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ABSTRACT 

To maintain intracellular redox homeostasis, genes encoding many endogenous 

antioxidants and phase II detoxification enzymes are transcriptionally upregulated upon 

deleterious oxidative stress through the cis- antioxidant responsive elements (AREs) in 

their promoter regions. Nrf2 has emerged as the pivatol transcription factor responsible 

for ARE-dependent transcription, and has been shown to play critical roles in 

hepatotoxicity, chemical carcinogenesis, pulmonary inflammatory diseases, 

neurodegenerative diseases and aging. Therefore, understanding the molecular 

mechanism of the Nrf2-dependent cytoprotective system is important for development of 

drugs for therapeutic intervention.  

Nrf2 is targeted by Keap1 for ubiquitin-mediated degradation under basal 

conditions. Upon oxidative stress, distinct cysteine residues of Keap1 are alkylated, 

leading to inhibition of Keap1 and activation of Nrf2. However, it was not clear how 

Nrf2 is re-entered into the repression status when redox homeostasis is re-achieved. In 

this dissertation, we establish that the post-induction repression of Nrf2 is controlled by 

the nuclear export function of Keap1 in alliance with the cytoplasmic ubiquitination/ 

degradation machinery. We show that a nuclear export sequence (NES) in Keap1 is 

required for termination of Nrf2 signaling; ubiquitination of Nrf2 is carried out in the 

cytosol; Keap1 nuclear translocation is independent of Nrf2; and the Nrf2-Keap1 

complex does not bind the ARE. Collectively, these results suggest that Keap1 

translocates into the nucleus to dissociate Nrf2 from the ARE and mediates nuclear 

export of Nrf2 followed by ubiquitination and degradation of Nrf2 in the cytoplasm.  
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In addition to Keap1-mediated negative regulation, we identified a novel positive 

regulatory mechanism of Nrf2 mediated by transcription co-activator p300/CBP. We 

show that p300/CBP directly binds and acetylates Nrf2 in response to oxidative stress. 

We have identified multiple acetylated lysine residues within the Nrf2 Neh1 DNA-

binding domain. Combined lysine-to-arginine mutations on the acetylation sites, with no 

effects on Nrf2 protein stability, compromised the DNA-binding activity of Nrf2 in a 

promoter-specific manner both in vitro and in vivo. These findings demonstrated that 

acetylation of Nrf2 by p300/CBP augments promoter-specific DNA binding of Nrf2 and 

established acetylation as a novel regulatory mechanism that functions in concert with 

Keap1-mediated ubiquitination in modulating the Nrf2-dependent antioxidant response. 
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CHAPTER I: INTRODUCTION 

I. Antioxidant response element (ARE) 

Mammalian cells are inevitably exposed to environmental insults, such as 

pollutants, chemicals, and natural toxins. Many of these compounds exert their biological 

effects by perturbation of cellular redox homeostasis, a condition defined as oxidative 

stress. Oxidative stress has been associated with the etiology of many human diseases 

including cancer, neurodegenerative diseases, cardiovascular diseases, inflammation, and 

autoimmune diseases (Kanwar, 2005; Klaunig and Kamendulis, 2004; Ruef et al., 1999; 

Simonian and Coyle, 1996; Yang et al., 2001). To counteract the detrimental effect of 

environmental insults, mammalian cells have evolved sensing and signaling mechanisms 

to turn on or off endogenous antioxidant responses accordingly (Dalton et al., 1999; 

Nguyen et al., 2003). 

One of the major cellular antioxidant responses is mediated by the cis- antioxidant 

response element (ARE), also known as electrophile response element (EpRE). ARE was 

first discovered in the promoter region of the rat glutathione S-transferase Ya (GST-Ya) gene 

and the NAD(P)H quinone oxidoreductase 1 (NQO1) gene by mutation and deletion analysis 

(Rushmore et al., 1991), and was later found in the promoters of many antioxidant and phase 

II detoxifying genes including many different isoforms of GST, heme oxygenase 1 (HO-1), 

thioredoxin (TXN), thioredoxin reductase 1 (TXNRD1), glutathione peroxidase 2 (Gpx2), 

ferritin H (also known as ferritin mitochondrial, FTMT), Peroxiredoxin 1 (Prdx1), glutamate-

cysteine ligase (also known as γ-glutamylcysteine synthetase, i.e. γGCS) modifier subunit 

(GCLM) and catalytic subunit (GCLC) (Alam et al., 1999; Banning et al., 2005; Ishii et al., 
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2000; Itoh et al., 1999a; Kim et al., 2007; Kobayashi and Yamamoto, 2005; Moinova and 

Mulcahy, 1999; Pietsch et al., 2003; Tsuji, 2005; Wild et al., 1999).  

The consensus sequence of ARE was first identified as 5`-GTGACNNNGC-3` 

(Rushmore et al., 1991), and was further characterized to a “core” sequence of 5`-

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

sequence in their promoters (Wasserman and Fahl, 1997) (Fig. 1). Although a comprehensive 

mutation study conducted later on the NQO1-ARE suggested that the ARE sequence did not 

conform to the general consensus sequence (Nioi et al., 2003), the similarity between the 

ARE sequence and the consensus sequences bound by many basic leucine zipper (bZIP) 

family proteins lead to the discovery of Nrf2, a bZIP protein, as the major transcription factor 

that binds the ARE and activates the ARE-dependent transcription (Itoh et al., 1997). 

 
 

 

Figure 1. Consensus sequence of the ARE. The cis- Antioxidant Response Element 

(ARE) is present in the promoter regions of genes encoding many antioxidants and phase 

II detoxification enzymes. ARE is essential for transcriptional upregulation of these genes 

in response to oxidative stress and electrophiles (adapted from Wasserman and Fahl. P 

Natl Acad Sci USA. 1997 Vol. 94, 5361) 
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Figure 2. Nrf2 is the pivotal transcription factor regulating the ARE-dependent 

transcription. In response to oxidative stress or electrophiles, Nrf2 binds to the ARE by 

forming a heterodimer with a small Maf (musculoaponeurotic fibrosarcoma oncogene 

family) protein, and upregulates the transcription of antioxidants and phase II 

detoxification enzymes such as glutathione S-transferase (GST), NAD(P)H quinone 

oxidoreductase 1 (NQO1), and glutamate-cysteine ligase (also known as γ-

glutamylcysteine synthetase, i.e. γGCS). 

 

II. NF-E2-related factor-2 (Nrf2) 

 Nrf2 was first cloned as a closely-related gene of NF-E2, and was characterized based 

on its ability to bind the NF-E2/AP-1 site in the promoter region of the beta-globin gene (Moi 

et al., 1994). Like NF-E2, Nrf2 is a member of the “cap ‘n’ collar” (CNC) subfamily of bZIP 

transcription factors. CNC is a drospholia protein and the founding member of this protein 

subfamily. In mammals, the known members of the CNC bZIP subfamily include NF-E2, 

Nrf1, Nrf2, Nrf3, Bach1 and Bach2. Nrf2 binds to the ARE by forming a heterodimer with a 

small Maf (musculoaponeurotic fibrosarcoma oncogene family) protein (Itoh et al., 1997) 

(Fig 2). Small Maf proteins constitute another subfamily of bZIP proteins which include 

MafG, MafK and MafF in mammals. Small Maf proteins do not have known transcriptional 

activation domains, and therefore are believed to function either as heterodimeric partner 

with other bZIP proteins or as homodimer transcription respressors (Motohashi et al., 1997). 

The Nrf2 protein has six conserved domains named Nrf2-Ech homology (Neh) 

domain 1-6 (Fig. 3). The Neh1 domain contains a CNC-type basic leucine zipper that 
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dimerizes with small Maf proteins and is required for DNA binding. A functional nuclear 

localization signal (NLS) is also in this region (Jain et al., 2005). The Neh2 domain is the 

redox-sensitive “degron” that is bound and targeted for ubiquitination by Keap1, a negative 

regulator of Nrf2 (Itoh et al., 1999b; Zhang et al., 2004). The Neh6 domain is the redox-

insensitive “degron” that is also a target for ubiquitin conjugation (McMahon et al., 2004). 

The Neh4 and Neh5 domains are two independent transactivation domains that interact with 

the transcriptional co-activator CREB-binding protein (CBP)  (Katoh et al., 2001) (also see 

Chapter IV). Lastly, the Neh3 is indispensible for transcriptional activation and was shown to 

function by recruiting another transcriptional coactivator chromo-ATPase/helicase DNA 

binding protein 6 (CHD6) (Nioi et al., 2005).  

  A growing body of evidence has established the Nrf2-dependent antioxidant 

response as a pivotal protection system against detrimental effects of many 

environmental insults. Nrf2 is ubiquitiously expressed in almost all tissues and organs 

(Chan et al., 1996). Nrf2 knockout mice have decreased constitutive and inducible 

expression of detoxification enzymes and antioxidants such as GST, NQO1, and GCL 

(Chan and Kwong, 2000; Chanas et al., 2002; Hayes et al., 2000; Kwak et al., 2001; 

McMahon et al., 2001).  As a consequence, these mice are highly susceptible to chemical 

carcinogens and toxicants including banzo[a]pyrene, N-nitrosobutyl (4-hydroxybutyl) 

amine, pentachlorophenol, acetaminophen, 4-vinyl cyclohexene diepoxide, diesel exhaust, 

and cigarette smoke (Aoki et al., 2001; Chan et al., 2001; Enomoto et al., 2001; Hu et al., 

2006; Iida et al., 2004; Iizuka et al., 2005; Ramos-Gomez et al., 2001; Umemura et al., 

2006) Nrf2 knockout mice are also refractory to the protective actions of 
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chemopreventive compounds (Chan et al., 2001; Ramos-Gomez et al., 2001). These 

results demonstrate that the Nrf2-dependent antioxidant response is a cell survival signal, 

and activation of the Nrf2 pathway confers cellular protection against detrimental effects 

from various insults (Chan et al., 2001; Cullinan et al., 2003; Kwak et al., 2003; Liu et al., 

2001).  

 

 

 

 

 

Figure 3. Domain constructs of human Nrf2 and Keap1 proteins. Nrf2 contains six 

conserved domains named Neh 1-6. The Neh2 domain is the redox-sensitive “degron” 

that is bound and ubiquitinated by Keap1. The Neh6 domain is the redox-insensitive 

“degron” that is also contributes to Nrf2 degradation. The Neh4 and Neh5 domains are 

two independent transactivation domains that interact with the transcriptional co-activator 

CREB-binding protein (CBP) and p300. The Neh3 is indispensible for transcriptional 

activation and interacts another transcriptional coactivator chromo-ATPase/helicase DNA 

binding protein 6. Keap1 contains a N-terminal BTB domain, a C-terminal Kelch domain, 

and in-between a linker region that was also called BTB and C-terminal Kelch (BACK) 

domain. BTB domain is involved in homodimerization and interaction with Cullin 3. 

Kelch domain directly binds to the Neh2 domain of Nrf2. The linker region is 

indispensible for Keap1 activity. Keap1 is rich in cysteine residues; highlighted are the 

three key cysteine residues in redox-sensing: C151, C273, and C288. (adapted from 

Zhang D.D. Drug Metabolism Reviews, 38: 769-789, 2006) 
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III. Nrf2-ARE in xenobiotic metabolism and chemoprevention  

The Nrf2-ARE signal transduction pathway mediates an adaptive and protective 

response upon exposure of cells to oxidative stress. The Nrf2 downstream genes 

identified so far can be grouped into several categories, including (i) antioxidants and 

enzymes involved in redox cycling: glutamate cysteine ligase (GCL), glutathione 

reductase (GSR), glutathione peroxidase (GPx), thioredoxin (TXN), thioredoxin 

reductase (TXNRD1), and peroxiredoxin (Prdx), ferritin, and haptoglobin; (ii) phase II 

detoxification and conjugation enzymes: glutathione S-transferases (GSTs), UDP-

glucuronosyltransferase 1A1 (UGT1A1), NAD(P)H quinone oxidoreductase-1 (NQO1), 

and heme oxygenase-1 (HMOX-1); (iii) NADPH-regenerating enzymes: glucose 6-

phosphate dehydrogenase (G6pd), 6-phosphogluconate dehydrogenase (Pgd), malic 

enzyme 1 (Me1); (iv) ATP-binding cassette transporters (ABC-transporters), also known 

as multidrug resistance-associated proteins (MRPs) (Banning et al., 2005; Ishii et al., 

2000; Ishii and Yanagawa, 2007; Kim et al., 2001; Maher et al., 2005; Moinova and 

Mulcahy, 1999; Sakurai et al., 2005; Vollrath et al., 2006; Yueh and Tukey, 2007). The 

primary function of antioxidants and enzymes involved in redox cycling is to regenerate 

and maintain the two major redox systems: glutathione system and thioredoxin system, so 

that the intracellular reactive oxygen species (ROS) level is kept within a normal and 

healthy range. NADPH-regenerating enzymes replenish the pool of NADPH that is 

utilized as a reducing reagent by enzymes such as GSR and TXNRD in the redox systems. 

Phase II enzymes are so-named as compared to phase I enzymes. These terms are 

commonly used in the field of drug metabolism to describe the generally tandom 
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reactions that the body exerts on xenobiotics. Phase I enzymes, mostly cytochrome P450s 

(CYPs), catalyze reactions of oxidation, reduction and hydrolysis which results in 

exposure of functional groups of the xenobiotics. Phase II enzymes mainly catalyze 

conjugation reactions on the functional groups of phase I metabolites to make them more 

ionized and polarized, thus more hydrophilic, less toxic and readily excreted from the 

body. ABC transporters, also referred to as phase III enzymes, utilize the energy of ATP 

hydrolysis to transport xenobiotic metabolites across cellular membranes to eliminate 

them from the body (Fig. 4). The major known downstream effectors of the Nrf2-

mediated antioxidant system are summarized and their functions are illustrated in Figure 

5 (Fig. 5).  

The Nrf2-ARE dependent adaptive and cytoprotective system is activated by a 

plethora of xenobiotics including deleterious toxicants and health-beneficial natural anti-

carcinogens (Table 1). This seemingly paradoxical phenomenon can be explained by, and 

therefore provides a strong support for, the theory of hormesis: exposure of the body to 

low doses of potential toxicant may augment the body’s self-protective ability and thus 

benefit the health of the body in the long run (Calabrese, 2008; Mattson, 2008). In 

contrast to toxicants, the naturally-occuring anticarcinogens or antioxidants from plants 

retain the ability to enhance the body’s self-protective function at low doses, but lack the 

detrimental effects at high doses. To explain this phenomenon, the theory of 

xenohormesis was recently proposed with the hypothesis that animals have evolved 

abilities to enhance self- somatic maintenance upon exposure to chemicals synthesized by 

plants in response to stress, thus allowing themselves to prepare in advance for 
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forthcoming deteriorating environmental conditions (Howitz and Sinclair, 2008). 

Although the theories might need further provement or modifications, there is no doubt 

that the Nrf2-ARE signaling pathway is one of the most important underlying 

mechanisms that contribute to the longstanding concept of chemoprevention through the 

use of dietary compounds or synthetic chemicals. Richardson et al. first demonstrated this 

concept in 1951 by showing that systemic administration of small quantities of 3-

methylcholanthrene decreased the incidence of cancer in rats that were subsequently fed 

large doses of carcinogenic azo dyes (Richardson, 1951). Work over the last 50 years has 

identified many compounds from plants, referred to as phytochemicals, possessing 

chemopreventive activities (Kelloff, 2000; Kelloff et al., 2000; Kelly et al., 2000; Kensler 

et al., 2000; Shapiro et al., 2001; Sporn and Suh, 2000; Talalay and Fahey, 2001; Wolf, 

2001; Yang et al., 2001). Conceivably, many of the chemopreventive compounds have 

later been identified as Nrf2 inducers such as sulforaphane (from cruciferous vegetables) 

(Kensler et al., 2000), curcumin (a widely used spice) (Balogun et al., 2003; Garg et al., 

2008; Pae et al., 2004), epigallocatechin-3-gallate (EGCG) (from green tea) (Na and Surh, 

2008; Shen et al., 2005), resveratrol (from grapes) (Chen et al., 2005; Kode et al., 2008), 

caffeic acid phenethyl ester (from conifer trees) (Balogun et al., 2003), wasabi (from 

Japanese horseradish) (Morimitsu et al., 2002), cafestol and kahweol (from coffee) 

(Cavin et al., 2002; Higgins et al., 2008), cinnamonyl-based compounds (from cinnamon) 

(Liao et al., 2008), zerumbone (from ginger) (Nakamura et al., 2004), garlic organosulfur 

compounds (from garlic) (Chen et al., 2004; Gong et al., 2004), lycopene (from tomato) 

(Ben-Dor et al., 2005), carnosol (from rosemany) (Martin et al., 2004; Satoh et al., 2008), 
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and avicins (from Bentham plant) (Haridas et al., 2005) (Fig. 6). Besides phytochemicals, 

certain synthetic chemicals such as oltipraz (a substituted 1, 2-dithiole-3-thione) (Ramos-

Gomez et al., 2001), 2-indol-3-yl-methylenequinuclidin-3-ols (an indole analogue) 

(Sekhar et al., 2003), 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) (Dinkova-Kostova et al., 2005; Liby et al., 2005), are also 

potent Nrf2 inducers. This list of Nrf2 inducing chemopreventive compounds and 

synthetic chemicals is continuously growing. 

It has been made clear that many of these chemopreventive compounds exert their 

chemopreventive activity mainly by inducing the Nrf2-dependent adaptive response to 

defend cells from subsequent carcinogenic insults. Nrf2 knockout mice are refractory to 

the protective actions of many chemopreventive compounds and display increased 

sensitivity to chemical toxicants and carcinogens (Aoki et al., 2001; Chan et al., 2001; 

Chan and Kan, 1999; Cho et al., 2002; Cho et al., 2004; Iida et al., 2004; Ramos-Gomez 

et al., 2001; Rangasamy et al., 2004). A distinguishing feature of the Nrf2-ARE system 

compared to other inducible xenobiotic-metabolizing systems such as the well-known 

Aryl hydrocarbon receptor (AhR) - xenobiotic response element (XRE) system is that 

Nrf2 does not seem to regulate phase I cytochrome P450 enzymes (CYPs) (Table 2). 

Since modulation of CYPs levels is the most common cause for drug-drug interactions 

and therefore is generally not a favorable approach for therapeutic intervention, Nrf2-

ARE pathway, as an exclusive phase II/III enzymes- modulating system, has been 
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drawing increasing interest in the field of antioxidant intervention and has now become 

one of the most attractive targets for chemoprevention. 

 

 
 

 

Figure 4. Phase I, II, III enzymes in xenobiotic metabolism. Phase I enzymes, mostly 

cytochrome P450s (CYPs), catalyze reactions of oxidation, reduction and hydrolysis 

which results in exposure of functional groups of the xenobiotics. Phase II enzymes 

mainly catalyze conjugation reactions on the functional groups of phase I metabolites to 

make them more ionized and polarized, thus more hydrophilic, less toxic and readily 

excreted from the body. Phase III enzymes, also referred to as ABC transporters, utilize 

the energy of ATP hydrolysis to transport xenobiotic metabolites across cellular 

membranes to eliminate them from the body. All three phases of enzymes are 

transcriptionally regulated by nuclear receptors in exposure to xenobiotics as an adaptive 

response (adapted from Nakata K et al. Drug Metab. Pharmacokinet. 21: 437-457, 2006.) 
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Figure 5. Nrf2-ARE regulated antioxidants and xenobiotic detoxification enzymes. 
In response to oxidative or electrophilic stress, Nrf2 acts through the ARE to upregualte 

the expression of (i) antioxidants and enzymes involved in redox cycling: glutamate 
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cysteine ligase (Gclc and Gclm), glutathione reductase (Gsr), glutathione peroxidase 

(GPx), thioredoxin (Txn), thioredoxin reductase (Txnrd1), peroxiredoxin (Prdx), ferritin, 

Superoxide dismutase 1 (Sod1), and haptoglobin; (ii) phase II detoxification and 

conjugation enzymes: glutathione S-transferases (Gst), UDP-glucuronosyltransferase 

1A1 (Ugt1a1), NAD(P)H quinone oxidoreductase-1 (Nqo1), heme oxygenase-1 (Hmox-

1), epoxide hydrolase 1 (Ephx1), carbonyl reductase 3 (Cbr3), and leukotriene B4 12-

hydroxydehydrogenase (LTB4dh); (iii) NADPH-regenerating enzymes: glucose 6-

phosphate dehydrogenase (G6pd), 6-phosphogluconate dehydrogenase (Pgd), and malic 

enzyme 1 (Me1); (iv) ATP-binding cassette transporters (ABC-transporters), also known 

as multidrug resistance-associated proteins (Mrp). These antioxidants and enzymes acts 

in concert as a cytoprotective system to accelerate the elimination of oxidative stress and 

electrophiles and to attenuate their deleterious effects. (adapted from Kensler TW, et al. 

Annu. Rev. Pharmacol. Toxicol. 47:89-116, 2007.) 

 

 

 

 

__________________________________________________________ 

Naturally occuring compounds 

Compound     Class      Source    

Sulforaphane      Isothiocyanate    Cruciferous vegetables 

3-hydroxycoumarin    Coumarin     Leguminous vegetables 

Caffeic acid      Phenolic antioxidant   Fruits 

2-phenylbenzopyrone    Flavonoid     Tea, red wine, Soybeans 

Trihydroxystilbene        Stilbene     Grapes, wine, and peanuts 

Epigallocatechin    polyphenol     Green tea 

  -3-gallate (EGCG) 

 

Synthetic compounds 

Compound        Class 

Tert-butyl-hydroquinone (tBHQ)  Phenolic antioxidant 

Diethyl maleate    GSH-depleting agent 

Phorbol 12-myristate 13-acetate  Phorbol Ester 

b-naphthoflavone    Flavonoid   

Oltipraz     1,2-dithiole-3-thione 

__________________________________________________________ 

 

Table 1. Chemical inducers of the Nrf2-ARE system. The Nrf2-ARE dependent 

adaptive and cytoprotective system is activated by a plethora of structurally diverse 

xenobiotics including both naturally-occuring health-beneficial anti-carcinogens and 

deleterious toxicants. However they share common properties of electrophilicity and 

capacity to modify sulfhydryl groups such as those found in cysteine residues. 
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Figure 6. Chemopreventive compounds from plants. Many phytochemicals have long 

been known to have chemopreventive activities and are shown to be inducers of Nrf2-

ARE signal transduction pathways. (adapted from Surh Y.J. Nat Rev Cancer. 3: 768, 

2003.)  
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Table 2. Multiple inducible xenobiotic-metabolizing systems. A distinguished feature 

of the Nrf2-ARE system compared to other inducible xenobiotic-metabolizing systems is 

that Nrf2 does not seem to regulate phase I cytochrome P450 enzymes (CYPs). Since 

modulation of CYPs levels is the most common cause for drug-drug interactions and 

therefore is generally not a favorable approach for therapeutic intervention, Nrf2-ARE 

pathway, as an exclusive phase II/III enzymes- modulating system, has been drawing 

increasing interest in the field of antioxidant intervention and has now become one of the 

most attractive targets for chemoprevention. AhR: Aryl hydrocarbon receptor; XRE: 

xenobiotic response element; CAR: constitutive androstane receptor; DR: DNA 

recognition sequences; LXR: Liver X Receptor; PPAR: peroxisome proliferator-activated 

receptors; GR: glucocorticoid receptor; GRE: glucocorticoid response element. (adapted 

from Nakata K et al. Drug Metab. Pharmacokinet. 21: 437-457, 2006.) 
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IV. Mechanism of Nrf2 regulation 

A. Keap1 as a redox sensor 

Kelch-like ECH-associated protein 1 (Keap1) is the major regulator of Nrf2 

activity. Keap1 was identified as a protein interacting with the N-terminal domain of Nrf2 

(Neh2) in a yeast-two-hybrid analysis (Itoh et al., 1999b). Keap1 contains three domains, 

an N-terminal BTB domain (broad complex, tramtrack, and bric-a-brac), a C-terminal 

Kelch domain, and in-between a linker region that was later found widely distributed in 

BTB-Kelch proteins and therefore proposed to be a conserved domain named BTB and 

C-terminal Kelch (BACK) domain (Stogios and Prive, 2004) (Fig. 3). BTB domain was 

implicated in homodimerization of the Keap1 protein (Zipper and Mulcahy, 2002). Kelch 

domain, composed of six Kelch repeats, directly binds to the Neh2 domain of Nrf2 (Lo et 

al., 2006; Padmanabhan et al., 2006). The crystal structures of the Kelch domain alone or 

in complex with N-terminal peptides of Nrf2 have been resolved (Li et al., 2004; Lo et al., 

2006; Padmanabhan et al., 2005; Padmanabhan et al., 2006). The liner region (or BACK 

domain) is a cysteine-rich domain that is indispensable for the activity of Keap1(Zhang 

and Hannink, 2003). Keap1 knockout mice died postnatally from malnutrition resulting 

from hyperkeratosis in the esophagus due to constitutive Nrf2 activation. Knockout of 

Nrf2 in Keap1
-/-

 background reversed the phenotype of Keap1 deficiencies. These results 

demonstrate that Keap1 is upstream of Nrf2 in the antioxidant response (Wakabayashi et 

al., 2003). Since the cloning of Keap1, great progress has been made in understanding the 

mechanism of Nrf2 regulation.  



 

 

29 

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

cysteines in mouse Keap1), implying a potential role in redox sensing (Itoh et al., 1999b) 

(Fig. 3). On the other hand, although chemical Nrf2 inducers include structurally diverse 

classes such as isothiocyanates, dithiolethiones, oxidizable quinones, Michael reaction 

acceptors, trivalent arsenicals, heavy metals, hydroperoxides, vicinal dimercaptans, and 

caroteinoids/polyenes, they share common properties of electrophilicity and capacity to 

modify sulfhydryl groups such as those found in cysteine residues (Kwak et al., 2004). 

Therefore, Keap1 has been proposed to function as a molecular sensor for cellular redox 

changes in response to exogenous stimuli (Dinkova-Kostova et al., 2002; Wakabayashi et 

al., 2004). Three key cysteine residues (C151, C273, and C288) were shown to 

accomplish the redox sensoring funciton by in vitro alkylation and in vivo mutation 

analysis (Dinkova-Kostova et al., 2002; Eggler et al., 2005; Eggler et al., 2007; Hong et 

al., 2005; Levonen et al., 2004; Luo et al., 2007; Wakabayashi et al., 2004; Zhang and 

Hannink, 2003). Cysteine 151 in the BTB domain is likely the major site that is directly 

alkylated by Nrf2 inducers (Eggler et al., 2005; Eggler et al., 2007; Luo et al., 2007). The 

ability of the Keap1-C151S mutant, where cysteine-151 is replaced with a serine, 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-inducers, such 

as sulforaphane (SF) and tert-butylhydroquinone (tBHQ) (Zhang and Hannink, 2003). 

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 (Wang et al., 2008a). 

Single cysteine to serine mutation on either C273 or C288 rendered Keap1 unable to 
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repress Nrf2, although the resultant Keap1 mutant were capable of binding Nrf2 

(Levonen et al., 2004; Wakabayashi et al., 2004; Zhang and Hannink, 2003). Recently, 

the functional importance of these three cysteine residues under physiological conditions 

has recently been confirmed using animal models (Yamamoto et al., 2008). 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 (Yamamoto et al., 2008). In summary, these data confirm 

the role of cysteine residues of Keap1 in sensing intracellular redox conditions. C151 in 

Keap1 is required for activation of the Nrf2 pathway while C273 or C288 is necessary for 

repressing Nrf2.  

B. Keap1 targets Nrf2 for ubiquitination and degradation  

Ubiquitin is a 76 amino-acids protein evolutionarily conserved from worms to 

mammals. Ubiquitination refers to the post-translational process in which ubiquitin is 

covalently conjugated to lysine residues of a substrate protein. Ubiquitin may be 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, although other functions such as endocytosis and ribosome 

biogenesis have also been documented. The chemical conjugation of ubiquitin to 

substrates is accomplished through the sequential action of three classes of enzymes: (i) 

ubiquitin activating enzyme, E1, (ii) ubiquitin conjugating enzyme, E2, and (iii) ubiquitin 

ligase, E3 (Fig. 7). In the initial step, ubiquitin is attached to a cysteine residue on E1 
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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 determines the substrate- and site- specificity of ubiquitination 

and therefore is particularly important in many signal transduction pathways (Cope and 

Deshaies, 2003; Hochstrasser, 1996; Pickart, 2001).  

The E3 ubiquitin ligase usually functions as a protein complexes composed of 

multiple proteins. Among the E3 family, the Skp1-Cullin-F-box complex (SCF) and von 

Hippel-Lindau protein–elonginC-elonginB complex (VCB) are the best studied (Fig. 8). 

In the SCF complex, a Cullin family protein Cullin 1 (Cul1) serves as a binding platform 

to bring together the protein complex. The F-box protein and Skp1 together serve as a 

substrate adaptor that brings in a specific substrate for ubiquitin conjugation. The Ring-

box 1 protein (Rbx1) is the catalytic core of the E3 ligase complex. The F-box proteins in 

the SCF complex represent a large family and are responsible for ubiquitination of many 

substrates, including cyclin-dependent kinase inhibitors, cyclins, IkBα, and β-catenin, 

under different physiological situations (Zheng et al., 2002). In the VCB complex, 

another Cullin protein Cullin 2 (Cul2) serves as the scaffold, and three proteins pVHL, 

elonginC, and elonginB work together to accomplish the substrate adaptor function 

(Kamura et al., 1999). The VCB complex is responsible for degradation of 

hypoxiainducible transcription factor (HIFα) under the normoxia condition (Fig 8). 

Recent advances in understanding the ubiquitin system lead to identification of many 

BTB-domain containing proteins, especially BTB-Kelch proteins as the substrate-specific 

adaptors for the Cullin 3 (Cul3)-based E3 ubiquitin ligase complex (Furukawa et al., 
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2003; Geyer et al., 2003; Krek, 2003; Pintard et al., 2003; Xu et al., 2003) (Fig. 8). And 

Keap1 is one of them (Cullinan et al., 2004; Furukawa and Xiong, 2005; Kobayashi et al., 

2004; Zhang et al., 2004).  

 
 

 

Figure 7. The ubiquitin-mediated protein degradation system. The chemical 

conjugation of ubiquitin to substrates is accomplished through the sequential 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 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. Polyubiquitination serves as a signal for 

degradation of the substrate by the 26S proteasome. The E3 ligase determines the 

substrate- and site- specificity of ubiquitination and therefore is particularly important in 

signal transductions. (adapted from Zhang D.D. Drug Metabolism Reviews, 38: 769-789, 

2006) 
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Figure 8. The Cullin-containing E3 ubiquitin ligases. The E3 ubiquitin ligase usually 

functions as a protein complexe composed of multiple proteins. Among the E3 family, 

the Skp1-Cullin-F-box complex (SCF) and von Hippel-Lindau protein–elonginC-

elonginB complex (VCB) are the best studied. In the SCF complex, a Cullin family 

protein Cullin 1 (Cul1) serves as a binding platform to bring together the protein complex. 

The F-box protein and Skp1 together serve as a substrate adaptor that brings in a specific 

substrate for ubiquitin conjugation. The Ring-box 1 protein (Rbx1) is the catalytic core of 

the E3 ligase complex. In the VCB complex, another Cullin protein Cullin 2 (Cul2) 

serves as the scaffold, and three proteins pVHL, elonginC, and elonginB work together to 

accomplish the substrate adaptor function. The VCB complex is responsible for 

degradation of hypoxiainducible transcription factor (HIFα) under the normoxia 

condition. Recent advances in understanding the ubiquitin system lead to identification of 

many BTB-domain containing proteins, especially BTB-Kelch proteins as the substrate-

specific adaptors for the Cullin 3 (Cul3)-based E3 ubiquitin ligase complex. The BTB 

domain binds to Cul3, and the Kelch domain recruits specific substrates such as Nrf2. So 

in the Cul3 E3 complex, the BTB-Kelch protein itself accomplishes the function that is 

usually shared by two interacting proteins in the Cul1 and Cul2-based E3 complexes. 

 



 

 

34 

 
 

Figure 9. Existing knowledge on molecular mechanism of Nrf2-ARE regulation. 
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. 

Docking of Nrf2 into the E3 complex facilitates ubiquitin transfer from E2 to lysine 

residues within the Nrf2 Neh2 domain. The ubiquitinated Nrf2 is quickly degraded by the 

26S proteasome. Thus 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 response to Nrf2 inducers, Nrf2 is stabilized, leading to 

increased Nrf2 protein levels and accumulation of Nrf2 in the nucleus. Nrf2 forms 

heterodimers with a small Maf protein, binds to the ARE, and upregulates the 

transcription of many antioxidants and phase II detoxification genes.  

 

 

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 (Zhang et al., 2004). Docking of Nrf2 into the E3 complex facilitates ubiquitin 

transfer from E2 to lysine residues within the Nrf2 Neh2 domain. The ubiquitinated Nrf2 
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is quickly degraded by the 26S proteasome. Combined lysine-to-arginine mutation on the 

seven lysines within the Nrf2 Neh2 domain renders the Nrf2 more resistant to Keap1-

dependent degradation (Zhang et al., 2004).  Thus 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 (Fig. 9).  

In response to Nrf2 inducers, Nrf2 is stablized and the Nrf2 pathway is turned on 

(Fig. 9). The half-life of endogenous Nrf2 increased from 19 min in untreated cells to 51 

min in stressed MDA-MB-231 cells (Du et al., 2008). Keap1-mediated ubiquitination of 

Nrf2 was reduced significantly upon treatment with tBHQ or SF (Du et al., 2008). 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 (Zhang and Hannink, 2003; Zhang et al., 

2004). 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 cysteines in Keap1 may cause a conformational change of the 

Keap1-Cul3 E3 complex, resulting in less efficient ubiquitin conjugation on Nrf2 as 

proposed by the hinge-and-latch model (McMahon et al., 2006; Tong et al., 2006). Or 

alternatively, the conformational change of Keap1 may cause a switch from Nrf2 

ubiquitination to auto-ubiquitination of Keap1 (Zhang et al., 2005a). Intriguingly, 

different Nrf2 inducers seem to activate Nrf2 by distinct mechanisms. In support of this 
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notion, SF was unable to elicit a switch of ubiquitination from Nrf2 to Keap1(Zhang et al., 

2005a). More dramatically, arsenic-induction of Nrf2 was shown to be independent of 

C151 in Keap1 (Wang et al., 2008a). The details and distinct mechanisms of how various 

Nrf2 inducers activate the Nrf2 signaling pathway remains to be deciphered. 

C. Nucleocytoplamic trafficking of Nrf2 and Keap1 

 Clearly, Keap1-mediated ubiquitination and degradation play a central role in 

regulating the level of Nrf2 and subsequent activation of the cellular antioxidant 

response. Another level of regulation is the controlled nuclear import and export of Nrf2. 

A canonical nuclear localization sequence (NLS) containing a short stretch of basic 

amino acids has been identified in the Nrf2 protein. The RKRK nuclear localization 

sequence (amino acids 515 to 518 in the human Nrf2 protein) is necessary for nuclear 

translocation of Nrf2 (Jain et al., 2005; Zhang, 2006). Contradictory to the previous 

prevailing notion that Keap1 is a cytoplasmic anchor, mounting evidence suggest that 

Keap1 may also travel between nucleus and cytoplasm. For example, Keap1 interacts 

with the abundant nuclear protein prothymosin α (ProTα), which implies its ability to 

translocate from the cytoplasm to the nucleus (Karapetian et al., 2005). Furthermore, 

leptomycin B, an inhibitor of Crm-1-dependent nuclear export, retains Keap1 in the 

nucleus (Ramos-Gomez et al., 2001). These recent findings classify Keap1 as a shuttle 

protein and imply that Keap1 must have a functional role not only in the cytoplasm but 

also in the nucleus. But the nuclear function of Keap1 was not defined. 

 Controdictionary results were obtained during search for the classical leucine-rich 

nuclear export sequences (NESs) that mediate nuclear export of Nrf2. As mentioned 
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above, amino acids 301-LVKIFEELTL-310 in human Keap1 have been demonstrated to 

be a NES as evidenced by the fact that a Keap1 mutant with both L308/A and L310/A 

substitutions localized predominantly in the nucleus (Karapetian et al., 2005; Nguyen et 

al., 2005; Velichkova and Hasson, 2005). Intriguingly, two separate LMB-dependent 

NESs have also been identified in the Nrf2 protein. The first identified putative NES 

(552-LLKKQLSTLYLE-563 in hNrf2) is located at the leucine zipper domain and is 

sufficient to support nuclear export of GFP or GAL4-DBD (DNA binding domain) when 

it is fused to them (Jain et al., 2005; Li et al., 2005). Another putative NES (191-

LLSIPELQCLNIEN-204 in hNrf2) is in the transactivation domain of Nrf2 that has been 

shown to be a redox-sensitive nuclear export signal when it is fused with GFP (Li et al., 

2006). Based on the current data, it was uncertain which NES controls nuclear export of 

Nrf2.  

 In these studies, demonstration of NES was carried out using the singly over-

expressed Nrf2 or Keap1 protein, or using a NES-containing fragment from Nrf2 or 

Keap1, fused with GFP (NES-GFP fusion protein) or fused with GAL4 DNA binding 

domain (NES-GAL4-DBD fusion protein). Since Keap1 plays a pivotal role in 

controlling the activity of Nrf2 by binding and recruiting Nrf2 into the E3 ubiquitin ligase 

complex for ubiquitination and degradation, it is essential to identify the authentic NES in 

a system where both Nrf2 and Keap1 proteins are present. 

In the study described in chapter III, we have identified the nuclear function of 

Keap1 as a key post-induction repressor of Nrf2 and demonstrated that a nuclear export 

sequence (NES) in Keap1 is required for termination of Nrf2-ARE signaling by escorting 
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nuclear export of Nrf2. We performed our studies in cells coexpressing both Keap1 and 

Nrf2, which is more physiologically-relevent than the previous singly overexpression 

systems. Furthermore, we provide evidence that ubiquitination of Nrf2, mediated by the 

Keap1-Cul3-Rbx1 E3 ubiquitin ligase complex, is carried out in the cytosol and that 

Keap1 was able to travel into the nucleus independent of Nrf2 (Sun et al., 2007). Lastly, 

we showed that the Nrf2-Keap1 complex does not bind the ARE. Based on these findings, 

we propose the following model of how Keap1 functions in switching the Nrf2 signaling 

pathway on/off (Fig. 18). 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 ligase machinery for degradation. Thus, a low 

level of Nrf2 is re-attained, turning the Nrf2 signaling pathway off.  

D. Phosphorylation of Nrf2 

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

evidence indicating multiple levels of Nrf2 regulation. For example, phosphorylation of 
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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 (Jeong et al., 2006). However, 

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

based mutagenesis analysis, has not been defined yet. (For a more detailed review on the 

regulation of Nrf2, refer to (Jeong et al., 2006).) 

E. p300/CBP and acetylation 

Within the nucleus, Nrf2 is believed to exert its transcriptional function by 

forming heterodimers with small Maf proteins, binding to ARE-containing promoters, 

and recruiting transcription co-activators to help remodel chromatin structures and 

facilitate formation of basal transcription machinery (Itoh et al., 1997; Katoh et al., 2001; 

Shen et al., 2004; Zhu and Fahl, 2001). Along with Nrf2, histone acetyltransferase (HAT) 

p300/CBP (CREB-binding protein) were detected in the ARE-binding complex as 

measured by microinjection of antibodies against p300 or CBP (Zhu and Fahl, 2001). 

CBP was shown to interact with Nrf2 and enhance Nrf2-dependent reporter gene 

activities (Katoh et al., 2001). However, it is not clear whether or how p300/CBP might 

actively contribute to the dynamic regulation of Nrf2-dependent transcription.  

p300 was cloned based on its interaction with the adenoviral-transforming protein 

E1A while CBP was identified by its association with the transcription factor CREB 

(Chrivia et al., 1993; Eckner et al., 1994). p300 and CBP share a high degree of 

homology and possess intrinsic HAT activity. p300/CBP is believed to serve as 

transcription co-activators by acetylating core histones to facilitate chromatin 
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decondensation and recruiting basic RNA polymerase machinery (Ogryzko et al., 1996; 

Roth et al., 2001). Recent findings show that many non-histone proteins, particularly 

transcription factors, are substrates for p300/CBP, which greatly expands the possible 

mechanisms of p300/CBP in transcriptional activation (Glozak et al., 2005; Yang and 

Seto, 2008). On the other hand, an increasing list of signal-related proteins are discovered 

to have intrinsic acetyltransferase activity. For instance, acetylation of p53 by p300 and 

Tip60 at multiple lysine residues is indispensable for p53 activation (Tang et al., 2006). 

Acetylation of type I interferon (IFNα) receptor, IRF9 and STATs by p300/CBP is a 

critical regulatory event in IFNα signaling (Tang et al., 2006). Acetylation of BMAL1 by 

CLOCK is crucial for circadian control (Hirayama et al., 2007). Eco1-mediated 

acetylation of a cohesion subunit is required to establish the sister chromatid cohesion 

during S phase in cell cycle (Ben-Shahar et al., 2008; Unal et al., 2008; Zhang et al., 

2008). Clearly acetylation as a general post-translational modification plays important 

roles in diverse signal transduction pathways other than “histone code”.  

In the study described in chapter IV, we demonstrate that p300/CBP directly 

binds and acetylates Nrf2 in response to arsenic-induced oxidative stress. We have 

identified multiple lysine residues as major acetylation sites within the Nrf2 Neh1 DNA-

binding domain. Combined lysine-to-arginine (K>R) mutations of the acetylation sites, 

with no effects on Nrf2 protein stability, compromise the DNA-binding activity of Nrf2 

in a promoter-specific manner. These findings demonstrate that acetylation of Nrf2 by 

p300/CBP augments promoter-specific DNA binding of Nrf2 and establish acetylation as 

a novel regulatory mechanism of the Nrf2-mediated antioxidant responses. 
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CHAPTER II: MATERIALS AND METHODS 

I. Construction of recombinant DNA molecules.   

Plasmids expressing wild type Keap1-CBD and HA-Nrf2 proteins have been 

previously described (Zhang and Hannink, 2003). Plasmids expressing p300 WT and DY 

mutant are generous gifts from T.P. Yao (Ito et al., 2001). The vector for Flag-tagged 

p300 was kindly provided by M.A. Ikeda (Ohshima et al., 2001). Flag-p300 was then 

cloned into pcDNA3.1+ vector (Invitrogen) using KpnI/XhoI cutting sites. Plasmids for 

the Nrf2 domain deletion mutants were originally generated by PCR and three-way 

ligation into pCMV-HA vector (Clontech) using SalI/KpnI and KpnI/NotI cutting sites. 

These plasmids were then used as templates for sub-cloning the GST-Nrf2 by PCR and 

ligation into pGEX-5X-3 vector using BamHI and XhoI cutting sites. p300 truncations 

were generated by PCR and inserted into EcoRI/XhoI sites of pcDNA3.1+ vector. The 

human NQO1 ARE TATA-Inr luciferase reporter plasmid was constructed by inserting 

the 41-nt ARE sequence (AAA TCG CAG TCA CAG TGA CTC AGC AGA ATC TGA 

GCC TAG GG) from the promoter of the human NQO1 gene into the MluI /BglII sits  

pGL4.22[luc2CP/Puro] vector (Promega). The mouse GSTA1 ARE TATA-Inr luciferase 

reporter plasmid was reported previously (Wang et al., 2007). Renilla luciferase plasmid 

pGL4.74[hRluc/TK] was purchased from Promega. 

The Keap1 and Nrf2 mutants, including Nrf2-NLS1, Nrf2-NLS2, Nrf2-NES1, 

Nrf2-NES2, Keap1-NES, and the Nrf2 K>R point mutants were generated by site-

directed mutagenesis using the PCR and Dpn1 based method. Briefly, synthetic single 

stranded fragment DNA containing desired mutations were synthesized by integrated 
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DNA technologies (IDT) and used as primers for PCR amplification. PCR amplification 

conditions were as follows: one cycle of 95 
o
C for 30 sec; 20 cycles of 95 

o
C for 30 sec., 

55 
o
C for 30 sec., 68

 o
C for 10 sec. After digestion of the parental methylated DNAs, 

newly unmethylated DNAs were transformed into DH5α. The plasmids were extracted 

and sequenced to ensure that the correct mutations were introduced.  For most of mutants, 

mutagenesis was performed multiple times for each of the mutant proteins to replace 

multiple amino acid residues with alanines or arginines.  

II. Cell culture, transfection, induction, and reporter gene assay.   

HCT116, HEK293T, MDA-MB-231, NIH 3T3 and COS-1 cells were purchased 

from the American Type Culture Collection (ATCC). Nrf2
-/-

 MEF cells are a generous 

gift from J.Y. Chan. Cells were maintained in either Dulbecco’s modified Eagle’s 

medium (DMEM) or Eagle’s minimal essential medium (EMEM) in the presence of 10% 

fetal bovine serum (FBS).  

Transfections were performed with Lipofectamine Plus (Gibco BRL) according to 

the manufacturer’s instructions.  DNA amounts in each transfection were kept constant 

by addition of empty pcDNA3 plasmid.  Two Nrf2-inducers, tBHQ and sulforaphane 

were purchased from Sigma. Cells were treated with 50µM tBHQ and 10 µM SF for 16 

hours prior to cell lysis for analysis of reporter gene activity. A plasmid encoding renilla 

luciferase was included in all samples to control for transfection efficiency. Reporter 

assays were performed using the Promega Dual-luciferase reporter gene assay system.  

The statistical significance of the data was determined by the student’s t-test and labeled 

in the figure with asterisks.  
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III. Antibodies, immunoprecipitation, and immunoblot analysis.   

Antibodies against Nrf2 (Santa Cruz), Keap1 (Santa Cruz), p300 (Santa Cruz), 

Gal4 (Santa Cruz), α-tubulin (Santa Cruz), ubiquitin (Sigma), acetylated lysines (Cell 

Signaling), Flag epitope (Sigma), HA (hemagglutinin) epitope (Covance), CBD (chitin 

binding domain) epitope (New England Biolabs), Myc epitope (Santa Cruz), were 

purchased from commercial sources.  

For detection of protein expression in total cell lysates, cells were treated with 100 

µM tBHQ and 15 µM SF for 4 hours prior to cell lysis.Cells were lysed in sample buffer 

(50 mM Tris-HCl [pH 6.8], 2% SDS, 10% Glycerol, 100 mM DTT, 0.1% bromophenol 

blue) 48 hours following transfection.  

For immunoprecipitation assays, cells were lysed in RIPA buffer (10 mM sodium 

phosphate pH [8.0], 150 mM NaCl, 1% Triton X-100, 1% sodium deoxycholate, 0.1% 

SDS) containing 1 mM dithiothreitol (DTT), 1 mM phenylmethylsulfonyl fluoride 

(PMSF), and protease inhibitor cocktail (Sigma).  Cell lysates were pre-cleared with 

protein A beads and incubated with 2 µg of affinity-purified antibodies for 2 hours at 4 

o
C, followed by incubation at 4 

o
C with protein A-agarose beads for 2 hours.  After 

washing four times with RIPA buffer, immunoprecipitated complexes were eluted in 

sample buffer by boiling for 4 minutes, electrophoresed through SDS-polyacrylamide 

gels, and subjected to immunoblot analysis. 

To measure the half-life of a protein, transfected cells were treated with 50 µg/ml 

cycloheximide (CHX). Total cell lysates were collected at different time points and 
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subjected to immunoblot analysis. The relative intensities of bands were quantified by the 

ChemiDoc XRS gel documentation system from BioRad.  

IV. Immunofluorescence assays and confocal microscopy.   

NIH 3T3 or MDA-MB-231 cells were grown on glass coverslips in 35-mm plates. 

Cells were transfected or treated as indicated in figures. Cells were fixed with 100% 

methanol at –20
0
C for 10 minutes. Fixed cells were incubated for 40 min with primary 

antibodies at a 1:200 dilution in PBS (10 mM sodium phosphate, pH [8.0] and 150 mM 

NaCl) containing 10% (v/v) FBS. Coverslips were washed and incubated with Alexa 

Fluor 488-conjugated anti-mouse, Alexa Fluor 593-conjugated anti-rabbit, or Alexa Fluor 

680-conjugated anti-goat secondary antibodies (Invitrogen) at a 1:200 dilution for another 

40 min. Coverslips were washed and mounted on glass slides.  At least 100 positive cells 

were scored for localization of Nrf2, Keap1, and Cul3 proteins under a microscope.  

Images were obtained using a Zeiss LSM 510NLO-Meta multiphoton/confocal system. 

The images were exported from the native Zeiss file format to Tiff files using the Zeiss 

LSM Image Browser, and then Adobe Photoshop was used to construct the figure. 

Minimal alterations were performed on the digital images in either Browser or Photoshop.    

V. Subcellular fractionation.  

To obtain nuclear and cytoplasmic subcellular fractions, transfected MDA-MB-

231 cells in 60 mm dishes were trypsinized first to separate cells.  Cell pellets were 

collected in tubes and washed twice with PBS. Cell pellets were resuspended in 

hypotonic buffer (10 mM HEPES pH [8.0], 10 mM KCl, 1.5 mM MgCl2, 1 mM DTT, 1 

mM PMSF, and protease inhibitor cocktail) and incubated on ice for 15 minutes to allow 
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cells to swell. To the swollen cells in lysis buffer, NP-40 was added to a final 

concentration of 0.1% and vortexed vigorously for 10 seconds followed by immediate 

centrifugation for 1 min at 6000 rpm. The supernatant was further purified by 

centrifugation at 14, 000 rpm for 20 min, and collected as the cytoplasmic extract. 

Nuclear extract was prepared by resuspension of the crude nuclei in high-salt buffer (20 

mM HEPES, 1.5 mM MgCl2, 0.2 mM EDTA, 20% Glycerol, 420 mM NaCl, 1 mM DTT, 

1 mM PMSF, and protease inhibitor cocktail ) at 4 
o
C for 30 min, and the supernatants 

were collected after centrifugation at 13,000 rpm for 5 min. 

VI. In Vivo Ubiquitination.   

Cells were transfected as described in the text or figures. The transfected cells 

were exposed to 10 µM MG132 (Sigma) for 4 hours. Cells were lysed by boiling in a 

buffer containing 2% SDS, 150 mM NaCl, 10 mM Tris-HCl and 1 mM DTT. This rapid 

lysis procedure inactivated cellular ubiquitin hydrolases and therefore preserved 

ubiquitin-Nrf2 conjugates present in cells prior to lysis. Protein-protein interactions, 

including association of Nrf2 with Keap1, were also disrupted by this lysis procedure. 

For immunoprecipitation, these lysates were diluted five-fold in buffer lacking SDS and 

incubated with anti-Nrf2 antibodies. Immunoprecipitated proteins were analyzed by 

immunoblot with antibodies directed against the HA epitope or the endogenous ubiquitin, 

depending on the experimental settings. 

VII. In Vitro Ubiquitination 

For ubiquitination of Nrf2 in vitro, COS-1 cells were transfected with expression 

vectors for HA-Nrf2, Keap1-CBD, HA-Cul3 and myc-Rbx1. The transfected cells were 
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lysed in buffer B (15 mM Tris-HCL [pH 7.4], 500 mM NaCl, and 0.25% NP40) 

containing 1 mM DTT, 1mM PMSF, and protease inhibitor cocktail. The lysates were 

pre-cleared with protein A beads prior to incubation with chitin beads (New England 

Biolabs) for four hours at 4 
o
C. Chitin beads were washed twice with buffer B, twice with 

buffer A (25 mM Tris-HCl [pH 7.5], 10% (v/v) glycerol, 1 mM EDTA, 0.01% NP-40, 

and 0.1 M NaCl), and twice with reaction buffer (50 mM Tris-HCl [pH 7.5], 5 mM 

MgCl2, 2 mM NaF, and 0.6 mM DTT). The pellets were incubated with ubiquitin (300 

pmol), E1 (2 pmol), E2-UbcH5a (10 pmol), and ATP (2 mM) in 1X reaction buffer in a 

total volume of 30 µl for 1 hour at 37 
o
C. Ubiquitin, E1, E2-UbcH5a, and ATP were 

purchased from Boston Biochem. The chitin beads were centrifuged at 3,000 x g, 

resuspended in 2% SDS, 150 mM NaCl, 10 mM Tris-HCl [pH 8.0], and 1 mM DTT and 

boiled for 5 min to release bound proteins and disrupt protein-protein interactions.  The 

supernatant was diluted five-fold with buffer lacking SDS prior to immunoprecipitation 

with anti-Nrf2 antibodies.  Immunoprecipitated proteins were subjected to immunoblot 

analysis with anti-ubiquitin antibodies.  

VIII. In vivo acetylation assay and mass spectrometry.  

For detecting acetylation in vivo, cells were lysed directly in TBS buffer (10mM 

Tris-HCl pH8.0, 150mM NaCl) containing 2% SDS and 1mM DTT. Cell lysates were 

boiled, sonicated, and diluted 5 times with TBS buffer without SDS. The solution was 

then subjected to immunoprecipitation with anti-HA antibody and immunoblot with anti-

acetylated lysine antibodies.  
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For mass spectrometry, immunoprecipitated proteins were visualized by 

Coomassie staining and recoverd from the gel. LC-MS/MS analysis was performed by 

the Harvard Taplin mass spectrometry core facility. Breifly, excised gel bands were cut 

into approximately 1 mm
3
 pieces.  Gel pieces were washed and dehydrated with 

acetonitrile for 10 min. followed by removal of acetonitrile.  Pieces were then completely 

dried in a speed-vac.  Rehydration of the gel pieces was with 50 mM ammonium 

bicarbonate solution containing 12.5 ng/µl modified sequencing-grade trypsin (Promega, 

Madison, WI) at 4ºC.  After 45 min., the excess trypsin solution was removed and 

replaced with 50 mM ammonium bicarbonate solution to just cover the gel pieces.  

Samples were then placed in a 37ºC room overnight.  Peptides were later extracted by 

removing the ammonium bicarbonate solution, followed by one wash with a solution 

containing 50% acetonitrile and 5% acetic acid.  The extracts were then dried in a speed-

vac (~1 hr).  The samples were then stored at 4ºC until analysis. On the day of analysis 

the samples were reconstituted in 5 - 10 µl of HPLC solvent A (2.5% acetonitrile, 0.1% 

formic acid).  A nano-scale reverse-phase HPLC capillary column was created by 

packing 5 µm C18 spherical silica beads into a fused silica capillary (100 µm inner 

diameter x ~12 cm length) with a flame-drawn tip.  After equilibrating the column each 

sample was loaded via a Famos auto sampler (LC Packings, San Francisco CA) onto the 

column. A gradient was formed and peptides were eluted with increasing concentrations 

of solvent B (97.5% acetonitrile, 0.1% formic acid). As each peptide was eluted they 

were subjected to electrospray ionization and then they entered into an LTQ Orbitrap 

mass spectrometer (ThermoFinnigan, San Jose, CA).  Eluting peptides were detected, 
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isolated, and fragmented to produce a tandem mass spectrum of specific fragment ions 

for each peptide.  Peptide sequences (and hence protein identity) were determined by 

matching protein or translated nucleotide databases with the acquired fragmentation 

pattern by the software program, Sequest (ThermoFinnigan, San Jose, CA). 

IX. In vitro acetylation.  

GST-Nrf2 proteins were expressed in E. coli Rosetta (DE3) LysS cells and 

purified with Glutathione Sepharose
TM

 4B matrix (Amersham Biosciences). For in vitro 

acetylation assay, Flag-p300 proteins were purified from COS-1 cells 48 hrs after 

transfection by using immunoprecipitation with anti-Flag M2 matrix, and eluted with 

3×Flag peptide elution buffer (Sigma). 2.5 µg of GST-Nrf2 proteins and 400 ng of p300 

proteins were incubated with 1 µl of [
14

C]-acetyl-CoA (55 mci/mmol, Amersham) in a 

total 30 µl reaction buffer (50 mM Tris-HCl, pH8.0 10% glycerol, 10 mM sodium 

butyrate, 1 mM DTT 1 mM PMSF) at 30°C for 1 hr. The acetylation reaction mixtures 

were then resoved on SDS-PAGE followed by autoradiography imaging. 

X. GST pull-down 

For GST pull-down assay, wild-type and truncated forms of p300 were radio-

labeled with [
35

S]-methione using the in vitro TNT
®

 Transcription/Translation system 

(Promega), and were incubated with Sepharose beads conjugated with GST-Nrf2 fusion 

proteins in binding buffer (4.2mM Na2HPO4, 2mM KHPO4, 140mM NaCl, 10mM KCl, 

1% BSA, 0.5% NP40) in room temperature for 1 hr. The Sepharose beads were then 

washed four times with binding buffer. The proteins were eluted by boiling in SDS 

sample buffer followed by SDS-PAGE and auto-radiography analysis. 
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XI. In vitro DNA pull-down.    

The transfected cells were lysed in RIPA buffer (10 mM sodium phosphate pH7.2, 

150 mM NaCl, 1% sodium deoxycholate, 2 mM EDTA, 0.1% SDS, 1% NP-40). Cell 

lysates were pre-cleared with protein A beads and incubated with 2 µg biotinylated 25-41 

bp dsDNA probes that contains the ARE sequences in the promoter regions of Nrf2 target 

genes. The DNA-protein complexes were captured by streptavidin beads. After washing 

three times, DNA-bound proteins were eluted from beads by heating in SDS sample 

buffer. Proteins were resolved on SDS-PAGE and subjected to immunoblot with anti-HA 

antibodies to detect Nrf2. The sequences of the probes are described in Supplemental data. 

Cells were lysed in RIPA buffer (10 mM sodium phosphate pH7.2, 150 mM NaCl, 

1% sodium deoxycholate, 2 mM EDTA, 0.1% SDS, 1% NP-40) supplemented with 1mM 

PMSF, 1mM DTT and protease inhibitor cocktail (Sigma). Cell lysates were pre-cleared 

with protein A beads and incubated with 2 µg biotinylated DNA probes that cover the 

ARE-containing sequences in the promoter regions of Nrf2 target genes. The DNA-

protein complexes were pulled-down by streptavidin beads. After washing three times, 

the complexes were resolved on SDS-PAGE and subjected to immunoblot with anti-HA 

antibodies. The sequences of the probes shown below were designed according to 

published literature (Balogun et al., 2003; Erickson et al., 2002; Gong et al., 2001; Li and 

Jaiswal, 1992).  

WT NQO1 ARE probe: 5’-AAATCGCAGTCACA GTGACTCAGC AGAATCTGAGC 

CTAGGG-3’; Mutant NQO1 ARE probe: 5'-AAATCGCAGTCACA GactCTCAcg AGA 

ATCTGAGCCTAGGG-3'; WT GCLC ARE probe: 5’-GCGCGCGCACCGCCTCCCC 
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GTGACTCAGCG CTTTGTGCG-3’; Mutant GCLC ARE probe: 5’-GCGCGCGCACC 

GCCTCCCC GactCTCAatc CTTTGTGCG-3’; WT HO-1 ARE probe: 5’-GATCTTTTA 

TGCTGAGTCA TGGTTT-3’; Mutant HO-ARE probe: 5’-GATCTTTTA actTactTCA 

TGGTTT-3’ 

XII. Electrophoratic mobility shift assay.  

Nuclear fractions from transfected MDA-MB-231 cells were pre-incubated for 10 

min at room temperature with poly(dI-dC) in the binding buffer (50 mM HEPES, 60 mM 

KCL, 2 mM MgCl2, 1 mM EDTA, 0.4% NP-40, 10% glycerol, and 1 mM DTT).  
32

P 

end-labeled, gel-purified double strand DNA was added and further incubated for an 

additional 20 min at room temperature. The samples were electrophoresed through a 

native acrylamide gel in 0.5 X TBE (4.45 mM Tris, 4.45 mM boric acid, and 1 mM 

EDTA). Gels were dried and autoradiographs were developed. The double stranded 

oligonucleotides containing the following sequences were used for EMSA. 

5’-AAATCGCAGTCACAGTGACTCAGCAGAATCTGAGCCTAG-3 (human NQO1 

ARE); 5’-GCGCGCGCACCGCCTCCCCGTGACTCAGCGCTTTGTGCG-3’ (human 

GCLC ARE); The mutated hNQO1 ARE used for cold competition was 

5’-AAATCGCAGTCACAGactCTCAcgAGAATCTGAGCCTAG-3’. 

XIII. Chromatin immunoprecipitation assay (ChIP).  

ChIP analysis was conducted according to protocols provided by Upstate. Briefly, 

HCT116 or HEK293T cells (approximately 1 x 10
7
) or MDA-MB-231 cells 

(approximately 1 x 10
6
) were cross-linked with formaldehyde, collected in PBS, 

resuspended in 200 µl SDS lysis buffer (1% SDS, 10 mM EDTA, 50 mM Tris-HCl pH 
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8.0) with PMSF and protease inhibitors, and sonicated on ice. The lysates were then 

diluted to 2 ml with ChIP dilution buffer (0.01% SDS, 1.1% TritionX-100, 1.2 mM 

EDTA, 167 mM NaCl and 16.7 mM Tris-HCl pH 8.0), precleared with protein A agarose, 

and then incubated with indicated antibodies (4 µg/sample) overnight. The immune 

complexes were collected with 50 µl protein A agarose, washed with low salt buffer 

(0.1% SDS, 1% TritonX-100, 2 mM EDTA, 150 mM NaCl, and 20 mM Tris-HCl pH 

8.0), high salt buffer (0.1% SDS, 1% TritonX-100, 2 mM EDTA, 500 mM NaCl, and 20 

mM Tris-HCl pH 8.0), LiCl buffer (0.25M LiCl, 1% IGEPAL-CA630, 1% sodium 

deoxycholic, 1 mM EDTA, and 10 mM Tris-HCl pH 8.0), and TE buffer (1 mM EDTA 

and 10 mM Tris-HCl 7.5). The complexes were eluted in 500 µl fresh elution buffer (1% 

SDS and 0.1 M NaHCO3). The crosslinks were reversed by heating at 65°C for 5 hours 

after adding of 20 µl of 5M NaCl. Samples were treated with RNase and proteinase K. 

DNA was recovered by phenol/chloroform extraction and ethanol precipitation. Relative 

amounts of DNA in the complex were quantified by qPCR method using LightCycler 480 

DNA SYBR green I kit (Roche). Primers shown below were designed according to 

published literatures on ARE sequences (Alam and Cook, 2003; Banning et al., 2005; 

Erickson et al., 2002; Furman et al., 2004; Nioi et al., 2003; Wasserman and Fahl, 1997). 

NQO1 ARE forward: 5’-GCAGTCACAGTGACTCAGC-3’  

NQO1 ARE reverse: 5’-TGTGCCCTGAGGTGCAA-3’ 

Tubulin promoter forward: 5’- GTCGAGCCCTACAACTCTATC-3’ 

Tubulin promoter reverse: 5’-CCGTCAAAGCGCAGAGAA-3’ 

TXNRD1 ARE forward: 5’-TGCACGAGGAGTGGATTTCTGCTT-3’ 
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TXNRD1 ARE reverse: 5’-GCTGCAAATGCCGGAGTGAAGAAA-3’ 

HO-1 ARE forward: 5’-CCA TCT GGC GCC GCT CTG C-3’ 

HO-1 ARE reverse: 5’-GAG CAG CTG GAA CTC TGA GGA-3’ 

GCLM ARE forward: 5’-CTCGGCTACGATTTCTGCTT-3’ 

GCLM ARE reverse: 5’-CGGGAGAGCTGATTCCAA-3’ 

qPCR amplication cycling was performed as 95°C for 10 sec, 60°C for 10 sec, 

and 72°C for 30 sec with a single fluorescence acquisition, followed by a melting curve 

program (65–95°C with a heating rate of 0.1°C per second and a continuous fluorescence 

measurement). A non-template control was run for each primer pair to assess the overall 

specificity. Amplification specificity was checked using melting curves. The real-time 

PCR assays were performed with duliplicate samples. Data were analyzed by the 2-

Deritive maximum method using standard curves derived from series dilutions of total 

genomic DNA. The sample of mock-treated group with anti-Nrf2 immunoprecipitation 

was set as 1 and the data was presented as a fold change. For visualization of the PCR 

products on agarose gel, the qPCR reactions were stopped at the linear amplification 

range. The PCR products were loaded on 1.5% agarose gel and visualized by UV. 

XIV. qRT-PCR of mRNA 

The real-time RT-PCR analysis was previously described (Wang et al., 2008a; 

Wang et al., 2008b). Briefly, Taqman probes were from the universal probe library 

(Roche). The probe numbers and primers sequences for each mRNA were shown below. 

Human Nrf2 for endogenous expression (5’UTR of mRNA):  

forward (acacggtccacagctcatc) and reverse (tgtcaatcaaatccatgtcctg); probe #70. 
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Human Nrf2 for exogenous expression (cDNA region):  

forward (gag aca ggt gaa ttt ctc cca at) and reverse (ttt ggg aat gtg ggc aac); probe #26. 

Human NQO1:  

forward (atgtatgacaaaggacccttcc) and reverse (tcccttgcagagagtacatgg); probe #87 

Human HO-1:  

forward (aactttcagaagggccaggt) and reverse (ctgggctctccttgttgc); probe #25 

Human GCLM:  

forward (gacaaaacacagttggaacagc) and reverse (cagtcaaatctggtggcatc); probe #18 

Human TXNRD1:  

forward (ttggaatccaccctgtctgt ) and reverse (catccacactggggcttaac); probe #64 

Human GAPDH:  

forward (ctgacttcaacagcgacacc) and reverse (tgctgtagccaaattcgttgt); probe #25 

Mouse Nrf2:  

forward (ttttccattcccgaattacagt) and reverse (aggagatcgatgagtaaaaatggt); probe #56 

Mouse NQO1:  

forward (agcgttcggtattacgatcc) and reverse (agtacaatcagggctcttctcg); probe #50 

Mouse HO1:  

forward (ctgctagcctggtgcaaga) and reverse (ccaacaggaagctgagagtga); probe #25 

Mouse GCLM:  

forward (Tggagcagctgtatcagtgg) and reverse (caaaggcagtcaaatctggtg); probe #18 

Mouse TXNRD1: 

forward (Ggtcctatgacttcgacctga) and reverse (tcaaatttggctgcctcct); probe #25 
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Mouse β-Actin: 

forward (Aaggccaaccgtgaaaagat) and reverse (gtggtacgaccagaggcatac); probe #56 

The real-time PCR condition was as follows: one cycle of initial denaturation (95° 

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

cooling program (50° C for 5 sec). Data was analyzed using the ‘relative quantification’ 

method with normalization against housekeeping gene GAPDG or β-Actin. The mRNA 

level of the mock -treated or mock -transfected group was set as 1 and the data was as 

presented as a fold change. Standard deviations were determined from three independent 

experiments. The statistical significance between two samples was determined by the 

student t-test.  

XV. Statistical test 

Student’s t- test was used to determine the significant difference between two 

samples from three independent assays in reporter gene analysis and qPCR analysis. 
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CHAPTER III: KEAP1 CONTROLS POST-INDUCTION REPRESSION OF THE 

NRF2-MEDIATED ANTIOXIDANT RESPONSE BY ESCORTING NUCLEAR 

EXPORT OF NRF2 

 

I. The NES in Keap1 regulates nuclear export of Nrf2.  

Recent findings indicate that both Keap1 and Nrf2 are able to travel between the 

nucleus and the cytosol. To confirm the cytoplasmic-nuclear trafficking of endogenous 

Nrf2 and Keap1, MDA-MB-231 cells were treated with LMB and subcellular localization 

of Nrf2 and Keap1 was detected by indirect immunofluorescence staining with the anti-

Nrf2 and anti-Keap1 antibodies. As expected, Nrf2 and Keap1 predominantly localized in 

the cytosol in untreated cells, likely due to the dominant function of nuclear export over 

nuclear import (Figure 10A, panels A-D). Blockage of nuclear export by LMB 

significantly located Nrf2 and Keap1 into the nucleus, demonstrating dynamic trafficking 

of Nrf2 and Keap1 under the physiological condition (Figure 10A, panels E-H). We also 

performed subcellular fractionation analysis in the presence or absence of LMB. LMB 

treatment diminished cytoplasmic Nrf2 and Keap1 while enriching nuclear Nrf2 and 

Keap1(Figure 10B). Taken together, these results clearly demonstrate that both Nrf2 and 

Keap1 are shuttle proteins which constantly undergo cytoplasmic-nuclear trafficking 

even under basal conditions.   

Three putative NESs have been reported in Nrf2 and Keap1 that have some 

degree of nuclear export activity when either Nrf2, Keap1, or a fusion protein containing 

any of the NESs is overexpressed alone. The two reported NESs in human Nrf2 are 191-
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LLSIPELQCLNIEN-204 and 552-LLKKQLSTLYLE-563 respectively while the NES in 

human Keap1 is 301-LVKIFEELTL-310 (Fig. 10C). To address the current controversial 

issue regarding NESs and to identify the authentic NES that controls the subcellular 

localization of Nrf2 under physiological conditions, we have made alanine substitutions 

for the hydrophobic leucine or isoleucine residues in all the three NESs, and named them 

Nrf2-NES1, Nrf2-NES2, and Keap1-NES respectively (Fig. 10C). The other two Nrf2 

mutants Nrf2-NLS1 and Nrf2-NLS2 (NLS1: 502-RRR-504 was replaced with AAA, and 

NLS2: 515-RKRK-518 with AAAA) were also included as controls for the subcellular 

localization experiment. As reported previously, Nrf2-NLS1 behaved as Nrf2-WT while 

Nrf2-NLS2 localized exclusively in the cytosol, indicating 515-RKRK-518 is the primary 

nuclear localization sequence that controls the nuclear import of Nrf2. All the Nrf2 

mutants were expressed, however, their expression levels varied slightly; while there was 

no difference in the expression of Keap1-WT and Keap1-NES (Fig. 10D, upper two 

panels). To ensure that the mutations introduced do not compromise the interaction 

between Keap1 and Nrf2, a pull-down assay was performed in COS-1 cells cotransfected 

with the indicated Nrf2 and Keap1 proteins. As shown in the lower two panels of Figure 

10D, chitin beads pulled down proportional amounts of Keap1-associated Nrf2 proteins, 

indicating that the mutations introduced into Nrf2 or Keap1 have no effect on the binding 

of these two proteins.  
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Figure 10. The cytoplasmic-nuclear trafficking of Nrf2 and Keap1. (A). MDA-MB-

231 cells were treated with 10 nM of LMB for 3 hours. Subcellular localization of Nrf2 

and Keap1 were detected by indirect immunofluorescence staining with anti-Nrf2 and 

anti-Keap1 antibodies. (B). Nuclear and cytoplasmic fractions of mock- or LMB-treated 

MDA-MB-231 cells were subjected to immunoblot analysis with anti-Nrf2 and anti-

Keap1 antibodies. (C). Upper panel: six discrete domains of the Nrf2 proteins are 

designated as Neh2, Neh4, Neh5, Neh6, Neh1 and Neh3. The two putative NESs in Nrf2 

are located in the Neh5 and Neh1 domains respectively. The amino acid sequences of the 

two NESs are indicated in the single-letter code below the Nrf2 drawing. The residues 

relevant to the present work are in boldface, and the mutations introduced into the Nrf2 

protein are indicated. Lower panel: Keap1 contains five domains: N-terminal, BTB, 

Linker, Kelch, and C-terminal. The NES in Keap1 is in the Linker domain. The NES 

sequence with a cluster of hydrophobic residues is shown and the four hydrophobic 

residues are replaced by alanines. (D). COS1 cells were cotransfected with expression 

vectors for the indicated Nrf2 and Keap1 proteins. Total lysates were analyzed by 

immunoblotting with anti-HA and anti-CBD antibodies for detecting Nrf2 and Keap1 

proteins (upper two panels). The lysates were incubated with chitin beads. Following 

washing, protein complexes bound to chitin beads were eluted by heating in sample 

buffer and subjected to immunoblot analysis with anti-HA and anti-CBD antibodies 

(lower two panels).  

 



 

 

58 

To verify that the point mutations we introduced in the NESs in Nrf2 or Keap1 

are sufficient to impair the nuclear export function of the individual protein, each of the 

Nrf2 or Keap1 proteins was transfected into NIH3T3 cells and subcellular localization 

was detected by an indirect immunofluorescence analysis. As shown in Figure 11A and 

Figure 11B, when Nrf2-WT was overexpressed, approximately 20% of the cells showed 

predominant nuclear localization (N), and 80% of the cells displayed even staining 

throughout the entire cells (W) (Fig. 11A, Panels A-C, and Fig 11B, bar 1). Mutation in 

each of the NESs in Nrf2 significantly increased the nuclear localization (Fig 11A, panels 

J-O, and Fig 11B, bars 4 and 5), indicating these two reported NESs in Nrf2 have some 

degree of nuclear export activities when they are overexpressed alone. Mutation in the 

NES in Keap1 dramatically shifted Keap1 to the nucleus (approximate 80% N and 20% 

W in bar 7), compared to the wild type Keap1 (10% W and 90% C in bar 6). Collectively, 

these results demonstrate that all the three NESs identified in Nrf2 or Keap1 proteins 

have nuclear export activities when each of the proteins is individually overexpressed. To 

identify the authentic NES that controls the subcellular localization of Nrf2 under 

physiological conditions, we compared the subcellular localization of different pairs of 

coexpressed Nrf2 and Keap1 proteins in the same system. Nrf2-WT was localized 

primarily in the cytoplasm in the presence of Keap1-WT (>80% C, in Fig. 11D, upper 

panel, bar 1; Fig. 11C, panels 1-4). In contrast, localization of Nrf2-WT shifted to whole 

cell or even confined to the nucleus when Keap1-NES was coexpressed (35% W, 65% N, 

in Fig. 11D, upper panel, bar 5; Fig 11C, panels 17-20). In contrast, there was only a 

slight change in the subcellular localization of Nrf2 in cells coexpressing Nrf2-NES1 and 
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Keap1-WT (Fig. 11D, upper panel, bar 3; Fig 11C, panels 9-12) or coexpressing Nrf2-

NES2 and Keap1-WT (Fig. 11D, upper panel, bar 4; Fig. 11C, panels 13-16), indicating 

that the two NESs in Nrf2 are weaker than the NES in Keap1 in the cotransfected 

conditions. As expected, in cells coexpressing Nrf2-NES1/Keap1-NES or Nrf2-

NES2/Keap1-NES, there was a further increase in the percentage of cells that have 

predominant nuclear Nrf2, although there was also a slight increase in the cytoplasmic 

staining (Fig. 11D, upper panel, compare bar 6 and bar 7 with bar 5; Fig. 11C, panels 17-

28). Blockage of nuclear export by 10 nM of LMB treatment for 3 hours shifted both 

Nrf2 and Keap1 to the nucleus (Fig. 11D, upper panel, bar 2; Fig. 11C, panels 5-8). The 

localization profile of Keap1 was similar to that of Nrf2 in the cotransfected cells (Figure 

11C and 11D, lower panel). The results of the immunofluorescence staining indicate that 

the NES in Keap1 is much stronger than any of the two NESs in Nrf2, although it is clear 

that both of the NESs in Nrf2 have nuclear export functions when they are singly 

overexpressed. Nevertheless, the drastically stronger nuclear export activity of the NES 

in Keap1, over those in Nrf2, suggests that the NES in Keap1 is the nuclear export signal 

utilized by cells to control the nuclear export of Nrf2 under physiological conditions. 

Next, we used a subcellular fractionation assay to analyze the protein levels of 

Nrf2 and Keap1 in the cytoplasmic and nuclear fractions of MDA-MB-231 cells when 

Nrf2 was cotransfected with either Keap1-WT or Keap1-NES. Keap1-WT and Keap1-

NES were expressed at the same level (Fig. 11E, second panel, lanes 13-15). As expected, 

the expression of Nrf2 in the presence of Keap1-WT was significantly reduced (Fig. 11E, 

top panel, compare lane 12 with lane 15). MG132, a 26S proteasome inhibitor, markedly 
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increased the levels of Nrf2 (compare lane 14 with lane 15). Interestingly, expression of 

Nrf2 was significantly higher in the presence of Keap1-NES (compare lane 13 with 15), 

which is approximately equivalent to the expression of Nrf2 in cells transfected with Nrf2 

alone (compare lane 13 with lane 12), or in double-transfected cells treated with MG132 

(compare lane 13 with lane 14). These results indicate that Nrf2 degradation in the 

presence of Keap1-NES is likely impaired. Interestingly, the cytoplasmic expression 

profile was very different. Regardless of the high expression level of Nrf2 in Keap1-NES 

cotransfected cells, the cytoplasmic level of Nrf2 was also below detection, similar to the 

Nrf2 expression in the cells cotransfected with Keap1-WT (compare lane 3 and lane 5). 

Whereas, there was significant amount of cytoplasmic Nrf2 in cells transfected with Nrf2 

alone (lane 2) or in double-transfected cells treated with MG132 (lane 4). In the nucleus, 

Nrf2 level was high in cells cotransfected with Keap1-NES (lane 8). Likewise, there was 

minimal expression of Keap1-WT in the nucleus (second panel, lanes 9 and 10) and high 

expression in the cytosol (second panel, lane 4 and 5). In contrast, there was more Keap1-

NES in the nucleus than in the cytosol (compare lane 8 with lane 3). The result obtained 

from the fractionation analysis is consistent with the finding from the immunostaining 

assay, indicating that the NES in Keap1 regulates nuclear export of the Nrf2-Keap1 

complex. In addition, the result also implies the possibility of impaired Nrf2 degradation 

in the presence of Keap1-NES. For the subcellular fractionation assay, lamin A and α-

tubulin were used as nuclear and cytoplasmic markers for the indication of good 

separation between the nucleus and the cytosol.  

 



 

 

61 

 
Figure 11. The NES in Keap1 controls nuclear export of Nrf2. (A). NIH 3T3 cells 

were singly transfected with an expression vector for the indicated Nrf2 or Keap1 protein. 
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Subcellular localization of Nrf2 or Keap1 was determined by indirect 

immunofluorescence analysis using anti-HA for Nrf2 (panels A, D, G, J, and M) or anti-

CBD for Keap1 (panels P and S). The nucleus was visualized by Hoechst staining (panels 

B, E, H, K, N, Q, and T). (B). Subcellular distribution of the Nrf2 or Keap1 protein in 

singly transfected cells (the picture representative is shown in 2A) was determined by 

examining at least 100 positive cells. Percentages of cells that localized predominantly in 

the cytosol (C), whole cell (W), or the nucleus (N) were presented as a bar graph. (C). 

NIH 3T3 cells were cotransfected with expression vectors for the indicated Nrf2 and 

Keap1 proteins. Subcellular localization of the Nrf2 and Keap1 proteins was determined 

by double-labeling indirect immunofluorescence assay using anti-HA (panels 1, 5, 9, 13, 

17, 21, and 25) and anti-CBD antibodies (panels 2, 6, 10, 14, 18, 22, and 26). The nucleus 

was visualized by Hoechst staining (panels 3, 7, 11, 15, 19, 23, and 27). Co-localization 

of the Nrf2 and Keap1 proteins is indicated by the presence of yellow in the merged 

images (panels 4, 8, 12, 16, 20, 24, and 28). (D). Subcellular localization of the Nrf2 and 

Keap1 proteins in double-transfected cells (the same slides were used for 2C) were 

examined and counted in the same way as in 2B except that the data were collected from 

100 cells that are positive for both Nrf2 and Keap1 proteins. (E). Nuclear and 

cytoplasmic proteins were isolated from MDA-231 cells cotransfected with expression 

vectors for Nrf2 and either Keap1-WT or Keap1-NES. The transfected cells were either 

left untreated or treated with 10 µM MG132 for 4 hours prior to subcellular fractionation.  

Nuclear and cytoplasmic proteins derived from equal numbers of cells were 

electrophoresed through a 7.5% SDS-polyacrylamide gel and subjected to immunoblot 

analysis using anti-HA, anti-CBD, anti-tubulin, or anti-lamin A antibodies. 

 

II. Ubiquitination of Nrf2, mediated by the Keap1-Cul3-Rbx1 E3 ubiquitin ligase, 

occurs in the cytosol.  

Recently, Keap1 has been identified as a substrate adaptor protein for the Cul3-

Rbx1 containing E3 ubiquitin ligase by several independent groups. Oxidative stress and 

chemopreventive compounds inhibit the enzymatic activity of this E3 ubiquitin ligase, 

resulting in stabilization of Nrf2 and activation of Nrf2-dependent genes. However, it is 

not clear in which compartment ubiquitination and degradation of Nrf2 occur. Given that 

the Keap1-Cul3-Rbx1 complex is the specific E3 ubiquitin ligase for Nrf2, we tested 

subcellular localization of Cul3. Transiently expressed Cul3 localized exclusively in the 

cytosol and remained in the cytosol even after LMB treatment (Fig. 12A, panels A-F), 
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indicating that Cul3 is a cytoplasmic protein that does not shuttle between the cytosol and 

the nucleus. Localization of Cul3 in the presence of Keap1 or in the presence of both 

Nrf2 and Keap1 remained the same (Fig. 12A, Panels G-J and O-S). LMB-treated, Cul3- 

and Keap1- coexpressed cells showed predominant nuclear localization of Keap1, but 

cytoplasmic localization of Cul3 (Fig. 12A, panels K-N). Even in Nrf2, Keap1, and Cul3 

coexpressed cells, Cul3 remained in the cytosol after blockage of nuclear export, while 

Nrf2 and Keap1 were shifted to the nucleus (Fig. 12A, panels T-X). This result clearly 

demonstrates that the ubiquitination machinery for Nrf2 is located exclusively in the 

cytosol. Figure 12B represents a subcellular localization analysis of each indicated 

protein in singly transfected cells with or without LMB treatment. LMB significantly 

shifted subcellular localization of Nrf2 and Keap1 (compare bar 2 with bar 1, and bar 4 

with bar 3), while having no effect on Cul3 localization (compare bar 6 with bar 5). 

Based on our findings: (i) Keap1-NES blocks the nuclear export of Nrf2 as 

indicated in the immunostaining analysis (Fig. 11C and 11D), (ii) ubiquitination and 

degradation of Nrf2 occur in the cytosol (Fig. 12A and 12B), and (iii) there is a higher 

expression of Nrf2 in the presence of Keap1-NES compared to that in the presence of 

Keap1-WT, it is conceivable that Nrf2 is more stable in cells cotransfected with Keap1-

NES than in cells cotransfected with Keap1-WT. To test this, the stability of each of the 

Nrf2 proteins was measured in MDA-MB-231 cells in the presence of Keap1-WT or 

Keap1-NES. 50 µg/ml cycloheximide was used to block de novo protein synthesis and 

the levels of the Nrf2 proteins were determined at different time points following 

cycloheximide treatment. Nrf2 in the presence of Keap1-WT had a half-life of 2.0 hours, 
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while the half-life of Nrf2 increased to 9.8 hours when Keap1-NES is coexpressed 

(Figure 12C and 12D). Nrf2-NES1 or Nrf2-NES2 in the presence of Keap1-WT had half-

lives of 2.2 hours and 1.3 hours respectively, similar to Nrf2-WT (Fig. 12C and 12D).  

 
 

Figure 12. Ubiquitination of Nrf2, mediated by the Keap1-Cul3-Rbx1 E3 ubiquitin 

ligase, occurs in the cytosol. (A). NIH 3T3 cells were singly transfected with an 

expression vector for Flag-Cul3 (upper panel), co-transected with expression vectors for 

both Flag-Cul3 and Keap1 (middle panel), or cotransfected with expression vectors for 
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Flag-Cul3, Keap1, and HA-Nrf2 (lower panel). Subcellular localization of Cul3, Nrf2 or 

Keap1 was determined by indirect immunofluorescence analysis using anti-Flag for Cul3 

(panels A, D, G, K, O, and T), anti-HA for Nrf2 (panels P and U), or anti-Keap1 for 

Keap1 (panels H, L, Q, and V). (B). Subcellular distribution of Cul3, Nrf2 and Keap1 in 

singly transfected cells in the absence or presence of LMB was determined by indirect 

immunofluorescence staining. At least 100 positive cells were examined. Percentages of 

cells that localized predominantly in the cytosol (C), whole cell (W), or the nucleus (N) 

were presented as a bar graph. (C). MDA-MB-231 cells were cotransfected with 

expression vectors for the indicted Nrf2 and Keap1 proteins. 50 µg/ml cycloheximide 

was added 36 hours after transfection. Total cell lysates were collected at the indicated 

time points following cycloheximide treatment and subjected to immunoblot analysis 

with anti-HA antibodies. (D). The relative intensities of the Nrf2 bands were quantified 

by the ChemiDoc XRS del documentation system from BioRad, and plotted on a semi-

log scale. The amount of Nrf2 present at the beginning of cycloheximide treatment was 

set at 1. The half-life of Nrf2 in each group was indicated.  

 

 

To determine if the increased half-life of Nrf2 in the presence of Keap1-NES is 

due to reduced ubiquitination of Nrf2 as a consequence of increased nuclear retention of 

Nrf2, in vivo ubiquitination of Nrf2 in the presence of either Keap1-WT or Keap1-NES 

was measured.  MDA-MB-231 cells were cotransfected with expression vectors for HA-

ubiquitin, Nrf2, and either Keap1-WT or Keap1-NES. The transfected cells were treated 

with MG132 for 4 hours and lysed under strong denaturing conditions to destroy non-

covalent protein-protein interactions. Aliquots of cell lysates were used for immunoblot 

analysis with anti Nrf2, anti-CBD, and anti-tubulin antibodies for detection of Nrf2, 

Keap1, and tubulin. The rest of the cell lysates were then diluted and immunoprecipitated 

with anti-Nrf2 antibodies. The immunoprecipitated proteins were analyzed by 

immunoblot with anti-HA antibodies for the detection of ubiquitinated Nrf2. Since we 

observed higher levels of Nrf2 expressed in the presence of Keap1-NES compared to that 

in the presence of Keap1-WT (Fig 11E, compare lane 13 with lane 15), we measured the 

levels of Nrf2 in the presence of either Keap1-WT or Keap1-NES following MG132 
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treatment in the first experiment. Then we equalized the total amounts of Nrf2 expressed 

in different samples by transfecting less Nrf2 vector DNA in Keap1-NES cotransfected 

groups. As shown in the lower three panels of Figure 13A, expression of Nrf2, Keap1, 

and tubulin proteins were similar in different samples. Nevertheless, ubiquitination of 

Nrf2 was markedly reduced in cells coexpressing Keap1-NES, compared to that in 

Keap1-WT cotransfected cells (Figure 13A, upper panel, compare lane 4 with lane 2). As 

expected, tBHQ blocked ubiquitination of Nrf2 in both Keap1-WT and Keap1-NES 

cotransfected cells (Figure 13A, compare lane 3 with lane 2, and lane 5 with lane 4).  

To exclude the possibility that mutations introduced in the NES in Keap1 (i) 

impair the Nrf2-Keap1-Cul3-Rbx1 complex formation, or (ii) reduce the enzymatic 

activity of the Keap1-Cul3-Rbx1 complex, an in vitro ubiquitination assay was performed. 

Expression vectors for HA-Nrf2, Keap1-CBD (either Keap1-WT or Keap1-NES), HA-

Cul3, Myc-Rbx were cotransfected into COS-1 cells. Cells were treated with 10 µM 

MG132 for 4 hours to block degradation of Nrf2. Keap1 associated proteins were pulled-

down by chitin beads and immunoblotted with anti-HA for detection of Nrf2 and Cul3, 

anti-CBD for detection of Keap1, and anti-Myc for detection of Rbx1. Equal amounts of 

Nrf2, Cul3 and Rbx1 were associated with either Keap1-WT or Keap1-NES (Fig. 13B, 

lower four panels), indicating that mutations introduced in the NES in Keap1 do not 

interfere with the complex formation. In a parallel experiment, the Nrf2-Keap1-Cul3-

Rbx1 complex pulled down by chitin beads was used for an in vitro ubiquitination assay. 

The chitin bead-bound proteins were incubated with purified E1, E2-UbcH5a, and 

ubiquitin in the presence of ATP. The ubiquitination reactions were terminated by boiling 
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to release proteins from the chitin beads. The Nrf2 protein was immunoprecipitated with 

anti-Nrf2 antibodies and immunoblotted with anti-ubiquitin antibodies for detecting 

ubiquitinated Nrf2. In the absence of Cul3/Rbx during transfection or omitting the 

purified E1 during in vitro reaction, there were very low levels of ubiquitinated Nrf2 

detected, indicating that ubiquitin was added during in vitro reaction and both Cul3 and 

Rbx were required for the reaction (Figure 13B, lanes 1 and 2). Significantly, there was a 

similar degree of ubiquitinated Nrf2 in the presence of either Keap1-WT or Keap1-NES 

(Figure 13B, compare lane 3 with lane 4), demonstrating that the Keap1-NES-containing 

E3 ubiquitin ligase has similar enzymatic activity as the Keap1-WT-containing E3 

ubiquitin ligase.  Taken together, these data further verify that ubiquitination and 

degradation of Nrf2 is carried out in the cytosol. Keap1-NES is able to sequester Nrf2 in 

the nucleus to separate Nrf2 from the cytoplasmic ubiquitination and degradation 

machinery, resulting in stabilization of Nrf2.  

Since Keap1-NES elevates the levels of Nrf2 in the nucleus, it is conceivable that 

there is increased activity of Nrf2 in the presence of Keap1-NES, compared to that in the 

presence of Keap1-WT. To assess the ability of Keap1-WT and Keap1-NES in regulating 

Nrf2-dependent transcriptional activity, a luciferase reporter gene assay was performed in 

transiently transfected MDA-MB-231 cells (Figure 14A). An ARE (41 bp from mouse 

GST-Ya gene)-dependent firefly luciferase reporter gene was used to assess the 

transcriptional activity of Nrf2. Renilla luciferase reporter gene was used as an internal 

control for transfection efficiency. In the presence of Keap1-WT, the activity of Nrf2-WT 

was low, but was induced by tBHQ or SF treatment as reported previously (Figure 14A, 
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the first three bars). All other Nrf2 mutants had impaired basal and inducible activities 

(Figure 14A). The decreased activity of Nrf2-NLS2 is expected since Nrf2-NLS2 is 

localized primarily in the cytosol. However, we are uncertain why Nrf2-NES1 lost its 

activity. It is likely due to the fact that NES1 is within Neh5, a transactivation domain 

(Fig. 10A). Nrf2-NES2 lost its activity because it could no longer bind the ARE as seen 

in EMSA (Fig. 15A, lane 6). In contrast, the Nrf2 activity was greatly enhanced (> 30 

fold) in the presence of Keap1-NES, compared to that in Keap1-WT cotransfected cells 

(Figure 14B). Two possible explanations can be proposed: (i) the blockage of nuclear 

export of Nrf2 by Keap1-NES increases the nuclear Nrf2-Keap complex, which is active 

in inducing ARE-dependent transcription, or (ii) the blockage of Keap1 export reduces 

trafficking of Keap1 between the cytosol and the nucleus, resulting in impaired nuclear 

export of Nrf2 and inefficient removal of Nrf2 from ARE. 
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Figure 13.  Keap1-mediated nuclear export of Nrf2 is required for ubiquitination of 
Nrf2. (A). In vivo ubiquitination of Nrf2 in the presence of Keap1-WT or Keap1-NES 

was measured in MDA-MB-231 cells cotransfected with expression vectors for HA-

ubiquitin, Nrf2, and the indicated Keap1 protein. The transfected cells were left untreated 

or treated with tBHQ for 4 hours.  Cells were lysed under denaturing conditions. Anti-

Nrf2 immunoprecipitates were analyzed by immunoblot with anti-HA antibodies for 

detecting ubiquitinated Nrf2. (B). In vitro ubiquitination of Nrf2 in the presence of 

Keap1-WT and Keap1-NES was measured in COS-1 cells transfected with expression 

vectors for Nrf2, HA-Cul3, Myc-Rbx1, and the indicated Keap1 protein. Lysates were 

incubated with chitin beads and the chitin bead-bound proteins from were incubated with 

purified E1, E2-UbcH5a, ubiquitin, and ATP. The chitin beads were pelleted and washed. 

Proteins that were eluted from the beads after boiling were immunoprecipitated with anti-

Nrf2 antibodies and Nrf2 immunoprecipitates were analyzed by immunoblotting with 

anti-ubiquitin antibodies for detection of ubiquitin-conjugated Nrf2. 
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Figure 14. Nuclear export of Nrf2 is required for repression of Nrf2-dependent 
transcriptional activity. (A and B). MDA-MB-231 cells were cotransfected with 

plasmids containing an ARE-dependent firefly luciferase reporter gene and expression 

plasmids for the indicated Nrf2 and Keap1 proteins.  A plasmid encoding renilla 

luciferase driven by the herpes simplex virus thymidine kinase promoter was included in 

all transfections to normalize transfection efficiency. The transfected cells were exposed 

to DMSO, 50 µM tBHQ, or 10 µM SF for 16 hours prior to analysis of firefly and renilla 

luciferase activities in cell lysates. All samples were duplicated for each experiment and 

the data shown represent the mean of three independent experiments.  The error bars 

indicate the standard deviations of the three experiments. Please note the difference in the 

scale of relative units between A and B. 
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III. Nrf2, not the Nrf2-Keap1 complex, binds to the ARE DNA regulatory sequence. 

To determine whether the Nrf2-Keap1 complex binds the ARE DNA sequence, 

we used both electrophoretic mobility shift assays (EMSA) and chromatin 

immunoprecipitation assays (ChIP) to test the co-existence of Nrf2 and Keap1 on the 

ARE. In EMSA, the following two probes were designed and tested: (i) An ARE-

containing DNA fragment from the human NQO1 gene, and (ii) an ARE-containing 

DNA fragment from the gene encoding the human glutamate cysteine ligase catalytic 

subunit (GCLC). Similar results were obtained and the representative data using the 

probe from the human NQO1 ARE sequence are presented in Figure 15A. Nuclear 

extracts from COS-1 cells, either mock-transfected or cotransfected with expression 

vectors encoding the indicated Nrf2 and Keap1 proteins, were used for probe binding. 

Only one band appeared in the mock-transfected sample, while cotransfection of Nrf2 

and Keap1 resulted in an additional band (Figure 15A, lane1 and lane2). SF and tBHQ 

increased the intensity of the upper band, but had no effect on the lower band (Figure 

15A, compare lanes 3 and 4 with lanes 1 and 2), implying that the upper band contains 

Nrf2. Nrf2-NES1 behaved the same as Nrf2-WT, while Nrf2-NES2 lost its association 

with the ARE-probe (lanes 5 and 6). Cotransfection of Nrf2-WT and Keap1-NES gave 

rise to two similar bands (lane 7). To test the binding specificity to the ARE-containing 

DNA probe, a competition assay was performed with 100 fold excess of unlabeled DNA 

fragments: (i) a wild type ARE-core containing DNA fragment, the same one used for 

radio-labeling (labeled as W in Figure 6A, lanes 8 and 10), and (ii) the mutated DNA 

fragment with the ARE-core sequence GTGACTCAGC changed to GactCTCAcg 
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(labeled as M in Figure 15A, lanes 9 and 11). Only the wild type DNA fragment 

abolished the formation of both bands, while the mutated one had no effect on the 

formation of either band (lanes 8-11), indicating that the protein complexes in these two 

bands bind the ARE-core sequence specifically. We also tested the existence of Nrf2 and 

Keap1 in the two bands by a super-shift assay. Two types of Nrf2 antibodies were used 

(lane 13 and 14). Only anti-Nrf2 antibodies abolished the upper band (Fig. 15A, compare 

lanes 13 and 14 with lane 2, lane 18 with lane 5). In contrast, addition of the same 

amount of Keap1 antibodies had no effect on either band (compare lane 15 with lane 2). 

IgG, anti-p300 and anti-Gal4 had no effect (lanes 12, 16 and 17). These results 

demonstrate that Nrf2 binds the ARE sequence specifically and Keap1 does not exist in 

the ARE-binding protein complex, indicating that the Nrf2-Keap1 complex does not bind 

the ARE. 

Next, we used a ChIP assay to confirm our conclusion from EMSA that Nrf2, but 

not Keap1, associates with ARE. Quantification of the immunoprecipitated DNA 

fragments was performed using a real-time PCR method. MDA-MB-231 cells were left 

untreated, treated with SF, or treated with tBHQ for 4 hours. Chromatin DNA bound by 

Nrf2, or Keap1 was immunoprecipitated with anti-Nrf2 or anti-Keap1 antibodies 

respectively. The absence of antibodies and IgG incubation during chromatin 

immunoprecipitation were included as negative controls. The precipitated DNAs were 

recovered and used as templates for amplification of the ARE-core containing NQO1 

promoter region or the promoter region of the α-tubulin gene using sequence-specific 

primer pairs. As shown in Fig. 15B and 15C, the NQO1 ARE was immunoprecipitated 
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with the anti-Nrf2 antibody in the untreated cells (lane 3 and bar 3 of upper panels of Fig. 

15B and Fig. 15C), indicating the constitutive level of Nrf2 activity. SF or tBHQ 

increased the association of the ARE with Nrf2 approximately 4 fold or 3 fold 

respectively (lanes 7 and 11, or bars 7 and 11, upper panels of Fig. 15B and Fig. 15C). In 

contrast, the anti-Keap1 antibody did not immunoprecipitate any measurable amount of 

the NQO1 ARE (lanes or bars 4, 8, and 12, upper panels of Fig. 15B and Fig. 15C). The 

specific binding of Nrf2 to the ARE was further verified by the absence of DNA 

amplification in the negative control samples (no antibody: lanes and bars 1, 5, and 9, or 

IgG immunoprecipitation: lanes and bars 2, 6, and 10). To test the binding specificity of 

Nrf2 to the ARE sequence, aliquots of the same samples were used for amplification of 

the promoter region of a non Nrf2-downstream gene, α-tubulin. There was no 

amplification of the α-tubulin promoter in any sample (Fig. 15B, middle panel, and 15C, 

lower panel), although the total input amount of DNA was similar among the samples 

(Fig 15B, lower panel). These results indicate that the endogenous Nrf2 binds specifically 

to the ARE sequence under both basal and induced conditions. More significantly, there 

is no Keap1 in the ARE binding complex in vivo. Collectively, data from both EMSA 

and ChIP assays demonstrate that the Nrf2-Keap complex does not bind the ARE, 

indicating that the interaction of Nrf2 with the ARE or with Keap1 is mutually exclusive. 

Therefore, we conclude that the primary function of Keap1 nuclear translocation is to 

dissociate Nrf2 from the ARE during the post-induction stage.  
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Figure 15. Nrf2, not Keap1, associates with ARE. (A). In vitro interaction of Nrf2 or 

Keap1 with the ARE was analyzed by EMSA. MDA-MB-231 cells cotransfected with 

either an empty vector or expression vectors for the indicated Nrf2 and Keap1 proteins 

were either left untreated, treated with 10 µM SF, or treated with 100 µM tBHQ. Nuclear 

fractions were extracted and incubated with a 
32

P-labeled ARE-containing 

oligonucleotide in the absence or presence of either the unlabeled competing 

oligonucleotides or antibodies. The protein-DNA complexes were size-separated on a 

non-denaturing polyacrylamide gel. The arrow indicates the position of the ARE-Nrf2 

complexes. The asterisk indicates an ARE binding complex that does not contain Nrf2. 

Two different types of Nrf2 antibodies were used. The one labeled with an asterisk has 

higher concentration. (B and C). In vivo interaction of Nrf2 or Keap1 with the ARE was 
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determined by a ChIP assay. MDA-MB-231 cells were left untreated, treated with tBHQ, 

or treated with SF. DNA-protein complexes were cross-linked and immunoprecipitated 

with the indicated antibodies. Amounts of DNA containing the NQO1-ARE or the 

tubulin promoter were semi-quantified by real-time PCR amplification with a primer pair 

flanking the human NQO1 ARE sequence (upper panel) or a primer pair specific for 

human tubulin promoter (middle panel).  0.8% of total input DNA for 

immunoprecipitation was included as positive controls for real-time PCR amplification 

(lower panel). (C). Amounts of immunoprecipitated NQO1 ARE (upper panel) and the 

tubulin promoter (lower panel) were semi-quantified by real-time PCR amplification and 

presented as a bar graph using the LightCycler 480 software.  

 

IV. Nuclear localization of Keap1 is independent of Nrf2 

 Since the Nrf2-Keap1 complex does not bind to the ARE, in order to play a role 

in turning off the Nrf2 activation after induction, nuclear transport of Keap1 is likely 

independent of Nrf2. To confirm that Keap1 travels into the nucleus without the 

assistance of Nrf2, a mouse embryonic fibroblast (MEF) cell line derived from Nrf2 

knockout mouse was used for an indirect immunofluorescence assay. Nrf2-/- cells were 

singly transfected with a plasmid containing either Keap1-WT or Keap1-NES for 36 

hours. Cells were left untreated or treated with LMB for 3 hours before fixing and 

staining. Keap1-WT was located in the cytosol in untreated cells (Fig. 16A, panels A-C 

and Fig 16B, bar 1). It localized in the nucleus when nuclear export was blocked by LMB 

(Fig 16A, panels D-F and Fig 16B, bar 2). In contrast, even in the absence of LMB, 

Keap1-NES was localized in the nucleus due to its impaired nuclear export function (Fig 

16A, panels G-I and Fig 16B, bar 3). These results clearly demonstrate that Keap1 is able 

to travel into the nucleus even in the absence of Nrf2.  

Previously, Yamamoto’s group has identified two Keap1 binding motifs in the N-

terminus of Nrf2: (i) ETGE and (ii) LWRQDIDLG, which are highly conserved in 
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another member of the CNC-bZIP family called Nrf1 (Tong et al., 2006; Wang and Chan, 

2006). It is reasonable to assume that the observed Keap1 nuclear transport in Nrf2 

knockout cells may be assisted by Nrf1. Nevertheless, our recent result indicates that 

Keap1 contains an NLS and mutation of the NLS impairs nuclear translocation of Keap1 

in MDA-MB-231 cells treated with LMB (unpublished data).  In accordance with our 

data, Hayes and coworkers have recently demonstrated that Keap1 does not regulate Nrf1, 

although the Keap1 binding motif is conserved in Nrf1(Zhang et al., 2006b).  

 
 

Figure 16. Nuclear import of Keap1 is independent of Nrf2 (A). Nrf2
-/- 

MEF cells 

were singly transfected with an expression vector for either Keap1-WT (panels A-F) or 

Keap1-NES (panels G-I). Cells were left untreated or treated with LMB (panels D-F) for 

3 hours. Subcellular localization of the indicated Keap1 protein was determined by an 

indirect immunofluorescence analysis using anti-CBD antibodies. (B). The same slides 

from A were used to count at least 100 positive cells. Percentages of cells that localized 

predominantly in the cytosol (C), whole cell (W), or the nucleus (N) were presented as a 

bar graph.  

 

 

V. Keap1 regulates the post-induction repression of Nrf2  

 In order to fulfill its duty during the post-induction stage, Keap1 must travel into 

the nucleus to dissociate Nrf2 from the ARE and transport Nrf2 out of the nucleus. 

Therefore, it is reasonable to assume that any change in Keap1 shuttling will interfere 
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with the post-induction repression process. To test this, the levels of Nrf2 at different 

post-induction time points were measured by immunoblot analysis using total lysates 

from 231 cells cotransfected with an expression vector for Nrf2 and an expression vector 

for either Keap1-WT or Keap1-NES. Following tBHQ treatment for 4 hours, cells were 

washed and incubated in normal medium for the indicated periods of time. When Keap1-

WT was cotransfected, Nrf2 levels decreased sharply after removal of tBHQ and they 

reached the same level as the untreated control within 24 hours (Fig. 17A, upper panel, 

lanes 1-6). In contrast, there was a very high basal level of Nrf2 in the presence of 

Keap1-NES even in the untreated sample (Fig. 17A, upper panel, lane 12). tBHQ 

treatment did not significantly enhance levels of Nrf2 in the presence of Keap1 NES (Fig. 

17A, upper panel, lanes 7-11). The post-induction repression curve in Figure 17B shows 

a dramatic difference in the inhibition of Nrf2 in the presence of Keap1-WT or Keap1-

NES. Hence, the NES in Keap1 controls post-induction repression by removing Nrf2 

from the nucleus and targeting Nrf2 to the cytoplasmic ubiquitination machinery for 

ubiquitin conjugation and subsequent proteasomal degradation.  

 To circumvent sensitivity problems associated with EMSA methodology, we used 

the ARE-firefly luciferase reporter gene assay to measure the activity of Nrf2, rather than 

ARE-bound Nrf2, during the post-induction stage. Cells were transfected with expression 

vectors for ARE-luciferase, renilla-luciferase, Nrf2, and an expression vector for Keap1-

WT or Keap1-NES. Following tBHQ treatment for 16 hours, cells were washed and 

further incubated for different periods of time prior to measurement of dual luciferase 

activities. The basal activity of Nrf2 was significantly high in cells cotransfected with 
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Keap1-NES compared to that in cells cotransfected with Keap1-WT (Fig. 17C, untreated 

samples). tBHQ increased the activity of Nrf2 roughly 10 fold in Keap1-WT 

cotransfected cells and the tBHQ-induced Nrf2 activity was quickly reduced in a time-

dependent manner with a half-life of approximate 32 hours (Fig. 17C, gray bars). In 

contrast, the post-induction repression of Nrf2 activity in the presence of Keap1-NES was 

minimal, with comparable Nrf2 activity at all post-induction time points tested (Fig 17C, 

black bars). These data further confirm that disturbance of nuclear export activity of 

Keap1 results in altered activation of Nrf2-mediated genes with a pronounced increase in 

protein levels and duration. Collectively, these results clearly illustrate the crucial role of 

Keap1 trafficking in controlling the post-induction repression of Nrf2 activity.  

 
 

Figure 17. Keap1 confers post-induction repression of Nrf2 by escorting nuclear 
export of Nrf2. (A and B). Post-induction repression of the steady-state levels of Nrf2 

was accessed in MDA-MB-231 cells cotransfected with an expression vector for Nrf2, 

and an expression vector for either Keap1-WT or Keap1-NES. Cells were treated with 

100 µM tBHQ for 4 hours. After removal of tBHQ by washing, cells were further 
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incubated in normal medium for the indicated time periods. Total cell lysates were 

subjected to immunoblot analysis with anti-HA, anti-CBD, and anti-tubulin antibodies. 

(B). The relative intensities of the Nrf2 bands were quantified by the ChemiDoc XRS del 

documentation system from BioRad and plotted on a linear graph. (C). Post-induction 

repression of the Nrf2-dependent transcriptional activity was determined in MDA-MB-

231 cells cotransfected with plasmids containing an ARE-firefly luciferase, TK-renilla 

luciferase, Nrf2, and the indicated Keap1 protein. The transfected cells were exposed to 

50 µM tBHQ for 16 hours. Following removal of tBHQ, cells were further incubated in 

normal medium for the indicated time periods prior to measurement of firefly and renilla 

luciferase activities. The experiment was repeated three times and the standard deviations 

were shown as error bars. 

 

VI. Discussion 

 Keap1 has emerged to be a key regulator of the Nrf2-mediated antioxidant 

response pathway. Previously, Keap1 has been identified as part of the E3 ubiquitin 

ligase complex that mediates ubiquitination and subsequent proteasomal degradation to 

control the low constitutive level of Nrf2 in unstressed cells (Cullinan et al., 2004; 

Furukawa and Xiong, 2005; Kobayashi et al., 2004; Zhang et al., 2004). Keap1 is capable 

of sensing a change in intercellular redox conditions through cysteine dependent post-

translational modification, resulting in decreased Nrf2 ubiquitination, increased levels of 

Nrf2, and ultimately activation of Nrf2-dependent gene expression (Zhang, 2006). How 

the Nrf2-mediated antioxidant response is turned on by oxidative stress or 

chemopreventive compounds is relatively well-studied. However, many questions remain 

to be solved. For instance, the mechanism of nuclear import and export of Nrf2, Keap1 

and their complex is still controversial. More significantly, there is no study regarding 

how the Nrf2 signal is turned off during the post-induction period when intracellular 

redox conditions are gradually re-calibrated to homeostasis. Here, we report that it is 

Keap1 that controls post-induction repression of the activity of Nrf2. There are five 
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important findings demonstrated in this study. (i) The NES in Keap1 is the nuclear export 

sequence that transports the Nrf2-Keap1 complex out of the nucleus during the post-

induction stage. (ii) The Keap1-Cul3-Rbx1 E3 ubiquitin ligase complex ubiquitinates 

Nrf2 in the cytosol, demonstrating that Nrf2 degradation occurs in the cytosol since 

ubiquitination and degradation are coupled reactions. (iii) The Keap1-Nrf2 complex does 

not bind the ARE, indicating that the purpose of Keap1 nuclear translocation is to 

dissociate Nrf2 from the ARE to turn off the antioxidant response during the post-

induction stage. (iv) Keap1 is able to travel into the nucleus independently, meaning that 

Keap1 most likely possesses its own non-classical nuclear import sequence that may be 

controlled by cytoplasmic redox conditions. (v) Nuclear export of Keap1 plays a key role 

in controlling the post-induction repression of the activity of Nrf2, and impairment of 

Keap1 trafficking results in prolonged recovery time needed for attenuating the Nrf2-

mediated antioxidant response.   

 In this study, we expand the importance of Keap1 in regulating the Nrf2-

dependent antioxidant response to a new horizon. In addition to the previous finding that 

Keap1 controls the Nrf2-dependent antioxidant response during induction by regulating 

levels of Nrf2, we show that Keap1 is also critical for post-induction repression. Keap1 

has dual roles by functioning as: (i) a molecular sensor: cysteine residues in Keap1 sense 

redox imbalance, and (ii) a molecular switch: Keap1 turns on and off the Nrf2 signaling 

pathway according to intracellular redox conditions.  Based on these studies, we propose 

a model that explains how Keap1 fulfills its dual roles (Fig. 18). In unstressed cells, 

Keap1 functions as an E3 ubiquitin ligase and constantly targets Nrf2 for ubiquitination 
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and proteasomal degradation to maintain low levels of Nrf2 that mediate the constitutive 

expression of Nrf2 downstream genes. Upon disturbance of redox balance, Keap1 is able 

to sense a change in intercellular redox conditions through cysteine-dependent post-

translational modification, resulting in decreased Nrf2 ubiquitination and degradation. As 

a consequence, Nrf2 saturates the binding capacity of Keap1, leading to nuclear 

translocation of Keap1-unbound Nrf2. In the nucleus, Nrf2 binds to the ARE to activate 

Nrf2 downstream genes. During the post-induction period, expression of Nrf2 

downstream genes including γ-glutamylcysteine synthetase (GCS), heme oxygenase-1, 

ferritin H, and thioredoxin, restores intracellular redox homeostasis. Keap1 travels into 

the nucleus to dissociate Nrf2 from the ARE and subsequently exports the Nrf2-Keap1 

complex out of the nucleus. Once in the cytosol, the Keap1-Nrf2 complex binds to the 

core Cul3-Rbx1 ubiquitin ligase complex, resulting in ubiquitination and degradation of 

Nrf2. Hence, the Nrf2 pathway is turned off.  

 Noticeably, there were higher basal levels of Nrf2 in the presence of Keap1-NES 

compared to that in the presence of Keap1-WT as shown in Figure 17 (compare lane 12 

with lane 6) and Figure 11E (lane 13 and lane 15). We believe that this reflects the 

constitutive Nrf2 and Keap1 shuttling even under basal conditions (without treatment) as 

demonstrated in Figure 10A and 10B. The low level of constitutive Nrf2 is trapped by 

Keap1-NES in the nucleus to block its access to the cytoplasmic degradation machinery, 

resulting in increased basal levels of Nrf2 in cells cotransfected with Keap-NES. The 

constant shuttling of Keap1 and Nrf2 seen in cultured cells is likely due to low levels of 

oxidative stress constantly produced by the normal metabolic processes. As a result, the 
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Nrf2 signaling pathway is minimally activated with an attempt to restore intracellular 

redox conditions. This may explain why some of the Nrf2 downstream-target genes are 

constitutively expressed even in untreated cells. Hence, the association and dissociation 

of Nrf2 and Keap1, as well as their shuttling are dynamic processes. Any interference in 

the Nrf2-Keap1 complex formation or trafficking of Keap1 or Nrf2 should affect basal 

levels of Nrf2 and the Nrf2-mediated antioxidant responses.  

 It is intriguing that two NESs in Nrf2 and one in Keap1 have been reported to 

regulate the export of Nrf2 (Jain et al., 2005; Karapetian et al., 2005; Li et al., 2005; Li et 

al., 2006; Nguyen et al., 2005; Velichkova and Hasson, 2005). All three NESs have a 

consensus sequence defined as a classical nuclear export sequence with a cluster of 

hydrophobic residues. In this study, we made point mutations in each of the three putative 

NESs in the context of full length Nrf2 or Keap1, in that the hydrophobic residues in 

NES are replaced with alanine residues, to minimize possible artifacts seen with deletion 

mutants or with fusion proteins. When each of these mutated proteins was singly 

transfected, all three proteins were predominantly localized in the nucleus, consistent 

with the previous finding that these NESs from Nrf2 and Keap1 have characteristic 

nuclear export functions. However, in the presence of both Nrf2 and Keap1, the two 

NESs in Nrf2 lost their nuclear export functions and had subcellular localization profiles 

similar to Nrf2-WT (Fig 11D, top panel). In sharp contrast, cotransfection of Keap1-NES 

and Nrf2-WT significantly redistributed Nrf2 into the nucleus (Fig 11D, top panel), 

indicating that the NES in Keap1 is the nuclear export sequence that regulates the export 

of the Keap1-Nrf2 complex under more physiologically relevant conditions. At present, it 
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is not clear whether the NESs in Nrf2 have any endogenous functions, or the nuclear 

export activities observed in the NESs in Nrf2 are just artifacts in Nrf2 singly 

overexpressed systems. 

 A striking finding in this report is that Nrf2-ubiquitination and degradation occur 

in the cytosol. We have provided two pieces of evidence to support this: (i) Cul3 is a 

cytoplasmic factor that does not shuttle between the cytosol and the nucleus, and (ii) the 

stability of Nrf2 in the presence of Keap1-NES is dramatically increased compared to 

that in the presence of Keap1-WT. Therefore, nuclear export of Nrf2 is required for its 

degradation. In this regard, our data are in agreement with the conclusion from Jaiswal’s 

group. They showed that a Nrf2 deletion mutant with the C-terminal NES removed, had a 

longer half life than Nrf2-WT in Hepa-1 cells singly expressing each of the Nrf2 proteins 

(Jain et al., 2005). As shown in Fig 11A and 11B, the Nrf2-NES2 mutant was primarily 

localized in the nucleus when it was expressed alone. Together, these two observations 

demonstrate that blocking the nuclear export of Nrf2 enhances the stability of Nrf2 due to 

the subcellular separation of Nrf2 from the ubiquitination and degradation machinery. 

Surprisingly, Pickett’s group has proposed an alternative model in which Nrf2 is 

considered as a nuclear protein that drives constitutive expression of Nrf2 downstream 

genes (Nguyen et al., 2005). They have concluded that ubiquitination and degradation are 

carried out in the nucleus following nuclear translocation of Keap1 based on their 

observation that the ubiquitinated Nrf2 protein was detected only in the nuclear fraction 

but not the cytoplasmic fraction. However, there was significantly less amount of Nrf2 in 

the cytoplasmic fraction as shown in their immunoprecipitation input blot (Nguyen et al., 
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2005). In addition, they showed that there were higher levels of Nrf2 in cells 

cotransfected with Keap1∆NES than in cells cotransfected with Keap1-WT (Nguyen et 

al., 2005). This observation is in contradiction with their conclusion that Keap1-mediated 

degradation of Nrf2 is carried out in the nucleus, since Keap1∆NES retains Nrf2 in the 

nucleus and there was no defect in the interaction of Keap1∆NES with Nrf2 or Cul3, or 

in Keap1∆NES-dependent E3 ubiquitin ligase activity as demonstrated in this study. Our 

finding that Cul3 is a non-shuttling cytoplasmic factor provides strong evidence that 

ubiquitination and degradation of Nrf2 are carried out in the cytosol. Furthermore, the 

notion that the degradation of Nrf2 occurs in the cytosol fits nicely with our finding and 

other’s that the nuclear export of Nrf2 is required for the degradation of Nrf2 (Jain et al., 

2005). 

 Interestingly, we consistently observed two bands in EMSA when two different 

probes, AREs from human GCLC and human NQO1, were used. The EMSA data from 

human NQO1 have been presented in figure 15A. Obviously, both bands resulted from 

proteins specifically bound to the core ARE sequence since the unlabeled ARE-core 

mutated probe had no effect while both bands disappeared when the cold wild type ARE 

was pre-incubated. In addition, anti-Nrf2 only caused the disappearance of the upper 

band but not the lower band, indicating that the lower band does not contain Nrf2. The 

ARE core sequence, also termed electrophile response element (EpRE), was first 

identified in the promoters of Ya subunits of rat and mouse glutathione-S-transferase. 

The ARE core consensus sequence has since been defined as 5’-RTGACNNNGC-3’ 

(Wasserman and Fahl, 1997). The AP-1 recognition site TRE (5’-TGACTCA-3’) and the 
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ATF/CREB binding sequence (5’-TGACGTCA-3’) partially overlap with the ARE core 

sequence (Dalton et al., 1999; Nguyen et al., 2003). Although increasing lines of 

evidence identify the Nrf2-Maf heterodimer as the functional complex regulating ARE-

dependent gene expression, transcription factors, such as Jun, c-Fos, FRA-1, FRA-2, and 

Nrf1, have been reported to interact with the ARE (Jeyapaul and Jaiswal, 2000; Katsuoka 

et al., 2005; Venugopal and Jaiswal, 1996). It is likely that the lower band in our EMSA 

contains a dimer of the two members of the AP-1 family.   

 Protein transport between the nucleus and the cytoplasm provides an elegant way 

to control gene expression in general. In addition to regulating access to DNAs, 

controlling subcellular localization of Nrf2 adds another dimension of regulation since 

degradation of Nrf2 only occurs in the cytosol. We have demonstrated that both Nrf2 and 

Keap1 are shuttle proteins that are constantly undergoing cytoplasmic-nuclear trafficking. 

Nrf2 contains a very strong classical NLS and Keap1 is able to translocate into the 

nucleus without assistant from Nrf2.  Currently, we still do not know when and how 

Keap1 travels into the nucleus. It is possible that Keap1 possesses a redox sensitive NLS 

that is activated upon recovery of intracellular redox homeostasis during the post-

induction stage in addition to its low rate of constitutive trafficking. Alternatively, the 

rate of Keap1 shuttling between the nucleus and the cytosol is constant, regardless of the 

intracellular redox conditions. In this scenario, the activity of Keap1-Cul3-Rbx1 E3 

ubiquitin ligase is the only step that is controlled by intracellular redox conditions. 

Currently, there is no data in favor of either hypothesis. Clearly, understanding the 
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nuclear import mechanism of Keap1 will greatly aid our knowledge of how Keap1 

regulates the Nrf2-dependent antioxidant response.  

In conclusion, we have identified Keap1 as a post-induction repressor of Nrf2 and 

demonstrated that impairment of Keap1 trafficking results in (i) high basal levels of Nrf2 

and (ii) prolonged recovery time needed for attenuating the Nrf2-mediated antioxidant 

response. Although activation of the Nrf2 signaling pathway provides cellular protection 

against deleterious environmental insults, constitutive activation of Nrf2 is lethal, as seen 

in the Keap1 knockout mice (Wakabayashi et al., 2003). Therefore, it is essential to 

promptly turn on and off the Nrf2 signaling pathway according to intracellular redox 

conditions. Disregulation of either the turning on (induction) or the turning off (post-

induction repression) process will inevitably lead to disease states due to disturbance of 

redox balance.  
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Figure 18. Schematic model of Nrf2 regulation by Keap1.  Keap1 is a key regulator of 

the Nrf2 signaling pathway and serves as a molecular switch to turn on and off the Nrf2-

mediated antioxidant response. (i) The switch is in off position: under basal conditions, 

Keap1, functioning as an E3 ubiquitin ligase, constantly targets Nrf2 for ubiquitination 

and degradation. As a consequence, there are minimal levels of Nrf2. (ii) The switch is 

turned on: oxidative stress or chemopreventive compounds inhibit activity of the Keap1-

Cul3-Rbx1 E3 ubiquitin ligase, resulting in increased levels of Nrf2 and activation of its 

downstream target genes. (iii) The switch is turned off again: Upon recovery of cellular 

redox homeostasis, Keap1 travels into the nucleus to remove Nrf2 from the ARE. The 

Nrf2-Keap1 complex is then transported out of the nucleus by the NES in Keap1. In the 

cytosol, the Nrf2-Keap1 complex associates with the Cul3-Rbx1 core ubiquitin 

machinery, leading to degradation of Nrf2. For clarity, the constitutive cytoplasmic-

nuclear shuttling of Nrf2, Keap1, and the complex is omitted.   
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CHAPTER IV: ACETYLATION OF NRF2 BY P300/CBP AUGMENTS 

PROMOTER-SPECIFIC DNA BINDING OF NRF2 DURING ANTIOXIDANT 

RESPONSE 

 

I. Nrf2 is acetylated by p300/CBP in vivo and in vitro.  

While ubiquitin-mediated proteolysis is one of the major controls of Nrf2 activity, 

Nrf2 is also subject to additional modes of regulation, including subcellular localization 

and post-translational modification (Bloom and Jaiswal, 2003; Cullinan et al., 2003; 

Huang et al., 2000; Huang et al., 2002; Jain et al., 2005; Kang et al., 2003; Kim and Kim, 

2004; Kong et al., 2001; Lee et al., 2001; Li et al., 2005; Nguyen et al., 2005; Numazawa 

et al., 2003; Papaiahgari et al., 2004; Velichkova and Hasson, 2005; Zipper and Mulcahy, 

2000; Zipper and Mulcahy, 2003). Recently, histone acetyltransferase 300/CBP have also 

been reported to play a role in Nrf2 regulation. For example, P300/CBP were detected in 

the ARE-binding complex along with Nrf2 in vivo as measured by microinjection of 

antibodies against P300 or CBP (Zhu and Fahl, 2001). CBP interacts directly with two 

separated domains of Nrf2 to control the activity of Nrf2 (Katoh et al., 2001). However, it 

is not clear whether or how p300/CBP might actively contribute to the dynamic 

regulation of Nrf2-dependent transcription. We hypothesize that Nrf2 is a direct substrate 

of p300/CBP-mediated acetylation and that the reversible acetylation of Nrf2 is a novel 

regulatory mechanism in modulating the Nrf2 signal transduction pathway. 

To determine if endogenous Nrf2 is acetylated, HCT116 cells cultured in 150-mm 

dishes were directly lysed under denaturing conditions to inactivate deacetylases and to 
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disrupt protein-protein interactions. Diluted cell lysates were subjected to 

immunoprecipitation by normal IgG or anti-Nrf2 antibodies, followed by immunoblot 

with antibodies specific for acetylated lysines. Acetylated Nrf2 was detectable under 

basal conditions (Fig. 19A, lane 2). To assess whether acetylation is upregulated in 

response to oxidative stress, cells were treated for the different time periods with 20 µM 

sodium arsenite [As(III)], an environmental carcinogen and strong Nrf2 inducer. There 

was a steady increase of Nrf2 acetylation along with the accumulation of Nrf2 proteins 

after As(III) treatment (Fig. 19B). Since accumulated Nrf2 protein level is always 

coupled with increased Nrf2 nuclear entry, it is conceivable that the observed 

enhancement in acetylation is due to prompt acetylation of Nrf2 by acetyltransferase(s) 

within the nucleus, which contribute to the quick activation of Nrf2 in response to 

oxidative stress.  

To identify which acetyltransferase(s) acetylates Nrf2, HEK293T cells were co-

transfected with vectors expressing HA-tagged Nrf2 and different histone acetyl-

transferases (HATs) including p300, CBP and P/CAF. Cells were lysed under denaturing 

conditions to preserve the modification. Diluted cell lysates were subjected to 

immunoprecipitation with anti-HA antibodies, followed by immunoblot with antibodies 

specific for acetylated lysine. Nrf2 was acetylated only by p300 and CBP, but not P/CAF 

(Fig. 19C, lane 2, 4, and 5). An acetylase-deficient (DY) point mutant of p300 failed to 

acetylate Nrf2 (Fig. 19C, lane 3) (Ito et al., 2001). p300 was the most potent in 

acetylating Nrf2, therefore was chosen for the following studies. Enhanced Nrf2 

expression in the presence of p300/CBP was observed (Fig. 19C, lane 2 and 5). This is 
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likely due to indirect effects of p300/CBP on the transcription of the Nrf2 transgene since 

similar observations were made on other transgenes carried in the same expression vector. 

This notion is further supported by the fact that Nrf2 protein half-lives were not 

significantly changed in the presence of exogenous p300 (data not shown).  

To determine if p300 is self-sufficient in acetylating Nrf2, an in vitro approach 

was utilized. Purified GST-tagged Nrf2 proteins were incubated with purified p300 

proteins in the presence of [
14

C]-acetyl-CoA. Acetylation of Nrf2 was detected by 

autoradiography (Fig. 19D, upper panel, lane 2). The sample with GST alone did not give 

any positive signals, indicating that the acetylation reactions are specific for Nrf2 (Fig. 

19D, lane 1). These results indicate that Nrf2 is a bona fide substrate of p300. 

In the in vitro acetylation reaction, a series of Nrf2 deletion mutants were 

constructed in an effort to identify the major acetylation regions. The boundary of each 

domain is defined in Figure 20D lower panel. Deletion of the Neh1 DNA-binding domain 

almost completely abolished acetylation of Nrf2, suggesting the Neh1 domain contains 

the major acetylation sites (Fig. 19D, lane 8). Deletion of Neh4 and Neh5, also 

significantly decreased the acetylation levels of Nrf2 (Fig 19D, lane 5 and 6), which is 

consistent with the finding that Neh5, in coordination with Neh4, mediates the binding of 

Nrf2 to p300 (Fig. 20E, lane 4 and 5). Deletion of other domains did not significantly 

alter the overall acetylation levels of Nrf2. Taken together, these results demonstrate that 

Nrf2 is acetylated by p300/CBP both in vivo and in vitro. The acetylation of Nrf2 is 

enhanced in response to arsenic exposure and the Neh1 DNA-binding domain contains 

the majority of acetylated lysine residues.  
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Figure 19. Nrf2 is acetylated by p300/CBP in vivo and in vitro. (A) Endogenous Nrf2 

is acetylated. HCT116 cells were lysed under denaturing conditions. Cell lysates were 

diluted and subjected to immunoprecipitation (IP) by normal IgG or anti-Nrf2 antibodies, 

followed by immunoblot (IB) with antibodies specific for acetylated lysine (AcK). (B) 

Sodium arsenite [As(III)] enhances acetylation of Nrf2. HCT116 cells were treated with 

20 µm As(III) for the indicated time periods. Nrf2 acetylation levels were measured as 

described above. (C) Nrf2 is acetylated by p300/CBP, not P/CAF. HEK293T cells were 

co-transfected with vectors expressing HA-tagged Nrf2 and the indicated histone acetyl-

transferases. Cells lysates were immunoprecipitated with anti-HA antibodies, followed by 

immunoblot with antibodies specific for acetylated lysine. (D) Nrf2 is a bona fide 

substrate of p300. Upper Panel: purified GST-tagged Nrf2 proteins were incubated in the 

presence of [
14

C]-acetyl-CoA with immunoprecipitated p300 proteins from COS-1 cells 

overexpressing Flag-p300. The reaction mixtures were resolved on SDS-PAGE followed 

by autoradiography. Lower Panel: the same amounts of GST-Nrf2 proteins as used in the 

above in vitro acetylation assay were subjected to Coomassie stain. 
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II. Nrf2 associates with p300.  

 Chromatin immunoprecipitation (ChIP) analysis was performed to assess specific 

and coordinated recruitment of p300 and Nrf2 to the ARE in response to oxidative stress. 

HCT116 cells were either left untreated or treated with 20 µM As(III) for 4 hours before 

cross-linking and harvest. Cell lysates were subjected to immunoprecipitation with either 

anti-Nrf2 or anti-p300 antibodies (with normal serum IgG as negative control). The 

genomic DNA fragments bound to either Nrf2 or p300 proteins were recovered and 

quantified by qPCR using primer pairs specific for the NQO1-ARE region or the tubulin 

promoter region as a negative control. The amounts of NQO1-ARE bound to p300 or 

Nrf2 were increased nearly ten folds in response to As(III) treatment compared to the 

mock-treated samples, while the amounts of tubulin promoter DNA bounded to p300 or 

Nrf2 remain unchanged (Fig. 20A and 2B). This demonstrates that endogenous p300, 

along with Nrf2, are specifically recruited to the ARE-containing promoters in response 

to arsenic.  

  Interaction between Nrf2 and p300 was tested in HEK293T cells co-transfected 

with expression vectors for Flag-tagged p300 and HA-tagged Nrf2. Cell lysates were 

immunoprecipitated with anti-Flag M2 matrix. Both the immunoprecipitates and the total 

cell lysates were analyzed by immunoblot with anti-HA antibodies. Nrf2 was detected in 

the Flag-p300 immunoprecipitates while an unrelated protein Cul4 was not detected (Fig. 

20C), consistent with the previous finding on the interactions between Nrf2 and CBP 

(Katoh et al., 2001). 
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  Direct interactions between Nrf2 and p300, and interaction domains were 

assessed. p300 contains five major conserved domains: C/H1, KIX, BROMO, C/H2, and 

C/H3 (Fig. 20D), whereas Nrf2 contains six major conserved domains: Neh2, Neh4, 

Neh5, Neh6, Neh1, and Neh3 (Fig. 20D). The Neh2 domain is the “degron” that is bound 

and ubiquitinated by Keap1 (Itoh et al., 1999b; Zhang et al., 2004). The Neh4 and Neh5 

domains are transactivation domains (Katoh et al., 2001; Shen et al., 2004). Neh1 

contains a CNC (“cap‛n’collar”)-type basic leucine zipper structure responsible for 

dimerization with Maf proteins and DNA binding (Itoh et al., 1997; Itoh et al., 1999a).  

  To identify the p300 binding domain(s) in Nrf2, a series of domain-specific 

deletion mutants of Nrf2 were used. GST-tagged Nrf2 proteins containing the deletions 

were purified. Equal amounts of GST-Nrf2 proteins were used for GST pull-down 

analysis with p300 proteins that were radiolabeled with [
35

S]-methione. Consistent with 

the previous report (Katoh et al., 2001), Neh4 and Neh5 domains of Nrf2, mainly the 

Neh5 domain, are required for interaction with p300 (Fig. 20E, lane 4 and 5). In another 

set of experiments, a series of truncated forms of p300 were constructed and radiolabeled 

with [
35

S]-methione (Fig 20F, upper panel). These [
35

S]-p300 proteins were subjected to 

GST pull-down with GST-tagged Nrf2-WT proteins followed by SDS-PAGE and 

autoradiography (Fig 20F, lower panel). p300 c-terminus 1725-2414 mediated 

interactions with Nrf2 (Fig. 20F, lane 7). Radiolabeled luciferase served as a negative 

control to show the specificity of the in vitro interaction (Fig. 20F, lane 1). Collectively, 

these data suggest that the Neh4 and Neh5 domains of Nrf2 directly interact with the 

C/H3 containing c-terminus of p300.  
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Figure 20. Nrf2 associates with p300. (A) Endogenous Nrf2 and p300 are coordinately 

recruited to the ARE in response to As(III)-induced stress. Chromatin 
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immunoprecipitation (ChIP) analysis was performed in HCT116 cells with the indicated 

antibodies after 4 hr treatment of 20µM As(III). Upper Panel: the genomic DNA 

fragments bound to either Nrf2 or p300 proteins were recovered and quantified by qPCR 

using primer pairs specific for the NQO1-ARE region or the tubulin promoter region as a 

negative control. Lower Panel: the total DNA were amplified and visualized as above to 

ensure equal input between mock and As treatment groups. (B) The above precipitated 

DNA fragments were quantified by qPCR. (C) Nrf2 interacts with p300 in vivo. 

HEK293T cells expressing Flag-tagged p300 and HA-tagged Nrf2 were lysed. Cell 

lysates were immunoprecipitated with anti-Flag M2 matrix, followed by immunoblot 

with anti-HA antibodies. An unrelated protein Cul4 was included as a negative control. 

(D) Schematic draw of conserved domains in p300 and Nrf2 proteins. p300 contains five 

conserved domains: C/H1, KIX, BROMO, C/H2, and C/H3. The catalytic region, also 

known as the “HAT domain” is between amino acid 1195−1673. Nrf2 contains six 

conserved domains: Neh2, Neh4, Neh5, Neh6, Neh1, and Neh3. (E) Nrf2 transactivation 

domain Neh4 and Neh5, especially Neh5, directly binds p300. Upper Panel: p300 

proteins were labeled with [
35

S]-methione and pulled-down by GST-Nrf2 with different 

deletion mutants. The Nrf2-bound p300 were visualized by autoradiography. Lower 

Panel: the same amounts of GST-Nrf2 proteins as used above were visualized by 

Coomassie blue staining. (F) p300 C-terminus directly interacts with Nrf2. Upper Panel: 

total input of different truncated forms of [
35

S]-labeled p300 proteins were visualized by 

autoradiography. Lower Panel: [
35

S]-labeled p300 proteins were pulled-down by GST-

Nrf2 and visualized by autoradiography. Luciferase serves as a negative control. FL: full-

length.   

 

III. Identification of multiple acetylated lysines within the Neh1 DNA-binding 

domain of Nrf2. 

Figure 19D showed that the Neh1 domain (amino acid 434-561) of Nrf2 contains 

major acetylation sites. There are 18 lysines within this domain in human Nrf2 (Fig. 23A). 

To further determine which lysine residues are major acetylation sites, GST-tagged Nrf2 

with sub-domain deletions within the Neh1 domain were used for the in vitro acetylation 

assay. None of sub-domain deletion mutants were able to abolish Nrf2 acetylation to the 

same degree as the Neh1 deletion mutant, demonstrating that multiple lysine residues in 

Neh1 are acetylated (Fig 21A, compare lane 4, 5, 6 to lane 3). 
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Figure 21. Identification of multiple acetylated lysine residues within the Neh1 

DNA-binding domain of Nrf2. (A) Neh1 domain contains multiple acetylation sites. 

GST-tagged Nrf2 proteins with indicated deletions within the Neh1 domain were 

subjected to in vitro acetylation analysis as described in Figure 1D. (B) Multiple lysines 

in the Neh1 domain were identified as acetylation sites by LC-MS/MS. 

Immunoprecipitation was performed in HEK-293T cells expressing HA-Nrf2 and p300 

with anti-HA antibodies. Immunoprecipitated Nrf2 proteins were visualized by 

Coomassie staining, isolated, and analyzed by LC-MS/MS.  



 

 

97 

Next, mass spectrometry was used to identify exact acetylated lysine residues on 

Nrf2. HEK293T cells were transfected with expression vectors for HA-Nrf2 and p300. 

Cell lysates were subjected to immunoprecipitation with anti-HA antibodies followed by 

SDS-PAGE and Coomassie staining (Supplemental Fig. 26, S1). The bands containing 

Nrf2 were isolated and analyzed by LC-MS/MS. Multiple acetylated lysines were 

detected (Fig. 21B) and were indicated by asterisks (Fig. 23A). Almost all acetylated 

lysines were within the Neh1 domain, which is consistent with the observation that 

deletion of Neh1 almost completely abolishes acetylation of Nrf2 in the in vitro 

acetylation assay (Fig. 19D and Fig. 21A).  

IV. Functional redundancy among different acetylation sites.  

  To elucidate the function of acetylation, lysine to arginine (K>R) substitutions 

were constructed on all lysine clusters within the Neh1 domain, and their effects on the 

overall Nrf2 acetylation levels (Fig. 22A) and Nrf2 transcriptional activity (Fig. 22B and 

22C) were tested. As expected, none of the substitution constructs completely abolished 

acetylation of Nrf2, although a decrease of acetylation levels was visible for the 

K438R/K443R/K445R and K533R/K536R/K538R clusters (Fig. 22A, upper panel, lane 2 

and lane 7). None of the cluster mutations had significant impacts on Nrf2 transcriptional 

activities, as measured by luciferase reporter gene (Fig. 22B). This observation was 

confirmed by qRT-PCR analysis of NQO1 and HO1 mRNA levels from the Nrf2
-/- 

mouse 

embryonic fibroblast (MEF) cells expressing the cluster mutants of Nrf2 (Supplemental 

Fig. 26, S2 showed one example). Since none of the K>R mutations within each lysine 

cluster alters the transcriptional activity of Nrf2, it is likely that there is intrinsic 
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functional redundancy among acetylations on different sites. In other words, Nrf2 partial 

acetylation is sufficient for Nrf2 to reach its maximum transcriptional activity. 

 
Figure 22. Functional redundancy among different acetylation sites. (A) Arginine 

substitution on single or several adjacent lysine residue(s) does not change overall 

Nrf2 acetylation levels. Acetylation on Nrf2 was analyzed as described in HEK293T 

cells expressing the indicated HA-Nrf2 and p300. (B) HEK293T cells were co-

transfected with vectors for the NQO1-ARE dependent firefly luciferase reporter gene, 

TK Renilla luciferase gene, the indicated HA-Nrf2 and p300. Luciferase reporter 

gene activities were analyzed using the Promega dual-luciferase repoter gene assay 
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system. Relative luciferase activity and standard deviation were calculated from three 

independent experiments. (C) Total cell lysates from the above luciferase assay were 

subjected to immunoblot analysis with anti-HA antibodies.  

 

V. Acetylation on the Neh1 domain does not regulate the stability of Nrf2 proteins.  

To resolve the redundancy issue, combined arginine substitution of all 18 lysines 

within the Neh1 domain was constructed and named ‘18KR’. In addition, two other 

combined mutations on the 6 lysines within the CNC (“cap ‘n’ collar”)  homology region 

and the 12 lysines within the bZIP (basic leucine zipper) region were also constructed, 

and were named 6KR and 12KR respectively (Fig. 23A).  

The effects of the combined mutations on overall Nrf2 acetylation levels were 

tested. The 18KR mutation almost completely abolished acetylation of Nrf2 by p300 (Fig. 

23B, lane 3).  The mutation of 6KR seemed to decrease acetylation levels more than 

12KR (Fig. 23B, lane 4 and 5), implicating that the CNC homology region may be more 

heavily acetylated than the bZIP region. However an evident conclusion on the relative 

acetylation levels on each site is difficult to draw because the acetylation-specific 

antibody may have certain bias towards specific amino acid contexts of the acetylated 

residues, as shown in supplemental data when different acetylated lysine -specific 

antibodies were compared (Supplemental Fig. 26, S3). Nevertheless the 18 lysines in the 

Neh1 domain were established as the major acetylation sites by both in vivo and in vitro 

acetylation assays. Therefore the combined 18KR mutant was chosen as for the 

functional study of Nrf2 acetylation.  
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Figure 23. Acetylation on the Neh1 domain does not regulate the stability of Nrf2 

proteins. (A) Distribution of lysines within the Neh1 domain of human Nrf2 protein. ‘*’ 

indicates acetylated lysines as identified by mass spectrometry (MS). (B) Arginine 

substitution of all 18 lysines in the Neh1 domain abolishes acetylation of Nrf2 by p300. 

Acetylations on Nrf2 were analyzed as described in HEK293T cells expressing the 

indicated HA-Nrf2 and p300. (C) Mutation of 18KR in Nrf2 does not affect the half-life 

of Nrf2 proteins under both basal and As-induced conditions. MDA-MB-231 cells 

expressing the indicated HA-Nrf2, Keap1 and p300 were either left untreated or treated 

with 20µM As(III) for 3 hrs, followed by co-treatment with 50 µM cycloheximide (CHX) 
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for the indicated time periods. Cells lysates were analyzed by immunoblot with anti-HA 

antibodies. The relative intensities of the Nrf2 bands were quantified, normalized to 

tubulin, and plotted on a semi-log scale. The calculated half-lives of Nrf2 in each group 

were shown. (D) Mutation of 18KR in Nrf2 does not affect overall Nrf2 ubiquitination 

levels. MDA-MB-231 cells expressing the indicated HA-Nrf2, CBD-tagged Keap1 and 

p300 were co-treated with 20 µM As(III) and 10 µM proteasome inhibitor MG132 as 

indicated for 4 hrs, and then lysed under denaturing conditions. Cell lysates were diluted 

and subjected to immunoprecipitation with anti-HA antibodies followed by immunoblot 

with anti-ubiqutin (Ub) antibodies. (E) Mutation of 18KR in Nrf2 does not affect co-

localization of Nrf2 with p300 in the nucleus. MDA-MB-231 cells expressing the 

indicated HA-Nrf2 and Flag-tagged p300 were subjected to indirect immunofluorescence 

analysis using anti-HA and anti-Flag antibodies. (F) Mutation of 18KR in Nrf2 does not 

affect the interaction between Nrf2 and Keap1. HEK293T cells expressing the indicated 

HA-Nrf2, Keap1-CBD and p300 were lysed. Keap1-containing protein complexes were 

pulled-down with Chitin beads and immunoblotted with anti-HA antibodies. CBD: Chitin 

binding domain.  

 

 

Because Nrf2 is mainly regulated by Keap1 at the level of protein ubiquitination 

and degradation, it is important to know whether acetylation affects Nrf2 protein stability. 

To this end, the half-lives (t1/2) of Nrf2 proteins were measured under both basal and 

As(III)-treated conditions. MDA-MB-231 cells were chosen for this analysis because it is 

well established that the ubiquitination and stability of Nrf2 proteins is very sensitive to 

oxidative stress in this cell line (Wang et al., 2008a; Zhang and Hannink, 2003; Zhang et 

al., 2004). MDA-MB-231 cells expressing Nrf2-WT or Nrf2-18KR along with Keap1 and 

p300 were either left untreated or treated with 20µM As(III) for 3 hrs, followed by 

addition of 50 µM cycloheximide (CHX) to block protein synthesis. Cells were then 

lysed at different time points and Nrf2 protein levels were determined by immunoblot. 

There was no significant difference in Nrf2 half-lives between WT and 18KR under both 

basal and As(III)-treated conditions (Fig. 23C). To assess if 18KR affects Nrf2 

ubiquitination, MDA-MB-231 cells expressing HA-Nrf2 WT or 18KR mutant were co-
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treated with 20 µM As(III) and 10 µM MG132 for 4 hrs, and were then lysed under 

denaturing conditions. Diluted cell lysates were subjected to immunoprecipitation with 

anti-HA antibodies followed by immunoblot with anti-ubiqutin antibodies. Ubiquitin 

conjugation on Nrf2-WT or Nrf2-18KR was reduced to similar levels by As(III) (Fig. 

23D). These results demonstrate that acetylation has no effect on Nrf2 ubiquitination or 

degradation.  

Considering the importance of both Nrf2 nuclear import and Keap1-mediated 

Nrf2 nuclear export in turning on and off the Nrf2 signaling pathway (Jain et al., 2005; 

Sun et al., 2007; Velichkova and Hasson, 2005), the effects of 18KR on the subcellular 

localization of Nrf2 and on Keap1-Nrf2 interactions were tested. MDA-MB-231 cells 

expressing Nrf2 WT or 18KR and p300 were subjected to indirect immunofluorescence 

staining. Both Nrf2 WT and 18KR localized mainly in the nucleus with p300 (Fig. 23E). 

Furthermore, Nrf2 WT and 18KR bound to Keap1 equally well (Fig. 23F). Collectively, 

these results indicate that 18KR almost completely abolishes acetylation on Nrf2. 

Acetylation on Nrf2 Neh1 domain does not regulate Nrf2 ubiquitination or protein 

stability, nor does it seem to contribute to the regulation of Nrf2 subcellular localization. 

 

VI. Acetylation plays a positive role in the transcriptional activity of Nrf2.  

  The transcriptional activity of Nrf2-18KR mutant was measured in HEK293T 

cells co-transfected with expression vectors for either an NQO1- (Fig. 24A, upper panel) 

or GSTA1- (Fig. 24A, lower panel) ARE dependent firefly luciferase reporter gene, Nrf2 

WT or 18KR, and p300. Luciferase reporter gene activities were measured. Nrf2-18KR 
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showed a substantial decrease in its ability to drive the expression of both NQO1-ARE 

and GSTA1-ARE -dependent luciferase, indicating that loss of acetylation at these 18 

lysine residues impaired the transcriptional activity of Nrf2 (Fig. 24A). Although not as 

significant as the 18KR mutation, the 6KR mutation and the 12KR mutation also 

marginally decreased the Nrf2-dependent transcription (Fig. 24A). An aliquot of cell 

lysates from the reporter gene assay was subjected to immunoblot to ensure that the Nrf2 

protein levels were equivalent among the different Nrf2 mutants (Fig. 24B). Similar 

results were obtained in MDA-MB-231 cells, suggesting that the observation is not 

specific to HEK293T cells (Supplemental Fig. 26, S4). 

  qRT-PCR was performed to confirm that acetylation positively regulates the 

transcriptional activity of Nrf2. mRNA was extracted from HEK293T cells expressing 

Nrf2-WT or Nrf2-18KR (Fig. 6C, left panels). mRNA was also analyzed in cells that 

were either left untreated or treated with 20 µM As(III) for 12 hrs (Fig 24C, right panels). 

Overexpression of Nrf2-WT caused a 2-3 fold increase in mRNA levels of NQO1 and 

TXNRD1 compared to mock- transfected control; the same fold increase of mRNA levels 

of these two genes were observed upon As(III) treatment compared to mock-treatment 

control (Fig. 24C, top two rows). This indicated that overexpression of Nrf2 mimicked 

the induction of endogenous Nrf2 by As(III) very well. However, As(III) caused a more 

dramatic induction of GCLM and HO-1, especially HO-1, compared to overexpression of 

Nrf2-WT (Fig. 24C, 3-4 rows). This is likely due to the fact that As(III) may also induce 

Nrf2-independent signal pathways that functions synergistically with Nrf2 to 

transactivate these genes (Alam and Cook, 2007). Consistent with the previous findings, 
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As(III) did not change mRNA levels of Nrf2 (Fig. 24C, bottom row) (Wang et al., 2008a). 

Consistent with the results from the luciferase reporter gene assay, the 18KR mutant 

significantly compromised the induction of NQO1, TXNRD1 and GCLM (Fig. 24C, 1-3 

rows, left panels), demonstrating that acetylation plays a positive role in the Nrf2-

dependent transcription. Interestingly, the transcriptional activity of Nrf2-18KR on HO-1 

is comparable to Nrf2-WT (Fig. 24C, 4th row, left panels), suggesting that acetylation of 

Nrf2 may preferentially regulate certain Nrf2 downstream genes. A parallel set of 

samples were subjected to immunoblot analysis to ensure that the cells were expressing 

equal amounts of Nrf2-WT and Nrf2-18KR (Fig. 24D). 

To ensure that the observations made in HEK293T cells were not specific to this 

cell type, mRNA levels of NQO1, TXNRD1, HO-1, GCLM and Nrf2 were measured by 

qRT-PCR in Nrf2
-/-

 MEF cells expressing the HA-Nrf2 WT or 18KR and p300. 

Consistent with the results obtained in HEK293T cells, acetylation of Nrf2 was found to 

be important in transactivating NQO1, TXNRD1 and GCLM, but not HO-1 

(Supplemental Fig. 26, S5).  
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Figure 24. Acetylation plays a positive role in the transcriptional activity of Nrf2. (A) 
Nrf2-18KR has decreased transcriptional activity compared to Nrf2-WT. Luciferase 

reporter gene analysis was performed with two different ARE-reporters as described in 

Fig. 4B in HEK293T cells expressing the indicated HA-Nrf2 and p300. ‘*’ indicate 

significant difference with Nrf2-WT. (B) Total cell lysates from the above luciferase 

assay were subjected to immunoblot analysis with anti-HA antibodies. (C) Nrf2-18KR 

has decreased activity in driving the transcription of NQO1, TXNRD1 and GCLM, but 
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not HO-1. qRT-PCR was performed in HEK293T cells either expressing the indicated 

HA-Nrf2 and p300, or treated with 20 µM As(III) for 12 hrs. The error bars indicate the 

standard deviation from three experiments. ‘*’ indicate significant difference with Nrf2-

WT. (D) Total cell lysates from HEK293T cells prepared in parallel with cells for the 

above qRT-PCR analysis were subjected to immunoblot analysis with anti-HA antibodies. 

 

 

VII. Acetylation augments promoter-specific DNA-binding of Nrf2.  

Given the fact that acetylation mainly occurs in the DNA-binding domain, the 

effects of Nrf2 acetylation on ARE DNA-binding was analyzed in vitro. Biotinylated 

NQO1-ARE DNA was incubated with whole cell lysates from HEK293T expressing 

Nrf2-WT or the indicated mutant. ARE-bound Nrf2 proteins were pulled-down by 

streptavidin beads and detected by immunoblot with anti-HA antibodies. Nrf2-18KR, but 

not 6KR or 12KR, has a marked reduction in ARE-binding compared to WT (Fig. 25A, 

lane 2-5). An ARE fragment with mutations in its core region was included as a control 

for binding specificity (Fig. 25A, lane 1). These results demonstrate that acetylation of 

Nrf2 in the Neh1 DNA-binding domain promotes interaction between Nrf2 and the ARE. 

Since the function of acetylation seems to be promoter specific, the binding of 

Nrf2-18KR to the ARE from GCLC and HO-1 were analyzed similarly. Consistent with 

the results of the qRT-PCR analysis (Fig. 24C), acetylation of Nrf2 promotes the binding 

of Nrf2 to the GCLC ARE, but not the HO-1 ARE in HEK293T cells (Fig. 25B). The 

same finding was obtained when MDA-MB-231 cells were used (Fig. 25C). These results 

demonstrate that acetylation of Nrf2 enhances its ARE-binding in a promoter-specific 

manner.  

 

 



 

 

107 

 
 

Figure 25. Acetylation augments promoter-specific DNA-binding of Nrf2. (A) Nrf2-

18KR has decreased binding affinity to NQO1 ARE compared to Nrf2-WT. HEK293T 

cells expressing the indicated HA-Nrf2 and p300 were lysed. Whole cell lysates were 

incubated with either wild-type (wt) or mutated (mu) biotinylated ARE from the NQO1 

promoter region. The protein-DNA binding complexes were pulled-down by streptavidin 
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beads and analyzed by immunoblot with anti-HA antibodies. (B) Nrf2-18KR has 

decreased binding affinity to GCLC ARE, but not to HO-1 ARE, compared to Nrf2 WT. 

HEK293T cells expressing the indicated HA-Nrf2 and p300 were subjected to DNA-

binding assay with the AREs from GCLC and HO-1 as described above. (C) The same 

DNA-binding assay was repeated in MDA-MB-231 cells. (D) ChIP analysis was 

performed on HEK293T cells either treated with 20 µM As(III), or overexpressing the 

indicated HA-Nrf2 and p300. ChIP analysis was as described in Figure 2A with either 

IgG or anti-Nrf2 antibodies. DNA framents containing AREs of NQO1, TXNRD1, HO-1 

and GCLM were amplified by PCR using specific primer sets and visualized on agarose 

gel. Tubulin promoter region was also amplified to serves as a negative control. (E) Total 

DNA input was examined as above. (F) Total cell lysates from HEK293T cells prepared 

in parallel with cells for the ChIP assay were subjected to immunoblot analysis with anti-

HA antibodies. (G) The precipitated DNA fragments from the ChIP assay were 

quantified by qPCR. DNA precipitated by anti-Nrf2 antibodies in the mock treatment 

group was set as 1. The error bars indicate the standard deviation from three experiments. 

The relative units of DNA amounts were plotted on the same scale for convenient 

comparison. ‘*’ indicate significant difference with Nrf2-WT.  

 

 

To verify these findings, the ARE-binding activity of 18KR was analyzed in vivo. 

ChIP analysis was performed in HEK293T cells either treated with 20 µM As(III), or 

overexpressing the indicated HA-Nrf2 WT or 18KR, along with p300. 

Immunoprecipitation was performed with either IgG or anti-Nrf2 antibodies. DNA 

fragments containing AREs from NQO1, TXNRD1, HO-1 and GCLM were amplified by 

PCR using specific primer sets and visualized on agarose gels (Fig. 25D). The tubulin 

promoter region was also amplified to serve as a negative control. Equal amounts of 

genomic DNA and Nrf2 proteins were used for each sample (Fig. 25E and 25F). The 

precipitated DNA from the ChIP assay was quantified by qPCR. The reading for the 

amount of DNA precipitated by anti-Nrf2 antibodies in the mock treatment group was set 

as 1 (Fig. 25G). As(III) induced a 7-9 fold increase in binding of endogenous Nrf2 to the 

NQO1-ARE, TXNRD1-ARE; a comparable fold increase was observed in cells 
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expressing exogenous wild-type Nrf2 (Fig. 25G, left panels). This suggests that 

overexpression of Nrf2 mimicks As(III)-induced DNA binding of endogenous Nrf2 to 

some degree. Abolishing acetylation in the DNA-binding domain significantly decreased 

binding of Nrf2 to the AREs from NQO1, TXNRD1 and GCLM, but not the HO-1 ARE 

(Fig. 25G). These results demonstrate that acetylation augments promoter-specific DNA-

binding of Nrf2 in vivo. 
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Figure 26. Supplemental Data for chapter IV. 

 

S1. Identification of acetylated lysine residues by mass spectrometry. HEK-293 cells 

expressing HA-Nrf2 and p300 were lysed in denaturing conditions. Cell lysates were 

diluted and subjected to immunoprecipitation with anti-HA antibodies followed by SDS-

PAGE and Coomassie staining. The acetylated Nrf2 proteins were recovered and 

subjected to LC-MS/MS. 

 

S2. Functional redundancy among different acetylation sites. (A) K>R mutation on single 

or clustered lysine residues within Neh1 domain does not alter Nrf2 transcription activity. 
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The mutation of K438R/K443R/K445R is shown here as an example. The mRNA levels 

of NQO1 and HO1 were measured by qRT-PCR in Nrf2
-/-

 MEF cells expressing the 

indicated HA-Nrf2 WT or K438R/K443R/K445R and p300. No significant difference 

was observed between Nrf2-WT and the mutant. (B) Total cell lysates from the Nrf2
-/-

 

MEF cells prepared in parallel with cells for the above qRT-PCR analysis were analyzed 

by immunoblot to ensure equal protein levels between Nrf2-WT and the mutant. 

 

S3. Acetylation-specific antibodies from commercial sources may have bias towards 

context sequences around the acetylated lysine residue. The antibody used here (Cell 

Signaling Tech. Cat#9681S) shows complete loss of acetylation on Nrf2 bearing the 

mutation K438R/K443R/K445R. While another acetylation-specific antibody (Cell 

Signaling Tech. Cat#9441S) shows that there is only modest reduction of acetylation in 

this mutant compared to Nrf2-WT (Fig. 4A, upper panel, lane 3). The same results were 

constantly observed during several repeats using different cell lines, excluding the 

possibility of experimental variation. 

 

S4. Acetylation plays a positive role in Nrf2 transcription activity. (A) Nrf2-18KR has 

decreased transcriptional activity compared to Nrf2-WT. MDA-MB-231 cells were co-

transfected with expression vectors for the NQO1-ARE dependent firefly luciferase 

reporter gene, Renilla luciferase gene, the indicated HA-Nrf2 and p300. Luciferase 

activities were measured. Relative luciferase activity and standard deviation were 

calculated from three independent experiments. ‘*’ indicate significant difference with 

Nrf2-WT. (B) Total cell lysates from the MDA-MB-231 cells transfected in parallel with 

cells for the above luciferase reporter gene assay were analyzed by immunoblot to ensure 

equal protein levels between Nrf2-WT and the mutant. 

  

S5. Acetylation plays a positive role in Nrf2 transcription activity. (A) mRNA were 

analyzed by qRT-PCR in Nrf2
-/-

 mouse embryonic fibroblast (MEF) cells expressing 

p300 and the indicated HA-Nrf2. The error bars indicate the standard deviation from 

three experiments. ‘*’ indicate significant difference with Nrf2-WT. (B) shows the 

immunoblot of total cell lysates from Nrf2
-/-

 MEF cells prepared in parallel.   
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VIII. Discussion 

In this study we demonstrate that acetylation of Nrf2 by p300/CBP constitutes a 

novel regulatory mechanism for the Nrf2-dependent transcription. Our findings add Nrf2 

to the increasing list of non-histone proteins, especially transcription factors, as substrates 

of p300/CBP (Glozak et al., 2005). The Neh1 domain of Nrf2 is acetylated on multiple 

lysine residues. The relatively low substrate- and site- specificity of p300 can be 

explained by the Theorell-Chance catalysis model enlightened by the crystal structures of 

the p300 HAT domain (Liu et al., 2008). In this model, the substrate does not form tight 

and rigid complexes with p300; instead it weakly associates with the surface of p300 and 

the target lysine residue(s) slides through the catalytic tunnel of p300 to react with acetyl-

CoA (Liu et al., 2008). In keeping with this notion, multiple acetylation sites have been 

previously observed on many substrates of p300 such as p53, c-Myc, FoxOs and STATs 

(Brunet et al., 2004; Gu and Roeder, 1997; Tang et al., 2006; Zhang et al., 2005b). In this 

study, the functional redundancy among the different acetylation sites was demonstrated 

by the observation that the Nrf2-dependent transcription was not affected by mutations of 

any single lysine or combined adjacent lysines (Fig. 22 and 26: S2). However, complete 

abolishment of acetylation by the 18KR mutation significantly compromised Nrf2-

dependent transcription as shown by luciferase reporter gene assays and qRT-PCR 

analysis performed in several cell lines (Fig. 24, 26: S4 and S5). The 18KR mutation does 

not affect Nrf2 ubiquitination or stability under either basal or arsenic-induced conditions, 

demonstrating that these lysines in the Neh1 domain are not targets for ubiquitination 

(Fig. 23C and 23D). This is consistent with the previous findings that the seven lysine 
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residues in the N-terminal Neh2 domain are the sites for redox-sensitive ubiquitin 

conjugation, and that the Neh6 domain is the region for redox-insensitive ubiquitin 

conjugation (Katoh et al., 2005; McMahon et al., 2003; McMahon et al., 2004).  

We find that acetylation on Nrf2 directly modulates its DNA binding function 

(Fig. 25). The role of acetylation in DNA-binding was previously documented with 

several transcription factors (Fukuoka et al., 2003; Gong et al., 1999; Gu and Roeder, 

1997; Martinez-Balbas et al., 2000; Matsuzaki et al., 2005). In most cases acetylation 

promotes DNA binding of the transcription factor and enhances its transcription, which is 

in line with our findings and the overall positive function of p300/CBP in transcription. A 

striking finding in this report is that transcription of HO-1 by Nrf2 is not regulated by 

acetylation, while other Nrf2 target genes such as NQO1, TXNRD1, GCL and GSTA1 

are (Fig. 24A, 24C and 25). This suggests that acetylation of Nrf2 contributes to its fine 

discrimination among different ARE sequences, considering that there is considerable 

flexibility and variability in ARE sequences among different genes and species (Nioi et 

al., 2003; Wasserman and Fahl, 1997). Similar mode of gene-specific regulation by 

acetylation was also found on several trans-acting elements, particularly transcription 

factors. For example, acetylation of p53 by Tip60 on its DNA-binding domain modulates 

the expression of BAX and PUMA, but not p21 or MDM2 (Sykes et al., 2006; Tang et al., 

2006). Acetylation of FoxOs within its forkhead box DNA-binding domain enhances the 

expression of pro-apoptotic genes, while suppressing genes involved in stress resistance 

(Giannakou and Partridge, 2004). Acetylation of p73 on multiple sites within a region 

between the DNA-binding domain and the oligomerization domain modulates the 
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expression of a pro-apoptotic gene p53AIP1, but has no effects on p21 (Gong et al., 

1999). The precise molecular mechanism underlying the reported differential gene 

regulation by acetylation in the DNA-binding domains of transcription factors requires 

further investigation. It is possible that the acetylation of Nrf2 recruits other cofactor(s) to 

the ARE and the cofactor(s) selectively modulate(s) the binding of Nrf2 to specific AREs. 

It is also possible that acetyl groups on lysine residues within the DNA-binding domain 

might directly contribute to DNA recognition. Nevertheless, these findings suggest that 

acetylation within the DNA-binding domain of a transcription factor is more likely to 

serve as a fine-tuning mechanism rather than an on-and-off switch in modulating the 

transcription factors.  

An intriguing question is why HO-1, unlike other Nrf2 target genes, is highly 

activated by Nrf2 independently of Nrf2 acetylation? Since acetylation of transcription 

factors is a reversible process that fine-tunes transcription, it is conceivable that the 

ability of Nrf2 to tightly bind the HO-1 promoter, regardless of its acetylation status, is a 

strategy used by the cell to ensure efficient induction of HO-1 by Nrf2 at its full capacity 

in response to oxidative stress. HO-1 seems to play a specific role in stress responses. 

Compared to most other Nrf2 target genes that are mainly involved in ROS detoxification 

and redox cycling, HO-1 has been implicated in a variety of physiological defense 

responses including vasodilation, angiogenesis, anti-inflammation, anti-thrombosis, anti-

proliferation and anti-apoptosis. HO-1 degrades heme to produce biliverdin, carbon 

monoxide (CO) and ferrous iron. Biliverdin is reduced to bilirubin, accounting for the 

antioxidant activity of HO-1. CO on the other hand, has long been recognized as a 
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vasodilating reagent like nitric oxide (NO), and has been shown to play protective roles 

in many inflammatory diseases, pulmonary injuries and cardiovascular diseases (Loboda 

et al., 2008; Pischke et al., 2005). In accordance with its broad functions, HO-1 is rapidly 

induced at transcriptional level in response to a plethora of stimuli and stress conditions. 

Compared to most other Nrf2 target genes, HO-1 has  a promoter region containing more 

cis- regulatory elements that ensure timely induction of HO-1 in response to diverse 

stress -associated stimuli by many transcription factors (Alam and Cook, 2007; Loboda et 

al., 2008). In support of this idea, we observed an extremely huge (~60 folds) induction 

of HO-1 transcription compared to other target genes (<8 folds) in response to arsenic-

induced stress in both HEK293T cells (Fig. 24C) and UROtsa cells (Wang et al., 2008a). 

The binding of Nrf2 to the promoter of HO-1 is also increased to a greater extent than 

that of other Nrf2 target genes in response to stress (~23 folds for HO-1 compared to ~10 

folds for other genes, Fig. 25G). In line with our finding, selective regulation of HO-1 by 

Nrf2 was reported to be mediated by a SWI/SNF family chromatin-remodeling subunit 

BRG1 (Zhang et al., 2006a). BRG1 interacts with Nrf2 and enhances HO-1 induction, 

without affecting NQO1, GCLC or GCLM, by facilitating Z-DNA formation on the HO-

1 promoter (Zhang et al., 2007; Zhang et al., 2006a).  

We believe that p300/CBP-mediated Nrf2 acetylation functions in concert with, 

and downstream of, Keap1-mediated Nrf2 ubiquitination in modulating Nrf2 activity. In 

response to oxidative stress and environmental insults, distinct cysteine residues on 

Keap1 are modified, leading to compromised Nrf2 ubiquitination and enhanced Nrf2 

protein levels. This allows Nrf2 accumulation in the nucleus, where it is acetylated by 
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p300/CBP. Acetylation is essential for maximum binding of Nrf2 to specific ARE-

containing promoters. As a dynamic and reversible process, acetylation of Nrf2 is 

determined by the relative activities of HATs and deacetylases (HDACs), both of whose 

activities are tightly regulated by many signaling pathways and are subject to change 

under diverse pathophysiological conditions. Thus, identification of Nrf2 acetylation as a 

novel regulatory mechanism will shed light on how redox homeostasis is maintained and 

fine-tuned by diverse signal transduction pathways in different cellular environments. 
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CHAPTER V. CONCLUSIONS AND FUTURE DIRECTIONS 

 

I. CONCLUSIONS  

 In the study described in chapter III, we expand the importance of Keap1 in 

regulating the Nrf2-dependent antioxidant response to a new horizon. In addition to the 

previous finding that Keap1 controls the Nrf2-dependent antioxidant response during 

induction by regulating levels of Nrf2, we show that Keap1 is also critical for post-

induction repression. Keap1 has dual roles by functioning as: (i) a molecular sensor: 

cysteine residues in Keap1 sense redox imbalance, and (ii) a molecular switch: Keap1 

turns on and off the Nrf2 signaling pathway according to intracellular redox conditions.  

Based on these studies, we propose a model that explains how Keap1 fulfills its dual roles 

(Fig. 18). In unstressed cells, Keap1 functions as an E3 ubiquitin ligase and constantly 

targets Nrf2 for ubiquitination and proteasomal degradation to maintain low levels of 

Nrf2 that mediate the constitutive expression of Nrf2 downstream genes. Upon 

disturbance of redox balance, Keap1 is able to sense a change in intercellular redox 

conditions through cysteine-dependent post-translational modification, resulting in 

decreased Nrf2 ubiquitination and degradation. As a consequence, Nrf2 saturates the 

binding capacity of Keap1, leading to nuclear translocation of Keap1-unbound Nrf2. In 

the nucleus, Nrf2 binds to the ARE to activate Nrf2 downstream genes. During the post-

induction period, expression of Nrf2 downstream genes including γ-glutamylcysteine 

synthetase (GCS), heme oxygenase-1, ferritin H, and thioredoxin, restores intracellular 

redox homeostasis. Keap1 travels into the nucleus to dissociate Nrf2 from the ARE and 
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subsequently exports the Nrf2-Keap1 complex out of the nucleus. Once in the cytosol, 

the Keap1-Nrf2 complex binds to the core Cul3-Rbx1 ubiquitin ligase complex, resulting 

in ubiquitination and degradation of Nrf2. Hence, the Nrf2 pathway is turned off.  

In the study described in chapter IV, we demonstrate that transcriptional co-

activator histone acetyltransferase p300/CBP directly binds and acetylates Nrf2 in 

response to arsenic-induced oxidative stress. We have identified multiple lysine residues 

as major acetylation sites within the Nrf2 Neh1 DNA-binding domain. Combined lysine-

to-arginine (K>R) mutations of the acetylation sites, with no effects on Nrf2 protein 

stability, compromise the DNA-binding activity of Nrf2 to the ARE-containing 

promoters of NQO1, GCLM, GCLC, TXNRD1, but has no effects on the binding to Nrf2 

to the ARE of HO-1 gene. These findings demonstrate that acetylation of Nrf2 by 

p300/CBP augments promoter-specific DNA binding of Nrf2 and establish acetylation as 

a novel regulatory mechanism of the Nrf2-mediated antioxidant responses. We propose 

that p300/CBP-mediated Nrf2 acetylation functions in concert with, and downstream of, 

Keap1-mediated Nrf2 ubiquitination in modulating Nrf2 activity. In response to oxidative 

stress and environmental insults, distinct cysteine residues on Keap1 are modified, 

leading to compromised Nrf2 ubiquitination and enhanced Nrf2 protein levels. This 

allows Nrf2 accumulation in the nucleus, where it is acetylated by p300/CBP. Acetylation 

is essential for maximum binding of Nrf2 to most ARE-containing promoters, implicating 

the potential roles of HDACs in modulating Nrf2-dependent activation of these genes. On 

the other hand, Nrf2 is able to tightly bind the HO-1 promoter, regardless of its 

acetylation status, which would ensure efficient induction of HO-1 by Nrf2 at its full 
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capacity in response to oxidative stress. Thus, identification of Nrf2 acetylation as a 

novel regulatory mechanism will shed light on how redox homeostasis is maintained and 

fine-tuned by diverse signal transduction pathways in different cellular environments. 

 

II. FUTURE DIRECTIONS 

In chapter III, we demonstrate that Keap1 is able to travel into the nucleus even in 

the absence of Nrf2 (Fig. 16). In Nrf2
-/-

 mouse embryonic fibroblast (MEF) cells, 

pharmaceutically or genetically blocking Keap1 nuclear export by LMB treatment or 

Keap1-NES mutation respectively, results in nuclear accumulation of Keap1 proteins 

(Fig. 16). It would be of great interest to further define how Keap1 gets into the nucleus. 

Does it need other binding partners for nuclear translocation? Or does it contain a NLS, 

which would make it self-sufficient in nucleocytoplasmic trafficking? If Keap1 does need 

other factors to mediate its nuclear translocation, what are they? The most reasonable 

guess would be other members of CNC bZIP proteins that are closely related to Nrf2, 

such as Nrf1 and Nrf3. To this end, we have observed that Keap1 is able to enter the 

nucleus in Nrf1
-/-

 Nrf2
-/-

 double knockout MEF cells, suggesting Keap1 may actually be 

self-suffient in nuclear translocation (Fig. 27, A-F). Keap1 does not contain a classical 

NLS sequence, but we have been able to identify a short fragment of sequence that when 

mutated to alanines (we name the mutated form Keap1-NLS), would block the nuclear 

translocation of Keap1 in Nrf1
-/-

 Nrf2
-/-

 double knockout MEF cells (Fig. 28, G-L), Nrf2
-/-

 

MEF cells (Fig. 28, A-F), and NIH-3T3 cells (Fig. 28, G-L). Future studies will address 

the following questions. (i) Is this short sequence self-sufficient in targeting a 
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cytoplasmic protein or GFP into the nucleus? (ii) Does Keap1 directly bind nuclear 

importin family proteins? If yes, which importin? (iii) Is the identified short sequence 

required for the interaction between Keap1 and the poteintial importin? (iv) What is the 

functional importance for Keap1 to have independent nuclear localization activities? 

 

 
Figure 27. Keap1 nuclear localization is independent of Nrf1 and Nrf2. Nrf1

-/-
 Nrf2

-/-
 

double knockout MEF cells were transfected with expression vector expressing wild-type 

Keap1 (Keap1-WT ) or a Keap1 mutant bearing alanine mutations in the proposed NLS 

sequence (Keap1-NLS). Cells were either non-treated or treated with LMB. The 

subcellular localization of Keap1 was determined by indirect immunofluorescence 

staining. 
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Figure 28. Does Keap1 contain a canonical NLS? Nrf2
-/-

 MEF cells and NIH-3T3 cells 

were transfected with expression vector expressing wild-type Keap1 (Keap1-WT ) or a 

Keap1 mutant bearing alanine mutations in the proposed NLS sequence (Keap1-NLS). 

Cells were either non-treated or treated with LMB. The subcellular localization of Keap1 

was determined by indirect immunofluorescence staining. 

 

 

In chapter IV, we demonstrate that direct acetylation of the Nrf2 Neh1 domain by 

p300/CBP modulate the DNA-binding activities of Nrf2. From a pure scientific point of 

view, acetylation is a reversible process that is usually coupled with and counteracted by 

deacetylation. From a drug-development point of view, various HDAC inhibitors have 

shown promise in the treatment of cancer, but their mechanism of action can not be 
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explained solely by their deacetylation activities towards histones. So a very interesting 

question to ask is which HDAC(s) is responsible for deacetylation of Nrf2 and how this 

process contributes to modulation of Nrf2-dependent antioxidant response? To this end, 

we have screened the HDACs for their ability to deacetylate Nrf2 in an overexpression 

experiment (Fig. 29). Class III HDACs seem to more active in deacetylating Nrf2 than 

other HDACs in this analysis. Since class III HDACs are NAD-dependent and therefore 

tightly regulated by cellular energy metabolism status, further characterization of the 

functional interplay between this class of HDACs and Nrf2 will provide molecular 

insights into how redox homeostasis is regulated in coordination with energy metabolism. 

 

 
Figure 29. Nrf2 is deacetylated by class III HDACs. HEK293T cells were transfected 

with expression vectors for HA-Nrf2, p300 and the indicated HDACs. Acetyltion on Nrf2 

was detected by antibodies specific for acetylated-lysines (Acetyl-K) after 

immunoprecipitation with anti-HA antibodies. “*” indicates individual HDACs in blot of 

total lysates.  
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