

expression of transporters leads to a decrease in drug accumulation in the cell [148]. 

Furthermore, Nrf2 was shown to be necessary for the constitutive and inducible 

expression of MRP1 in MEFs [160]. Nrf2 also enhances the expression of MRP2 by 

binding to its defined ARE sequence upon treatment with Nrf2 inducers [15]. It has been 

suggested that there is a shared coordinated regulatory mechanism between GST and 

MRP and that oxidative stress, some xenobiotics, and anticancer agents, like cisplatin and 

alkylating agents, co-induce GCL and MRP1 [148]. AREs have been identified in some 

isoforms of GSTs, UGTs, and MRPs, which provides a good indication that they are 

coordinately regulated by Nrf2 [10, 14-16] [161]. Coordinated regulation of GST-Pi and 

MRP1 by Nrf2 has also been confirmed by utilizing several known Nrf2-inducers, such 

as tBHQ, oltripaz, and SF [148].  

NQO1 is another gene which protects against oxidative stress and can be induced by 

thiol-active agents in an Nrf2-dependent fashion. It has long been regarded as a 

chemoprotective enzyme that catalyzes the reduction and detoxification of highly reactive 

quinones [162, 163]. Recently, it has been discovered that NQO1 might be involved in 
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the stabilization of the tumor suppressor gene p53, which supports the protective role of 

NQO1 against cancer [164]. However, there is mounting evidence supporting a positive 

role for NQO1 in cancer progression. NQO1 is overexpressed in various tumors 

including those of the adrenal gland, bladder, breast, colon, liver, lung, ovary, and thyroid 

[118, 162, 165-167]. In another study, protein expression and enzymatic activity of 

NQO1 was increased in colon and gastric carcinoma cell lines and in colorectal tumor 

samples compared to peripheral normal samples [168]. In addition, there was higher 

expression of NQO1 in metastatic tumors than tumors that were not. Together, these 

findings suggest a correlation between high levels of NQO1 and tumorigenesis as well as 

malignant progression of cancer [168]. Overexpression of NQO1 may also play a role in 

cancer drug resistance. In a study conducted in our laboratory, knockdown of Nrf2 using 

siRNA in A549 lung cancer cells, showed a decrease in NQO1 mRNA expression along 

with a dramatic decrease in NQO1 enzyme activity, which sensitized the cells to the toxic 

effects of three chemotherapeutic drugs, cisplatin, doxorubicin, and etoposide [118]. 

Collectively, these data confirm that Nrf2 regulates the expression of NQO1 and that 

NQO1 has potential dual roles in cancer. Lastly, it is thought that an increase in NQO1 is 

accompanied by an increase in other antioxidant enzymes, such as HO-1 and GST, 

providing tumors with increased protection against cytotoxic agents allowing for rapid 

cancer progression [169]. 
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II. Arsenic-mediated activation of the Nrf2-Keap1 antioxidant pathway 

a. Introduction to arsenic 

Arsenic is a naturally occurring metalloid that exists in practically all environmental 

media, such as air, soil, and water. Mostly, it exists in two oxidative forms, trivalent 

arsenite (As
III

) and pentavalent arsenate (As
V
) [170]. Millions of people worldwide are 

exposed to arsenic through contaminated drinking water, indicating oral ingestion as the 

main route of exposure [171]. Arsenic is also associated with a wide variety of adverse 

effects, such as skin lesions, peripheral vascular diseases, reproductive toxicity, and 

neurological effects [171]. Additionally, several epidemiological studies have correlated 

arsenic exposure to various human malignancies in the skin, lung, urinary bladder, liver, 

and kidney [172]. Within the last two decades, the World Health Organization, as well as 

the United States Environmental Protection Agency, reduced the allowable arsenic 

concentration in drinking water from 50 ppb to 10 ppb (WHO, 1993 and EPA, 2001). 

However, due to the toxicity profile of arsenic, it is currently being used as a cancer 

chemotherapeutic for the treatment of a variety of human cancers, predominantly acute 

promyelocytic leukemia (APL) [173, 174]. 

Arsenic can undergo a series of methylations and oxidative reductions to generate a 

number of metabolites, including monomethylarsonous acid (MMA
III

), 

monomethylarsonic acid (MMA
V
), dimethylarsinous acid (DMA

III
), and dimethylarsinic 

acid (DMA
V
), that are excreted from the bladder, making the bladder the major target 
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organ that is susceptible to the toxic effects of arsenic [175]. Arsenic has also been shown 

to have multiple biological effects, including alterations in signal transduction pathways, 

damage to DNA and inhibition of its repair, induction of apoptotic cell death, and effects 

on global DNA methylation [173]. Several studies have demonstrated that arsenic 

exposure results in the generation of reactive oxygen species (ROS) in various cellular 

systems. Moreover, addition of inhibitors of oxidative stress, such as catalase, superoxide 

dismutase or glutathione peroxidase, or antioxidants like glutathione or vitamin E, 

decrease the toxic effects caused by arsenic [171, 176-179]. Therefore, the cytotoxic and 

genotoxic effects of arsenic are thought to be attributed to its ability to be a potent 

inducer of ROS; however, the exact mechanism(s) by which arsenic causes its harmful 

effects has yet to be elucidated. 

b. Environmental arsenic activates the Nrf2-Keap1 pathway 

Nrf2 is a transcription factor that is activated in response to oxidative stress. Under 

unstressed conditions, Nrf2 is maintained at very low levels by its negative regulator, 

Keap1 [Kelch-like ECH associated protein 1], which forms an E3 ubiquitin ligase 

complex with Cullin 3 (Cul3) and Ring-box 1 (Rbx1) and facilitates the ubiquitination of 

Nrf2 [4, 48]. Subsequently, Nrf2 is targeted for degradation by the 26S proteasome. 

When cells are exposed to stress or electrophilic compounds, pivotal cysteine residues 

(C273, C288, and C151) in Keap1 act as “sensors” and are S-alkylated [40, 41, 180]. It is 

hypothesized that modification of the critical cysteine residues in Keap1 causes a 
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conformational change in the Keap1-Cul3-Rbx1 E3 ubiquitin ligase complex hindering 

ubiquitination of Nrf2 [43]. Subsequently, Nrf2 accumulates in the cytoplasm and 

translocates into the nucleus, dimerizes with a small Maf protein, and binds to the 

antioxidant response element (ARE) in the promoter region of cytoprotective genes that 

are responsible for the detoxification and elimination of harmful substances, like arsenic 

(Figure 3). These genes include intracellular redox-balancing proteins (heme oxygenase-1 

(HO-1), glutamate cysteine ligase catalytic subunit (GCLC) and regulatory subunit 

(GCLM)), phase I and II detoxication enzymes (NAD(P)H quinone oxidoreductase-1 

(NQO1) and glutathione S-transferase (GST)), xenobiotic transporters (multidrug 

resistance-associated proteins (MRPs)), and other stress response proteins [181-183].  

Arsenicals have been shown to activate the Nrf2-Keap1 pathway in a variety of human 

cell lines, including osteoblasts (MC3T3-E1) [184], keratinocytes [185], placental 

choriocarcinoma cells [186], HeLa [187], myeloma cells [188], bladder epithelial cells 

(UROtsa) [189], breast cancer cells (MDA-MB-231) [44], and lung epithelial cells 

(BEAS-2B and 16HBE14o-) (Lau, 2012, MCB under review). Furthermore, activation of 

Nrf2 by sulforaphane (SF) or tert-butylhydroquinone (tBHQ) was shown by our 

laboratory to protect UROtsa cells from both arsenite and monomethylarsonous acid 

(MMA
III

) toxicity [189]. In the same study, mouse embryonic fibroblasts (MEF) from 

Nrf2 wild-type mice were less susceptible to arsenic-induced toxicity compared to MEF 

cells from Nrf2 null mice [189]. These findings were consistent with in vivo results, when 

Nrf2 wild-type and knockout mice were exposed to drinking water containing 1 ppm, 10 
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ppm, or 100 ppm sodium arsenite for six weeks [190]. Although, the kidneys and lungs 

were not affected, the bladder and liver of Nrf2 knockout mice displayed more severe 

pathological changes when compared to Nrf2 wild-type mice [190]. Collectively, these 

results demonstrate the importance of Nrf2 activation in protecting against arsenic 

toxicity. 

In 2008, studies conducted in our laboratory demonstrated that arsenic activates Nrf2 

through a different mechanism than that of SF and tBHQ. SF- and tBHQ-mediated 

activation of Nrf2 is dependent upon modification of the cysteine 151 sensor in Keap1 

(Keap1-C151), also known as the canonical mechanism of Nrf2 activation. However, 

As
III

 and MMA
III

 activate Nrf2 through a Keap1-C151 independent mechanism [44, 191, 

192]. Recently, we demonstrated that arsenic-mediated activation of Nrf2 is dependent 

upon p62 in human lung epithelial cell lines (Lau, 2012, MCB under review). p62 is a 

selective substrate adaptor protein that plays a critical role in autophagy, a bulk-

lysosomal degradation pathway, by bridging aggregated proteins or damaged organelles 

to double-membrane vesicles called autophagosomes, which fuse with lysosomes to be 

degraded [193]. Keap1 has also been shown to directly bind p62 and be a substrate of 

autophagy [68-71]. Overexpression of p62 or a deficiency in autophagy causing an 

accumulation of p62 resulted in the sequestration of Keap1 into autophagosomes and 

hindrance of the Keap1-Cul3 E3 ubiquitin ligase complex to properly ubiquitinate Nrf2 

[68-71] (Figure 3). Data support that this p62-dependent or non-canonical mechanism of 

Nrf2 activation is the mechanism by which arsenic activates the Nrf2 pathway. Increased 
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expression of Keap1 was observed in keratinocytes treated with arsenic, suggesting that 

autophagy is inhibited and that Keap1 is unable to regulate Nrf2 because it is sequestered 

in autophagosomes by p62 [194]. Upon knockdown of p62, Keap1 is no longer 

sequestered in autophagosomes and arsenic-mediated activation of Nrf2 is abrogated 

(Lau, 2012, MCB under review). These studies suggest that p62 interaction with Keap1 

plays an essential role in arsenic-mediated Nrf2 activation. 

To further elucidate the mechanism by which arsenic affects autophagy and the Nrf2-

Keap1 pathway, we showed that arsenic inhibits the later stage of autophagy either by 

inhibiting the fusion of autophagosomes with lysosomes or affecting acidification of 

lysosomes, resulting in the accumulation of p62 and sequestration of Keap1 into 

autophagosomes (Lau, 2012, MCB under review). This suggests that arsenic-mediated 

deregulation of autophagy consequently prohibits Keap1-mediated ubiquitination of Nrf2 

due to Keap1 sequestration by p62, allowing Nrf2 to be stable and translocate into the 

nucleus to turn on transcription of ARE-bearing genes. Consistent with these findings, 

Aono et al. also demonstrated that osteoblasts treated with arsenic activated Nrf2-

dependent transcription of ARE target genes, including HO-1, Peroxiredoxin 1 (Prx1), 

and p62 [184]. An accumulation of p62 and ubiquitin-conjugated proteins was also 

observed [184]. p62 has also recently been shown to be a downstream target gene of Nrf2 

as well, creating a positive feedback loop [69]. These data support a mechanism by which 

arsenic-mediated effects could be two-fold; first, arsenic blocks autophagic flux, and 

second, arsenic can also activate Nrf2 to increase p62 transcription. Both effects can 
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independently lead to accumulation of p62 and sequestration of Keap1. The effects may 

also be compounded, and whether or not arsenic-mediated Nrf2 activation is beneficial or 

detrimental has yet to be determined. Taken together, these studies highly suggest that 

autophagy and p62 play a critical role in the mechanism by which arsenic activates the 

Nrf2-Keap1 pathway. 

c. The role of Nrf2 in arsenic toxicity 

The role of Nrf2 in arsenic toxicity initially was thought to be cytoprotective; however, 

recent studies suggest that arsenic-mediated activation of Nrf2 may be associated with the 

“dark side,” a termed coined to describe how Nrf2 can play a role in both 

chemoprevention and chemoresistance [118]. Not only has Nrf2 been shown to be 

advantageous to normal cells, but it is also beneficial for cancer cells, providing an 

environment conducive for cell growth and protection against oxidative stress and 

chemotherapeutic agents [118]. Constitutive activation of Nrf2 due to somatic mutations 

in Keap1 or Nrf2 that disrupt Keap1-mediated regulation are prominent in several types 

of human cancer cell lines and tumors [54, 55, 113, 114]. More specifically, mutations in 

Nrf2 have been found in lung and head/neck [195], oesophagus, skin, lung, and larynx 

cancers [196]. Keap1 gene mutations were initially identified in lung cancer cell lines 

[30] and thereafter, several reports have indicated Keap1 mutations in breast cancer 

[115], gallbladder cancer [197], prostate cancer [198], and many non-small-cell lung 

cancer cell lines [113]. Furthermore, several studies have demonstrated that there is a 
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correlation between high Nrf2 protein levels in cancer cells and resistance to 

chemotherapeutics [118, 198-201]. A549 cells, which contain a mutation in the Nrf2 

binding site in Keap1 (Kelch domain), thereby abolishing Keap1-mediated regulation of 

Nrf2, have constitutive activation of Nrf2 and are resistant to a variety of 

chemotherapeutic agents, such as cisplatin, doxorubicin, and etoposide [113, 118]. A549 

cells, as well as other cancer cells, can be sensitized to chemotherapeutic-induced 

apoptosis through knockdown or inhibition of Nrf2 [118, 202].  Epigenetic mechanisms 

and loss of heterozygosity have also been found to upregulate the Nrf2-Keap1 pathway in 

different types of cancers due to reduced levels of Keap1 [114, 199, 203]. A 

comprehensive genetic and epigenetic analysis of the Keap1 gene in 47 non-small cell 

lung cancer tissues and specimens was done [203]. Interestingly, 22 out of 47 of the 

tumor tissue were found to be methylated at the Keap1 promoter region, which was not 

observed in any of the normal samples, and 10 out of 47 had loss of heterozygosity [203]. 

Uncovering the dual roles of Nrf2 in cancer has raised safety concerns with respect to the 

strategy of using natural compounds to activate Nrf2 for chemoprevention. However, it 

has been shown that some chemopreventive compounds have very short half-lives that 

are within hours and the induction of Nrf2 downstream genes range from hours to days 

[204]. Although the activation of the Nrf2 pathway is pronounced, it is transient and 

therefore, intermittent dosing is suggested for chemopreventive use [205, 206]. However, 

there is emerging evidence suggesting that arsenic-mediated activation of Nrf2 is similar 

to genetic disruptions found in cancer cells causing elevated and prolonged activation of 
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the pathway. Human liver hepatocellular carcinoma (HepG2) cells exposed to 10 µM 

inorganic arsenic not only caused persistent induction of HO-1, but also prolonged Nrf2 

activation up to 60 hours when compared to SF [207]. Arsenic also promoted dissociation 

of Bach1, a transcriptional repressor, from the HO-1 enhancer and increased Nrf2 binding 

to the ARE of HO-1 in human microvascular endothelial cells [208]. Two independent 

studies also demonstrated that arsenic stabilizes Nrf2 protein levels by enhancing the 

association of Keap1 and Cul3 [44, 209]. When keratinocytes were exposed to 100 nM 

arsenic for 28 weeks, Nrf2 basal activity was higher than control cells [194]. However, 

this is where there is some controversy as to whether Nrf2 protein levels elevate as a 

protective mechanism in response to arsenic induced ROS, or whether arsenic is 

promoting survival in transformed cells by increasing Nrf2 through deregulation of 

autophagy. Consistent with the previous findings, we also observed that 1 µM arsenic 

activates Nrf2 longer than SF, suggesting that prolonged Nrf2 activation may be involved 

in arsenic-induced toxicity and carcinogenesis. Therefore, it is probable that arsenic-

mediated activation of Nrf2 is pro-carcinogenic by allowing Nrf2 to protect mutant cells 

from cell death (Figure 5).  

Interestingly, when cells were treated concomitantly with SF and arsenic, arsenic-

mediated autophagy was alleviated (Lau, 2012, MCB under review). A study done by 

Shinkai et al. showed that pretreatment of mouse hepatocytes with SF not only decreased 

arsenic toxicity, but also inhibited accumulation of arsenic in the cells due to upregulation 

of γ-GCS, GST isoforms, and MRP1, all of which are important for the excretion of 
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arsenic into the extracellular space [210]. Therefore, this offers a possible mechanism by 

which the effects of SF could predominate over those of arsenic. Further investigation is 

required to determine how SF prevents and/or reverses the deleterious effects caused by 

arsenic. Lipoic acid, a thiol-compound that is a strong antioxidant, has also been shown 

to induce Nrf2 in cells and protect against arsenic trioxide-induced autophagic cell death 

in human glioma cells [211, 212]. In contrast, when HepG2 cells were pretreated with 

lipoic acid prior to arsenic exposure, Nrf2 levels were comparable to that of control cells 

[212]. In a similar manner as SF, many studies have demonstrated that activation of Nrf2 

in a variety of other cell lines by tBHQ and natural compounds, like oridonin and 

cinnamaldehyde, can also protect against arsenic-induced toxicity [189, 210, 212-214]. 

These studies seem to support the notion that activation of Nrf2 by so-called beneficial 

compounds, like tBHQ and SF, is through a Keap1-C151-dependent mechanism and is 

distinct from the p62-dependent mechanism that has been identified for arsenic. This data 

suggests that activation through the Keap1-C151-dependent mechanism may elicit the 

positive chemopreventive Nrf2 response while the p62-dependent mechanism is 

associated with the dark side of Nrf2. However, the mechanism by which Keap1-C151 

dependent activation could predominate over that of arsenic and p62 remains unclear. 

d. The role of Nrf2 when arsenic is used as a cancer therapeutic  

Not only is arsenic present in the environment, but the metalloid, in the form of arsenic 

trioxide (ATO), is also used in the treatment of several human malignancies (for a full 
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review refer to [215]). ATO has also been shown to induce Nrf2 and its downstream 

cytoprotective genes, NQO1 and HO-1, in human oral squamous cell lines, multiple 

myeloma cell lines, rat cardiac myocytes and liver epithelial cells [188, 216, 217].  cDNA 

microarray analysis revealed that Nrf2, along with HO-1, GCLM, NQO1, epoxide 

hydrolase 1, and thioredoxin reductase, were elevated in an ATO-resistant ovarian cancer 

cell line when compared to parental cells, which have low Nrf2 protein levels and are not 

resistant to ATO [218]. The cells resistant to ATO had continuous cancer cell growth, 

cell survival, tumor metastasis and aggressiveness and were also resistant to cisplatin and 

paclitaxel [218]. In another study, microarray analysis of 59 cell lines from the NCI-60 

tumor cell line panel that were resistant to ATO also revealed an enrichment of Nrf2 

[219]. To validate the microarray data, knock down of Nrf2 by shRNA was shown to 

sensitize A549 cells to ATO [219]. Nrf2 knockdown in glioma cells potentiated ATO-

induced oxidative damage and cell death [220]. Morales et al. also demonstrated that 

ATO induces Nrf2 in multiple myeloma cell lines [221]. In the same study, inhibition of 

ATO-induced ROS with butylated hydroxyanisole did not affect Nrf2 activation or cell 

death [221]. These findings demonstrate that ATO-mediated induction of Nrf2 or cell 

death is not mediated through ROS, but possibly through p62 as suggested by our report 

(Lau, 2012, MCB under review)[221]. Further investigation is needed to determine the 

specific mechanisms of how these cancer cells acquire ATO resistance. However, the 

results of these studies on ATO highly suggest that Nrf2 protects cells from the cytotoxic 

effects of chemotherapeutic arsenic. Therefore, inhibition of Nrf2 may sensitize cancer 

cells to chemotherapeutics and induce cell death. Taken together, the evidence thus far 
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supports the notion that arsenic-mediated activation of Nrf2 not only may cause toxicity 

and carcinogenicity, but also contribute to chemoresistance.  
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III. Figures 

Figure 1.1 The domains of Nrf2. 

 

Nrf2 has six highly conserved domains termed Neh1-6. The Neh1 domain contains a 

CNC-type basic leucine zippers needed for DNA binding and dimerization with other 

transcription factors. This domain also contains a function nuclear localization sequence 

(NLS). The Neh2 domain contains the DLG and ETGE motifs that each binds to a Kelch 

domain of homodimer Keap1. Furthermore, the Neh2 domain contains seven lysine 

residues that are responsible for ubiquitin conjugation. Neh3 is necessary for 

transcriptional activation by recruiting co-activators. The Neh4 and Neh5 domains are 

rich in acidic residues and are both independent transactivation domains that act 

synergistally and interact with the CREB-binding protein. Much is not known about the 

Neh6 domain besides containing several serine residues [222]. 
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Figure 1.2 The domains of Keap1. 

 

Keap1 contains five domains. The two major domains are the broad complex, tramtrack, 

and bric-a-brac (BTB) domain and the double glycine repeats (DGR) or Kelch domain. 

The other three domains are the N-terminal, intervening region (IVR) or linker, and the 

C-terminal region (CTR) [222]. 
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Figure 1.3 Regulation of the Nrf2-Keap1 antioxidant pathway. 

 

Under basal conditions, a Keap1 homodimer binds to Nrf2 and forms an E3 ubiquitin 

ligase complex with Cullin 3 (Cul3) and Rbx1. This Keap1-Cul3-E3 ubiquitin ligase 

complex facilitates the ubiquitination of Nrf2, which is then shuttled to the 26S 

proteasome to be degraded. Upon induction of the Nrf2 pathway by chemopreventive 

compounds or oxidative stress, cysteine residues, specifically cysteine 151 (Cys151 or 

C151) on Keap1 are modified. This modification is thought to alter the conformation of 

the Keap1-Cul3-E3 ubiquitin ligase complex, thus, preventing Nrf2 to be in the correct 

orientation to be ubiquitinated. Nrf2 is then allowed to translocate into the nucleus where 
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it heterodimerizes with a small Maf protein and binds the antioxidant response element 

(ARE) to turn on the expression of downstream genes. During the post-induction phase, 

or once homeostasis is reinstated, Keap1 enters the nucleus, binds Nrf2, and exports Nrf2 

back into the cytoplasm where it is ubiquitinated and degraded [35, 182]. 
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Figure 1.4 Natural and synthetic Nrf2 activators. 

 

 

(A) Natural phytochemicals isolated from different fruits and vegetables that are known 

to activate the Nrf2 pathway [223]. (B) Synthetic compounds also known to activate the 

Nrf2 pathway. 
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IV. Tables 

Table 1.1 Antioxidant response elements in the promoter of Nrf2 downstream genes. 

 

The antioxidant response element (ARE) sequences shown are from Nrf2 downstream 

genes, including antioxidants, metal-binding proteins, and detoxication proteins. The 

nucleotides in bold capital letters are those that share identity with the 16 base pair (bp) 
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ARE consensus sequence, which is proposed to be 16-bp ARE consensus is proposed as 

50- TMAnnRTGABnnnGCR-30 (M=A or C; R=A or G; B=C, or G, or T; n=any 

nucleotide). The positions of AREs are presented with reference to the transcriptional 

start site (TSS), assigned based on the position of the TATA box that is usually situated 

approximately 25–35 bp upstream of the TSS. In the absence of a TATA box, the 

position of the AREs is shown relative to the ATG initiation codon, which is indicated 

with parenthesis around ATG [224]. 
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II. Abstract 

In response to stress, cells can utilize several cellular processes, such as autophagy, which 

is a bulk-lysosomal degradation pathway, to mitigate damages and increase the chances 

of cell survival. Deregulation of autophagy causes upregulation of p62 and the formation 

of p62-containing aggregates, which is associated with neurodegenerative diseases and 

cancer. The Nrf2-Keap1 pathway functions as a critical regulator of the cell’s defense 

mechanism against oxidative stress by controlling the expression of many cellular 

protective proteins. Under basal conditions, Nrf2 is ubiquitinated by the Keap1-Cul3-E3 

ubiquitin ligase complex and targeted to the 26S proteasome for degradation. Upon 

induction, the activity of the E3 ubiquitin ligase is inhibited through the modification of 

cysteine residues in Keap1, resulting in the stabilization and activation of Nrf2. In this 

current study, we identified the direct interaction between p62 and Keap1 and the 

residues required for the interaction have been mapped to 349-DPSTGE-354 in p62 and 

three arginines in the Kelch domain of Keap1. Accumulation of endogenous p62 or 

ectopic expression of p62 sequesters Keap1 into aggregates, resulting in the inhibition of 

Keap1-mediated Nrf2 ubiquitination and its subsequent degradation by the proteasome. 

In contrast, overexpression of mutated p62, which loses its ability to interact with Keap1, 

had no effect on Nrf2 stability, demonstrating that p62-mediated Nrf2 upregulation is 

Keap1-dependent. These findings demonstrate that autophagy deficiency activates the 

Nrf2 pathway in a non-canonical cysteine-independent mechanism. 
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III. Introduction 

p62, also known as sequestosome-1 (SQSTM-1) and A170, has emerged as a 

multifaceted adaptor protein that exhibits diverse biological functions through interacting 

with numerous proteins [225]. It was originally characterized as an interacting partner of 

atypical protein kinase C (aPKC), which is mediated through the Phox and Bem1p (PB1) 

domain, a domain conserved on the N-terminal of p62 that can cause p62 to either 

homodimerize or heterodimerize with the PB1 domain of other proteins [226]. Other 

domains encoded in p62 are the ZZ-type zinc finger domain that binds receptor-

interacting protein-1 (RIP1) and the TRAF6 binding site (TBS), which both have been 

shown to activate the NFκB signaling pathway [227]. At the C-terminal of p62 there is an 

ubiquitin-associated domain (UBA), which has been shown to bind monoubiquitin or 

polyubiquitin-conjugated proteins in a non-covalent manner [226]. The PB1 domain of 

p62 also interacts with the S5a and Rpt1 subunits of the 26S proteasome, which supports 

its function as a shuttling protein that brings ubiquitinated proteins to the proteasome to 

be degraded [228].  

p62 is also found in protein aggregates that are both positive for ubiquitin and 

microtubule-associated protein 1 light chain 3 (LC3), a well-characterized marker of a 

cellular process known as autophagy. Subsequent experiments demonstrated the direct 

interaction of p62 and LC3 through a 22 amino acid sequence known as the LC3-

interacting region (LIR) [226]. Therefore, p62 is thought to be the link between 
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polyubiquitinated proteins and autophagy [226]. Autophagy, which means “self-eating,” 

is a ubiquitous process that occurs in all eukaryotic cells. It is a complex catabolic 

process where double-membrane vesicles (autophagosomes) engulf large intracellular 

components, such as organelles or proteins, and then fuse with lysosomes to degrade its 

contents [62]. Autophagy plays a major role in maintaining cellular homeostasis during 

nutrient deprivation and in eliminating damaged proteins and organelles that accumulate 

during stress [62]. It has been shown that allelic loss of the essential autophagy gene, 

Beclin1, is not only frequently found in ovarian, prostate, and breast cancer, but it also 

renders mice prone to hepatocellular carcinoma, lung adenocarcinoma, mammary 

hyperplasia, and lymphoma [63, 64, 229]. Additionally, mice with a deficiency in 

autophagy have tissues with signs of metabolic impairment, accumulate abnormal 

organelles and lipid droplets, and have both p62- and polyubiquitin-containing protein 

aggregates [229]. Protein accumulation, particularly p62, has been shown to be cytotoxic, 

which can cause cell death, neurodegeneration, and inflammation [66, 229]. Recently, it 

has been shown that excessive accumulation of p62 due to a defect in autophagy causes 

an increase in oxidative stress, which can potentially lead to deregulation of several 

signal transduction pathways and altered gene expression [67]. However, the pathways 

that are affected by p62 accumulation and the physiological significance of these effects 

have yet to be fully elucidated. 

One of the main cellular defense mechanisms is the Nrf2-Keap1 signaling pathway. Nrf2 

is a critical transcription factor that neutralizes reactive oxygen species (ROS) to restore 
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cellular redox balance [8]. It regulates the antioxidant response by activating a battery of 

genes bearing an antioxidant response element (ARE), which include antioxidant 

enzymes, phase II detoxifying enzymes, xenobiotic transporters, and other stress response 

proteins [9-12, 16, 20, 182]. The Nrf2 signaling pathway is negatively regulated by 

Keap1, a substrate adaptor protein of a Cullin 3 (Cul3)-Rbx1-E3 ubiquitin ligase complex 

that is responsible for the ubiquitination and proteasomal degradation of Nrf2 [4, 8, 47, 

53]. Under basal conditions, Nrf2 levels remain relatively low; however, a plethora of 

inducers, which include phytoantioxidants and oxidative stress conditions, can induce 

Nrf2 protein levels and activate the pathway [8, 182]. Upon activation, the activity of the 

ligase is inhibited through modification of cysteine residues in Keap1, resulting in 

stabilization of Nrf2 and the activation of Nrf2-dependent cytoprotective genes [8, 40].  

Here, we report that upregulation of endogenous p62 by autophagy deficiency, or ectopic 

expression of p62, sequesters Keap1 into aggregates through direct interaction between 

these two proteins. Sequestration of Keap1 into aggregates results in a decrease in Nrf2 

ubiquitination, an increase in Nrf2 stability, and the activation of ARE-bearing genes. 

This newly identified mechanism of Nrf2 upregulation by autophagy deficiency adds 

another dimension to the complex regulation of the Nrf2-Keap1 pathway. This non-

canonical mechanism of Nrf2 activation may explain the previously reported cysteine-

independent activation of Nrf2 by certain Nrf2 inducers [44, 230].  
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IV. Materials and Methods 

Recombinant DNA 

p62 was initially purchased from Open Biosystems and was cloned into the pcDNA3.1 

expression vector (Invitrogen) using standard recombinant DNA technology. The p62 

and Keap1 mutants were generated by site-directed mutagenesis using the PCR and DpnI 

method that has been previously described [40]. Plasmids for hemagluttin (HA)-Ub, 

Keap1, Keap1-CBD (chitin binding domain), and Nrf2 and generation of the human 

NQO1-ARE TATA-Inr luciferase reporter plasmid have also been described before [40]. 

The GST fusion proteins were expressed in E. coli and purified using GST beads 

(Amersham Biosciences). The 
35

S-labeled proteins were generated using an in vitro 

transcription and translation kit according to the manufacturer’s instructions (Promega). 

To construct the fluorescently tagged proteins for live cell imaging, p62-WT, p62-M, 

Keap1, Nrf2, and Cul3 were cloned into the CFP, YFP, or RFP vector, which were 

generous gifts from Dr. Alexander Sorkin. The following restriction enzyme cutting sites 

were utilized to generate the fluorescently tagged proteins: EcoRI/XhoI (p62-CFP and 

p62M-CFP), XhoI/BamHI (Keap1-YFP, Nrf2-YFP, and Nrf2-RFP), and XhoI/KpnI 

(Cul3-RFP). 
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Cell culture, transfection, and chemicals 

All cell culture dishes and coverslips used for HEK293 cells were coated with 0.1 mg/ml 

poly-D-lysine (Sigma). MDA-MB-231 and HEK293T cells were purchased from the 

American Type Culture Collection (ATCC). The Keap1
-/-

 mouse embryonic fibroblast 

(MEF) cells were a generous gift from Dr. Masayuki Yamamoto. The Atg5 (
+/+

 and 
-/-

) 

and Beclin1 (
+/+

 and 
+/-

) immortalized baby mouse kidney (iBMK) cells were a generous 

gift from Dr. Eileen White. Cells were maintained in either Eagle’s minimal essential 

medium (MEM) or Dulbecco’s modified Eagle’s medium (DMEM) (Invitrogen) in the 

presence of 10% fetal bovine serum (FBS), 1% glutamine, and 0.1% gentamicin. All cells 

were incubated at 37°C in a humidified incubator containing 5% CO2. Transfection of 

cDNA was performed using either Lipofectamine Plus (Invitrogen) or TurboFect 

(Fermentas), according to the manufacturer’s instructions.  

Immunoprecipitation and antibodies 

For immunoprecipitation, cell lysates were collected at 48 hrs post-transfection in radio 

immunoprecipitation assay (RIPA) buffer containing 10 mM sodium phosphate (pH 8.0), 

150 mM NaCl, 1% Triton X-100, 1% sodium deoxycholate, 0.1% sodium dodecyl sulfate 

(SDS). 1 mM dithiothreitol (DTT), 1 mM phenylmethylsulfonyl fluoride (PMSF), and a 

protease inhibitor cocktail (PIC) (Sigma) were also added to the RIPA buffer. Cell lysates 

were incubated with either chitin beads (New England Biolabs), myc-beads (Santa Cruz 

Biotechnology), or 1 µg of antibody with 10 µl of protein-A agarose beads on a rotator at 
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4°C overnight.  To detect protein expression in the total cell lysates, 10 µl of the cell 

lysates in RIPA buffer was mixed with 10 µl of 2X sample buffer (50mM Tris-HCl (pH 

6.8), 2% SDS, 10% glycerol, 100 mM DTT, 0.1% bromophenol blue) and boiled for 5 

minutes. The immunoprecipitated complexes were washed with RIPA 

buffer+DTT+PMSF+PIC three times and eluted in sample buffer by boiling for 5 

minutes. Samples were then resolved by SDS-polyacrylamide gels (PAGE) and 

transferred onto nitrocellulose membranes for immunoblot analysis. The antibody against 

the chitin-binding domain (CBD) was purchased from New England Biolabs. 

Additionally, antibodies against HA, Nrf2, Keap1, myc, p62, NQO1, β-actin, both mouse 

and rabbit horseradish peroxidase (HRP) were all purchased from a commercial source 

(Santa Cruz Biotechnology). 

Luciferase reporter gene assay 

For the dual-luciferase reporter gene assay, HEK293 cells were transfected with the 

NQO1 ARE-luciferase plasmid along with the renilla luciferase expression plasmid, 

pGL4.74 (hRluc/TK) (Promega) and different amounts of either wild-type p62 (p62-WT) 

or mutant p62 (p62-M) cDNA. As a positive control, cells were treated with a known 

inducer of Nrf2, tert-butylhydroquinone (tBHQ) (Sigma) or sulforaphane (SF) (Sigma). 

At 48 hrs post-transfection, the transfected cells were lysed with passive lysis buffer 

(Promega) and both firefly and renilla luciferase activities were measured with the dual-

luciferase reporter assay system purchased from Promega. Firefly luciferase activity was 
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normalized to renilla luciferase activity. The experiment was carried out in triplicate and 

expressed as the mean ± SD. 

mRNA extraction and real-time reverse transcription polymerase chain reaction 

(qRT-PCR) 

Total mRNA was extracted using TRIzol (Invitrogen) according to the manufacturer’s 

instructions. Using equal amounts of mRNA and the Transcriptor First Strand cDNA 

Synthesis Kit (Roche), cDNA was generated and used for real-time PCR. The Taqman 

probes were obtained from the universal probe library (Roche): hNrf2 #70, hKeap1 #10, 

hHO-1 #25, hNQO1 #87, hGCLM #18, hMRP2 #25, and hGAPDH #25.  Both the 

forward and reverse primers for hNrf2, hKeap1, hHO-1, hNQO1, hGCLM, hMRP2, and 

hGAPDH were synthesized by Integrated DNA Technologies and the sequences are 

listed below: 

hNrf2: forward acacggtccacagctcatc, reverse tgtcaatcaaatccatgtcctg; 

hKeap1: forward attggctgtgtggagttgc, reverse caggttgaagaactcctcttgc; 

hHO-1: forward aactttcagaagggccaggt, reverse ctgggctctccttgttgc; 

hNQO1: forward atgtatgacaaaggacccttcc, reverse tcccttgcagagagtacatgg; 
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hGCLM: forward gacaaaacacagttggaacagc, reverse cagtcaaatctggtggcatc; 

hMRP2: forward tgagcatgcttcccatgat, reverse cttctctagccgctctgtgg; 

hGAPDH: forward ctgacttcaacagcgacacc, reverse tgctgtagccaaattcgttgt. 

The real-time PCR reaction was performed as followed: one cycle of pre-denaturation 

(95°C for 5 min), 45 cycles of amplification (95°C for 10 sec and 60°C for 20 sec), and a 

cooling program of 50°C for 30 sec. Reactions for each sample was done in triplicate and 

the experiment was repeated three times. The data were expressed as relative mRNA 

levels and were normalized to GAPDH.  

Ubiquitination assay 

HEK293 cells transfected with expression plasmids for HA-Ub and the indicated proteins 

for 48 hrs were treated for 4 hrs with 10µM MG132 (Sigma) to block proteasome 

degradation. Cells were then lysed in a buffer containing 2% SDS, 150 mM NaCl, 10 

mM Tris-HCl and 1 mM DTT. The cell lysates were boiled immediately for 10 minutes 

to inactivate cellular ubiquitin hydrolases to preserve ubiquitin-protein conjugates. The 

heated lysates were then cooled and diluted 5 times with a tris-buffered salt (TBS) 

solution without SDS and used for immunoprecipitation with an antibody against Nrf2 

(C-20) or Keap1. Immunoprecipitated proteins were subjected to immunoblot analysis 

with an antibody against HA. 
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Protein half-life analysis 

HEK293 cells transfected with either p62-WT or p62-M for 24 hrs were treated with 25 

µM cycloheximide (CHX) for the indicated time points. Endogenous Nrf2 was detected 

by immunoblot analysis. The relative intensities of the Nrf2 bands were quantified using 

the ChemiDoc CRS gel documentation system with the Quantity One Software (Bio-

Rad). The data was then plotted on a semi-log graph with the amount of Nrf2 before 

CHX treatment set as 1. 

Fluorescently-tagged proteins and immunofluorescence 

Cells were grown on 35-mm glass-bottom dishes (In Vivo Scientific) for live cell 

imaging. Cells were transfected with the indicated fluorescently labeled proteins. 24 hrs 

post-transfection, cells were gently washed once with 1X phosphate buffered saline 

(PBS) followed by the addition of phenol red-free DMEM supplemented with 10% FBS. 

For indirect-immunofluorescence, cells were grown on glass coverslips (Fisher 

Scientific) in 35-mm dishes (BD Biosciences). Cells were fixed in pre-chilled methanol. 

Co-localization of stably integrated p62 or endogenous p62 and Keap1 was detected 

using double-label indirect immunofluorescence with primary antibodies against Keap1, 

p62, and/or GFP (Santa Cruz Biotechnology) and mouse 488 and rabbit 594 secondary 

antibodies (Invitrogen-Molecular Probes). All images were taken with the Zeiss 
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Observer.Z1 microscope using the Slidebook 4.2.0.11 computer program (Intelligent 

Imaging Innovations, Inc.). 

V. Results 

The interaction between p62 and Keap1 and the domains that are required the 

interaction 

In an attempt to identify Keap1-interacting proteins, several stable cell lines harboring 

Keap1-CBD were generated. Pulldown experiments were performed using the stable cell 

lines containing vector-control (-) or Keap1-CBD (+) to identify Keap1-CBD interacting 

proteins. One protein was significantly enriched in the Keap1-CBD stable cell lines, 

compared to the control cell line (Fig. 1A, compare lane 2 to 3 and 5 to 6). Co-

purification of this protein with Keap1-CBD was observed in all cell lines tested (data not 

shown). Mass spectrometry analysis identified this protein as p62 (**). The silver-stained 

gels derived from MDA-MB-231 cell lysate or Keap1-null mouse embryonic fibroblast 

(MEF) cell lysate are shown in Figure 1A. Next, interaction of endogenous p62 with 

endogenous Keap1 was confirmed using immunoprecipitation analysis. An antibody 

against Keap1 precipitated p62 and the IgG negative control did not (Fig. 1B).  

To identify the domain in p62 that is required for association with Keap1, p62 deletion 

mutants were constructed in an expression vector containing a T7 promoter. The deletion 

mutant constructs used in the following experiments were p62-380, a mutant containing a 
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deletion from amino acid 381 to the C-terminal, and p62-300, a mutant containing a 

deletion from amino acid 301 to the C-terminal. In vitro transcription and translation 

were performed to generate 
35

S labeled full-length p62 (WT) and its deletion proteins. 

These proteins were then incubated with GST-Keap1, which was produced and purified 

from E. coli bacteria. Keap1-associated proteins were pulled down using glutathione 

beads. Equivalent amounts of p62 proteins were used in the GST pulldown assay (Fig. 

1C, lower panel). Keap1 associated with p62-WT and p62-380; however, p62 did not 

associate with p62-300 (Fig. 1C, upper panel, compare lanes 3 and 4 to lane 5), indicating 

that the region of p62 containing amino acids 300-380 is important for the interaction. 

Nrf2 and luciferase (Luc) were included in this experiment, as a positive and negative 

control, respectively (Fig. 1C, lane 1 and lane 2). After careful examination of the amino 

acid region 300-380, a cluster of negatively charged amino acids were revealed (349-

DPSTGE-354). This primary sequence resembles the ETGE motif of Nrf2 that is required 

for the interaction with the Kelch domain of Keap1. Thus, a p62 mutant (p62-M), in 

which all six amino acids (349-DPSTGE-354) were replaced with alanine residues, was 

constructed. Indeed, p62-M lost its binding with GST-Keap1 (Fig. 1C, upper panel, lane 

6), demonstrating that 349-DPSTGE-354 in p62 is required for the interaction between 

p62 and Keap1. To further confirm this, immunoprecipitation analysis was performed 

using cell lysates of HEK293 cells co-transfected with an expression vector for either 

p62-WT or p62-M, along with an expression vector for Keap1. Expression of each 

protein was detected using antibodies against Keap1, myc (for p62 proteins), and β-actin 

(for loading control) (Fig. 1E, lower panels). Immunoprecipitation analysis indicates that 
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Keap1 only associated with p62-WT, but not p62-M (Fig. 1E, upper panels, compare lane 

2 to lane 3), demonstrating that 349-DPSTGE-354 is essential for the interaction between 

Keap1 and p62.   

In a similar experiment, the domain in Keap1 that interacts with p62 was identified. Full-

length Keap1 and its deletion proteins were generated and 
35

S labeled using an in vitro 

transcription and translation method. p62-WT was also generated by in vitro transcription 

and translation, but was not radiolabeled. Each of the 
35

S labeled Keap1 proteins were 

incubated with p62-WT followed by nickel affinity chromatography. Equal amount of 

Keap1 proteins were used for this pulldown assay (Fig. 1D, lower panel). Keap1-∆K, a 

mutant with the Kelch domain deleted, completely lost association with p62 (Fig. 1E, 

upper panel, lane 6), indicating that the Kelch domain contains the p62-interacting 

residues. The other mutants, deletion of the N-terminal (∆N), BTB domain (∆B), linker 

domain (∆L), and the C-terminal (∆C), were still able to be pulldown by p62 (Fig. 1D, 

upper panel, lanes 3-5 and 7). Three positively charged amino acids (R380, R415, and 

R483) in the Kelch domain of Keap1 are necessary for interacting with Nrf2 [30]. 

Therefore, it is highly possible that the same amino acids may be needed for the p62-

Keap1 interaction. Thus, a Keap1 mutant (Keap1-M), in which the three arginine residues 

at position 380, 415, and 483 were replaced with alanine residues, was constructed. 

Interaction of Keap1 or Keap1-M with p62-WT was tested in HEK293 cells using 

immunoprecipitation analysis. Keap1, and not the Keap1-M, associated with p62 (Fig. 

1F). Taken together, these results clearly demonstrate that there is a direct interaction 
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between p62 and Keap1 and the amino acids 349-DPSTGE-354 in p62 and the three 

arginine residues (380, 415, and 483) in Keap1 are essential for the interaction of these 

two proteins. 

p62 upregulated the Nrf2 signaling pathway 

Because the same three arginine residues in Keap1 are required for interaction with either 

Nrf2 or p62, it is likely that p62 competes with Nrf2 for binding to Keap1. Next, the 

functional role of p62 in regulating Nrf2 and its antioxidant response was tested. Relative 

firefly luciferase activity was measured in HEK293 cells transfected with an expression 

vector for either p62-WT or p62-M, along with vectors for ARE-firefly luciferase and 

renilla luciferase reporter genes driven by the NQO1 and TK promoters, respectively. 

p62-WT, and not p62-M, enhanced the ARE-mediated luciferase activity in a dose 

dependent manner (Fig. 2A). tBHQ and SF, known inducers of Nrf2, were used as 

positive controls (Fig. 2A). To confirm that p62 is able to activate the Nrf2-mediated 

antioxidant response, qRT-PCR was used to measure the transcription of several Nrf2-

target genes. In accordance with the results from the reporter gene assay, p62-WT, and 

not p62-M, increased mRNA expression of Nrf2-target genes, such as HO-1, NQO1, 

GCLM, and MRP2, without significantly affecting the transcription of Nrf2 or Keap1 

(Fig. 2B). These results indicate that p62 most likely activates Nrf2 target genes through 

upregulation of Nrf2 at the protein level. Next, immunoblot analysis was performed in 

HEK293 cells transfected with an expression vector for vector alone, p62-WT, or p62-M. 
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Ectopic expression of p62-WT significantly enhanced the levels of Nrf2 and NQO1, 

whereas p62-M did not (Fig. 2C, compare lane 1 to 2 and 1 to 3). Collectively, these 

results demonstrate that overexpression of p62 is able to upregulate the Nrf2 signaling 

pathway by enhancing the protein level of Nrf2. 

p62 sequestered Keap1 into aggregates  

Subcellular localization of p62, Keap1, Cul3, Nrf2 and p62-positive aggregate formation 

was investigated in live cells. p62, Keap1, Cul3, and Nrf2 were individually tagged with 

CFP, YFP, or RFP. To ensure that the function of these proteins was not affected by the 

addition of the fluorescent tag, all of the constructs were first tested for their expression 

and regulation. As expected, all constructs had high expression levels and normal 

function (data not shown). These proteins were then expressed singly or in combination 

in HEK293 cells and cellular localization of these proteins were visualized by real-time 

live imaging under a fluorescent microscope. As shown in Figure 3A, overexpression of 

p62-CFP or p62M-CFP alone formed aggregates in the cytoplasm, which is typically 

characterized as punctate dots. (Fig. 3A, row 1 and 2). Ectopically expressed Keap1-YFP 

was localized predominantly in the cytoplasm (Fig. 3A, row 3), while Nrf2-YFP or Nrf2-

RFP were present in both compartments and the majority of the cells had more nuclear 

localization (Fig. 3A, row 4 and 5). Similar to Keap1-YFP, Cul3-RFP was mainly 

localized in the cytoplasm (Fig. 3A, row 6). 
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We have previously reported that Keap1 functions as the substrate adaptor protein that 

brings Nrf2 into the core Cul3-Rbx1 E3 ubiquitin ligase complex for ubiquitination [4]. 

The fact that p62 directly interacts with Keap1 led us to examine the co-localization of 

p62 with Keap1, Cul3, or Nrf2 (Fig 3B). Co-expression of Keap1-YFP with p62-CFP 

caused aggregation of both proteins (Fig. 3B, row 1). In contrast, p62M-CFP lost its 

ability to recruit Keap1 into aggregates (Fig. 3B, row 2). Neither p62-CFP nor p62M-

CFP was able to recruit Nrf2 into aggregates (Fig. 3B, row 3 and 4). Similarly, Cul3 was 

not recruited into aggregates as well (Fig. 3B, row 5 and 6). 

Next, HEK293 cells were simultaneously transfected with three different proteins to test 

localization of the indicated proteins (Fig. 3C). In contrast to the diffused whole cell 

localization of Nrf2 seen when p62-CFP and Nrf2-RFP were expressed in the absence of 

Keap1 (Fig. 3B, row 3), overexpression of both p62 and Keap1 was able to bring a 

certain amount of Nrf2 into aggregates (Fig. 3C, row 1). Nonetheless, Nrf2 was still 

localized diffusely in the entire cell (Fig. 3C, row 1). This can be attributed to Nrf2 

having the ability to bind to a Kelch domain that is not occupied by p62 in a Keap1 

homodimer.  As expected, Nrf2 was not detected in the aggregates when p62M-CFP was 

transfected in combination with Nrf2 and Keap1 (Fig. 3C, row 2). Similar to the 

localization of Nrf2, some of Cul3 was co-localized into aggregates when Keap1 along 

with p62-CFP, and not p62M-CFP, were co-expressed (Fig. 3C, compare row 3 to 4). 

Cul3 still localized diffusely in the cytoplasm; however, Cul3 also co-localized with 

Keap1 and p62 aggregates (Fig. 3C, row 3). This was not observed in cells with Keap1, 



80 

 

p62M, and Cul3 (Fig 3C, rows 4). Lastly, when p62-CFP or p62M-CFP, along with Nrf2-

YFP and Cul3-RFP, were co-expressed in the absence of Keap1, neither p62 nor p62M 

were able to recruit Nrf2 or Cul3 into aggregates (Fig. 3C, rows 5 and 6). Collectively, 

these results indicate the necessity of Keap1 in p62-dependent Nrf2 and Cul3 

aggregation.  

p62 decreased ubiquitination of Nrf2 leading to an increase in Nrf2 stability 

To test the possibility that p62 upregulates the Nrf2 signaling pathway by decreasing the 

active E3 ubiquitin ligase for Nrf2, ubiquitination of Nrf2 and Keap1 in the presence of 

p62-WT or p62-M was tested using an in vivo ubiquitination assay. Indeed, 

overexpression of p62-WT significantly decreased ubiquitination of Nrf2, while it 

enhanced ubiquitination of Keap1 (Fig. 4A, lanes 3 and 7). However, overexpression of 

p62-M had no effect on ubiquitination of either Nrf2 or Keap1 (Fig. 4A, lanes 4 and 8). 

Combined with the imagining data presented in Figure 3C, we demonstrate that p62 is 

able to sequester Cul3 into aggregates through Keap1, which may explain the increase in 

Keap1 autoubiquitination. Next, the half-life of Nrf2 was determined in the presence of 

p62-WT or p62-M by using CHX and immunoblot analysis. The half-life of Nrf2 was 

14.43 or 9.93 min in the presence of p62-WT or p62-M, respectively (Fig. 4B). Thus, 

taken together, these results suggest that overexpressed p62 is able to sequester the 

Keap1-Cul3-E3 ubiquitin ligase complexes into aggregates, which prevents Nrf2 from 
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being ubiquitinated. Therefore, under p62 overexpressed conditions, Nrf2 is stabilized 

and the Nrf2-mediated antioxidant response is activated. 

Next, Keap1-Cul3-Rbx1 complex formation in the presence of p62-WT or p62-M was 

compared. Cells were transfected with the CBD-Keap1, HA-Cul3, and myc-Rbx1 along 

with either p62-WT or p62-M. Keap1 containing complexes were pulled down using 

chitin beads and subjected to immunoblot analysis (Fig. 4C). p62-WT increased the 

association of Keap1, Cul3, and Rbx1 compared to the lane with no p62 or p62-M (Fig. 

4C, compare Rbx1 and Cul3 panels of lane 3 to 2 and 4). As a negative control, no 

Keap1-CBD was transfected (Fig. 4C, lane 1) and as a positive control pulldown of 

exogenous Nrf2 was done (Fig. 4C, lane 5). Collectively, these results not only 

recapitulate the interaction between p62, but also suggest that p62 enhances the 

association of Keap1 with Cul3 and Rbx1, which offers a possible explanation to the shift 

in ubiquitination from Nrf2 to Keap1. 

Autophagy-defective cells sequestered Keap1 into aggregates 

To further confirm that the Nrf2 pathway is upregulated during deregulation of 

autophagy, we used primary immortalized baby mouse kidney (iBMK) cells to monitor 

the localization of Keap1. Localization of Keap1 was conducted in both autophagy-

competent (Beclin1
+/+

 and Atg5
+/+

) and autophagy-deficient (Beclin1
+/-

 and Atg5
-/-

) 

iBMK cells either stably expressing GFP alone (control) or GFP-tagged p62. In one set of 

experiments, the iBMK cell lines were transiently transfected with Keap1-CFP. 
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Localization of the proteins was visualized in live cells using a fluorescent microscope. 

Both the cytoplasm and nucleus were uniformly green in the GFP control for all four cell 

lines (Beclin1
+/+

, Beclin1
+/-

, Atg5
+/+

, and Atg5
-/-

), with Keap1-CFP remaining evenly 

distributed in the cytoplasm (Fig. 5A and 5B, rows 1 and 3). The localization of p62-GFP 

and Keap1-CFP in the Beclin1
+/+

 and Atg5
+/+

 cells were also primarily in the cytoplasm, 

with a few small protein aggregates (Fig. 5A and 5B, row 2). In the autophagy deficient 

cell lines, Beclin1
+/-

 and Atg5
-/-

, p62-GFP formed large aggregates, which Keap1 

completely co-localized with (Fig. 5A and 5B, row 4). Additionally, indirect 

immunofluorescence using antibodies against Keap1 and GFP demonstrated that 

endogenous Keap1 indeed co-localized with the p62-GFP aggregates in the autophagy 

deficient iBMK cells (Fig. 5C and 5D, row 4), confirming our observations seen in iBMK 

cells ectopically expressing CFP-tagged Keap1 (Fig. 5A and 5B, row 4). As expected, in 

Atg5
+/+

 and Beclin1
+/+

, p62-GFP and endogenous Keap1 localized mainly in the 

cytoplasm (Fig. 5C and 5D, rows 1 and 3). In the control cells of Atg5
+/+

 and 
-/-

 and 

Beclin1
+/+

 and 
+/-

 stably expressing GFP, whole cell GFP staining was observed, while 

endogenous Keap1 was localized primarily in the cytoplasm (Fig. 5C and 5D, row 2). 

Collectively, these results indicate that autophagy deficiency activates the Nrf2 pathway 

through recruitment of Keap1 into aggregates due to the excessive accumulation of p62. 
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VI. Discussion 

Classically, the Nrf2-Keap1 pathway is induced by oxidative stress through modifications 

of one or more cysteine residues in Keap1. It was suggested that the modifications of 

cysteine residues caused a conformational change of the Keap1-Cul3-Rbx1 E3 ubiquitin 

ligase complex, resulting in a decrease in ubiquitination and degradation of Nrf2 [40]. In 

this report, we demonstrate a non-canonical mechanism of Nrf2 activation that is caused 

by deregulation of autophagy, which is different from the canonical pathway. Autophagy 

deficiency causes the formation of aggregates and the excessive accumulation of p62, 

which recruits Keap1 through direct binding. Normally, Keap1 functions as the substrate 

adaptor protein that brings Nrf2 into the core complex of the E3 ubiquitin ligase, 

consisting of Cul3 and Rbx1, and facilitates the ubiquitination of Nrf2 [8]. Thus, by 

sequestering Keap1 into aggregates, the ability of the E3 ubiquitin ligase complex to 

ubiquitinate Nrf2 is hindered, which prevents its degradation. This renders Nrf2 more 

stable leading to the activation of its target genes. Our results provide mechanistic insight 

to the previous findings by Liu et al, who demonstrated that overexpression of p62 

increased nuclear Nrf2 levels, ARE-luciferase, and NQO1 protein levels [231]. We 

believe that many endogenous proteins exist that can upregulate the Nrf2 pathway by 

disrupting the Keap1-Nrf2 interaction. These proteins can converge different stress 

signaling pathways to activate Nrf2 to maintain cellular redox homeostasis. One example 

is p21, which is known to bind to the DLG motif of Nrf2. We showed that the interaction 

of p21 with Nrf2 disrupted the binding of Nrf2 to the E3 ubiquitin ligase complex and 
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prevented Keap1-dependent ubiquitination and degradation of Nrf2 [232]. Therefore, it is 

important to identify other proteins that disrupt the interaction between Nrf2 and Keap1. 

The binding of Nrf2 to Keap1 has been well-characterized and has been mapped to the 

Neh2 domain of Nrf2 and the Kelch domain of Keap1 [8]. The binding of Keap1 to Nrf2 

is through the “hinge and latch” two-site binding model, in which each Kelch domain 

from a Keap1 homodimer binds to Nrf2 through two sites in the Neh2 domain [54]. The 

“hinge” is the high-affinity binding site, ETGE, and the low-affinity binding site, DLG, is 

the “latch” [54]. We found that p62 has a similar ETGE motif between amino acids 349 

and 354. When the amino acids were mutated to alanine residues, p62 lost binding to 

Keap1, indicating that these are indeed the residues required for the direct interaction of 

p62 and Keap1. Previously, it has been shown that there are three pertinent arginine 

residues (Arg380, 415, and 483) in the Kelch domain of Keap1 that are responsible for 

Nrf2 binding [30]. Similarily, upon mutation of the arginine residues to alanines, Keap1 

lost binding to p62, implying that p62 may be competing with Nrf2 for Keap1 binding. 

Binding of both the DLG and ETGE motifs of Nrf2 to the Kelch domain of a Keap1 

homodimer is essential in presenting the lysine residues of Nrf2 in the correct orientation 

to accept ubiquitin [54, 55, 233]. Therefore, when the Kelch domain of Keap1 is 

occupied by p62, this prevents the correct positioning of Nrf2 and prohibits the Keap1-

Cul3-E3 ubiquitin ligase complex to ubiquitinate Nrf2. Additionally, p62-WT enhanced 

the ubiquitination of Keap1 indicating that the core complex (Cul3-Rbx1) is still 

functional. In conjunction with this finding, we observed co-localization of p62-WT, 
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Keap1, Cul3 and Nrf2 in aggregates (Fig. 3C). Based on the presence of Nrf2 in the 

aggregates (Fig. 3C), we speculate that one Kelch domain of the Keap1 homodimer binds 

to p62 and the other binds to Nrf2, which prevents Nrf2 ubiquitination. Additionally, the 

core Cul3-Rbx1 complex is still able to bind to Keap1 because the binding domain of 

Cul3 is different from that of p62 and Nrf2. Furthermore, we observed an increase in 

association of Keap1-Cul3-Rbx1 in the presence of p62-WT, but not with p62-M (Fig. 

4C). It is well established that Keap1-Cul3-Rbx1 undergoes dynamic association and 

dissociation, which is a highly regulated process. Therefore, recruitment of this complex 

into aggregates by p62, may disrupt dissociation of Keap1 from the core complex. This 

data explains why p62 increased the autoubiquitination of Keap1 (Fig. 4A), which is 

consistent with our previous findings that two Keap1 mutants with enhanced association 

to Cul3 had an increase in Keap1 autoubiquitination and a decrease in Nrf2 ubiquitination 

[4].  

Autophagy deficiency has been shown to cause p62 to accumulate because it cannot be 

properly degraded [67]. Consequently, this leads to the formation of protein aggregates, 

which enhances the production of ROS and damage to DNA, protein, and organelles [67]. 

Since the Nrf2-Keap1 pathway is an important cellular defense mechanism that copes 

with oxidative stress [182], it is possible that the ROS generated from autophagy 

deficiency activates Nrf2 indirectly. To test this indirect mechanism, autophagy-deficient 

cells were treated with ROS scavengers, such as N-acetylcysteine (NAC) or glutathione 

(GSH). Treatment with NAC or GSH did not affect the protein level of Nrf2 or the 
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interaction between p62 and Keap1 (data not shown). This was consistent with a recent 

paper showing that NAC treatment had no affect on Atg7-deficient hepatocytes [70]. 

Therefore, the upregulation of Nrf2 is not due to the indirect mechanism by enhanced 

ROS production caused by a deficiency in autophagy, but rather due to the accumulation 

of p62 and the direct interaction of p62 and Keap1. This indicates that this mechanism of 

Nrf2 activation is dominant over the canonical ROS-mediated activation of Nrf2 in 

autophagy deficiency.  

During the preparation of this manuscript, a recent article demonstrated that p62 disrupts 

the interaction between Nrf2 and Keap1, which is consistent with our results. They 

showed that autophagy deficiency not only caused p62 accumulation and hepatic injury, 

but also upregulated the Nrf2 pathway, which exacerbated hepatotoxicity. However, the 

protective role of Nrf2 against many human diseases has been well documented. 

Although Komatsu et al observed improved liver injury in double knockout (Atg7 and 

Nrf2) mice, we believe that p62 overexpression, and not Nrf2, is the primary culprit in 

hepatic injury. As shown in their Figure 5a, the double knockout mice had milder p62 

accumulation compared to the excessive accumulation of p62 in Atg7 single knockout 

mice [230]. The functional significance of Nrf2 activation by deregulation of autophagy 

in human diseases is still unclear and warrants further investigation. 
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VIII. Figures 

Figure 2.1 The interaction between p62 and Keap1 and the domains that are 

required the interaction. 
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(A) Identification of the Keap1 interacting protein p62. Two stable cell lines, MDA-MB-

231 and Keap1
-/-

, that expressed either vector-control (-) or CBD-tagged Keap1 (+) were 

used in a pulldown assay using chitin beads. Samples were run on a SDS-PAGE gel and 

silver-stained. The distinct band was excised and identified as p62. L= protein ladder. (B) 

Interaction of endogenous p62 and Keap1. Cell lysates from HEK293 cells were 

immunoprecipitated using an antibody against p62 or IgG (negative control). The 

resulting immunoprecipitates were subjected to SDS-PAGE and analyzed by 

immunoblotting with a Keap1 antibody. (C) The Keap1-interacting domain of p62 is 349-

DPSTGE-354. p62 deletion mutants (380 (deletion of aa 381-C-terminal) and 300 

(aa301-C-terminal)), along with p62 wild-type (p62-WT) and a mutant, where amino 

acids 349-354 were changed to alanines (p62-M), were constructed into an expression 

vector containing a T7 promoter. In vitro transcription and translation were performed to 

generate 
35

S labeled full-length p62-WT, p62-M, and its deletion proteins. Each of these 

proteins was incubated with GST-Keap1, which was produced and purified from E. coli 

bacteria. Keap1-associated proteins were pulled down using glutathione beads. 

Equivalent amounts of p62 proteins were used in the GST pulldown assay. (D) The Kelch 

domain of Keap1 is the binding domain of p62. Full-length Keap1, its deletion proteins 

(N-terminal (∆N), BTB domain (∆B), linker domain (∆L), Kelch domain (∆K), and the 

C-terminal (∆C)), and p62-WT were generated by in vitro transcription and translation 

methods. Each of the 
35

S labeled Keap1 proteins were incubated with p62-WT followed 

by nickel affinity chromatography. Equal amount of Keap1 proteins were used for this 

pulldown assay. (E) Immunoprecipitation analysis was performed using cell lysates of 



90 

 

HEK293 cells co-transfected with an expression vector either for p62-WT or p62-M, 

along with an expression vector for Keap1. Expression of each protein was detected using 

α-Keap1, α-myc (for p62 proteins), and α-β-actin (for loading control) antibodies. (F) 

Three arginines in the Kelch domain of Keap1 are responsible for the binding of p62. The 

three arginine residues at positions 380, 415, and 483 were replaced with alanine residues 

using site-directed mutagenesis. The indicated constructs were co-expressed with myc-

p62 in HEK293 cells by transfection and lysates were immunoprecipitated using an α-

myc antibody. Precipitates were subjected to SDS-PAGE and immunoblotted with the 

indicated antibodies.  
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Figure 2.2 p62 upregulates the Nrf2 signaling pathway.  

 

(A) p62 regulates the transcriptional activity of Nrf2. Different amounts of the expression 

plasmids of p62-WT or p62-M were transfected into HEK293 cells along with the 

NQO1-ARE promoter firefly luciferase and renilla luciferase as an internal control. As a 

positive control, cells were treated with known inducers of Nrf2, tBHQ or SF, overnight. 



92 

 

Thirty-six hours post-transfection, both firefly and renilla luciferase activities was 

measured. (B) Upregulation of Nrf2 downstream genes by p62. HEK293 cells were 

transfected either with the expression plasmid for vector, p62-WT, or p62-M. Forty-eight 

hours post-transfection, total mRNA was extracted using TRIzol and qRT-PCR was 

performed to measure the mRNA levels of Nrf2, Keap1, HO-1, NQO1, GLCM, and 

MRP2. Values were normalized to GAPDH and samples were done in triplicates. Data 

represented are mean ± SD. (C) An increase in p62 caused an increase in Nrf2 protein 

levels. HEK293 cells were transfected with an expression vector for vector, p62-WT, or 

p62-M. Cells lysates were collected and subject to immunoblot blot analysis using the 

following antibodies: α-Nrf2, α-myc (p62), α-NQO1, and α-β-actin. 
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Figure 2.3 p62 sequesters Keap1 into aggregates.  
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(A) The cellular localization of p62, Keap1, Nrf2, and Cul3. HEK293 cells were singly 

transfected with an expression vector for the fluorescently tagged protein. The subcellular 

localization of the proteins was monitored live. (B) and (C) The co-localization of 

proteins. Live imaging of the proteins was monitored in HEK293 cells that were co-

transfected with expression vectors for the indicated fluorescently tagged proteins.  
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Figure 2.4 p62 decreases ubiquitination of Nrf2 leading to an increase in Nrf2 

stability.
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(A) p62 decreased the ubiquitination of Nrf2 and increased the ubiquitination of Keap1. 

HEK293 cells were co-transfected with an expression vector for Nrf2, Keap1, HA-

ubiquitin, and either p62-WT or p62-M. In vivo ubiquitination analysis was performed 48 

hrs post-transfection. (B) p62 increased the half-life of Nrf2. HEK293 cells transfected 

with either p62-WT or p62-M were treated with 25 µM CHX for the indicated time 

periods. Endogenous Nrf2 levels were detected by immunoblot and the intensity of the 

Nrf2 bands were quantified and plotted on a semilog graph. (C) p62-WT increased the 

association of Keap1, Cul3, and Rbx1. Immunoprecipitation analysis was conducted in 

HEK293 cells transfected with the indicated proteins. Nrf2 was included as a positive 

control. 
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Figure 2.5 Autophagy-defective cells sequesters Keap1 into aggregates.  

 

(A) and (B) Keap1 was sequestered into aggregates in primary autophagy deficient cells. 

Atg5 (
+/+

 and 
-/-

) and Beclin1 (
+/+

 and 
+/-

) iBMK cells stably expressing GFP alone or p62-
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GFP were transfected with CFP-tagged Keap1. Live imaging was taken 24 hrs post-

transfection. (C) and (D) Endogenous Keap1 was sequestered into aggregates in primary 

autophagy deficient cells. The cells were grown on coverslips and fixed in methanol. 

Indirect immunofluorescence staining was conducted using an antibody against GFP and 

Keap1. 
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II. Abstract 

The Nrf2-Keap1 signaling pathway is a protective mechanism promoting cell survival 

against cellular stress and environmental insults. Activation of the Nrf2 pathway by 

natural compounds has been proven to be a great strategy for chemoprevention. 

Interestingly, the cancer-promoting function of Nrf2 has been recently observed in many 

types of tumors due to deregulation of the Nrf2-Keap1 axis, which leads to constitutive 

activation of Nrf2. Here, we report a novel mechanism of Nrf2 activation by arsenic that 

is distinct from that of chemopreventive compounds. Arsenic induces Nrf2 through a 

non-canonical mechanism (p62-dependent) whereas activation of Nrf2 by the 

chemopreventive compound sulforaphane depends upon Keap1-C151, but not p62 (the 

canonical mechanism). This non-canonical means of Nrf2 activation by arsenic results in 

a chronic, sustained activation of Nrf2 when compared to sulforaphane. Our studies 

indicate that arsenic deregulates the autophagic pathway through blockage of autophagic 

flux, resulting in accumulation of autophagosomes and sequestration of p62, Keap1, and 

LC3 into autophagosomes. More importantly, sulforaphane itself does not have any effect 

on autophagy. In fact, the aforementioned arsenic-induced effects on autophagy are 

alleviated by sulforaphane. Collectively, these findings provide experimental evidence 

that arsenic causes prolonged activation of Nrf2 through autophagy dysfunction, possibly 

providing a similar scenario to constitutive activation of Nrf2 found in certain human 

cancers. This may represent a previously unrecognized mechanism underlying arsenic 

carcinogenicity in humans. 



102 

 

III. Introduction 

The Nrf2-Keap1 pathway is the main cellular defense mechanism against oxidative and 

electrophilic stresses [234, 235]. Nrf2 is a ubiquitously expressed transcription factor that 

regulates the expression of genes bearing an antioxidant response element (ARE) in the 

promoter region [224]. These genes include antioxidant proteins, phase II detoxification 

enzymes, transport proteins, proteasome subunits, chaperones, growth factors, receptors 

and other transcription factors [182, 224].  Under normal, unstressed conditions, Nrf2 is 

tightly regulated by Keap1. Keap1 is a substrate adaptor protein that associates with 

Cullin3 (Cul3) and Rbx1 to form an E3 ubiquitin ligase complex to ubiquitinate Nrf2, 

which is then degraded by the 26S proteasome to maintain low basal Nrf2 levels [4, 48]. 

Critical cysteine residues in Keap1 act as regulatory sensors and are modified upon 

exposure to oxidative or electrophilic stress [40, 41, 191, 236]. It is hypothesized that 

modification of critical cysteine residues can cause a conformational change of the 

Keap1-Cul3-E3 ubiquitin ligase complex and prevent Nrf2 from being ubiquitinated. 

Structurally diverse small molecules, such as tert-butylhydoquinone (tBHQ), 

cinnamaldehyde, sulforaphane, and resveratrol, as well as environmental toxicants, 

including the heavy metals arsenic, cadmium, and chromium, are able to activate the 

Nrf2-Keap1 pathway [191, 214, 237].  

It is well believed that activation of the Nrf2 pathway by certain organic compounds, or 

chemopreventive agents, can reduce the risk of cancer. The observation that Nrf2
-/-

 mice 

are more susceptible to the deleterious effects of chemical toxicants and carcinogens, 
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coupled with them being refractory to the protective actions of chemopreventive 

compounds, clearly demonstrate the role of Nrf2 in chemoprevention [21, 234]. 

Therefore, Nrf2 has generally been considered to be a protective mechanism in normal 

cells. Paradoxically, the “dark side” of Nrf2 has recently been revealed. Epigenetic 

alterations [114, 199, 203] as well as genetic mutations [30, 113, 115, 197] in either 

Keap1 or Nrf2 that disrupt the Keap1-mediated negative regulation of Nrf2 leading to 

constitutive activation of Nrf2 have been identified in many human tumors and cell lines. 

Furthermore, cancer cells have hijacked the Nrf2 response to protect themselves against 

cell death resulting in both intrinsic or acquired chemoresistance [30, 118, 200, 201, 238, 

239]. This was further confirmed when knockdown or inhibition of Nrf2 increased the 

sensitivity of cancer cells to chemotherapeutics [118, 202]. Uncovering the dark side of 

Nrf2 in cancer has led us to question whether Nrf2 activation by arsenic is associated 

with the cancer promoting role of Nrf2.  

Chronic exposure to inorganic arsenic from contaminated drinking water has long been 

associated with high incidences of cancer in various organs, particularly in the skin, lung, 

bladder, liver, and kidney [172]. Arsenic affects a multitude of biological systems; 

however, the mechanism by which arsenic elicits its toxic and carcinogenic effects 

remains largely unknown. Numerous studies have been conducted to elucidate the 

molecular events associated with arsenic exposure and resulting data suggests multiple 

mechanisms. For instance, arsenic is able to alter DNA methylation and repair, regulate 

gene expression through an epigenetic mechanism, affect cell proliferation, generate 

reactive oxygen species (ROS), and modulate various intracellular signaling pathways 
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[173]. Arsenic has also been shown to induce Nrf2 and the expression of Nrf2-dependent 

downstream genes in a variety of cell lines, including UROtsa, HaCaT, osteoblasts, and 

fibroblasts [44, 184, 185, 189, 208, 240]. Our laboratory has demonstrated that arsenic 

activates the Nrf2 pathway and upregulates many of its downstream genes through a 

Keap1-cysteine 151 (C151)-independent mechanism [44], which is different from well 

characterized Nrf2 inducers such as tBHQ and SF [4, 8, 40, 241]. These data indicate that 

different modes of Nrf2 activation (Keap1-C151-dependent vs. -independent) may 

determine whether Nrf2 is beneficial or detrimental. 

Very recently, arsenic has also been shown to induce autophagy, a bulk-lysosomal 

degradation pathway [242-244]. Cytoplasmic components, misfolded proteins, damaged 

organelles, and specifically targeted proteins are sequestered into double-membrane 

vesicles called autophagosomes. Autophagy was thought to be non-selective; however, 

selective substrate adaptor proteins, such as p62, have been shown to facilitate 

degradation of specific proteins through autophagy [245]. p62 directly interacts with 

microtubule-associated protein 1 light chain 3 (LC3), a component of the 

autophagosomal membrane, that is cleaved (LC3-I) and lipidated (LC3-II) and can be 

used as a marker for autophagy [246]. Not only does p62 self-oligomerize and bind 

ubiquitin, but it is also incorporated into the autophagosome and degraded via autophagy 

[245-247]. The role of p62 in the Nrf2-Keap1 pathway was understudied until very 

recently when our group and others independently demonstrated that increase in p62, 

either by overexpression or deregulation of autophagy, sequesters Keap1 into 

autophagosomes through direct interaction [68-71]. p62-mediated sequestration of Keap1 
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stabilized Nrf2 and increased the transcription of several downstream genes [68]. This 

p62-dependent mode of Nrf2 activation was termed the “non-canonical” mechanism of 

Nrf2 activation [68].  

In the current study, we show that arsenic blocks autophagic flux, resulting in 

accumulation of p62 and sequestering Keap1 into autophagosomes, which leads to 

prolonged activation of Nrf2. Consistent with the notion that autophagic flux is blocked 

by arsenic; an overall increase in p62 protein levels was also observed following low 

dose arsenic treatment. Importantly, our results show arsenic-mediated deregulation of 

autophagy is attenuated by SF, indicating that canonical Nrf2 activators 

(chemopreventive compounds that activate Nrf2 in a Keap1-C151-dependent manner) 

may be used to protect against arsenic toxicity and carcinogenicity.  

IV. Materials and Methods 

Materials, antibodies, cell culture and transfection 

The sodium arsenite, insulin, transferrin, dexamethasone, trypsin inhibitor, and the 

antibody against LC3 were all purchased from Sigma-Aldrich. L-sulforaphane was used 

in all indicated experiments and was purchased from LKT Laboratories, Inc. Primary 

antibodies specifically against Nrf2, Keap1, p62, GAPDH, and β-actin, as well as 

secondary antibodies, mouse, rabbit, and goat horseradish peroxidase (HRP), were 

purchased from Santa Cruz Biotechnology. Alexa Fluor 488, 594, and 680 were 

purchased from Invitrogen. 
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HEK293, NIH3T3, and BEAS-2B cells were purchased from American Type Culture 

Collection (ATCC) and EGFP-LC3 immortalized baby mouse kidney (iBMK) cells were 

established in the laboratory of Dr. Eileen White (The Cancer Institute of New Jersey). 

16HBE14o- (HBE) cell lines were obtained from California Pacific Medical Center, San 

Francisco. NIH3T3 and iBMK cell lines were maintained in Dulbecco’s Modified 

Eagle’s Medium supplemented with 10% fetal bovine serum, 1% L-glutamine, and 

0.01% gentamicin. BEAS-2B cells were grown in Ham’s F-12 (MediaTech) and 

supplemented with 1 mL bovine hypothalamus extract (PromoCell), insulin (2 mg/ml) 

(Sigma), transferrin (2.5 mg/ml) (Sigma-Aldrich), dexamethasone (0.05 mM) (Sigma), 

cholera toxin (10 µg/ml) (List Biological Laboratories Inc.), and epidermal growth factor 

(10 µg/ml) (Millipore). HBE cells were grown in Modified Eagle’s Medium 

supplemented with 10% FBS, 1% L-glutamine, and 0.01% gentamicin. HEK293 cells 

were grown in the same media as HBE and supplemented with 0.1 mM non-essential 

amino acids (Cellgro) and 1 mM sodium pyruvate (Gibco). All cell lines were incubated 

at 37°C in a humidified incubator containing 5% CO2. Transfection of cDNA was 

performed using Lipofectamine Plus (Invitrogen) and HiPerfect was used for transfection 

of siRNA, both were used according to the manufacturer’s instructions.  

Soluble and insoluble cell fractionation 

Cells were lysed in soluble fraction extraction buffer (50 mM Tris-HCL (pH 7.4), 150 

mM NaCl, 1 mM EDTA, 1% Triton X-100, 1 mM PMSF, and a protease inhibitor 

cocktail), incubated on ice for 30 minutes, and centrifuged at 12,000 rpm for 10 minutes 
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at 4
o
C. 40 µL of 5X sample buffer (250 mM Tris-HCl (pH 6.8), 10% SDS, 50% glycerol, 

500 mM DTT, 0.5% bromophenol blue) was added to 160 µL of the supernatant, or the 

soluble fraction. Next, the pellet was washed twice with the extraction buffer and 100 µL 

of the insoluble fraction buffer (60 mM Tris-HCl (pH 6.8), 10% glycerol, 5% SDS, and 

0.1% bromophenol blue) was used to resuspend the pellet. Samples were boiled and 

sonicated. 10 µL of the soluble fraction and 20 µL of the insoluble fraction were 

electrophoresed through an SDS-polyacrylamide gels (PAGE) gel and subjected to 

immunoblot analysis. 

Immunoblot analysis, indirect immunofluorescence, and live-cell imaging 

Cells were harvested in 1X sample buffer (50mM Tris-HCl (pH 6.8), 2% sodium dodecyl 

sulfate (SDS), 10% glycerol, 100 mM dithiothreitol (DTT), 0.1% bromophenol blue) and 

immediately boiled for 3-5 minutes. Samples were sonicated and resolved by SDS-PAGE 

and transferred onto a nitrocellulose membrane for immunoblot analysis.  

For indirect immunofluorescence, cells were grown on round glass coverslips (Fisher 

Scientific) in 35mm cell culture dishes. Following a 20 minute pre-chilled methanol 

fixation, coverslips were washed with phosphate buffered saline (PBS), permeabilized 

with 0.2% Triton X-100/PBS for 15 minutes, and blocked with 2% bovine serum 

albumin/PBS for 30 minutes. Coverslips were then incubated with primary antibody for 

one hour followed by three 10 minute washes in PBS. Coverslips were then incubated 

with secondary antibody for 50 minutes followed by three 10 minute washes in PBS. The 

coverslips were mounted onto glass slides with antifade mounting medium purchased 
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from Invitrogen. For live-cell imaging cells were grown on 35-mm glass-bottom dishes 

from In Vivo Scientific. Cells were gently washed once with 1X PBS and imaged in 

phenol red-free DMEM supplemented with 10% FBS. Images were captured with the 

Zeiss Observer.Z1 microscope using the Slidebook 4.2.0.11 computer program 

(Intelligent Imaging Innovations, Inc.). 

Electron Microscopy 

HEK293 and BEAS-2B cells were treated with the indicated doses of arsenic, SF, or both 

for 4 hours. Cells were then fixed in 2.5% glutaraldehyde in 0.1 M cacodylate buffer 

followed by post-fixation in 1% osmium tetroxide. Cells were then washed, pelleted, and 

stained in 4% aqueous uranyl acetate and dehydrated with ethanol infiltrated with Spurr’s 

Resin. Cells were incubated at 60°C to allow polymerization. Cut silver-gold sections 

were then mounted on 150 mesh copper grids and stained with 2% lead acetate for 3 

minutes. Sections were examined using a FEI (Philips) CM12 Transmission Electron 

Microscope (TEM) operated at 80kV. Electron micrograph images were collected on an 

Optronics Macrofire AMT 542 digital camera at the indicated magnifications. 

V. Results 

Arsenic causes accumulation of autophagosomes by inhibiting the later stage of 

autophagy 

HEK293 cells were treated with low doses of arsenic for 4 hours. Electron microscopy 

(EM) showed that 250 nM, 500 nM, and 1 µM arsenic induces formation of 
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autophagosomes (seen as double-membrane vesicles) in HEK293 (Figure 1). Consistent 

with the results from EM indicating an induction of autophagy, immortalized baby mouse 

kidney (iBMK) cells stably expressing EGFP-LC3 also showed a dose-dependent 

increase in LC3 puncta when cells were exposed to 125 nM, 250 nM, 500 nM, or 1 µM 

arsenic for 4 hours (Figure 2). Additionally, a time-dependent increase in LC3 puncta 

was observed in cells treated with arsenic (Figure 2). 1.25 µM L-sulforaphane (SF) did 

not induce LC3 puncta (Figure 2), meaning that SF has no effect on autophagy.  

An increase in autophagosomes is not only indicative of autophagy induction, but could 

also be the result of an inhibition of autophagosome clearance. To differentiate these 

phenomena experimentally, a tandem mRFP-GFP-LC3 was transfected into cells to 

determine which stage of the autophagic process is affected by arsenic. GFP fluorescence 

is quenched in acidic environments, such as that of the autolysosome, whereas mRFP is 

more stable. Therefore, colocalization of both GFP and RFP fluorescence (yellow or 

orange puncta in merged image) indicates an autophagosome that has not yet fused with a 

lysosome or where acidification of the lysosome is disrupted. In contrast, RFP alone 

(without GFP) corresponds to an autolysosome. Two positive controls were used to 

differentiate increased formation of autophagosomes (starvation) from blockage of 

autophagosome clearance (Bafilomycin A1 (Baf A1) which is reported to prevent fusion 

of autophagosomes with lysosomes or acidification of autolysosomes). NIH3T3 cells 

transfected with the tandem mRFP-GFP-LC3 were either starved in Hanks Balanced Salt 

Solution (HBSS) or treated with 100 nM Baf A1 for 4 hours. Starved cells had both 

yellow and red puncta indicating autophagosomes and autolysosomes, respectively 
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(Figure 3A). Cells treated with Baf A1, however, had mostly yellow or orange puncta 

(Figure 3B). Interestingly, only yellow puncta were observed in cells treated with 500 nM 

or 1 µM arsenic as early as 2 hours and persisted for as long as 12 hours (Figure 3B-E). 

Cells treated with 1.25 µM SF at every time point resembled untreated cells such that no 

or minimum puncta were observed (Figure 3A-E). These results support that the 

mechanism by which arsenic affects autophagy is similar to that of Baf A1, preventing 

autophagic flux either by inhibiting fusion of autophagosomes with lysosomes or 

affecting acidification of autolysosomes.  

Arsenic-mediated induction of autophagosomes is alleviated by L-sulforaphane (SF) 

To determine whether SF treatment is able to alleviate arsenic-mediated effects on 

autophagosomes, the EGFP-LC3 stable iBMK cell line was treated with either 500 nM 

arsenic, 1.25 µM SF, or a combination of the two for 4 hours. Arsenic increased LC3 

puncta when compared to untreated and SF treated alone. Interestingly, SF treatment in 

combination with arsenic showed a reversal of arsenic-induced LC3 puncta (Figure 4A). 

Consistent with this result, EM of BEAS-2B cells treated with 500 nM arsenic showed an 

increase in autophagosomes, whereas 1.25 M SF did not. SF in fact reduced the number 

of autophagosomes when treated in combination with arsenic (Figure 4B). Furthermore, 

indirect immunofluorescence of p62, LC3, and Keap1 was performed in BEAS-2B and 

HBE cells (HBE data not shown) treated with 1 µM arsenic, 1.25 µM SF, or in 

combination, and the results further verified that arsenic, and not SF, increases the 

formation of autophagosomes across multiple cell types (Figure 4C). Although there was 
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small puncta in untreated cells, which may be indicative of the basal level of autophagy, 

arsenic induced large puncta that were positive for Keap1, LC3, and p62 (Figure 4C). 

Puncta in cells treated with 1.25 µM SF were fewer and smaller, similar to that seen in 

untreated cells (Figure 4C). Moreover, SF reversed the effects of arsenic by decreasing 

the number of p62, LC3, Keap1 positive puncta (Figure 4C). These results indicate that 

SF alleviates arsenic-induced autophagy and prevents p62-mediated sequestration of 

Keap1 into autophagosomes. 

Next, cell lysates were fractionated into Triton-X 100 soluble and insoluble fractions to 

verify that arsenic causes an accumulation of p62 and Keap1 in the insoluble fraction of 

the cell. An increase in p62, Keap1, and LC3 in the insoluble fraction was observed in 

BEAS-2B cells treated with 1 µM arsenic for 4 hours (Figure 4D). p62 also increased in 

the soluble fraction, indicating an increase in total p62. In contrast, treatment with 1.25 

µM SF did not affect the amount of p62, Keap1, or LC3 in either the soluble or insoluble 

fractions (Figure 4D). Importantly, SF decreased arsenic-mediated accumulation of p62 

and Keap1 in the insoluble fraction (Figure 4D).  These results further demonstrate that 

arsenic-mediated Nrf2 activation is due to sequestration of Keap1 into autophagosomes 

by p62. 

Induction of Nrf2 by arsenic is p62-dependent 

To demonstrate that arsenic-mediated induction of Nrf2 is dependent upon p62, BEAS-

2B and HBE cells transfected with either a scrambled siRNA (control siRNA) or an 

siRNA specific for p62 (p62-siRNA) were treated with different doses of arsenic or SF 
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for 4 hours. Western blot analysis of Nrf2 and p62 showed a dose-dependent increase in 

the control siRNA group in both cell lines when treated with arsenic (Figure 5A). When 

p62 was knocked down in either cell line, Nrf2 induction by arsenic was completely 

abrogated (Figure 5A). A slight dose-dependent increase in LC3-II was observed with 

arsenic treatment, indicating an increase in autophagosomes, which was unchanged in the 

p62-siRNA group (Figure 5A). In contrast, SF increased Nrf2 in a dose-dependent 

manner in cells transfected with either control siRNA or p62-siRNA, although the fold-

induction of Nrf2 in the p62-siRNA was slightly decreased (Figure 5B). Notable, there is 

an increase in Keap1 when p62 is knocked down, which is more obvious in HBE cells 

and may explain the blunted induction of Nrf2 in response to SF in cells transfected with 

p62-siRNA (Figure 5B). Furthermore, treatment of cells with SF elicited no change in 

p62 or LC3 in either treated groups (Figure 5B). Together, these data confirm that 

arsenic-mediated induction of Nrf2 is p62-dependent whereas SF is p62-independent. 

Arsenic-mediated activation of Nrf2 is prolonged compared to SF 

We hypothesized that the non-canonical mechanism of Nrf2 activation by arsenic 

requires a longer duration of time to resolve p62-mediated sequestration of Keap1 in 

autophagosomes and thus, causes prolonged Nrf2 activation. Therefore, BEAS-2B and 

HBE cells were treated with either arsenic or SF for the indicated duration and Nrf2 

protein levels were analyzed. Treatment with 1.25 µM SF increased Nrf2 protein levels in 

as early as 2 hours and returned to basal levels by approximately 12 hours in both cell 

lines (Figure 6). Both BEAS-2B and HBE cells treated with 1 µM arsenic induced Nrf2 
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within 4 to 6 hours yet persisted for as long as 24 hours (Figure 6). Furthermore, a time-

dependent increase in p62 and LC3-II was observed in arsenic treated cells, whereas SF 

did not change p62 or LC3 protein levels (Figure 6). Keap1 did not change upon 

treatment with either arsenic or SF (Figure 6). These data support a scenario whereby 

arsenic-mediated activation of Nrf2 is prolonged resembling the constitutive activation of 

Nrf2 found in certain cancers, which may contribute to arsenic carcinogenicity. 

VI. Discussion 

Recently, we and other groups independently reported a non-canonical mechanism of 

Nrf2 activation where direct interaction of p62 inactivates Keap1, causing stabilization of 

Nrf2 protein and increasing the transcription of ARE bearing genes [68-71, 248, 249]. It 

has been well established by previous studies conducted in our laboratory that arsenic 

activates Nrf2 in a Keap1-C151-independent manner, unlike SF and tBHQ, which are 

common Nrf2 activators through the canonical Keap1-C151 mechanism [44, 180, 241]. 

Furthermore, arsenic stabilizes Nrf2 by compromising the Keap1-Cul3-dependent 

ubiquitination [44, 209]; however, the exact mechanism(s) by which arsenic activates the 

Nrf2 pathway has yet to be elucidated. In this investigation, we demonstrate for the first 

time that arsenic-mediated activation of Nrf2 is through the non-canonical mechanism 

(p62-dependent). We report that acute low-dose arsenic affects autophagic flux, causing 

accumulation of p62 and consequently, sequestering Keap1 into autophagosomes. This 

process inactivates Keap1 leading to stabilization of Nrf2. Interestingly, arsenic-mediated 
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effects on autophagy were prevented or reversed by SF co-treatment, indicating that 

canonical Nrf2 activators can prevent the detrimental effects of arsenic.  

The mode of action by which arsenic causes cancer is not yet known. Enhanced ROS 

production and oxidative stress may play a cardinal role in arsenic toxicity and 

carcinogenicity since generation of ROS can lead to genotoxicity, alter signal 

transduction pathways, inhibit DNA repair, and increase cell proliferation [250]. Acute 

high-dose arsenic has been shown to increase ROS production as well as upregulation of 

a number of oxidative stress-related genes, such as heme-oxygenase 1, NAD(P)H 

quinone oxidoreductase, and metallothionein [44, 212]. However, low dose arsenic has 

been shown to reduce ROS levels. Snow et al. demonstrated that human fibroblast cell 

lines treated with 500 nM arsenic for 24 hours significantly decreased the amount of ROS 

present in cells by inducing a series of stress response genes when compared to untreated 

cells [251]. The 500 nM arsenic dose is considered to be in a sub-toxic range and induces 

changes in overall gene expression [251]. In our current study, treatment with 1 µM 

arsenic for 4 hours did not changes ROS levels in comparison with untreated cells (data 

not shown). Therefore, it is unlikely that activation of Nrf2 by low dose arsenic is directly 

through generation of ROS. Furthermore, previous studies conducted by Bolt et al., in 

lymphoblastoid cell lines, showed that the predominant process responsible for arsenic-

induced cell death was autophagy and not apoptosis [243, 244]. Also, human urothelial 

cells exposed to 1 or 4 µM arsenic for 48 hours exhibit increased number of 

autophagosomes as well as protein expression of LC3 and Beclin-1, critical regulators for 

the formation of autophagosomes [242]. These studies establish an association between 
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arsenic exposure and autophagy; however, the exact mechanism, up until now, has 

remained largely unknown. Here, we demonstrate that arsenic blocks autophagic flux 

causing an increase in autophagosomes and activating the Nrf2 pathway via the non-

canonical mechanism, which is also independent of ROS as well.  

It has been shown that lack of essential autophagy genes, such as Atg5 and Atg7, leads to 

the formation of p62-positive aggregates and accumulation of ubiquitin inclusions in the 

liver [230, 252]. Recently, Inami et al. reported that persistent Nrf2 activation through 

p62 in liver-specific autophagy deficient mice contributes to the development of 

hepatocellular carcinoma [253]. An accumulation of p62 and elevated levels of Nrf2 

cytoprotective genes were also observed in bronchial epithelial cells of autophagy 

deficient mice [254].  Simultaneous knockout of either p62 or Nrf2 in autophagy 

deficient mice suppressed ubiquitin accumulation and protein aggregation in the liver and 

brain and alleviated liver injury [70, 71]. Here, we demonstrate that arsenic-mediated 

activation of Nrf2 is not only p62-dependent, but also prolonged. Taken together, these 

studies provide evidence that deregulation of autophagy resulting in the accumulation of 

p62 and prolonged Nrf2 activation play a critical role in the pathogenesis of many human 

diseases, including arsenic-induced cancers. 

Previously, our laboratory demonstrated the protective role of Nrf2 against the cytotoxic 

effects induced by acute arsenic exposure both in cultured cells and in mice [189, 190, 

213]. Specifically, UROtsa cells with reduced Nrf2 expression were more susceptible to 

arsenic-induced toxicity compared to control cells [189]. Pre-treatment or co-treatment 
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with an Nrf2-inducer, SF or tBHQ, rendered UROtsa cells more resistant to arsenic and 

monomethyarsonous acid toxicity [189]. We also demonstrated the Nrf2 dependence of 

SF- and tBHQ-mediated protection through the use of Nrf2
-/-

 mouse embryonic fibroblast 

(MEF) cells [189]. Another group also showed that SF suppresses the cellular 

accumulation of arsenic and decreases toxicity in primary mouse hepatocytes [210]. Our 

previous work in mice demonstrated that Nrf2
-/-

 mice are more sensitive than their wild-

type counterparts to arsenic-induced DNA hypomethylation, oxidative DNA damage, and 

apoptotic cell death in the liver and bladder when exposed to arsenic in their drinking 

water for 6 weeks [190]. Our current study demonstrates that SF prevents or reverses 

arsenic-mediated deregulation of autophagy, which may be partly responsible for the 

Nrf2-mediated protection against arsenic toxicity observed in previous studies. Further 

investigation is necessary to determine the biochemistry of how SF-mediated activation 

of Nrf2 in the canonical manner supersedes arsenic-mediated deregulation of autophagy. 

Collectively, these studies clearly demonstrate that activation of the Nrf2 pathway by the 

canonical Keap1-C151 mechanism is important in protecting against the carcinogenic 

effects of arsenic and remain to be a great strategy for chemoprevention. 

In conclusion, we propose a model where arsenic induces persistent or prolonged Nrf2 

activation, mimicking constitutive activation of Nrf2 caused by dysfunctional Keap1-

Nrf2 axis seen in several types of tumors. This study supports the notion that the Keap1-

C151-dependent mechanism of Nrf2 activation is protective, while the p62-mediated 

activation or somatic mutations leading to persistent or prolonged Nrf2 activation 

comprise the “dark side” of Nrf2.  This dark side is expected to promote tumor growth 
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and survival.  We believe that our study lays the groundwork for future investigations 

both in vitro and in vivo to explore the interplay between Nrf2, autophagy, Keap1, and 

p62 in arsenic carcinogenicity. 
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VIII. Figures 

Figure 3.1 Arsenic increases formation of autophagosomes.  

 

Electron microscopy of HEK293 cells treated with 250 nM, 500 nM, or 1 μM arsenic for 

4 hours. Arrows indicate double-membrane vesicle formation (autophagosomes). 



119 

 

Figure 3.2 Arsenic increases LC3 puncta in cells.  

 

Live cell imaging of iBMK cells stably expressing EGFP-LC3 either untreated (left 

panels), treated with 125 nM, 250 nM, 500 nM, 1 μM arsenic (middle panels), or 1.25 

μM sulforaphane (right panels) for 1, 2, 4, 6, 12, or 24 hours.  
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Figure 3.3 Arsenic causes accumulation of autophagosomes by inhibiting the later 

stage of autophagy.  
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(A) Live cell imaging of NIH3T3 cells transfected with a tandem mRFP-GFP-LC3 

construct for 24 hours and then either untreated, starved in Hanks Balanced Salt Solution, 

or treated with 100 nM Bafilomycin A1 for 4 hours. (B-E) Live cell imaging of NIH3T3 

cells transfected with mRFP-GFP-LC3 for 24 hours and treated with 1.25 µM SF, 500 

nM arsenic, or 1 µM arsenic for 2, 4, 6, or 12 hours. As = arsenic, SF = sulforaphane. 
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Figure 3.4 Arsenic-mediated induction of autophagosomes is alleviated by 

sulforaphane (SF). 
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(A) Live cell imaging of EGFP-LC3 iBMK cells untreated or treated with 500 nM 

arsenic, 1.25 µM SF, or both for 4 hours. (B) Electron microscopy of BEAS-2B cells 
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untreated or treated with 500 nM arsenic, 1.25 µM sulforaphane, or both for 4 hours. (C) 

Indirect immunofluorescence of Keap1, LC3, and p62 in BEAS-2B cells untreated or 

treated with 1 µM arsenic, 1.25 µM SF, or both for 4 hours. (D) Western blot of Triton-X 

100 soluble and insoluble fraction from BEAS-2B cells untreated or treated with either 1 

µM arsenic, 1.25 µM SF, or both. 
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Figure 3.5 Induction of Nrf2 by arsenic is p62-dependent.  
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(A) BEAS-2B and HBE cells transfected with either control siRNA or p62-siRNA and 

treated with 125 nM, 250 nM, 500 nM, 1 µM, or 4 µM arsenic for 4 hours were harvested 

and subjected to immunoblot analysis. (B) Similarly transfected cells untreated or treated 

with 1 µM, 1.25 µM, 2 µM, 2.5 µM, or 4 µM sulforaphane for 4 hours were harvested 

and subjected to immunoblot analysis. 
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Figure 3.6 Arsenic-mediated activation of Nrf2 is prolonged compared to SF.  

 

BEAS-2B and HBE cells were untreated or treated with either 1 µM arsenic or 1.25 µM 

sulforaphane for the indicated time points and harvested for immunoblot analysis. Con = 

control; SF = sulforaphane. 
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CHAPTER 4 

SUMMARY 

The transcription factor Nrf2 has been recognized as the master regulator of a cellular 

defense mechanism because it regulates the transcription of numerous cytoprotective 

genes containing an antioxidant response element (ARE) in their promoter regions [255]. 

Under basal conditions, Nrf2 protein level is relatively low because it is negatively 

regulated by Keap1, a substrate adaptor protein that is a part of a Cullin 3 (Cul3)-E3 

ubiquitin ligase complex that mediates the ubiquitination and degradation of Nrf2 [4, 48]. 

However, upon activation by endogenous or exogenous insults, cysteine residues in 

Keap1 act as sensors and are modified causing a conformational change that leads to the 

stabilization of Nrf2 (canonical or Keap1-C151-dependent mechanism) [40, 191]. Once 

Nrf2 escapes proteasomal degradation, it can translocate into the nucleus and 

transactivate downstream genes.  

Arsenic is present in the environment and has become a worldwide health issue due to its 

toxicity and carcinogenicity; however, the specific mechanism(s) by which arsenic elicits 

its toxic effects has yet to be fully elucidated. It is well accepted that arsenic activates the 

Nrf2-Keap1 pathway; however, in a Keap1-C151-independent mechanism [44]. 

The first part of this dissertation described the non-canonical mechanism of Nrf2 

activation through the direct interaction of Keap1 and p62. Using immunoprecipitation 



130 

 

techniques and mass spectrometry, p62 was identified as a new binding protein to Keap1, 

the negative regulator of Nrf2. p62 is a scaffold protein that has been shown to play a 

critical role in autophagy by bridging aggregated polyubiquitinated proteins to double-

membrane vesicles (autophagosomes) that are engulfed by lysosomes. Furthermore, the 

binding domains of p62 to Keap1 and vice versa were mapped out and interestingly, p62 

has an ETGE motif that is similar to the strong ETGE binding motif in Nrf2 that binds to 

the Kelch domain of Keap1. Since the ETGE motif in p62 was also found to bind the 

Kelch domain of Keap1, this supports the notion that p62 may be competing with Nrf2 

for Keap1 binding. This would result in the activity of the Keap1-Cul3-E3 ubiquitin 

ligase complex to be compromised and thus, prevent the ubiquitination and degradation 

of Nrf2. Additionally, accumulation of p62 due to deregulation of autophagy recruits 

Keap1 into aggregates, which stabilizes Nrf2 and allows transactivation of its 

downstream genes. These results revealed a non-canonical cysteine-independent 

mechanism of Nrf2 activation (Figure 4.1) [68]. 

This dissertation also demonstrated how arsenic activates the Nrf2-Keap1 antioxidant 

pathway through this non-canonical (p62-dependent) mechanism. Arsenic-mediated Nrf2 

activation is dependent on p62, a specific substrate of autophagy, and results in a 

sustained induction of Nrf2.  This non-canonical Nrf2 activation can be attenuated when 

expression of p62 is silenced by siRNA. Moreover, arsenic causes deregulation of 

autophagy, specifically resulting in accumulation of autophagosomes and leading to 

colocalization of Keap1, p62, and LC3 (a marker of autophagosomes). Utilizing a tandem 
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RFP-GFP-LC3 construct, arsenic inhibits the later stages of autophagy, thereby affecting 

autophagic flux. Interestingly, the aforementioned arsenic-induced effects on autophagy 

were reversible by sulforaphane, a well-characterized chemopreventive compound that 

specifically activates Nrf2 through the Keap1-C151-dependent manner. Collectively, 

these findings provide experimental evidence that arsenic causes prolonged activation of 

Nrf2 through autophagy dysfunction, which may contribute to arsenic carcinogenicity in 

humans, and mimics constitutive activation of Nrf2 caused by dysfunctional Keap1-Nrf2 

axis seen in several types of tumors. Therefore, leading us to believe that arsenic-

mediated activation of Nrf2 may be part of the dark side (Figure 4.2).  These observations 

will provide insight to further understand how arsenic activates Nrf2, potentially leading 

to the identification of novel molecular markers and the development of rational therapies 

for the prevention or intervention of arsenic toxicity (Lau, 2012, MCB under review). 
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I. Figures 

Figure 4.1. Regulation of the Nrf2-Keap1 antioxidant pathway. 

 

Under basal conditions, a Keap1 homodimer binds to Nrf2 and forms an E3 ubiquitin 

ligase complex with Cullin 3 (Cul3) and Rbx1. This Keap1-Cul3-E3 ubiquitin ligase 

complex facilitates the ubiquitination of Nrf2, which is then shuttled to the 26S 

proteasome to be degraded. Upon induction of the Nrf2 pathway by chemopreventive 

compounds or oxidative stress, cysteine residues, specifically cysteine 151 (Cys151 or 

C151) on Keap1 are modified. This modification is thought to alter the conformation of 
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the Keap1-Cul3-E3 ubiquitin ligase complex, thus, preventing Nrf2 to be in the correct 

orientation to be ubiquitinated. The non-canonical mechanism of Nrf2 activation is 

through p62, a substrate adaptor protein in autophagy. Accumulation of p62 causes 

sequestration of Keap1 into autophagosomes, thus hindering the ability of the Keap1-

Cul3-E3 ubiquitin ligase complex to ubiquitinate Nrf2. In both the canonical (Keap1-

C151-dependent) and non-canonical (p62-dependent) mechanisms of activation, Nrf2 is 

stabilized. Nrf2 is then allowed to translocate into the nucleus where it heterodimerizes 

with a small Maf protein and binds the antioxidant response element (ARE) to turn on the 

expression of downstream genes. During the post-induction phase, or once homeostasis is 

reinstated, Keap1 enters the nucleus, binds Nrf2, and exports Nrf2 back into the 

cytoplasm where it is ubiquitinated and degraded [35, 182]. 
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Figure 4.2 Model of the chemopreventive and “dark side” of Nrf2.  

 

(A) Nrf2 activation through the Keap1-C151 canonical pathway by chemopreventive 

compounds, like sulforaphane (SF), is intermittent. (B) Somatic mutations in Nrf2 or 

Keap1 found in human cancers and tumors have constitutive Nrf2 activation. (C) 

Arsenic-mediated Nrf2 activation is prolonged due to p62-Keap1 sequestration in 

autophagosomes. 
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CHAPTER 5 

FUTURE DIRECTIONS 

Although much progress has been made in elucidating the role of Nrf2 in arsenic 

exposure within the last decade, a great deal still remains to be investigated. It is clear 

that arsenicals induce the Nrf2-Keap1 pathway as supported by much of the current 

literature. However, whether arsenic-mediated activation of Nrf2 plays a protective role 

against, or contributes to arsenic toxicity has not yet been clarified. The studies carried 

out in Chapter 3 to elucidate the molecular mechanism by which arsenic activates Nrf2 

were limited because the studies were in vitro and cells were only exposed acutely to 

low-dose arsenic. Therefore, long term in vitro arsenic studies are needed to determine 

whether arsenic can transform “normal” lung epithelial cells and, once transformed, 

investigate the status of Nrf2, Keap1, p62, LC3, and autophagy. Furthermore, microarray 

analysis of untransformed cells and transformed cells may confirm whether autophagy 

and/or the Nrf2-Keap1 pathway contribute(s) to arsenic carcinogenicity. We hypothesize 

that certain sets of genes that are known to be involved in autophagy and/or the Nrf2-

Keap1 pathway will change upon transformation. After identification of candidate genes, 

more specific in vitro and in vivo experiments can be done to confirm the findings and 

begin to elucidate more specifically how the genes play a role in arsenic carcinogenicity. 

It is possible that mRNA levels may not change and so, experiments done at the protein 

level (i.e. silver stain or 2D-DIGE) can also be done. Another consideration to keep in 
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mind is that autophagy and the Nrf2-Keap1 pathway may not play role in arsenic toxicity 

and carcinogenicity. Therefore, both microarray and proteomic analysis may provide 

alternative mechanisms (i.e. other signaling transduction pathways) by which arsenic 

causes carcinogenicity and can be further explored and verified both in vitro and in vivo. 

Although there is a lack of mouse models to study arsenic toxicity and carcinogenicity, 

chronic long-term arsenic studies in vivo using Nrf2 wild-type and knockout mice are still 

needed to determine if Nrf2 activation is prolonged by arsenic exposure. Since the lung is 

a major target organ to arsenic toxicity and carcinogenicity, another approach would be to 

conduct the in vivo studies in a lung tissue specific Nrf2 knockout mouse model. 

Furthermore, immunohistochemistry analysis of lung tissue from these mice can be used 

to determine whether proteins such as Keap1, p62, LC3, and the family of autophagy-

related genes (ATG), may be used as biomarkers for arsenic toxicity.  

Based on the evidence provided in Chapter 3, the mechanism by which arsenic affects 

p62 needs to be further investigated in vivo. Therefore, exposing p62 wild-type and 

knockout mice long-term to arsenic contaminated drinking water would shed light on 

whether p62 plays a cardinal role in arsenic toxicity and carcinogenicity in target organs 

such as the lung, bladder, and kidney. It is hypothesized that knockdown of p62 would 

alleviate sequestration of Keap1 into autophagasomes therefore preventing prolonged 

Nrf2 activation. However, if knockdown of p62 does not alleviate the effects, the in vitro 

microarray and proteomic data would provide alternative mechanisms that can be verified 

in this in vivo model. If p62 does not alleviate the effects, it is worth exploring whether 
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other proteins similar to p62 (Figure 5.1) play a compensatory role. These studies only 

explore the role of p62 in arsenic toxicity and carcinogenicity and do not eliminate the 

role of autophagy. Therefore, in vitro and in vivo models with a deficiency in autophagy 

should also be used for further studies. Collectively, these studies will determine whether 

arsenic-mediated autophagy and/or prolonged Nrf2 activation through p62-Keap1 

interaction contributes to arsenic toxicity and carcinogenicity. 

The positive role of Nrf2 against oxidative stress has been well-established and 

pharmacological activation of Nrf2 by compounds, such as sulforphane (SF) and tBHQ, 

through the canonical Keap1-C151 mechanism has been shown to attenuate arsenic-

mediated deleterious effects. However, it is unclear whether chronic low-dose exposure 

to canonical activators can cause similar detrimental effects as arsenic. Therefore, long-

term SF or tBHQ in vitro and in vivo studies are needed to determine if the compounds 

can lead to prolonged Nrf2 activation and contribute to carcinogenicity as well. If these 

experiments demonstrate that SF or tBHQ causes prolonged activation of Nrf2 and are 

not carcinogenic, then the idea of using Keap1-C151 dependent compounds for 

chemoprevention is still a valid strategy for prophylaxis. 

Since arsenic activates Nrf2 through a distinct non-canonical mechanism that is Keap1-

C151 independent and p62-dependent, in vitro and in vivo experiments are needed to 

determine whether canonical activators lead to different effects compared to p62-

dependent compounds. Since SF and arsenic were the only compounds used in the studies 



138 

 

described in Chapter 3, determining whether other well-known chemopreventive Nrf2 

activators, such as resveratrol, cinnamic aldehyde, oridonin, or epigallocatechin-3-gallate 

(ECGC), or other heavy metals, such as chromium, cadmium, lead, and mercury, are 

C151-dependent or p62-dependent will help in determining whether one mode of 

activation is protective and the other is harmful. These studies would also investigate 

whether activation by different Nrf2 inducers may result in upregulation of differential 

downstream genes. For example, it has been previously reported that SF inhibits the 

accumulation of arsenic in cells by upregulating Nrf2 downstream genes, specifically γ-

GCS, GST isoforms, and MRP1, responsible for the excretion of arsenic into the 

extracellular space [210]. Determining whether the canonical mechanism triggers the 

protective Nrf2 response through a distinct set of Nrf2 downstream genes and the non-

canonical mechanism mimics the dark side of Nrf2, as found in chemoresistant human 

cancer cell lines and tumors, may confirm or elucidate the specific mechanism allowing 

SF to supersede or protect against the effects of arsenic. It would also be critical to 

determine whether pre-treatment with SF or treatment with SF after arsenic treatment 

would have the same protective effect when cells were treated simultaneously with 

arsenic. If the two differentiated modes of Nrf2 activation determine whether or not Nrf2 

is protective or harmful, then canonical compounds (Keap1-C151 dependent) have the 

opportunity to be developed into therapeutics for the prevention or intervention of arsenic 

toxicity and carcinogenicity. 
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I. Figure 

Figure 5.1 Proteins in the same family as p62.  
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