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ABSTRACT

Nrf2 (NF-E2-related factor 2) is a transcription factor that regulates a battery of
downstream genes that contain the antioxidant response element (ARE) in their promoter
regions, including intracellular redox-balancing proteins, phase II detoxifying enzymes,
and transporters. These Nrf2-dependent proteins work in collaboration to protect against
many diseases where oxidative stress plays an essential role in disease onset and
progression. Consequently, it is imperative to understand the basic molecular
mechanisms of how Nrf2 is regulated so that this pathway can be targeted for disease
prevention and treatment.

Nrf2 is mainly regulated at the protein level by the ubiquitin proteasome system. Under
basal conditions Nrf2 is constantly ubiquitinated by the Keap1-Cul3-E3 ubiquitin ligase
complex and subsequently degraded by the 26S proteasome. Currently, regulation of the
Nrf2-Keap1 pathway by ubiquitination is largely understood. However, other mechanism
responsible for modulating Nrf2-ARE signal remains to be explored. This dissertation
identifies three molecular mechanisms that are important in understanding how the Nrf2Keap1 pathway is regulated: (i) In Chapter 2, KPNA6 was identified and characterized as
a negative regulatory mechanism of the Nrf2 pathway, which mediates Keap1 nuclear
import and represses the Nrf2-dependent antioxidant response at post-induction phase.
(ii) In Chapter 3, I identified PARP-1 as a new transcription co-activator of Nrf2, which
augments ARE-specific DNA binding of Nrf2 and enhances the transcription of Nrf2
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target genes. This indicates a novel function of PARP-1 and reveals another layer of
regulation of Nrf2. (iii) In Chapter 4, I demonstrated that XBP1 and SYVN1 are involved
in regulating the Nrf2 pathway in a Keap1-independent mechanism. During ER stress,
XBP1s upregulates transcription of SYVN1, which is an ubiquitin E3 ligase. SYVN1
accelerates the clearance of Nrf2 protein through promoting ubiquitination of Nrf2, and
subsequent proteasomal degradation. Moreover, we observed an inverse correlation
between XBP1s/SYVN1 and Nrf2 expression in the end stage alcoholic cirrhosis liver
samples, implying a pathological role of ER stress-oxidative stress crosstalk. Taken
together, these findings further our understanding of how the Nrf2-Keap1 pathway is
regulated, providing novel targets of chemoprevention or chemotherapy.
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CHAPTER 1
INTRODUCTION

I. The Nrf2-ARE pathway
a. NF-E2-related factor-2 (Nrf2)
The transcription factor Nrf2 was first cloned in 1994 as a protein that binds to the NFE2/AP-1 site of the β-globin gene promoter [1]. Like NF-E2, Nrf2 belongs to the “cap ‘n’
collar” (CNC) subfamily of basic region leucine zipper (bZIP) transcription factors. In
mammalian cells, six members in this family have been identified: p45 NF-E2, Nrf1,
Nrf2, Nrf3, BTB and CNC homology 1(Bach1), and Bach2. Despite sharing high degree
of homology in their DNA binding and leucine zipper domains, the CNC subfamily
members have very diverse biological roles. NF-E2 expression is restricted to
erythrocytes, hematopoietic progenitor, mast, and megakaryocytic cells, and knockout
mice exhibit mild anemia or excessive bleeding [2, 3]. Nrf1 and Nrf2 are ubiquitously
expressed, however knockout studies reveal their distinct phenotypes and different roles.
The Nrf1 gene is essential for embryonic development, as Nrf1 knockout mice are
anemic due to a non-cell autonomous defect in definitive erythropoiesis and die in utero
[4]. In contrast, Nrf2 knockout mice are viable and show no obvious phenotypic defects,
but display increased sensitivity to chemical toxicants and carcinogens and resistance to
the protective effects of chemopreventive compounds, due to decreased expression of
both basal and inducible levels of phase II detoxifying enzymes and endogenous
antioxidants [5-8]. Nrf3 is preferentially expressed in placenta, and Nrf3 knockout mice
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are fertile and exhibit no apparent disease phenotype during their life span [9]. The major
known CNC subfamily members are summarized and their lineal structures are illustrated
in Figure 1.

The Nrf2 protein contains six evolutionarily conserved domains named Nrf2-Ech
homology (Neh) domains, Neh 1-6 (Figure 2). The Neh1 domain contains a CNC-type
basic leucine zipper that serves as the DNA binding and heterodimerization domain with
other transcription factors. Additionally, a functional nuclear localization signal (NLS)
has been identified in this region, which is sufficient to direct nuclear localization of Nrf2
[10]. The Neh2 domain binds to Kelch domain within Keap1, a negative regulator of
Nrf2, and contains seven lysine residues that are responsible for ubiquitin conjugation
and subsequent proteasomal degradation of Nrf2 [11, 12]. Neh3 is required for
transcriptional activation through interaction with transcriptional co-activator chromoATPase/helicase DNA binding protein 6 (CHD6); however, the specific role of CHD6
has not been fully characterized [13]. The Neh4 and Neh5 domains, rich in acidic amino
acids, are where transactivation activity of Nrf2 lies in. Neh4 and Neh5 bind
synergistically with the CREB-binding protein (CBP) [14], and Neh5 is indispensible for
binding to Brahma-related gene 1 (BRG1) [15, 16]. Lastly, the Neh6 domain is
concentrated with serine residues, and functions as the redox-insensitive degron that is
responsible for turnover of Nrf2 protein [17].
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Since its discovery in 1994, Nrf2 and its cytoprotective role have been intensively studied,
and a growing body of evidence has established the Nrf2-dependent antioxidant response
as a pivotal protection mechanism against detrimental effects of many environmental
toxicants and carcinogens. Nrf2 is ubiquitously expressed in all tissue and organs.
Studies using Nrf2 knockout mice showed that genetic ablation of Nrf2 leads to blunted
constitutive and inducible expression of detoxification enzymes such as GST, NQO1, and
γGCS. As a consequence, the Nrf2-null animal are more susceptible to a great variety of
toxic xenobiotics including benzo[a]pyrene, N-nitrosobutyl (4-hydroxybutyl) amine,
pentachlorophenol, acetaminophen, 4-vinyl cyclohexene diepoxide, diesel exhaust, and
cigarette smoke [5-7, 18-21]. All these data demonstrate that Nrf2-dependent antioxidant
response is a pro-survival signal, and activation of the Nrf2 pathway confers cellular
protection against detrimental effects from various insults.

b. Antioxidant Response Element (ARE)
Nrf2 exerts its cytoprotective function through binding to a cis-acting DNA enhancer
motif called Antioxidant Response Element (ARE), within the promoter region of its
downstream genes and activating their transcription. ARE, also known as electrophile
response element (EpRE), was first discovered in the 5’-flanking region of the rat
glutathione S-transferase Ya subunit gene and the NAD(P)H:quinone reductase gene by
mutation and deletion analysis [22]. In the following two decades, AREs have been
identified in the promoter region of many genes, including GST isoenzymes, heme
oxygenase 1 (HO-1), thioredoxin (TXN), thioredoxin reductase 1 (TXNRD1), glutathione
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peroxidase 2 (Gpx2), ferritin H, Peroxiredoxin 1 (Prdx1), glutamatecysteine ligase (also
known as γ-glutamylcysteine synthetase, i.e. γGCS) modifier subunit (GCLM) and
catalytic subunit (GCLC) [23-31]. Initially, the “core” consensus sequence of ARE was
defined as 5’-RGTGACnnnGC-3’, where ‘n’ denotes any nucleotide, and ‘R’ denotes for
A or G [22]. Subsequent study done by Wasserman et al. further characterized the
sufficient, functional ARE to a “core” sequence of 5`-RTGACnnnGCR-3` using murine
GST-Ya ARE, 16 other genes were found to contain similar sequences in their promoters
[32] (Figure 3). However, in 2003 a systematic mutational study of NQO1-ARE revealed
that distinct AREs have differential sequence requirements, and a general consensus
sequence cannot be derived [33].

Genes that are subject to the dictation of Nrf2-ARE axis fall into the following categories:
(i) intracellular redox-balancing proteins: glutamate cysteine ligase (GCL), glutathione
peroxidase (GPx), thioredoxin (Trx), thioredoxin reductase (TrxR), and peroxiredoxin
(Prx), and heme oxygenase-1 (HO-1) (ii) phase II detoxifying enzymes: glutathione Stransferase

(GST),

NAD(P)H

quinone

oxidoreductase-1

(NQO1),

and

UDP-

glucuronosyltransferase (UGT), and (iii) transporters: multidrug resistance-associated
protein (MRP) (Table 1) [24, 25, 28, 34-39]. The primary functions of these genes are: (i)
enhance cellular antioxidants synthesis (e.g. glutathione and Trx) and reduce reactive
oxygen species (ROS) level; (ii) catalyze conjugation and metabolism of xenobiotics into
less toxic, more soluble forms; (iii) enhance toxin export through the xenobiotic
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transporters. Therefore, the Nrf2-ARE confers cells a general transcriptional sensitivity to
induction by oxidative stress and electrophiles.

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

xenobiotics

including

deleterious

toxicants

and

health-beneficial

natural

phytochemicals (Figure 4). 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 toxicant may augment the body’s self-protective ability and thus benefit
the health of the body in the long run [40, 41]. In contrast to toxicants, the natural or
synthetic phytochemicals 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 forthcoming deteriorating environmental conditions [42]. Although the
theories might need further clarification, 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.

c. Keap1 targets Nrf2 for ubiquitination and degradation.
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The primary impact of Nrf2-ARE pathway lies on controlling the inducible expression of
those ARE-bearing, cytoprotective genes. Although Nrf2 also influences the constitutive
expression of many of these genes, the activity of the Nrf2-mediated transcription is low,
due to the rigorous regulation by Kelch-like ECH-associated protein 1 (Keap1).

Keap1 was first identified in 1999 as a protein interacting with the N-terminal Neh2
domain of Nrf2 in a yeast two-hybrid system [11]. It shares structural homology to the
Drosophila protein Kelch and possesses three major domains, a N-terminal BTB (bric-abrac, tramtrack, broad complex) domain, a linker region, and a C-terminal Kelch (also
called double glycine repeat or DGR) domain (Figure 5). The BTB domain was
implicated in homodimerization of the Keap1 protein and its association with ubiquitin
E3 ligase Cul3 (Cullin 3) [43, 44]. The linker region is a cysteine-rich domain and has
been proved to be critical for the activity of Keap1 [45]. Kelch domain, composed of six
Kelch repeats, directly binds to the ETGE and DLG motif within Neh2 domain of Nrf2 in
a “hinge and latch” manner [45]. Despite the notion that the Kelch/DGR domain may
bind to the actin cytoskeleton in the perinuclear region of the cytoplasm [11, 46],
mounting evidence suggests that Keap1 shuttles between cytoplasm and nucleus and
therefore is responsible for postinduction repression of the Nrf2-mediated antioxidant
response [47-50].

Under normal homeostatic conditions, Keap1 is the principal repressor of Nrf2. This is
achieved through constant ubiquitin-mediated proteasomal degradation of Nrf2. The
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ubiquitin-mediated protein degradation machinery plays an important role in controlling
many cellular processes, such as proliferation, differentiation, and cell death. The
ubiquitin-mediated protein degradation consists of concerted actions of many proteins
and protein complexes, that execute degradation of a target protein by two sequential
processes: (i) tagging substrate proteins with poly-ubquitin chain, and (ii) recognition and
degradation of substrate by 26-proteasome [51, 52].

Ub (ubiquitin) is an evolutionarily conserved small protein composing of 76 amino acids.
During the process of ubiquitination, Ub is attached to the substrates by covalent bond
between the carboxyl-terminus of ubiquitin and lysine ε-amino groups of the acceptor
proteins [51], either as a single molecule (mono-ubiquitination) or as a poly-ubiquitin
chain (poly-ubiquitination). The primarily function of ubiquitination is to regulate protein
turnover in the cell. Less well documented, but equally important, ubiquitin modification
also plays a role in other processes such as DNA repair, endocytosis, and ribosome
biogenesis [53, 54]. Protein ubiquitination depends on the coordination of three classes of
distinct enzymes: (i) ubiquitin activating enzyme, E1, (ii) ubiquitin conjugating enzyme,
E2, and (iii) ubiquitin ligase, E3. Initially, in the presence of ubiquitin and ATP, E1
enzyme forms a thiolester with the free α-carboxyl group of ubiquitin. The ubiquitin is
then transferred from E1 to E2 by transthiolation. Lastly, ubiquitin E3 ligase catalyzes the
transfer of ubiquitin from E2 to lysine residues of the substrate. The E3 ligase determines
the substrate- and site- specificity of ubiquitination and therefore is particularly important
in many signal transduction pathways [51, 52, 55].
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There are two modes of substrate recognition by ubiquitin E3 ligases: (i) recognition that
only involves a direct binding to the E3; or (ii) recognition that requires additional
proteins, or “adaptors”, that allow E3 recruitment in the vicinity of the substrates [56].
Keap1, which falls into the second mode, has been proved to be a substrate adaptor
protein for recruitment of Nrf2 into the Keap1-Cul3-Rbx1 E3 ubiquitin ligase complex,
responsible for the Nrf2 degradation [12, 44, 57, 58]. Under basal conditions, Keap1
brings Nrf2 into the E3 complex via its two major domains: the BTB domain interacts
with Cul3 and the Kelch binds to DLG and ETGE motifs in the Neh2 domain of Nrf2.
Docking of Nrf2 into the E3 complex facilitates ubiquitin transfer from E2 to lysine
residues within the Nrf2 Neh2 domain (Figure 6). The ubiquitinated Nrf2 is quickly
degraded

by

the

26S

proteasome.

Importantly,

perturbation

of

the

Keap1

homodimerization, Keap1-Cul3 binding or Keap1-Nrf2 binding, especially at the weak
DLG site, blocks Nrf2 degradation, suggesting that the integrity of ubquitin E3 ligase
complex is necessary for the degradation of the Nrf2 [43, 59, 60].

Upon exposure to oxidative stress or electrophiles, Nrf2 is stabilized and the Nrf2
pathway is turned on. The half-life of endogenous Nrf2 increased from 19 min in
untreated cells to 51 min in stressed MDA-MB-231 cells [61]. Keap1-mediated
ubiquitination of Nrf2 was reduced significantly upon treatment with tBHQ or SF [61].
Cells co-transfected with Keap1-C151, tBHQ or SF could no longer repress
ubiquitination of Nrf2 and had no effect on the half-life of Nrf2 [12, 45], indicating the
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importance of C151 in sensing ROS and in turning on the Nrf2 pathway. However, the
mechanism by which ROS or Nrf2 inducers are able to block Keap1-mediated
ubiquitination and degradation of Nrf2 is still under active exploration. One of the widely
accepted models is that subsets of the cysteine residues in Keap1 are modified by those
electrophiles. These modifications result in a conformational change in the protein, which
disturbs Nrf2-Keap1 binding at the low affinity-binding DLG latch, resulting in less
efficient ubiquitin conjugation on Nrf2. Keap1 molecules become saturated with Nrf2
that is no longer targeted for degradation and newly synthesized, free Nrf2 accumulates
in the cytosol. Consequently, Nrf2 translocates to the nucleus where it binds to the ARE,
activating the transcription of Nrf2 target genes [62] [63] (Figure 7).

At post-induction stage, Keap1 translocates into the nucleus to dissociate Nrf2 from the
ARE. The Nrf2-Keap1 complex is then transported out of the nucleus by the nuclear
export signal (NES) in Keap1. Once in the cytoplasm, the Keap1-Nrf2 complex
associates with the E3 ubiquitin complex, resulting in degradation of Nrf2 and
termination of the Nrf2 signaling pathway. Hence, postinduction repression of the Nrf2mediated antioxidant response is controlled by the nuclear export function of Keap1 in
alliance with the cytoplasmic ubiquitination and degradation machinery [50] (Figure 7).

The mechanisms by which the Keap1 senses the numerous stimuli that result in the
stabilization of Nrf2 is dependent on the redox state of the cell and is at least partially via
the interaction with the redox-sensitive Keap1. Keap1 protein is rich in cysteine residues,
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which are redox-active and responsive to the local environment, and usually cluster at
functionally important sites of proteins [64]. There are 27 cysteine residues in human
Keap1 and 25 cysteines in mouse Keap1. Most of these cysteine residues are flanked by
basic amino acids which increase the reactivity of the cysteine residue by lowering the
predicted pKa value [65]. Although Nrf2 inducers are structurally diverse, they share
common features of electrophilicity and capacity to modify sulfhydryl groups in cysteine
[66]. One of the pioneer studies done by Dinkova-Kostova et al. identified C257, C273,
C288 and C297 within linker region of Keap1 as the most reactive cysteines, and reaction
of cysteine thiols is followed by rapid formation of protein disulfide linkages [67].
Subsequently, this led to a fast growing in research regarding which cysteine residue(s)
are required for an Nrf2 response and a general consensus on a selection of cysteines
reactive to particular electrophiles. Published data suggest that reactive cysteines
distribute across the whole Keap1 sequence, most concentrated in linker region. There is
not a single cysteine or selection of cysteines that are reactive to all electrophiles rather
that there are some residues which are more reactive than others [68] (Figure 8). For
example, C151 can be directly alkylated by Nrf2 inducers [69-71]. Mutation in this
cysteine abolished induction of Nrf2 by some Nrf2-inducers (sulforaphane, tert-butylhydroquinone and DEM), but not others (CDDO-Im, cadmium chloride) [72]. Single
cysteine to serine mutation in either C273 or C288 rendered Keap1 unable to repress Nrf2,
although the resultant Keap1 mutants retain the ability to bind Nrf2 [45, 62, 73]. The
functional importance of these three cysteine residues under physiological conditions has
recently been confirmed in animal models. The transgenic expression of Keap1-C273S or
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Keap1-C288S mutant protein in Keap1 null mice failed to repress constitutive Nrf2
activation in vivo. Moreover, mouse embryonic fibroblasts (MEF) derived from Keap1
(C151S) transgenic mice showed both lower basal and inducible expression of Nrf2,
suggesting the indispensable role of Keap1 C151 in activation of the Nrf2 pathway [74].

d. Beyond Keap1— other Nrf2 regulation mechanisms
Although Keap1 is the major regulator of Nrf2 activation, there is a growing body of
evidence indicating regulations of Nrf2-ARE signaling independent of Keap1. The
expression level and function of Nrf2 can be controlled by regulation at various levels,
including transcriptional, post-transcriptional, protein stability, post-translational
modification and subcellular localization. The following section will discuss some of
these mechanisms and their impacts on Nrf2 pathway in details.
Nrf2 is rich in serine, threonine and tyrosine residues, which make it an ideal substrate
for phosphorylation by kinases. There have been several studies implying that
phosphorylation of Nrf2 by several different kinases, including protein kinase C (PKC),
extracellular

regulated

kinase

(ERK),

Jun

N-terminal

kinase

(JNK),

and

phosphatidylinositol3-kinase (PI3K). PKC has been shown to phosphorylate Nrf2 at
serine 40 in Neh2 domain, and triggering its disassociation from Keap1 and nuclear
translocation in response to oxidative stress [75]. Nrf2 bearing a serine to alanine
mutation at amino acid 40 (S40A) could no longer be phosphorylated by PKC. The S40A
mutation did not affect in vitro binding of Nrf2/MafK to the ARE, but partially impaired
Nrf2 downstream gene transcription when Keap1 was overexpressed. Additionally,
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phosphorylation of wild-type Nrf2 by PKC promoted its dissociation from Keap1,
whereas the Nrf2-S40A mutant remained associated [75]. Another kinase that has been
shown to phosphorylate Nrf2 is Fyn, an Src kinase family member. Fyn phosphorylates
tyrosine 568 of Nrf2, resulting in the nuclear export and degradation of Nrf2. Nrf2Y568A mutant is deficient in nuclear export and displays delayed degradation compared
with wild-type Nrf2, due to loss of phosphorylation at tyrosine 568 and therefore loss of
the interaction with exportin Crm1 [76, 77]. Recent studies have also highlighted the
involvement of JNK, ERK and MAP kinases in regulating Nrf2 activation [68]. However,
the functional significance of the reported phosphorylation residues in Nrf2, using cell
based mutagenesis analysis, has not been defined yet.

Besides ubiquitination and phosphorylation, acetylation also plays a role in the regulation
of the Nrf2 pathway. In the nucleus, Nrf2 exert its transcriptional function by
heterodimerizing with small Maf proteins, binding to ARE-containing promoters, and
recruiting transcription co-activators to facilitate remodel of chromatin structures
formation of basal transcription machinery. Histone acetyltransferase (HAT) p300/CBP
has been shown to binds to and directly acetylates Nrf2 in response to in response to
arsenite-induced oxidative stress. Multiple acetylated lysine residues were identified
within the Neh1 DNA-binding domain of Nrf2. Mutations of these lysine sites to arginine
have no effects on Nrf2 protein stability, but compromise the DNA-binding activity of
Nrf2 in a promoter-specific manner [14, 78].
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Recently, the discovery of p62 as a new binding protein to Keap1 added another level to
the complexity of the regulation of Nrf2 pathway. p62 binds to Keap1 via its STGE motif,
a sequence similar to Nrf2s ETGE motif [79]. This p62-Keap1 interaction was found to
compromise the activity of the Keap1-Cul3-E3 ubiquitin ligase complex and therefore,
prevents the ubiquitination and degradation of Nrf2. Using fluorescently tagged proteins,
ectopically expressed p62-CFP was shown to sequester Keap1-RFP into autophagosomes.
Furthermore, disregulation of autophagy led to the accumulation of p62, and recruitment
of Keap1 into autophagosomes. Accumulation of p62 causes the Keap1-Cul3-E3
ubiquitin ligase complex to be sequestered into aggregates, decreasing its activity to
ubiquitinate Nrf2, and consequently, stabilizing Nrf2 and allowing it to translocate into
the nucleus to turn on transcription of its downstream genes [80]. This p62-dependent,
persistent activation of Nrf2 has been shown to play a critical role in the pathogenesis of
many human diseases, such as hepatocellular carcinoma. Inami et al. reported that Nrf2
activation through p62 in liver-specific autophagy deficient mice contributes to the
development of hepatocellular carcinoma [81]. An accumulation of p62 and elevated
levels of Nrf2 cytoprotective genes were also observed in bronchial epithelial cells of
autophagy deficient mice [82]. Simultaneous knockout of either p62 or Nrf2 in autophagy
deficient mice suppressed ubiquitin accumulation and protein aggregation in the liver and
brain and alleviated liver injury [83].

The number of factors that have been shown to contribute to modulate Nrf2 pathway
highlights just how complicated and highly regulated this pathway is. The clarification of
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the interplay between each of the pathways involved will help to further our
understanding of cell defense and may lead to potential therapeutic targets.

e. Nrf2 in liver disease.
As a site of first-pass metabolism, liver is inherently exposed to high concentrations of
xenobiotics and other chemicals before delivery to the systemic circulation. Therefore,
the liver is equipped with several defense mechanisms for protection against harmful
toxicants and their potentially deleterious metabolites. It has been demonstrated
throughout the literature that the alterations to phase I and II drug-metabolizing enzymes,
efflux transporters, and other cytoprotective proteins that occur during periods of
oxidative stress are, at least in part, coordinated by Nrf2. The development of Nrf2-null
mice has provided a system for studying the role that Nrf2 plays in the pathogenesis of
disease and the protection that it seemingly provides against hepatotoxicity. In addition,
new pharmacological activators and inhibitors of Nrf2 are frequently emerging and are
regularly used to provide insight to the functional roles of the Nrf2 signaling pathway.

The effects of Nrf2 abolition were first notable in the hepatic expression of drugmetabolizing enzyme and cytoprotective proteins. It was shown that Nrf2-null mice
exhibit lower constitutive hepatic expression and activity of NQO1[84], and that hepatic
NQO1 expression could be induced by chemical activation of Nrf2 in wild-type but not
Nrf2 KO mice [85]. Another effect of genetic ablation of Nrf2 in mice is on the processes
that regulate the abundance of intracellular glutathione (GSH; L-γ-glutamyl-cysteinyl-

34

glycine), which protects the cell against oxidative stress by neutralizing harmful
chemicals, through either direct binding or enzymatic conjugation of GSH to the toxicant.
It has been shown that Nrf2-null mice have lower hepatocellular GSH and decreased
ability to conjugate toxic chemicals with GSH than their wild-type counterparts, due to
decreased expression of the GSH-producing enzyme, GCL, and GST, which is
responsible for catalyzing the conjugation reaction. Both GCL and GST are under control
of Nrf2 [86, 87]. Another recent study done by Reisman et al. showed that liver
expression of HO-1 is induced by the Nrf2 activator 2-cyano-3, 12 dioxooleana-1,9-dien28-imidazolide (CDDO-Im) in wild-type mice but not in Nrf2-null mice, confirming that
Nrf2 plays an important role in the regulation of this cytoprotective protein [88]. Other
non-enzymatic proteins that are regulated, at least in part, by Nrf2 include a variety of
membrane efflux transporters that play integral roles in the elimination of toxins and their
metabolites in both the liver and kidney. MRP family of transporters are ATP-dependent
efflux transporters that are responsible for transporting toxins across the plasma
membrane of the cell once they are conjugated by phase II enzymes. Exposure to a
toxicant that results in activation of Nrf2 has been shown to affect the expression patterns
of several of these MRPs, whose promoters have been shown to have the consensus ARE
sequences [37, 89, 90]. Several years ago, it was demonstrated that the Nrf2 activator
oltipraz could sufficiently induce hepatic expression of Mrp2, Mrp3, and Mrp4 in wildtype but not in Nrf2-null mice [91]. In accordance with these results, acetaminopheninduced hepatotoxicity was also shown to cause induction of hepatic Mrp3 and Mrp4 in
wild-type mice and was attenuated in Nrf2-knockout mice [90]. These studies, as well as
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others in this field, demonstrate the importance of Nrf2 and its downstream gene products
in the detoxification process and their role in protection against oxidative stress.

All the studies done with Nrf2 transgenic mice thus far have established the role of Nrf2
in hepatic expression of cytoprotective genes in response to oxidative stress and that
targeted deletion of Nrf2, as in Nrf2-null mice, leads to enhanced susceptibility to hepatic
injury. However, the role of Nrf2 plays in the pathogenesis of liver injury and disease
remains under debate due to conflicting results in this area of research.

It has been reported that Nrf2-null mice have increased liver-associated mortality when
fed doses of ethanol as compared with wild-type mice, due to increased lipogenesis,
depletion of glutathione, and a Kupffer cell–mediated aggravated inflammatory response
[92]. Nrf2-null mice have lower NADPH concentrations in the liver, rendering them less
capable of reducing oxidative stress [93]. These studies strongly indicate that Nrf2 is
involved in protection against ethanol-induced oxidative stress. On the contrary, there are
opposing studies which argue that, although HO-1 induction is critical for this protection,
the mechanisms by which HO-1 is activated during this type of injury are independent of
Nrf2. One study reports a decrease in Nrf2 liver expression in rats fed chronically with
alcohol. Instead, activating transcription factor 4 (ATF4), another regulator of AREs, is a
mechanism for the upregulation of anti-stress genes and the beneficial effects of low dose
proteasome inhibitor treatment [94]. In partial agreement with this study, Kurzawski et al.
also showed that lower expression of Nrf2 protein was also detected the end-stage
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alcoholic liver disease samples, compared with the controls. As for the genes that were
documented to be regulated by Nrf2, different patterns of expression in end-stage
alcoholic liver disease samples have been noted: GCLC and GSTA1 were signiﬁcantly
down-regulated in disease samples, whereas HO-1 was not signiﬁcantly suppressed
compared with control. NQO1 mean expression was elevated in liver disease samples
compared with the controls. However, the increase was not signiﬁcant [95].

In the cases of nonalcoholic fatty liver disease (NAFLD) or nonalcoholic steatohepatitis
(NASH), it has also been proposed that Nrf2 plays an important role because genetic
deletion of Nrf2 in mice results in rapid onset and progression of the disease [96, 97].
Development of NASH is greatly accelerated in Nrf2-null when they are fed with a
methionine- and choline-deficient (MCD) diet. Livers from Nrf2-null mice showed a
substantial increase in steatosis and a massive increase in the number of neutrophil
infiltration, compared to livers from wild-type mice on the same diet. Livers of Nrf2-null
mice on the MCD diet suffered more oxidative stress than their wild-type counterparts
due to a significant depletion of reduced glutathione that was coupled with increases in
oxidized glutathione and malondialdehyde. Furthermore, livers from Nrf2-null mice on
the MCD diet suffered heightened inflammation, indicated by higher cytokine inductions
(i.e. IL-1β and TNFα) compared with livers from wild-type animal on the same diet. Thus,
impairment of Nrf2 activity may represent a major risk factor for the evolution of
NAFLD to NASH [97]. Using NAFLD/NASH patient samples, Hardwick et al. were able
to identify increased nuclear staining of Nrf2 through the stages of NAFLD progression.
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The increase in enzymatic activity of NQO1 with the progression of disease implies an
enhanced ability to diminish oxidative damage due to quinone redox cycling in NAFLD.
Decrease in GST enzymatic activity was observed, suggesting that patients with NAFLD
have a limited capacity to conjugate electrophilic compounds. The current study provides
novel insight to the mechanisms of oxidative stress as they occur in the progression of
human NAFLD [98]. In accordance with this observation, a study done in mice fed on a
high-fat diet showed robust upregulation of Nrf2 in both the NAFLD and NASH groups
as compared to the control group, and a significantly correlation with the degree of
hepatic steatosis and inflammation [99]. Based on the available literature, it is no doubt
that Nrf2 plays an important role in response to NAFLD progression, although the
expression and functionality of specific Nrf2 target protein as NAFLD progresses
requires further clarification. For schematic representation of the role of Nrf2 in NAFLD,
see Figure 9.

In spite of the fact that detailed mechanisms of which Nrf2 is involved in liver disease
and injury is still in mystery, plenty of studies with human and animals conceivably
suggest that activation of Nrf2 using naturally occurring as well as synthetic compounds
could prevent or potentially alleviate liver injury. For example, treatment with CDDO-Im
effectively prevented high-fat diet-induced increases in body weight, adipose mass, and
hepatic lipid accumulation in Nrf2 wild-type mice. Levels of gene transcripts for fatty
acid synthesis enzymes were downregulated after CDDO-Im treatment in the liver of
wild-type mice. The inhibitory effect of CDDO-Im on lipogenic gene expression was
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significantly reduced in Nrf2-null mice, indicating that CDDO-Im is an exceedingly
potent agent for prevention of obesogenesis in an Nrf2-dependent manner [100]. Besides
its proven chemopreventive efﬁcacy, it has been shown that sulforaphane (SF) exerts an
antifibrotic effect in an Nrf2-mediated but antioxidant-independent manner. SFN
suppressed TGF-β-enhanced expression of α-smooth muscle actin (α-SMA), a marker of
hepatic stellate cell (HSC) activation, and profibrogenic genes such as type I collagen,
fibronectin, tissue inhibitor of matrix metalloproteinase (TIMP)-1, and plasminogen
activator inhibitor (PAI)-1 in hTERT, an immortalized human HSC line. SFN inhibited
TGF-β-stimulated activity of a PAI-1 promoter construct and a Smad3/4-specific reporter,
in addition to reducing phosphorylation and nuclear translocation of Smad3. Nrf2
overexpression was sufficient to inhibit the TGF-β/Smad signaling and PAI-1 expression.
Conversely, knockdown of Nrf2, but not inhibition of HO-1 or NQO1 activity,
significantly abolished the inhibitory effect of SF on (CAGA)(9) MLP-Luc activity.
However, inhibition of NQO1 activity reversed repression of TGF-β-stimulated
expression of type I collagen by SF, suggesting the involvement of antioxidant activity of
SF in the suppression of Smad-independent fibrogenic gene expression. SF treatment
attenuated the development and progression of early stage hepatic fibrosis induced by
bile duct ligation in mice, accompanied by reduced expression of type I collagen and αSMA [101]. The beneficial effect of Nrf2 activation was also noticed in a carbon
tetrachloride-induced (CCl 4 ) chronic liver fibrosis model. CCl 4 administration caused a
marked decrease in nuclear Nrf2 expression, mRNA levels of its target genes such as
superoxide dismutase 3 (SOD3), catalase (CAT), GPX 2 , and activity of cellular
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antioxidant enzymes. All of these phenotypes were markedly reversed by the
administration of glycyrrhetinic acid (GA) to the mice, suggesting that GA can protect
the liver from oxidative stress in mice, presumably through activating the nuclear
translocation of Nrf2, enhancing the expression of its target genes and increasing the
activity of the antioxidant enzymes [102].

Although significant research has been done to illustrate the role of Nrf2 in liver diseases,
more work remains to be done in order to understand the mechanisms by which
activation of Nrf2 facilitates the prevention or alleviation of pathological conditions.
Additionally, it is critical to understand why variability in gene activation occurs with
different methods of Nrf2 activation and, more importantly, how these differences can be
used to our advantage when trying to develop therapeutic strategies against specific types
of liver disease. Also, the more information that is acquired with regard to the regulatory
factors by which Nrf2 signaling is modulated, the more likely it is that we will be able to
develop drugs that are capable to differentially control Nrf2 gene expression targets in a
manner that is ideal for treating a particular liver disease.

40

II. Figures
Figure 1.1 Members of the Maf and CNC transcription factor family.

The CNC family comprises NF-E2 p45, Nrf1-3, Bach1, andBach 2. In the figure, only
mammalian family members are shown. Nrf factors generally act as transcriptional
activators, whereas the Bach family acts as transcriptional repressors. CLS: cytoplasmic
localization signal [103].
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Figure 1.2 Domain structures of Nrf2 protein.

Nrf2 contains six conserved domains. Neh2 domain locates at the N-terminal of Nrf2,
which contains DLG and ETGE, two motifs that responsible for the interaction with
Keap1. Neh3, Neh4 and Neh5 domains are crucial for its transactivation activity. Neh6
domain functions as the redox-insensitive degron that is responsible for turnover of Nrf2
protein. Neh1 domain is a basic region leucine zipper motif for DNA binding and
dimerization with small Maf [104].
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Figure 1.3 Consensus sequence of the ARE.

Alignment of known AREs from GST and quinone NAD-(P)H:oxidoreductase/DTdiaphorase (QR) genes. The abbreviations follow standard IUPAC nomenclature (M = A
or C, R = A or G, Y = C or T, W = A or T, S = G or C) [32].
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Figure 1.4 Natural and Synthetic Nrf2 activators.

A

(A) Phytochemicals isolated from different fruits and vegetables that are known to
activate the Nrf2 pathway [105]. (B) Synthetic compounds also known to activate the
Nrf2-ARE pathway.
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Figure 1.5 Domain structures of Keap1 protein.

Keap1 contains five domains. The two major domains are the broad complex, tramtrack,
and bric-a-brac (BTB) domain and the double glycine repeats (DGR) or Kelch domain.
The other three domains are the N-terminal, intervening region (IVR) or linker, and the
C-terminal region (CTR). The N-terminal region of Keap1 mediates homodimerization
and association with Cul3, and the C-terminal region of Keap1 mediates binding with
Nrf2 in a two-site recognition manner [104].
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Figure 1.6 Recognition of Nrf2 by E3 ubiquitin ligase complex.

The Keap1 homodimer binds to a single Nrf2 molecule at two sites, the DLG and ETGE
motifs. Seven lysine residues, which are targets of ubiquitination, reside within the ahelical structure between the two binding sites. Meanwhile, the homodimeric Keap1
binds to the amino terminus of Cul3 through its BTB domain. The two-site binding
structure appears to be important for efﬁcient ubiquitination of Nrf2. Ubiquitinated Nrf2
is degraded in the proteasome [106].
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Figure 1.7 Keap1-dependent regulation of Nrf2-ARE pathway.

Under basal conditions, a Keap1 homodimer binds to Nrf2 and forms an E3 ubiquitin
ligase complex with Cullin 3 (Cul3) and Rbx1. This Keap1-Cul3-E3 ubiquitin ligase
complex facilitates the ubiquitination of Nrf2, which is then shuttled to the 26S
proteasome to be degraded. Upon induction of the Nrf2 pathway by chemopreventive
compounds or oxidative stress, cysteine residues, specifically cysteine 151 (Cys151 or
C151) on Keap1 are modified. This modification is thought to alter the conformation of
the Keap1-Cul3-E3 ubiquitin ligase complex, thus, preventing Nrf2 to be in the correct
orientation to be ubiquitinated. Nrf2 is then allowed to translocate into the nucleus where
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it heterodimerizes with a small Maf protein and binds the antioxidant response element
(ARE) to turn on the expression of downstream genes. During the post-induction phase,
or once homeostasis is reinstated, Keap1 enters the nucleus, binds Nrf2, and exports Nrf2
back into the cytoplasm where it is ubiquitinated and degraded [107].
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Figure 1.8 Domain map of reactive cysteines towards electrophiles within Keap1.

Numbers of the cysteine residues that are reported to react with electrophils are indicated.
Electrophiles that have been studied previously and the oxidant described in the present
The boxes outline the three critical reactive cysteines of Keap1 (C151, C273 and C288).
The domains of Keap1 are outlined at the bottom of the figure and the cysteine numbers
are annotated at the top and bottom of the figure. The abbreviations of the electrophiles
are

as

follows:

BMCC,

1-biotinamido-4-4(40-[maleimidiethylcyclohexane]-
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carboxamido)butane;

IAB,

N-iodoacetyl-N-biotinylhexylenediamine;

SULF,

sulforaphane; DEXMES, dexamethasone-21-mesylate; ISO, isoliquiritigenin; SHO, 10Shogaol; XAN, xanthohumol; LIQ, liqustilide; P-SS-P, protein disulfide; P-SG, sglutathionlyation; NAPQI, N-acetyl-p-benzoquinoneimine; IA, iodoacetamide; DNCB,
dinitrochlorobenzene; DEX-MES; 15d-PGJ2, 15-deoxy-D12,14- prostaglandin J2; PGA2,
prostaglandin A2; DEM, diethylmaleate [68].
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Figure 1.9 A schematic representation of the role of Nrf2 in the development of liver
in NAFLD.

Changes that occur during the development of NAFLD/NASH (shown in yellow boxes)
from the initial accumulation of triglycerides in the liver to the inflammation and fibrosis
that would be seen in steatohepatitis. In addition, this schematic depicts the areas in
which Nrf2 activation may positively affect this pathway and prevent the development
and/or progression of this disease (shown in green circles) [108].
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III. Tables
Table 1.1 Antioxidant response elements in the promoter of Nrf2 downstream genes.

ARE consensus sequence, which is proposed to be 16-bp ARE consensus is proposed as
5’-MAnnRTGABnnnGCR’-3 (M=A or C; R=A or G; B=C, or G, or T; n=any
nucleotide). The positions of AREs are presented with reference to the transcriptional
start site (TSS), assigned based on the position of the TATA box that is usually situated
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approximately 25–35 bp upstream of the TSS. In the absence of a TATA box, the
position of the AREs is shown relative to the ATG initiation codon, which is indicated
with parenthesis around ATG [109].
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II. Abstract

The transcription factor Nrf2 has emerged as a master regulator of cellular redox
homeostasis. As an adaptive response to oxidative stress, Nrf2 activates the transcription
of a battery of genes encoding antioxidants, detoxiﬁcation enzymes, and xenobiotic
transporters by binding the cis-antioxidant response element in the promoter regions of
genes. The magnitude and duration of inducible Nrf2 signaling is delicately controlled at
multiple levels by Keap1, which targets Nrf2 for redox-sensitive ubiquitin-mediated
degradation in the cytoplasm and exports Nrf2 from the nucleus. However, it is not clear
how Keap1 gains access to the nucleus. In this study, we show that Keap1 is constantly
shuttling between the nucleus and the cytoplasm under physiological conditions. The
nuclear import of Keap1 requires its C-terminal Kelch domain and is independent of Nrf1
and Nrf2. We have determined that importin α7, also known as karyopherin α6 (KPNA6),
directly interacts with the Kelch domain of Keap1. Overexpression of KPNA6 facilitates
Keap1 nuclear import and attenuates Nrf2 signaling, whereas knockdown of KPNA6
slows down Keap1 nuclear import and enhances the Nrf2-mediated adaptive response
induced by oxidative stress. Furthermore, KPNA6 accelerates the clearance of Nrf2
protein from the nucleus during the postinduction phase, therefore promoting restoration
of the Nrf2 protein to basal levels. These ﬁndings demonstrate that KPNA6-mediated
Keap1 nuclear import plays an essential role in modulating the Nrf2-dependent
antioxidant response and maintaining cellular redox homeostasis.
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III. Introduction

Maintaining cellular redox homeostasis is required for proper functioning of the cell.
Oxidative stress, characterized by excessive reactive oxygen species (ROS), is associated
with the toxicity of many environmental insults and the pathogenesis of age-related
diseases, such as cancer and neurodegenerative disorders [110-113]. On the other hand,
prolonged activation of cellular defense systems by genetic mutations in regulatory
molecules is a common strategy adapted by cancer cells to promote malignant growth
against deleterious microenvironments [114, 115]. Mammalian intracellular redox
homeostasis is maintained mainly through transcriptional control of a battery of
antioxidant genes in response to oxidative stress. This requires that the transcription of
those antioxidant genes is immediately induced in the presence of excess ROS and is
quickly reduced back to basal levels once cells return to redox homeostasis. As a key
component of such a control system, the antioxidant response element (ARE) is a
conservative cis-acting element found in the promoter region of many genes encoding
antioxidants and detoxiﬁcation enzymes. The corresponding trans-acting factor for the
ARE is a transcription factor named nuclear factor erythroid 2-related factor 2 (Nrf2) [32,
33, 116]. The Nrf2-ARE system is responsible for both basal and inducible expression of
many genes involved in the antioxidant response, such as NAD(P)H quinone
oxidoreductase 1 (NQO1), heme oxygenase 1 (HO-1), glutathione S-transferase A1
(GSTA1, also known as GST-Ya in mice), and glutamate-cysteine ligase (also known as
γ-glutamylcysteine synthetase, i.e., γGCS) modiﬁer subunit (GCLM) and catalytic
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subunit (GCLC) [23, 28, 117, 118]. The importance of the Nrf2-ARE system is evident
from studies demonstrating that Nrf2 knockout mice are signiﬁcantly sensitive to
chemical toxicants and carcinogens [6, 18].

The current model of the molecular mechanism for Nrf2 activation is that oxidative stress
modiﬁes cysteine residues of Keap1, a component of an E3 ubiquitin ligase complex that
targets Nrf2 for degradation, resulting in both compromised E3 activity and enhanced
Nrf2 protein stability. The subsequent elevation in Nrf2 protein levels leads to Nrf2
nuclear accumulation, increased ARE-Nrf2 binding, and transactivation of its
downstream target genes [12, 44, 57, 58, 63, 119, 120]. In addition to the primary mode
of regulation of its protein stability, Nrf2 is also regulated by Keap1 at the level of
nucleocytoplasmic trafﬁcking. Keap1 contains a strong, leucine/isoleucine-rich nuclear
export signal (NES) in its central linker region. Alanine substitution of the
leucine/isoleucine residues within this NES retains Keap1 in the nucleus and leads to
prolonged activation of Nrf2, suggesting that Keap1-mediated nuclear export of Nrf2 is a
crucial step in Nrf2 repression [47-50]. However, how Keap1 gains access to the nucleus
remains unclear.

Protein nuclear import is accomplished by the importin β superfamily proteins that either
directly or indirectly, through adaptors such as the highly related importin α proteins,
interact with their cargo proteins and escort them through nuclear pore complexes [121,
122]. There are 22 putative members of the importin β family in mammals. The overall
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sequence similarity between various importin β family members is low and is restricted
to the N-terminal domain in most cases. Only minor overlap occurs among the substrate
speciﬁcity of the importin β family members [123]. The importin α family has undergone
considerable expansion throughout the course of evolution. Whereas the genome for
yeast (Saccharomyces cerevisiae) contains a single importin α, the human genome
contains six genes that fall into three phylogenetically distinct groups, the α1s, α2s, and
α3s, which differ from one another in about 50% of their amino acids [124]. Although the
importin α family as a whole exhibits a broad functional redundancy, various importin α
paralogs have been shown to uniquely bind and transport certain classical nuclear
localization signal (cNLS) cargos. Furthermore, they exhibit unique temporal and spatial
tissue-speciﬁc patterns of gene expression during different developmental stages [125,
126].

Early studies on the mechanism of importin-mediated nuclear transport have established
the mechanistic principles that govern all nucleocytoplasmic trafﬁcking pathways.
Importin β can bind directly or indirectly to cargo proteins and mediate translocation. For
the classical nuclear import, the interaction between cargo protein and importin β is
mediated by the adaptor molecule importin α. In the best-characterized pathway, the ﬁrst
step of nuclear import occurs when importin α recognizes a cellular cargo protein via
NLS. The cNLS for nuclear protein transport consists of either a single cluster
(monopartite) or two clusters (bipartite) of basic amino acids [127]. Monopartite cNLSs
are exempliﬁed by the simian virus 40 large T antigen NLS (126PKKKRRV132), and
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bipartite

cNLSs

are

exempliﬁed

by

the

nucleoplasmin

NLS

(155KRPAA-

TKKAGQAKKKK170). Structural studies have revealed that importin α is composed of
a large curved domain consisting of 10 armadillo (ARM) motifs, which forms the cNLS
binding pocket, and a ﬂexible N-terminal domain or the importin β-binding domain (IBB)
[124]. Both domains are required for binding to importin β and cargo dissociation [128].
The ARM domain creates a long groove that can accommodate either two monopartite
cNLS peptides or a single bipartite cNLS peptide [129]. On the other hand, the IBB
domain of importin α is believed to coordinate both the assembly and disassembly of the
ternary cargo-importin α/β complex, primarily by controlling the access of cNLS peptides
to the binding groove. When importin α is not bound to importin β, the autoinhibitory
sequence within the IBB domain mimics cNLS and interacts with the NLS-binding
pocket. Binding of importin β causes the removal of the auto-inhibitory segment from the
cNLS-binding site, thus converting importin α to a conformation that has a high afﬁnity
for cNLSs in cargo proteins [130].

Active nuclear import of cargo protein is initiated with the formation of the ternary cargoimportin α/β complex. Importin α provides the NLS-binding site for cargo proteins and
interacts via its IBB domain with importin β. Importin β in turn interacts with
components of the nuclear pore complex known as nucleoporins. Once in the nucleus,
dissociation of the import complex is mediated by the small GTP Ran, which binds to
importin β, displaces importin α, and releases the cargo protein. This auto-inhibitory
function of the IBB domain leads to the release of the cargo protein from importin α.
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After disassembly of the ternary cargo-importin α/β complex, the importins are recycled
to the cytoplasm. It is hypothesized that the Ran GTP-importin β is returned directly to
the cytoplasm, whereas importin α gets exported with the aid of an exportin, CAS [124,
131].

In the present study, we identified an alpha karyopherin, KPNA6 (also known as importin
α7), a nucleocytoplasmic transport adaptor, as a specific nuclear import adaptor protein
for Keap1. Here, we show that Keap1 constitutively shuttles between the nucleus and the
cytoplasm under basal conditions. The nuclear import of Keap1 is independent from
either Nrf1 or Nrf2. Screening for Keap1-binding karyopherins led to the identification of
KPNA6. KPNA6 interacts with the C-terminal Kelch domain of Keap1 and promotes its
nuclear import. Knockdown of KPNA6 compromised Keap1 nuclear shuttling and
inhibited Keap1-mediated ubiquitination of Nrf2, leading to enhanced Nrf2 activation
upon exposure to oxidative stress. On the other hand, overexpression of KPNA6
facilitated Keap1 nuclear import and attenuated inducible Nrf2 signaling. These findings
established that KPNA6 is a modulator of the cells’ response to oxidative stress.

IV. Materials and Methods

Construction of recombinant DNA molecules.
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Plasmids expressing wild-type Keap1-CBD (chitin binding domain), a Keap1-NES
mutant (L301A I304A L308A L310A), Keap1 domain deletion mutants, and
hemagglutinin (HA)-Nrf2 proteins have been previously described (37, 47). To make
retroviral vectors for stable cell line construction, full-length Keap1 wild type or the NES
mutant were ﬁrst cloned into BamHI/XcmI sites of pEGFP-N3 vector (Clontech), and
cDNAs encoding the Keap1-GFP (green ﬂuorescent protein) fusion proteins were further
subcloned into BamHI/SalI sites of the pBabe-puro retroviral vector. GFP-tagged Keap1
truncations were generated by inserting PCR products for Keap1 truncations into the
XhoI/BamHI sites of the pEGFP-C3 vector (Clontech). cDNAs for human KPNA6,
KPNA5, KPNA4, KPNA2, KPNA1, IPO11, and IPO13 were purchased from Open
Biosystems. Myc-tagged KPNA6 was generated by inserting PCR products for KPNA6
into the BamHI/EcoRI sites of the pcDNA3.1-Myc/His vector (Invitrogen). GST-tagged
KPNA6-ΔIBB was generated by inserting the PCR product for KPNA6 (L108 to the Cterminal end) into the SmaI/XhoI sites of the pGEX-5X-3 vector (Pharmacia). Keap1
mutants containing alanine substitutions on positively charged clusters were generated by
site-directed mutagenesis using the PCR-and-DpnI-based method.

Cell culture, transfection, RNA interference, and establishment of stable cell lines.
NIH 3T3, HEK293T, and MDA-MB-231 cells were purchased from American Type
Culture Collection (ATCC). Keap1-/- and Keap1-/- mouse embryonic ﬁbroblast (MEF)
cells were generous gifts from Masayuki Yamamoto (Tohoku University, Japan). The
Nrf1-/-Nrf2-/- MEF cells were kindly provided by Jefferson Chan (University of California,
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Irvine). Cells were maintained in Dulbecco’s modiﬁed Eagle’s medium (DMEM) in the
presence of 10% fetal bovine serum (FBS). Transfections of plasmid DNA were
performed with Lipofectamine Plus reagent (Invitrogen) according to the manufacturer’s
instructions. Small interfering RNA (siRNA) against KPNA6 and scrambled control
siRNA were purchased from Invitrogen. The sequence of the siRNA against human
KPNA6 was CAG CCC UAC CUU GCC UUC UCC ACU U (Invitrogen catalog
numbers 10620318 and 10620319). Transfection of siRNA was performed with
Lipofectamine 2000 (Invitrogen) according to the manufacturer’s instructions. A
concentration of 80 pmol siRNA was used for a 35-mm dish of cells. For cotransfection
of DNA and siRNA with Lipofectamine 2000, 40 pmol siRNA and 0.5 μg DNA were
used for a 35-mm dish of cells. To establish stable cell lines harboring Keap1-CBD, the
pBabe-puro retroviral vectors were transfected into SD-3443, a packaging cell line from
ATCC. Viruses produced in the supernatant were collected and used to infect MEF cells
in the presence of 3 μg/ml polybrene. At 48 h postinfection, cells were put in selection
medium containing 3 μg/ml puromycin. Stable cell lines were established once all the
cells in the negative-control plate were killed. Stable cell lines were continuously grown
in medium containing 3 μg/ml of puromycin.

Antibodies, immunoprecipitation, and immunoblot analysis.
The rabbit antiNrf2 (Santa Cruz), goat anti-Keap1 (Santa Cruz), rabbit anti-KPNA6
(Sigma),

anti-lamin A (Santa Cruz), antitubulin (Santa Cruz), anti-GAPDH

(glyceraldehyde-3-phosphate dehydrogenase; Santa Cruz), anti-NQO1 (Santa Cruz), anti
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HO-1 (Santa Cruz), anti-Myc epitope (Santa Cruz), anti-HA epitope (Santa Cruz), mouse
antiubiquitin (Sigma), and anti-CBD (New England BioLabs) were purchased from
commercial sources. The rabbit anti-Keap1 antibody was generated in rabbits challenged
with puriﬁed full-length His-tagged human Keap1 protein, followed by puriﬁcation on a
column with immobilized His-Keap1 protein (Pierce). To detect protein expression in
total cell lysates, cells were lysed in sample buffer (50 mM Tris-HCl [pH 6.8], 2% SDS,
10% glycerol, 100 mM dithiothreitol [DTT], 0.1% bromophenol blue) 48 h following
transfection.

For

immunoprecipitation

assays,

cells

were

lysed

in

radioimmunoprecipitation (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 DTT, 1
mM phenylmethylsulfonyl ﬂuoride (PMSF), and a protease inhibitor cocktail (Sigma).
Cell lysates were precleared with protein A beads and incubated with 2 μg of the afﬁnitypuriﬁed antibody for 2 h at 4°C, followed by incubation at 4°C with protein A-agarose
beads for 2 h. After six washes with RIPA buffer, immunoprecipitated complexes were
eluted in sample buffer by boiling in water for 4 min, electrophoresed through SDSpolyacrylamide gels, and subjected to immunoblot analysis.

Immunoﬂuorescence staining, live-cell imaging, and image analysis.
For immunoﬂuorescence staining, NIH 3T3 cells were grown on glass coverslips in 35mm plates. Cells were ﬁxed in prechilled methanol at -20°C for 1 h and incubated at
room temperature for 50 min with primary antibodies diluted 1:100 in phosphatebuffered saline (PBS) containing 10% FBS. The glass coverslips were washed in PBS
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and incubated at room temperature for 50 min with secondary antibody Alexa Fluor 488conjugated anti-mouse IgG or Alexa Fluor 594-conjugated anti-rabbit IgG (Invitrogen) at
1:100 dilution in PBS containing 10% FBS and 1% Hoechst stain. The glass coverslips
were washed in PBS and mounted with ProLong gold antifade reagent (Invitrogen) on
glass slides. Both stained slides and living cells expressing GFP-tagged proteins were
imaged using a 3i Marianas Ziess Observer Z1 system and Slidebook software
(Intelligent Imaging Innovations). The images were exported from Slidebook as tiff ﬁles.
Adobe Photoshop was used to construct the ﬁgures. Minimal alterations were performed
on the digital images. Slidebook software was also used for image quantiﬁcation analysis.
The mean ﬂuorescence intensities in the nucleus and cytoplasm were individually
quantiﬁed within each cell, and a total of 20 cells were analyzed for each sample. The
mean nucleus-to-cytoplasm ratio from 20 cells and statistically signiﬁcant differences
between experimental groups were evaluated with the Student t test. A P value of less
than 0.05 was considered statistically signiﬁcant.

Subcellular fractionation.
A nuclear extraction kit (catalog number 40010; Active Motif) was used to obtain nuclear
and cytoplasmic subcellular fractions according to the manufacturer’s instructions, with
minor modiﬁcations. MDA-MB-231 cells in 60-mm dishes were trypsinized and
collected. After two washes with PBS containing phosphatase inhibitors, cell pellets were
resuspended in the 1× hypotonic buffer and incubated on ice for 15 min to allow cells to
swell. To the swollen cells in lysis buffer, NP-40 was added to a ﬁnal concentration of
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0.2%, and then the cells were vortexed vigorously for 10 s, followed by immediate
centrifugation for 1 min at 6,000 rpm. The pellets were collected in sample buffer as the
nuclear extract. The supernatant was further puriﬁed by centrifugation at 14,000 rpm for
20 min and collected as the cytoplasmic extract.

Protein radiolabeling and in vitro binding assay.
Importin family proteins and truncated forms of Keap1 were radiolabeled with
[35S]methionine using the in vitro TNT transcription/translation system (Promega). Histagged Keap1 and GST-tagged KPNA6 proteins were expressed in E. coli Rosetta (DE3)
LysS cells and puriﬁed with a Ni-nitrilotriacetic acid (NTA) agarose column (Qiagen)
and glutathione Sepharose 4B matrix (Amersham Biosciences), respectively. For the in
vitro binding assay, radiolabeled proteins and puriﬁed proteins were incubated in binding
buffer (4.2 mM Na 2 HPO 4 , 2 mM KHPO 4 , 140 mM NaCl, 10 mM KCl, 0.2% bovine
serum albumin [BSA], 0.02% Triton 100, 1 mM DTT) in the presence of Ni-NTA
agarose beads or Sepharose beads at 4°C for 4 to 6 h. The beads were then washed six
times with binding buffer without BSA. The proteins were eluted by boiling in SDS
sample buffer, followed by SDS-PAGE and autoradiography analysis.

mRNA extraction and qRT-PCR.
Total mRNA was extracted from cells using TRI Reagent (Sigma). Equal amounts of
RNA were used for reverse transcription using a Transcriptor First-Strand cDNA
synthesis kit (Roche). The following TaqMan probes from the universal probe library
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were used (Roche): Nrf2 (no. 70), NQO1 (no. 87), HO-1 (no. 25), GCLM (no. 18),
KPNA6 (no. 26), and GAPDH (no. 25). The following primers were synthesized by
Integrated DNA Technologies: Nrf2, forward (ACACGGTCCACAGCTCATC) and
reverse

(TGTCAATCAAATCCATGTCCTG);

NQO1,

forward

(ATGTATGACAAAGGACCCTTCC) and reverse (TCCCTTGCAGAGAGTACATGG);
HO-1,

forward

(AACTTTCAGAAGGGCCAGGT)

and

reverse

(CTGGGCTCTCCTTGTTGC); GCLM, forward (GACAAAACACAGTTGGAACAGC)
and

reverse

(CAGTCAAATCTGGTGGCATC);

KPNA6,

forward

(GAGGAACCCCTGAGCAGAT) and reverse (AGCAAGTCACATAGGGGTTTG);
and

GAPDH,

forward

(CTGACTTCAACAGCGACACC)

and

reverse

(TGCTGTAGCCAAATTCGTTGT). Quantitative real-time PCR (qRT-PCR) was
performed on the LightCycler 480 system (Roche) as follows: one cycle of initial
denaturation (95°C for 4 min), 45 cycles of ampliﬁcation (95°C for 10 s and 60°C for 30
s), and a cooling period. The data presented are relative mRNA levels normalized to the
level of GAPDH, and the value from the undifferentiated cells was set as 1. PCR assays
were performed two times with duplicate samples, which were used to determine the
means ± standard deviations. The Student t test was used to evaluate statistically
signiﬁcant differences between two samples.

Ubiquitination assay.
To detect ubiquitinated endogenous Nrf2, cells were exposed to 10 μM MG132 (Sigma)
for 4 h. Cells were lysed by boiling in a buffer containing 2% SDS, 150 mM NaCl, 10
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mM Tris-HCl, and 1 mM DTT. This rapid lysis procedure inactivated cellular ubiquitin
hydrolases to preserve ubiquitinNrf2 conjugates present in cells prior to lysis. Proteinprotein interactions, including the association of Nrf2 with Keap1, were also disrupted by
this lysis procedure. For immunoprecipitation, these lysates were diluted 5-fold in buffer
lacking SDS and incubated with an anti-Nrf2 antibody. Immunoprecipitated proteins
were analyzed by immunoblotting with antibodies directed against ubiquitin.

Protein half-life measurement.
To measure the half-life of Nrf2, 50 μM cycloheximide (Sigma) was added to block
protein synthesis in MDA-MB-231 cells. Total cell lysates were collected at different
time points and subjected to immunoblot analysis with an anti-Nrf2 antibody. The
relative intensities of the bands were quantiﬁed by using the ChemiDoc CRS gel
documentation system and Quantity One software from Bio-Rad (Hercules, CA).

Fluorescence recovery after photobleaching (FRAP) microscopy experiment.
Keap1-GFP knock-in cells were cultured in Delta T glass-bottom culture dishes
(Bioptechs, Inc.) using phenol red-free medium and were transfected with control siRNA
or siRNA against KPNA6 as described above. Before imaging, cells were treated with 5
nM leptomycin (LMB) for predetermined times to ensure equal nuclear/cytosolic
distribution of Keap1. The dishes were mounted in a Bioptechs Delta T stage insert to
maintain the cells at 37°C and secured to the stage of an upright Zeiss LSM 510 meta
confocal microscope (Carl Zeiss, Inc.). Experiments were performed using
✕,a 40
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numeric aperture 1.0, Zeiss W PlanApochromat “dipping” objective. For excitation of
GFP, the 488-nm Ar laser was used, and a 505-nm long-pass ﬁlter was used to capture
the emission. Pre- and post-bleach images were captured at low laser powers (5%), and
the photobleaching was done at 100% power (7.1 Å). Experiments were conducted using
images of 512 by 512 pixels at 2-times zoom and an optical slice thickness of 8 μm. Each
image acquisition required 393 ms, and no additional delay was added between image
acquisitions. Nuclei were photobleached using regions of interest to target the 15 rapid
photobleach exposures. An unbleached cell was included in each frame as a control. The
percentage of ﬂuorescence recovery was as described by Daelemans et al. [132].

V. Results

Keap1 is constantly shuttling between the nucleus and the cytoplasm under basal
conditions.

In order to test whether Keap1 shuttles between the nucleus and the cytoplasm in living
cells, stable cell lines expressing GFP-tagged Keap1 wild type or NES mutant were
constructed. The expression of Keap1-GFP fusion proteins and endogenous Keap1 was
conﬁrmed by Western blotting (Figure 1A). Blocking Keap1 nuclear export, either by
leptomycin (LMB) or by mutating the NES, led to nuclear accumulation of Keap1-GFP
fusion proteins in living cells (Figure 1B). These data suggest that Keap1 is constitutively
shuttling between the nucleus and the cytoplasm under basal conditions.
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Nuclear import of Keap1 is independent of Nrf1 or Nrf2.

It was assumed that Keap1 relies on Nrf2 for nuclear access, since no nuclear localization
signal (NLS) has been identiﬁed in Keap1. We have previously shown that Keap1 is still
able to travel into the nucleus in Nrf2-/- cells, suggesting the existence of an Nrf2independent mechanism that allows Keap1 to localize in the nucleus (37), which is a
prerequisite for Keap1-mediated Nrf2 nuclear export to occur. Another candidate that
could potentially mediate Keap1 nuclear import is Nrf1, another member of the NF-E2
family. Nrf1 contains the conserved Keap1-binding motifs (DLG motif and ETGE motif)
on its N-terminal Neh2 domain and is able to associate with Keap1, although Keap1 does
not seem to regulate the transcriptional activity of Nrf1 [133, 134]. When Nrf1-/-Nrf2-/MEF cells were transfected with Keap1-GFP, Keap1 still accumulated in the nucleus
after LMB treatment (Figure 1C), suggesting that Keap1 does not rely on Nrf1 or Nrf2
for its nuclear entry.

The C-terminal Kelch domain of Keap1 mediates its nuclear entry.
Human Keap1 protein is comprised of 624 amino acids that can be divided into an Nterminal BTB (bric a brac, tramtrack, broad complex) domain, a C-terminal Kelch
domain, and a central linker region in between (Figure 2A). The hydrophobic NES is
located at the C-terminal end of the linker region (amino acids 301 to 310) (Figure 2A).
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To determine which part of Keap1 is responsible for its nuclear import, two deletion
mutants that do not contain the NES were constructed (amino acids 1 to 299 and 318 to
624). The expression of Keap1-GFP fusion proteins was conﬁrmed by immunoblot
analysis (Figure 2B). When GFP-tagged Keap1 truncations were expressed in living cells,
it was apparent that the C-terminal Kelch domain was required and sufﬁcient for Keap1
nuclear entry (Figure 2C and D). Further deletion within the Kelch domain seemed
impossible, because deletion of part of the Kelch domain renders the mutant proteins
unstable. Therefore, we were unable to further deﬁne the motifs or residues that mediate
Keap1 nuclear import.

KPNA6 interacts with the Kelch domain of Keap1.
Since Keap1 does not rely on Nrf1 or Nrf2 for its nuclear entry, we hypothesized that
Keap1 associates directly with one or more of the importin proteins that is/are
immediately responsible for Keap1 nuclear entry. In an effort to identify such importin(s),
an array of in vitro-translated [35S]methionine-labeled importin proteins was incubated
with puriﬁed Keap1 proteins. Both KPNA6 and, to a lesser degree, IPO11, as well as
Nrf2 (positive control), were pulled down by Keap1, while the negative control luciferase
was not (Figure 3A). To conﬁrm the interaction in vivo, HEK293T cells were transfected
with an expression vector for Myc-tagged IPO11, Myc-tagged KPNA6, or HAtagged
Nrf2 (positive control) along with or without an expression vector for CBD-tagged Keap1.
KPNA6 but not IPO11 was pulled down by Keap1 (Figure 3B). To further conﬁrm the
interaction between endogenous KPNA6 and Keap1 proteins, HEK293T cell lysates were
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collected in RIPA buffer containing 0.1% SDS, followed by immunoprecipitation with an
antiKPNA6 antibody or normal rabbit IgG (negative control). KPNA6-bound Keap1 was
readily detected by immunoblot analysis with the anti-Keap1 antibody (Figure 3C).

To map the interaction domains in Keap1 and KPNA6, a truncated form of KPNA6 was
constructed with its N-terminal ΔIBB domain (amino acids 1 to 107) deleted (KPNA6ΔIBB). Both GST itself and GST-tagged KPNA6-ΔIBB were expressed and puriﬁed
from bacteria (Figure 3E). GST-KPNA6-ΔIBB retains the ability to bind 35S-labeled
Keap1 in an in vitro binding assay, suggesting that the C-terminal ARM domain of
KPNA6 mediates the interaction with Keap1 (Figure 3D). Binding analysis using Keap1
proteins with deletions of each individual domain showed that the Kelch domain is
required for the interaction with KPNA6 (Figure 3D). As negative controls, GST alone
did not pull down 35S-labeled Keap1, and GSTKPNA6 did not pull down 35S-labeled
luciferase, demonstrating the speciﬁcity of the interactions (Figure 3D). These data
suggest that the Kelch domain (325 to 609) of Keap1 associates with the C-terminal
ARM domain of KPNA6 (amino acids 108 to 536).

Attempts to further map the KPNA6-interacting sites within the Keap1 Kelch domain
were futile. The Kelch domain of Keap1 forms a ring-like 6-bladed propeller structure,
and therefore, truncations or deletions within the Kelch domain tend to disrupt the overall
structural integrity. In the classical mode of interaction between importin α and its cargo
substrate, the ARM domain binds to clusters of positively charged residues in the cargo
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protein. The Keap1 Kelch domain contains several positively charged clusters composed
of multiple arginine (R), lysine (K), or histidine (H) residues. Alanine substitutions for
positive residues in several clusters were constructed, and the resultant mutants were
tested for their ability to associate with KPNA6. However, none of them showed loss of
interaction (Figure 3F), suggesting that either we did not ﬁnd the right clusters or the
interaction between KPNA6 and Keap1 may be different from the classical mode. Further,
it is worth noting that mutations of the three key arginines (R380, R415, and R483)
within the Nrf2 binding pocket of Keap1 had no effect on its interaction with KPNA6,
suggesting that KPNA6 and Nrf2 bind different residues in the Kelch domain of Keap1
(Figure 3F).

Overexpression of KPNA6 facilitates nuclear import of Keap1.
NIH 3T3 cells were transfected with an expression vector for Keap1, along with an
empty vector or an expression vector for Myc-KPNA6. Cells were treated with 5 nM
LMB

for

different

time

periods,

ﬁxed,

and

subjected

to

double

indirect

immunoﬂuorescence staining with a rabbit anti-Keap1 antibody and a mouse anti-Myc
antibody. Nuclear accumulation of Keap1 was signiﬁcantly enhanced in cells
overexpressing KPNA6 and treated with LMB at both the 30- and 60-min time points
(Figure 4A and B). In contrast, Myc-KPNA6-ΔIBB had a decreased ability to mediate
nuclear import of Keap1 (Figure 4C), possibly due to loss of interaction between importin
α and importin β so that cargo protein could not be transported into the nucleus. These
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data suggest that overexpression of full length KPNA6 is sufﬁcient to accelerate Keap1
nuclear import.

Overexpression of KPNA6 attenuates the inducible Nrf2 signaling in response to
oxidative stress.
To test whether a change in Keap1 nuclear-shuttling dynamics caused by KPNA6
overexpression has any function in modulating the Nrf2-dependent antioxidant response,
HEK293T cells were transfected with either an empty vector or an expression vector for
KPNA6. Cells were then either left untreated or treated with tert-butylhydroquinone
(tBHQ), a classical Nrf2 activator. The protein levels of Nrf2 and its downstream target
genes, encoding NQO1 and HO-1, were signiﬁcantly decreased in the presence of
overexpressed KPNA6 (Figure 5A). Keap1 protein levels were not changed by KPNA6
overexpression (Figure 5A) but were slightly decreased upon tBHQ treatment, which is
consistent with a previous report [120]. The blunted Nrf2 activation in the presence of
overexpressed KPNA6 was further conﬁrmed in MDA-MB-231 cells (Figure 5B),
arguing that the observed effects are not restricted to speciﬁc cell lines. qRT-PCR
analysis showed that KPNA6 did not change Nrf2 mRNA levels (Figure 5C), implying
that KPNA6 modulates Nrf2 at the protein level by changing Keap1 nucleocytoplasmic
shuttling dynamics. In order to assess the effect of KPNA6 overexpression on Nrf2
ubiquitination and degradation, MDA-MB-231 cells transfected with control vector or
Myc-KPNA6 were treated with tBHQ and a proteasome inhibitor, MG132, before cells
were lysed. Endogenous Nrf2 proteins were immunoprecipitated, and ubiquitination was
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detected by immunoblot analysis with an antiubiquitin antibody. In the presence of
KPNA6, ubiquitination of Nrf2 increased under both basal and induced conditions,
suggesting that overexpression of KPNA6 could repress the Nrf2-dependent antioxidant
response by promoting Nrf2 ubiquitination and degradation (Figure 5D).

Knockdownd of KPNA6 inhibits nuclear import of Keap1.
So far, we have demonstrated that overexpression of KPNA6 is sufﬁcient to repress Nrf2
activity through accelerating Keap1 nucleocytoplasmic shuttling and the export of Nrf2
from the nucleus [50]. Next, to determine if KPNA6 is necessary for Keap1 nuclear entry
and Nrf2 repression, MDA-MB-231 cells were cotransfected with either scrambled
control siRNA or KPNA6 siRNA, along with an expression vector for Keap1. The
nuclear import of Keap1 was signiﬁcantly hindered in the presence of KPNA6 siRNA, as
shown by immunoﬂuorescence staining of Keap1 at 2 h after LMB treatment (Figure 6A
and B). The requirement of KPNA6 for endogenous Keap1 nuclear entry was further
demonstrated by subcellular fractionation analysis. MDA-MB-231 cells were transfected
with either scrambled control siRNA or KPNA6 siRNA. Cells were harvested and
fractionated into cytosolic and nuclear fractions. The nuclear accumulation of
endogenous Keap1 at 2 h after LMB treatment was decreased when KPNA6 was knocked
down (Figure 6C, compare lane 3 to 4 and lane 7 to 8). There was still a considerable
amount of Keap1 switching from the cytosol to the nucleus after LMB treatment even in
the presence of KPNA6 siRNA (Figure 6C, compare lane 2 to 4 and lane 6 to 8), which
was probably due to either the existence of a KPNA6-independent mechanism or
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insufﬁcient knockdown

of KPNA6. Additionally,

ﬂuorescence recovery after

photobleaching (FRAP) experiment was carried out in Keap1-null cells expressing the
GFP-tagged Keap1. Knockdown of KPNA6 was sufﬁcient to decrease nuclear
accumulation of Keap1 compared to the control group (Figure 6D and E), conﬁrming our
results shown in Figure 6A. Collectively, these results demonstrate that KPNA6 is
required for efﬁcient Keap1 nuclear entry.

KPNA6 modulates the antioxidant response by promoting ubiquitination and
degradation of Nrf2.
To test whether KPNA6 is required for efﬁcient repression of nuclear Nrf2 protein levels
during the induction and post-induction phases of the antioxidant response, MDA-MB231 cells were transfected with KPNA6 siRNA, followed by a 3-h pulse treatment with
tBHQ. After the removal of tBHQ, cells were further incubated in normal medium for 3 h
(Figure 7A, 3+P3) or for 6 h (Figure 7A, 3+P6). Nuclear fractions were extracted for
immunoblot analysis. The increase of endogenous nuclear Nrf2 protein levels was readily
detectable in both the induction and early post-induction phases when KPNA6 was
knocked down (Figure 7A, compare lane 3 to 4 and lane 5 to 6). The downstream effect
of the elevated nuclear Nrf2 proteins was conﬁrmed using qRT-PCR analysis (Figure 7B).
The inducible transcription of Nrf2 target genes, encoding NQO1, HO-1 and GCLM, was
signiﬁcantly enhanced when KPNA6 was efﬁciently knocked down (Figure 7B, middle
panel). The recovery time course of Nrf2 target gene expression was also examined, and
the duration of target gene activation was extended when KPNA6 was knocked down in
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cells (Figure 7B, lower panel). Nrf2 mRNA levels did not change upon knockdown of
KPNA6 (Figure 7B, upper panel), arguing that the observed increase in nuclear Nrf2
protein levels is probably due to a decrease in nuclear import of Keap1, thus impairing
Nrf2 export and its subsequent ubiquitination and degradation in the cytoplasm. Next,
MDA-MB-231 cells transfected with control siRNA or KPNA6 siRNA were treated with
tBHQ and MG132 for 4 h before cells were lysed. Endogenous Nrf2 proteins were
immunoprecipitated, and ubiquitination was detected by immunoblotting with an antiubiquitin antibody. Ubiquitination of Nrf2 decreased in the absence of KPNA6 under
both basal and induced conditions (Figure 7C), and the half-life of Nrf2 after the removal
of tBHQ doubled in KPNA6 knockout cells (Figure 7D). Collectively, these data indicate
that KPNA6-mediated Keap1 nuclear shuttling is required for post-induction repression
of the Nrf2-dependent antioxidant response by promoting Nrf2 ubiquitination and
degradation.

VI. Discussion

How Keap1 is transported into the nucleus is somewhat controversial: Keap1 was
initially considered a cytosolic protein. It was thought that the major role of Keap1 was to
physically bind to Nrf2 in the cytoplasm, prevent nuclear accumulation of Nrf2, and
block trans activation of ARE-regulated genes [11, 46]. However, accumulating evidence
shows that Keap1 is a nuclear-cytoplasmic shuttling protein equipped with a nuclear
export signal (NES) that confers nuclear-cytoplasmic shuttling of the Nrf2-Keap1
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complex [47-50]. In this study, we observed that Keap1 shuttles between the cytoplasm
and the nucleus, since nuclear export of Keap1 can be blocked, either by leptomycin
(LMB) or by NES mutations. Furthermore, nuclear import of Keap1 is independent of
Nrf1 or Nrf2 (Figure 1B and C). Stable cell lines derived from Keap1-/- cells that stably
express comparable levels of GFP-tagged wild-type Keap1 or the Keap1-NES mutant
were used to eliminate the possible artifacts from Keap1 overexpression (Figure 1A).
Therefore, our data provide further evidence that Keap1 translocates into the nucleus and
modulates Nrf2 signaling. Although evidence in favor of Keap1 as a nuclear-cytoplasmic
shuttling protein continues to grow, the mechanism of nuclear import of Keap1 and its
function inside the nucleus remains disputable. In silico analysis revealed that Keap1
does not contain a cNLS. The results of domain mapping conﬁrmed that the Kelch
domain of Keap1 is indispensable for its nuclear localization [47, 135], which is in
agreement with our domain deletion analyses (Figure 2C and D). To explain how Keap1
translocates into the nucleus, one hypothesis suggests that Nrf2 carries Keap1 into the
nucleus, since Nrf2 possesses two putative NLSs and Keap1 does not (41). Our data
indicate that Keap1 still accumulates in the nucleus in Nrf1-/-Nrf2-/- MEF cells after LMB
treatment (Figure 1C), suggesting that Keap1 does not rely on Nrf1 or Nrf2 for its nuclear
entry. Another group hypothesized that a small nuclear protein, prothymosin α (PTMα),
mediates nuclear import of the Keap1-Cul3-Rbx1 complex, leading to ubiquitination and
degradation of Nrf2 inside the nucleus [135]. However, how PTMα itself shuttles
between the nucleus and the cytosol and mediates Keap1 nuclear import is still unclear.
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Here, we provide evidence that Keap1 itself is able to enter the nucleus with the help of
an importin α protein, KPNA6. Interaction between Keap1 and KPNA6 was
demonstrated not only in vitro but also in vivo with endogenous KPNA6 (Figure 3A to
D). Overexpression of KPNA6 signiﬁcantly enhanced the nuclear accumulation of Keap1
after LMB treatment (Figure 4A and B). Nrf2, NQO1, and HO-1 were diminished in the
presence of KPNA6 (Figure 5A and B), without alteration of Keap1 protein levels. Also,
qRT-PCR analysis showed that KPNA6 changed the mRNA expression of Nrf2 target
genes but not that of Nrf2 itself (Figure 5C), supporting the notion that KPNA6
modulates Nrf2 at the protein level by changing Keap1’s nucleocytoplasmic shuttling
dynamics. On the other hand, knockdown of KPNA6 attenuates the nuclear import of
Keap1 (Figure 6A and B). There was less nuclear accumulation of Keap1 when MDAMB-231 cells were transfected with KPNA6 siRNA and in the presence of LMB (Figure
6C, compare lane 3 to 4, and lane 7 to 8). FRAP assays carried out in Keap1-null cells
expressing GFP-tagged Keap1 also demonstrated that knockdown of KPNA6 was
sufﬁcient to decrease the nuclear accumulation of Keap1 (Figure 6D and E). In addition,
knockdown of KPNA6 promoted accumulation of endogenous nuclear Nrf2 protein
levels during the induction and post-induction phases (Figure 7A, compare lane 3 to 4
and lane 5 to 6). NQO1, HO-1, and GCLM were also signiﬁcantly enhanced when
KPNA6 was efﬁciently knocked down (Figure 7B), while the ubiquitination and
degradation of Nrf2 decreased in the absence of KPNA6 (Figure 7C and D).
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However, further attempts to map the KPNA6-interacting sites within the Keap1 Kelch
domain were unsuccessful. Truncations or deletions within the Kelch domain disrupted
the overall integrity of the ring-like 6-bladed propeller structure, thus providing no useful
information. We also made several alanine (A) substitutions of positively charged
arginine (R), lysine (K), or histidine (H) clusters within the Kelch domain, which should
be responsible for the interaction between cargo protein and importin α in the classical
nuclear import scenario, yet none of them showed loss of interaction (Figure 3F). These
E3 ubiquitin ligases, negatively control the activity of Nrf2 at the protein level. Nrf2
contains two binding sites for Keap1 in its Neh2 domain, a weak binding site (DLG) and
a strong binding site (ETGE). This two-site substrate recognition model is also known as
the “hinge-latch model.” The high afﬁnity ETGE motif functions as the “hinge,” and the
lower afﬁnity DLG motif functions as the “latch.” Under basal conditions, the Keap1homodimer recognizes and binds both motifs, positioning Nrf2 in the correct orientation
for poly-ubiquitination and degradation to maintain low basal levels of Nrf2. In response
to chemopreventive compounds, cysteine residues in Keap1 become modiﬁed, which
may alter the structural conﬁrmation and “unlatch” the weak binding DLG motif from
Keap1, resulting in the stabilization and activation of Nrf2. [57, 136]. Many cellular
proteins, such as p62 and p21WAF1, are able to unlatch the weak interaction between
Nrf2 and Keap1, resulting in activation of the Nrf2-mediated response [79, 137]. This
unlatch event in response to an activation signal should also expose the Kelch domain,
which contains the NLS. Based on our work presented in this study, exposure of the NLS
in Keap1 results in its nuclear translocation. Currently, the precise mechanism by which
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nuclear-cytoplasmic shuttling of Nrf2 or Keap1 is controlled in response to redox
conditions remains uncertain. In this study, we found that kinetically, Nrf2 translocates
into the nucleus faster than Keap1. Conceivably, the series of events occur in response to
an activating signal, as follows. (i) Unlatching of the binding between Nrf2 and Keap1:
Nrf2 activators cause a conformational change in the Keap1-Cul3-E3 ubiquitin ligase by
acting on certain cysteine residues in Keap1. (ii) Nrf2 nuclear translocation: a decrease in
Nrf2 degradation results in nuclear translocation of free Nrf2 and activation of the Nrf2’s
downstream target genes. (iii) Keap1 nuclear translocation: unlatching of the Kelch
domain in Keap1 from an Nrf2 protein also exposes an NLS to KPNA6, and Keap1
enters the nucleus with the assistance of KPNA6/importin β. (iv) Turning off of the signal:
Keap1 removes Nrf2 from the ARE of downstream target genes and transports the
Keap1-Nrf2 complex out of the nucleus, using the strong NES in Keap1. (v) Once in the
cytoplasm, the dimer is recruited to the ubiquitination and degradation machinery,
leading to the degradation of Nrf2 and restoring low basal levels of Nrf2 (Figure 8).

In conclusion, we report a direct interaction between Keap1 and KPNA6 and have
determined that Keap1 is transported into the nucleus by KPNA6. Moreover, we mapped
the interaction domains to the Kelch domain of Keap1 and the N-terminal domain of
KPNA6. By controlling the nuclear-cytoplasmic shuttling of Keap1, KPNA6 promotes
the ubiquitination and degradation of Nrf2 and, thus, negatively regulates the protein
level of Nrf2 and the transcription of its downstream target genes. Our data further
support our previous work indicating that Keap1 is a post-induction repressor of Nrf2.
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VIII. Figures

Figure 2.1 The nuclear import of Keap1 occurs at its physiological protein level and
is not dependent on Nrf1 or Nrf2.
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(A) GFP-tagged Keap1 proteins were expressed at levels similar to the levels of
endogenous Keap1 in the stable MEF cell lines. Keap1-/- MEF cells were infected with
pBabe-puro retroviral vectors expressing GFP-tagged Keap1 wild type (WT) or a mutant
containing mutations in the nuclear export signal (NES). After puromycin selection, cells
were harvested for immunoblot analysis with antibodies against Keap1 and β-actin. (B)
Nuclear accumulation of Keap1-GFP fusion proteins. Stable Keap1-/- MEF cells
expressing Keap1-GFP were either left untreated or treated with 5 nM LMB for 4 h,
followed by live-cell imaging of GFP ﬂuorescence. (C) The nuclear import of Keap1 is
not dependent on Nrf1 or Nrf2. Nrf1-/-Nrf2-/- MEF cells were transfected with the
expression vector for Keap1. Cells were treated with 5 nM LMB for 2 h, followed by
indirect immunoﬂuorescence staining with a rabbit anti-Keap1 antibody.
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Figure 2.2 The C-terminal Kelch domain of Keap1 mediates its nuclear entry.

(A) Schematic of conserved domains in human Keap1 protein. Keap1 contains an Nterminal BTB domain, a C-terminal Kelch domain, and a linker region in between the
two domains. The nuclear export signal (NES) is located in the linker region as indicated.
Amino acids in boldface were mutated for the NES mutant. (B) The expression of GFPtagged Keap1 mutant proteins (amino acid numbers as indicated) was analyzed by
immunoblotting with an anti-GFP antibody. (C) NIH 3T3 cells were transfected with
expression vectors for GFP-tagged full-length or truncated Keap1. The GFP ﬂuorescence
was examined in living cells 48 h after transfection. (D) Fluorescence images were
analyzed with Slidebook 4.2 software (Intelligent Imaging Innovations, Inc.). The mean
ﬂuorescence intensities in the nucleus and cytoplasm were individually quantiﬁed within
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each cell, and a total of 20 cells were analyzed for each sample. The mean nucleus-tocytoplasm (N/C) ratios were calculated and plotted. The error bars indicate standard
deviations (n=20). Asterisks indicate signiﬁcant differences from the results for GFP
alone (P<0.05).
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Figure 2.3 KPNA6 interacts with the Kelch domain of Keap1.

(A) KPNA6 binds Keap1 in vitro. Puriﬁed His-tagged Keap1 proteins were incubated
with the indicated in vitro-translated (IVT) 35S-labeled proteins of the importin family,
followed by pulldown with Ni-NTA agarose beads. The Keap1-bound proteins were
visualized by autoradiography. Nrf2 served as a positive control for Keap1 binding, and
luciferase was a negative control. Human importins are labeled by their ofﬁcial names.
Their corresponding common names are as follow: IPO13, importin 13; IPO11, importin
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11; KPNA6, importin α7; KPNA5, importin α6; KPNA4, importin α3; KPNA2, importin
α1 or α2; and KPNA1, importin α5. (B) KPNA6 binds Keap1 in vivo. HEK293T cells
were transfected with an expression vector for HA-tagged Nrf2, Myc-tagged IPO11, or
Myc-tagged KPNA6 with or without an expression vector for CBD (chitin binding
domain)-tagged Keap1. Cell lysates were collected in RIPA buffer containing 0.1% SDS
and were subjected to pulldown by chitin beads, followed by immunoblot (IB) analysis
with anti-HA, anti-Myc, and anti-CBD antibodies. (C) Endogenous KPNA6 interacts
with Keap1. HEK293T cell lysates were collected in RIPA buffer containing 0.1% SDS,
followed by immunoprecipitation (IP) with a rabbit anti-KPNA6 antibody and
immunoblotting with a goat anti-Keap1 antibody. (D) Kelch domain in Keap1 interacts
with KPNA6. 35S-labeled Keap1 wild type (WT) and the indicated deletion mutants
were incubated with puriﬁed GST alone or GST-tagged KPNA6 with its N-terminal
importin β-binding domain deleted (ΔIBB). The KPNA6-bound Keap1 was pulled down
by glutathione Sepharose beads and visualized by autoradiography. 35S-labeled
luciferase (luc) and GST alone were included as negative controls. ΔN, N-terminal
deletion mutant; ΔC, C-terminal deletion mutant. (E) Puriﬁed GST-tagged KPNA6-ΔIBB
and GST alone were visualized by Coomassie stain. (F) The interaction with KPNA6 is
not mediated by positively charged primary motifs. HEK293T cells were cotransfected
with expression vectors for Myc-tagged KPNA6 and CBD-tagged Keap1 bearing alanine
substitutions for the indicated positively charged residues. Cell lysates were subjected to
immunoprecipitation with an anti-Myc antibody and immunoblotted with an anti-CBD
antibody.

87

Figure 2.4 Overexpression of KPNA6 facilitates nuclear import of Keap1.
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(A) NIH 3T3 cells were transfected with an expression vector for Keap1 with or without
a vector for Myc-tagged KPNA6. Cells were treated with 5 nM LMB for the indicated
times. After ﬁxation in methanol, indirect immunoﬂuorescence staining was done with
rabbit anti-Keap1 and mouse anti-Myc antibodies. (B) The ﬂuorescence images of Keap1
were analyzed as described for Figure 2D. (C) Keap1-GFP knock-in cells were
transfected with empty vector or an expression vector for Myc-KPNA6-ΔIBB. Cells were
treated with 5 nM LMB for the indicated times. After ﬁxation in methanol, indirect
immunoﬂuorescence staining was done with mouse anti-GFP and rabbit anti-Myc
antibodies.
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Figure 2.5 Overexpression of KPNA6 attenuates the inducible Nrf2 signaling in
response to oxidative stress.

(A) KPNA6 decreases the inducible Nrf2 protein level and the expression of its
downstream detoxiﬁcation genes without altering Keap1 protein levels. HEK293T cells
were transfected with either an empty vector or an expression vector for Myc-tagged
KPNA6. Cells were either left untreated or treated with 50 μM tBHQ overnight before
being harvested and used for immunoblot analysis with the indicated antibodies. The
asterisk indicates endogenous KPNA6. (B) The same experiment in MDA-MB-231 cells
gives similar results. (C) KPNA6 reduces the transcription of Nrf2 target genes without
changing Nrf2 mRNA levels. HEK293T cells were transfected and treated as described

90

above. Cells were harvested for mRNA extraction followed by qRT-PCR. Error bars
indicate standard deviations of the results of two independent experiments. (D) MDAMB-231 cells were transfected with an empty vector or an expression vector for MycKPNA6 as described in the text. At 48 h after transfection, cells were co-treated with 100
μM tBHQ and 10 μM MG132 for 4 h and harvested in denaturing conditions. Cell lysates
were diluted and subjected to immunoprecipitation with an anti-Nrf2 antibody, followed
by immunoblotting with an anti-ubiquitin antibody.
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Figure 2.6 Knockdown of KPNA6 inhibits nuclear import of Keap1.

(A) NIH 3T3 cells were cotransfected with either scrambled control siRNA or KPNA6
siRNA, along with an expression vector for Keap1. At 48 h after transfection, cells were
treated with 5 nM LMB for the indicated times. After ﬁxation in methanol, indirect
immunoﬂuorescence staining was done using a rabbit anti-Keap1 antibody. (B) The
ﬂuorescence images of Keap1 were analyzed as described for Figure 2D. (C) MDA-MB-
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231 cells were transfected with either scrambled control siRNA or siRNA against
KPNA6. At 48 h after transfection, cells were either left untreated or treated with 5 nM
LMB for 2 h. Cells were harvested and fractionated into cytosolic and nuclear fractions
using a nuclear extraction kit. Both fractions and total lysates were analyzed by
immunoblotting with the indicated antibodies. Lamin A and tubulin served as markers for
the nuclear and cytosolic fractions, respectively. (D) Representative postbleach images of
Keap1-GFP in control and KPNA6 knockdown groups at indicated time points during a
2-min time course. Keap1-GFP knock-in cells were transfected with either control siRNA
or siRNA against KPNA6 (siKPNA6). Cells were treated with 5 nM LMB for
predetermined times to ensure equal nuclear/cytosolic distribution of Keap1 before being
subjected to FRAP. (E) Quantitative analyses of FRAP results demonstrate that the
nuclear import of Keap1 is slower in KPNA6 knockdown cells than in the control group.
The ﬂuorescence intensities of control and KPNA6 knockdown cells were obtained by
brieﬂy photobleaching the nucleus and monitoring the recovery of ﬂuorescence within an
interval of 393 ms. The intensity of ﬂuorescence at each time point after photobleaching
was calculated and plotted.
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Figure 2.7 KPNA6 modulates the antioxidant response by promoting ubiquitination
and degradation of Nrf2.
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(A) KPNA6 is required for efﬁcient repression of nuclear Nrf2 protein levels during the
post-induction phase of the antioxidant response. MDA-MB-231 cells were transfected
with either scrambled control siRNA or siRNA against KPNA6. At 48 h post transfection,
cells were either left untreated (mock) or treated with 100 μM tBHQ for 3 h (3). After
removal of tBHQ by washing, cells were further incubated in normal medium for 3 h
(3+P3, where “P” stands for postinduction) or for 6 h (3+P6). Nuclear extracts of the cells
were analyzed by immunoblotting with anti-Nrf2, anti-KPNA6, and anti-lamin A
antibodies. (B) KPNA6 represses the transcription of Nrf2 downstream target genes
through posttranscriptional regulation of Nrf2. MDA-MB-231 cells were transfected with
either control siRNA 
( ) or siRNA against KPNA6 (). Cells were either untreated or
treated with 50 μM tBHQ for either 16 h (upper and middle panels) or the indicated time
period (lower panel) before being harvested and used for qRT-PCR analysis. Error bars
indicate standard deviations of the results from three independent experiments. Asterisks
indicate signiﬁcant differences between two samples. (C) KPNA6 promotes
polyubiquitination of Nrf2. MDA-MB-231 cells were transfected with siRNA as
described above. At 48 h after transfection, cells were cotreated with 100 μM tBHQ and
10 μM MG132 for 4 h and harvested in denaturing conditions. Cell lysates were diluted
and subjected to immunoprecipitation with an anti-Nrf2 antibody, followed by
immunoblotting with an antiubiquitin antibody (α-Ub). (D) Half-life of Nrf2 protein is
extended in the absence of KPNA6. MDA-MB-231 cells were transfected with siRNA as
described above. At 48 h after transfection, cells were treated with 100 μM tBHQ for 4 h.
Cells were then washed once with PBS and incubated with fresh medium containing 50
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μM cycloheximide for the indicated times. Cell lysates were analyzed by immunoblotting
with an anti-Nrf2 antibody. The relative intensities of the Nrf2 bands were quantiﬁed and
plotted on a semi-log scale. The calculated half-life of Nrf2 in each group is shown.
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Figure 2.8 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 the Nrf2-mediated antioxidant response on and off. (1) Oxidative stress or
chemopreventive compounds cause a conformational change in the Keap1-Cul3-E3
ubiquitin ligase by acting on speciﬁc cysteine residues in Keap1. (2) Nuclear
translocation of Nrf2: a decrease in Nrf2 degradation results in nuclear translocation of
free Nrf2 and activation of Nrf2 target genes. (3) Nuclear translocation of Keap1:
unlatching of the Kelch domain in Keap1 from Nrf2 also exposes an NLS to KPNA6, and
Keap1 enters the nucleus with the assistance of KPNA6/importin β. (4) Turning off of the
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signal: Keap1 removes Nrf2 from the ARE of downstream genes. The Keap1-Nrf2
complex is then transported out of the nucleus by the strong NES in Keap1. (5) In the
cytosol, the Nrf2-Keap1 complex associates with the Cul3-Rbx1 core ubiquitin
machinery, leading to degradation of Nrf2.
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II. Abstract

The bZIP transcription factor Nrf2 has emerged as a master regulator of intracellular
redox homeostasis by controlling the expression of a battery of redox balancing
antioxidants and phase II detoxification enzymes. Under oxidative stress conditions, Nrf2
is induced at the protein level through redox-sensitive modifications on critical cysteine
residues in Keap1, a component of an E3 ubiquitin ligase complex that targets Nrf2 for
proteasomal degradation. Poly(ADP-ribose) polymerase-1 (PARP-1) is historically
known to function in DNA damage detection and repair; however, recently PARP-1 has
been shown to play an important role in other biochemical activities, such as DNA
methylation and

imprinting, insulator activity, chromosome organization and

transcriptional regulation. The exact role of PARP-1 in transcription modulation and the
underlying mechanism remain poorly defined. In this study, we report that PARP-1 forms
complexes with the antioxidant response element (ARE) within the promoter region of
Nrf2 target genes and upregulates the transcriptional activity of Nrf2. Interestingly,
PARP-1 neither physically interacts with Nrf2 nor does it promote the expression of
Nrf2. In addition, Nrf2 is not targeted for poly(ADPribosyl)ation by PARP-1. Instead,
PARP-1 interacts directly with small Maf protein and the ARE, which augments AREspecific DNA binding of Nrf2, and enhances the transcription of Nrf2 target genes.
Collectively, these results suggest that PARP-1 serves as a transcriptional coactivator,
upregulating the transcriptional activity of Nrf2 by enhancing the interaction among Nrf2,
Maf and the ARE.
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III. Introduction

Nrf2 is a member of the NF-E2 family of transcription factors that plays a key role in the
regulation of intracellular redox homeostasis. Under unstressed conditions, Nrf2 is
consistently recruited by Keap1 into the Cul3/Rbx1/Keap1 E3 ubiquitin ligase complex
to be ubiquitinated and shuttled to the 26S proteasome for degradation. Induction of Nrf2
signaling by chemopreventive compounds or oxidative stress leads to the disruption of
the interaction between Keap1 and Nrf2, resulting in stabilization of Nrf2. Accumulated
Nrf2 translocates into the nucleus where it forms a heterodimer with a small Maf protein
(MafG, MafF or MafK) and binds to the antioxidant response elements (AREs) in the
promoters of its target genes. Products of these genes include: (1) intracellular redoxbalancing proteins (e.g. glutamylcysteine synthetase <GCS>, γ-glutamyl transpeptidase,
glutathione peroxidase <GPx>, thioredoxin <Trx>, & thioredoxin reductase <TrxR> );
(2) phase II detoxifying enzymes (e.g. glutathione S-transferase <GST>, and UDPglucuronosyltransferase <UGT>, and the catalytic subunit of glutamate cysteine ligase
<GCLC>; and (3) transporters (e.g. Multidrug resistance-associated proteins <MRPs>)
[7, 28, 31, 138-141].

Nrf2 is mainly regulated by Keap1 at the protein level through proteasomal degradation,
yet previous studies also revealed that there are other co-factors that modulate the
transcriptional activity of Nrf2. For example, during early hepatocarcinogenesis,
monocytic leukemia zincfinger protein (MOZ) directly binds to MafK and acts as a co-
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activator of the Nrf2–MafK heterodimer, and consequently induces expression of GST
placental form (GSTP), which is elevated during chemical induced hepatocarcinogenesis
[142]. Another study done by Shenvi et al. showed that, with the progression of aging,
binding of Nrf2 to the ARE of the catalytic subunit of glutamate cysteine ligase (GCLC)
decreases in the presence of Bach1, a transcriptional repressor and in the absence of
CREB-binding protein (CBP), a transcriptional co-activator [143]. These studies suggest
that under certain physiological or pathological conditions, co-factors may be required for
the proper transcriptional activation of Nrf2 target genes, in order to further modulate the
expression of Nrf2 target genes.

Poly(ADP-ribose) polymerase-1 (PARP-1) is historically known for its function in
attaching the ADP-ribose polymer chain to target proteins and facilitate the process of
DNA repair. However, a growing body of evidence in recent years suggests that PARP-1
can go beyond DNA repair and is involved in a host of biological processes, such as the
establishment of DNA methylation patterns, transcriptional regulation, and cell death
[144]. Recent studies have highlighted the profound role of PARP-1 in transcriptional
regulation and provided new insights about how PARP-1 plays a role in signal
transduction in the nucleus [145]. Four distinct modes of PARP-1-dependent
transcriptional regulation have been proposed: (1) as a modulator of chromatin structure
by binding to nucleosomes, modifying histone proteins, or regulating the composition of
chromatin. For example, by competing with histone H1 for nucleosome binding or by
PARylation, PARP-1 could exclude H1 from the promoters of some PARP-1-regulated
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genes and activate gene transcription [146, 147]. (2) As a promoter-specific coactivator/repressor in conjunction with a variety of sequence specific DNA binding
transcriptional factors. Transcription factors usually recruit PARP-1 to relevant target
promoters to upregulate/downregulate gene transcription. In some cases, the enzymatic
activity of PARP-1 is required (e.g., with c-fos and p53) [148-150], while in others it is
not (e.g., RAR) [151]. (3) As a direct enhancer-binding factor, by binding to specific
DNA sequences or structures in the regulatory regions of genes [152]. Yet, the generality
of enhancer-binding as a mode of transcriptional regulation of PARP-1 remains unclear.
(4) As a regulator of insulators and insulator-binding factors. Chromatin insulators
segregate the genome into expression domains by limiting the cis-effects of enhancers or
silencers in a position-dependent manner [153]. Recent studies have implicated PARP-1dependent PARylation of CTCF, a ubiquitous DNA-binding protein that functions as an
insulator, in the preservation of insulator function [154].

In this study, we reveal a new molecular cooperation between Nrf2 and PARP-1 in the
transcriptional activation of Nrf2 target gene transcription. PARP-1 binds to both ARE
and small Maf proteins directly, enhancing Nrf2 binding to ARE and upregulating Nrf2
target gene transcription. PARP-1 has no physical interaction with Nrf2, and the
poly(ADP-ribose) polymerization activity is not required for its action. Our results
suggest that PARP-1 functions as a transcriptional co-activator of Nrf2, revealing an
additional mode of Nrf2 regulation.
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IV. Materials and Methods

Recombinant DNA molecules
Full length human PARP-1 was purchased from Open Biosystems (Thermo, IL), and was
cloned into the pcDNA3.1 expression vector (Invitrogen, CA) using standard
recombinant DNA technology. The PARP-1 DNA binding domain (PARP-1-DBD)
construct was a generous gift from Dr. Yung Chang at Arizona State University. The
human NQO1-ARE TATA-Inr luciferase reporter plasmid and the mouse GSTA1-ARE
TATA-Inr luciferase reporter plasmid were reported previously [50, 155]. The Renilla
luciferase plasmid pGL4.74 [hRluc/TK] was purchased from Promega (WI). The PARP1-E988K construct was a generous gift from Dr. Scott H. Kaufmann at the University of
Florida. PARP-1-ΔDBD was PCR amplified and inserted into the pcDNA3.1 expression
vector (Invitrogen, CA) using EcoR I and Xho I restriction enzymes.

Cell culture and transfection—MDA-MB-231 and HEK293 cells were purchased from
American Type Culture Collection (Manassas, VA). The PARP-1+/+ and PARP-1-/- mouse
embryonic fibroblast (MEF) cells were generous gifts from Dr. Myron K. Jacobson at the
University of Arizona. Cells were maintained in either Eagle’s minimal essential medium
(MEM) or Dulbecco’s modified Eagle’s medium (DMEM) (Invitrogen, CA) in the
presence of 10% fetal bovine serum (FBS), 1% glutamine, and 0.1% gentamicin. All cells
were incubated at 37°C in a humidified incubator containing 5% CO2. Transfection of
cDNA was performed using Lipofectamine Plus (Invitrogen, CA) according to the
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manufacturer’s instructions. Short interfering RNA (siRNA) against PARP-1 and
scrambled control siRNA were purchased from Qiagen. Transfection of 20 pmol siRNA
was performed with HiPerfect (Qiagen, MD) according to the manufacturer’s instructions.

Biotin-DNA pull-down
Cells were lysed in radioimmunoprecipitation assay (RIPA) buffer (10 mM sodium
phosphate pH 7.2, 150 mM NaCl, 1% sodium deoxycholate, 2 mM EDTA, 0.1% SDS, 1%
NP-40) supplemented with 1mM phenylmethylsulfonyl fluoride (PMSF), 1mM DTT, and
a protease inhibitor cocktail (Sigma, MO). Cell lysates were pre-cleared with protein A
agarose beads and incubated with 2 μg biotinylated DNA probes that spanned the ARE
containing sequences in the promoter regions of NQO1 and HO-1. The DNA-protein
complexes were pulled down by streptavidin beads. After washing three times, the
complexes were resolved on a SDS-PAGE gel and subjected to silver staining or
immunoblot analysis. The sequences of the probes used are listed below:
WT NQO1-ARE probe:
5’-AAATCGCAGTCACAGTGACTCAGCAGAATCTGAGCCTAGGG-3’;
MT NQO1-ARE probe:
5'-AAATCGCAGTCACAGACTCTCACGAGAATCTGAGCCTAGGG-3'.

Mass spectrometry analysis
Mass spectrometry analysis was performed by the Harvard Taplin mass spectrometry
core facility. Briefly, biotin-DNA pulled down proteins were visualized by silver stain
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and recovered from the gel. Excised gel bands were cut into approximately 1 mm3 pieces
and sent for sequencing analysis.

Antibodies, immunoprecipitation and immunoblot analysis
Antibodies against Nrf2, Myc, GAPDH, β-actin, NQO1, HO-1, HA (Santa Cruz
Biotechnology, CA), chitin-binding domain (CBD) (New England Biolabs, MA) and
PARP-1 (Cell Signaling Technology, MA) were purchased from commercial sources. For
detection of protein expression in total cell lysates, cells were washed with phosphate
buffered salt (PBS) buffer and lysed with sample buffer containing 50 mM Tris-HCl (pH
6.8), 2% SDS, 10% glycerol, 100 mM DTT, 0.1% bromophenol blue at 48h posttransfection. Immunoprecipitation was performed with cell lysates in RIPA buffer
containing 1 mM DTT, 1 mM PMSF, and a protease inhibitor mixture (Sigma, MO). Cell
lysates were incubated with 1 μg of antibodies and 20 μl of protein A agarose beads at
4°C overnight. Immunoprecipitated complexes were washed four times with RIPA buffer
and eluted in sample buffer by boiling for 5 minutes. Samples were resolved by SDS
polyacrylamide gels and transferred onto nitrocellulose membranes for immunoblot
analysis.

Reporter gene assay
For the dual-luciferase reporter gene assay, indicated cells were transfected with
expression plasmids for hNQO1-, mGST-ARE-, or κB-luciferase, along with the Renilla
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luciferase expression plasmid pGL4.74 (hRluc/TK) (Promega, WI) and c-Myc tagged full
length PARP-1 (PARP-1-Myc-His) or DNA binding domain of PARP-1 (PARP-1-DBD)
cDNA. For induction of Nrf2, cells were treated with known inducers of Nrf2,
tertbutylhydroquinone (tBHQ) and sulforaphane (SF) (Sigma, MO). The DNA doublestrand break inducer 1-Methyl-3-nitro-1-nitrosoguanidine (MNNG), was purchased from
Sigma (MO) and the PARP-1 inhibitor, N-(6-Oxo-5,6- dihydrophenanthridin-2-yl)-(N,Ndimethylamino) acetamide hydrochloride (PJ-34), was a kind gift from Dr. Myron K.
Jacobson at the University of Arizona. The other known PARP-1 inhibitor, 3aminobenzamide (3-AB), was purchased from Sigma (MO). At 48h post-transfection, the
cells were lysed with passive lysis buffer (Promega, WI) and both firefly and Renilla
luciferase activities were measured with the dual-luciferase reporter assay system
purchased from Promega (WI). Firefly luciferase activity was normalized to Renilla
luciferase activity. The experiment was carried out in triplicate and repeated three times,
and expressed as the mean ± the standard deviation (SD).

mRNA extraction and real-time qRT-PCR
Total mRNA was extracted using TRIzol (Invitrogen, CA) according to the
manufacturer’s instructions. Using equal amounts of mRNA and the Transcriptor First
Strand cDNA synthesis kit (Roche, MD), cDNA was generated and used for real-time
quantitative reverse transcription-PCR (qRT-PCR). The following TaqMan probes were
obtained from the universal probe library (Roche, MD): human Nrf2 (hNrf2), no. 70;
HO-1, no. 25; NQO1, no. 87; GCLM (no. 18); PARP-1 (no. 10) and GAPDH
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(glyceraldehyde-3-phosphate dehydrogenase), no. 25. Both the forward and reverse
primers for human Nrf2, HO-1, NQO1 and GAPDH were synthesized by Integrated DNA
Technologies and the sequences are as follow: Nrf2, ACACGGTCCACAGCTCATC
(forward)

and

TGTCAATCAAATCCATGTCCTG

(reverse);

HO-1,

AACTTTCAGAAGGGCCAGGT (forward) and CTGGGCTCTCCTTGTTGC (reverse);
NQO1,

ATGTATGACAAAGGACCCTTCC

GCAGAGAGTACATGG
(forward)

and

(reverse);

GCLM,

(forward)

and

TCCCTT

GACAAAACACAGTTGGAACAGC

CAGTCAAATCTGGTGGCATC

(reverse);

PARP-1,

ACAAGGCTTCCCTGTGCAT (forward) and CGGATGTTGGCTTCCTTTAC (reverse)
and

GAPDH,

CTGACTTCAACAGCGACACC

(forward)

and

TGCTGTAGCCAAATTCGTTGT (reverse). The real-time PCR was performed as
followed: one cycle of pre-denaturation (94°C for 5 min), 40 cycles of amplification
(94°C for 10 s and 60°C for 20 s), and a cooling program of 50°C for 30 s. Reactions for
each sample were done in duplicate, and the experiment was repeated three times. The
data are expressed as relative mRNA levels and were normalized to GAPDH.

Mobility shift assay
Mobility shift assays were conducted as previously described [50]. Purified recombinant
Flag-PARP-1 was purchased from commercial Active Motif (CA). One microliter (200
ng) Flag-PARP-1 protein was preincubated with poly(dI-dC) in binding buffer (50 mM
HEPES, pH 7.5, 60 mM KCl, 2 mM MgCl 2 , 0.004% NP-40, 5 mM EDTA, 10% glycerol,
100 μg/ml bovine serum albumin) for 10 min at room temperature. 32P-end-labeled DNA
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probes were added and further incubated for 20 min before being loaded on a 4% native
gel. The gel was dried and analyzed by autoradiography. For cold probe competition,
indicated concentrations of cold probe were used. The sequences of the probes were
identical to those used in the biotin-DNA pull-down assay.

Chromatin immunoprecipitation (ChIP) assay
ChIP assay was performed as previously reported [50, 156]. MDA-MB-231 cells
(approximately 4 ×106) were cross-linked with formaldehyde, collected in PBS,
resuspended in 200 μl SDS lysis buffer with PMSF and a protease inhibitor cocktail, and
sonicated on ice. The lysates were then diluted in ChIP dilution buffer to 2 ml, precleared
with protein A agarose, and then incubated with indicated antibodies or IgG control
overnight. The immunoprecipitated complexes were collected with 50 μl protein A
agarose, washed with low-salt buffer, high-salt buffer, LiCl buffer, and TE buffer. The
complexes were eluted in 500 μl fresh elution buffer. The crosslinks were reversed by
heating at 65°C for 5 h after addition of 20 μl of 5 M NaCl. The 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 the
real-time PCR method using the LightCycler 480 DNA SYBR Green I kit (Roche).
Primers

used

were

as

follows:

GCAGTCACAGTGACTCAGC-3’;
TGTGCCCTGAGGTGCAA-3’;
GTCGAGCCCTACAACTCTATC-3’;

human

human
tubulin
tubulin

NQO1
NQO1

ARE
ARE

promoter
promoter

forward,

5’-

reverse,

5’-

forward,
reverse,

5’5’-
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CCGTCAAAGCGCAGAGAA-3’. PCR cycling was performed as follows: initial
denaturation at 95°C for 5 min (1 cycle); 40 cycles of amplification of 95°C for 10 s,
60°C for 10 s, and 72°C for 20 s; with a single fluorescence acquisition. The
amplification was followed by a melting curve program (65 to 95°C with a heating rate of
0.1°C per second and a continuous fluorescence measurement) and then a cooling
program at 40°C for 30 s. The mean crossing-point values and standard deviations for
NQO1 and tubulin were determined for the different samples. The crossing point is
defined as the point at which the fluorescence rises appreciably above the background
fluorescence. A non-template control was run for each primer pair to assess the overall
specificity and to ensure that primer dimers were not interfering with amplification
detection. Amplification specificity was checked using melting curve and agarose gel
electrophoresis. Melting-curve analysis showed a single sharp peak for all samples, and
agarose gel electrophoresis showed a single band at the expected size. Data are presented
as n-fold change. The real-time PCR assays were performed with triplicate samples.

Fluorescence polarization assay
Glutathione Stransferase (GST)-Nrf2 and His-MafG were expressed in Escherichia coli
Rosetta (DE3) LysS cells and purified with glutathione Sepharose 4B matrix (GE
Healthcare, Waukesha, WI) and Ni-NTA Agarose (Qiagen, Valencia, CA), separately.
PARP-1 recombinant protein was purchased from Enzo Life Sciences (Farmingdale, NY).
Fluorescence polarization (FP) experiments were performed in black 96-well plates
(Costar, Corning, NY). For the binding assay, 50 nM FAM-labeled human WT or MT
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NQO1-ARE (tracer) was mixed with Nrf2, MafG, PARP-1 or indicated combinations in
1× PBS buffer at a final volume of 100 μl. The plate was covered with adhesive
aluminum foil and kept at room temperature for 2 h to reach equilibrium. The FP values
were measured using a Synergy2 reader (BioTek, Winooski, VT) with excitation and
emission wavelengths of 485/20 and 528/20 nm, respectively.

Statistical analysis
Data are presented as means ± SD. Differences were determined by two-tailed Student’s
t- test. A p value < 0.05 was considered significant.

V. Results

PARP-1 binds the antioxidant response element (ARE)
In an attempt to identify proteins that associate with the antioxidant response element
(ARE), MDA-MB-231 cells were left untreated or treated with 50 μM tBHQ for 16h.
Whole-cell lysates were incubated with a biotinylated wildtype or mutant NQO1-ARE
DNA (sequences shown in Figure 1A). ARE-bound proteins were pulled down by
streptavidin beads, separated by SDS-PAGE, and visualized by silver stain. Gel pieces
containing proteins that were present or increased in the wild-type NQO1-ARE, but not
mutant ARE, are indicated by the arrows in Figure 1B. The indicated bands were then
isolated and subjected to mass spectrometry analysis using LC-MS/MS. Multiple proteins
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were detected (Figure 1C), including PARP-1 and small Maf proteins, that form
heterodimers with Nrf2 and activate transcription of ARE bearing genes.

In order to confirm the results from the mass spectrometry analysis, a similar experiment
was performed as the one used for identifying ARE-bound proteins. Biotinylated wildtype or mutantNQO1-ARE DNA was incubated with whole cell lysates from MDA-MB231 cells left untreated or treated with 50 μM tBHQ for 16h. ARE-bound proteins were
pulled down by streptavidin beads and detected by immunoblot with anti-Nrf2 and antiPARP-1 antibodies. Both PARP-1 and Nrf2 were pulled down in the presence of wildtype NQO1-ARE (WT NQO1-ARE) (Figure 1D). Mutant NQO1-ARE (MT NQO1-ARE)
had slight binding to PARP-1 and a remarkable reduction in binding with Nrf2 compared
to wild-type NQO1- ARE (Figure 1D, compare lane 1 to lane 2, lane 3 to lane 4),
suggesting PARP-1 binds to ARE in a sequence-specific manner. tBHQ treatment
increased the amount of Nrf2 both in total and in the pull-down, as expected (Figure 1D,
compare lane 4 to lane 2). Collectively, these results demonstrate that the interaction
between ARE and PARP-1 is specific and that this interaction diminishes when the core
sequence of the ARE is mutated.

PARP-1 enhances the transcriptional activity of Nrf2
To test the functional role of PARP-1 in binding to the ARE, the transcriptional activity
of Nrf2 in the presence or absence of PARP-1 was measured in MDA-MB-231 cells.
Cells were cotransfected with firefly luciferase reporter constructs driven by either WT or
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MT NQO1-ARE, together with PARP-1 alone or PARP-1 and Nrf2. At 48h posttransfection, luciferase reporter gene activities were measured. Overexpression of either
PARP-1 or Nrf2 was sufficient to activate the transcription of NQO1-ARE-dependent
luciferase that was further enhanced by cotransfection of PARP-1 and Nrf2 (Figure 2A).
MT NQO1-ARE was used as a negative control and there were no changes in the MT
NQO1-ARE activity (Figure 2A). In addition, both full length PARP-1 and the DNA
binding domain of PARP-1 (PARP-1-DBD) enhanced the transcription of the luciferase
reporter gene in the presence or absence of the Nrf2 activator SF in MDA-MB-231 cells
(Figure 2B). The same effect was also observed in HEK293 cells (Data not shown). This
suggests that the upregulation of Nrf2 transcription activity by PARP-1 is not cell-type
specific and that PARP-1-DBD is sufficient to substitute the full length PARP-1 in
enhancing the transcription of Nrf2 target genes (Figure 2B).

Next, the specificity of the PARP-1-mediated enhancement on the ARE was examined.
MDAMB-231 cells were co-transfected with an expression vector for NQO1-ARE-,
GST-ARE- or a κB- dependent firefly luciferase reporter construct, along with a PARP1-DBD expression plasmid. At 48h post-transfection, an increase in both the NQO1-ARE
and GST-ARE, but not the κB-dependent luciferase activity was observed. Moreover,
transcription of the NQO1-ARE- or GST-ARE- dependent luciferase gene was further
enhanced in the presence of tBHQ or SF, whereas neither tBHQ nor SF had any effect on
the activity of the κB-dependent luciferase activity (Figure 2C). This indicates that the
effect of PARP-1 is promoter-specific. Next, the NQO1-AREdependent luciferase
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activity in PARP-1+/+ and PARP-1-/- mouse embryonic fibroblast (MEF) cells was
compared. Higher basal and induced NQO1-ARE-dependent luciferase activities were
detected in PARP-1+/+ cells compared to PARP-1-/- cells (Figure 2D). In a parallel set of
experiments, a rescue assay was performed by transfecting full-length PARP-1 into
PARP-1-/- cells. NQO1-AREdependent luciferase activity in rescued cells was
comparable to PARP-1+/+ cells, although complete recovery was not achieved due to lack
of 100% transfection efficiency (Figure 2D, comparing stripped bar to white bar). Taken
together, these data suggest that PARP-1 enhances the transcriptional activity of Nrf2,
and this effect is specific to the ARE containing promoters.

PARP-1 augments promoter-specific DNA-binding of Nrf2 and increases expression
of Nrf2 target genes
Given that overexpression of PARP-1 increases the transcriptional activity of Nrf2, we
speculated that PARP-1 might play a role in enhancing binding of Nrf2 with the ARE.
Biotinylated NQO1-ARE DNA was incubated with whole cell lysates from MDA-MB
231 cells expressing PARP-1-Myc-His or PARP1 DBD. Cells were left untreated or were
treated with 50 μM tBHQ for 16h. ARE-bound Nrf2 proteins were pulled down by
streptavidin beads and detected by immunoblot with anti-Nrf2 antibodies. An increase in
ARE binding was observed in cells expressing either form of PARP-1 compared to
control, under both basal and induced conditions (Figure 3A, for quantification see bar
graph below). Similar results were obtained in an ARE pull-down assay using cells
ectopically overexpressing Nrf2 (data not shown), demonstrating that PARP-1 enhances
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the interaction between Nrf2 and the NQO1-ARE. qRT-PCR was performed to confirm
that enhanced Nrf2-ARE binding resulted in increased transcriptional activity of Nrf2.
mRNA was extracted from MDA-MB-231 cells expressing full-length PARP-1 or PARP1-DBD that were either left untreated or treated with 50 μM tBHQ for 16h.
Overexpression of PARP-1 or PARP-1-DBD did not affect Nrf2 mRNA levels (Figure
3B). In contrast, there was a significant increase in mRNA levels of NQO1, HO-1 and
GCLM at both basal and induced conditions (Figure 3B). These results indicate that
overexpression of PARP-1 or PARP-1-DBD upregulates the transcriptional activity of
Nrf2 at both basal and induced levels by enhancing Nrf2-ARE binding.

To confirm that transcriptional upregulation of Nrf2 target genes leads to enhanced
protein expression, immunoblot analysis was carried out in MDA-MB-231 cells
transfected with an empty vector or with either an expression vector for PARP-1-MycHis or PARP-1-DBD, that were subsequently left untreated or treated with 50 μM tBHQ
for 16h. Overexpression of either full-length PARP-1 or PARP-1-DBD had no effect on
the protein level of Nrf2. However, the protein levels of NQO1, HO-1 and GCLM were
significantly increased in the presence of PARP-1 or PARP-1-DBD, at both basal and
induced conditions (Figure 3C). The activation of Nrf2 target genes by PARP-1 or
PARP-1-DBD was also confirmed in HEK293 cells (data not shown), suggesting that
PARP-1-mediated transcriptional upregulation is not cell-type specific.
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To determine whether depletion of endogenous PARP-1 affects Nrf2-dependent gene
activation, MDA-MB-231 cells were cotransfected with either scrambled control siRNA
or PARP-1 siRNA. Cells were left untreated or were treated with 50 μM tBHQ for 16h.
qRT-PCR results suggest that knocking down PARP-1 diminished transcription of Nrf2
target genes (NQO1, HO-1 and GCLM) with no significant effect on Nrf2 mRNA level,
at both basal and induced conditions (Figure 3D). Accordingly, immunoblot analysis
confirmed that in the presence of PARP-1 siRNA, protein levels of NQO1, HO-1 and
γGCS decreased, whereas no change in the protein level of Nrf2 was observed (Figure
3E). Taken together, these data indicate that PARP-1 plays a fundamental role in
transcriptional activation of Nrf2 target genes by enhancing ARE-specific DNA-binding
of Nrf2, under both basal and induced conditions.

Nrf2 is not a substrate for poly(ADP-ribosyl)ation, and does not physically associate
with PARP-1
PARP-1 is a known enzyme that is able to catalyze the polymerization of ADP-ribose
units from donor NAD+ molecules onto target proteins. Our finding that PARP-1-DBD is
sufficient to upregulate the transcriptional activity of Nrf2 suggests that the enzymatic
activity of PARP-1 is unlikely required for this effect. To confirm this, the possibility that
Nrf2 is poly(ADP-ribosyl)ated by PARP-1 and thus increases its transcriptional activity
was explored. MDA-MB-231 cells were transfected with the NQO1-ARE-dependent
firefly luciferase plasmid. At 48h post-transfection, cells were treated with increasing
doses of PJ-34 or 3-AB, both of which are well-documented PARP-1 inhibitors, in the
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absence or presence of tBHQ for 16h. Neither PJ-34 nor 3-AB affected the basal or
induced level of NQO1-ARE-dependent luciferase activity (Figure 4A), suggesting that
PARP-1-mediated upregulation of Nrf2 activity is independent of the enzymatic activity
of PARP-1. To prove this notion, PARP-1-/- cells were transfected with an enzymatic
inactive PARP-1 mutant – PARP-1-E988K [157, 158], to test if it could complement
PARP-1 function in PARP-1-/- cells. As expected, PARP-1-E988K behaved similar to
WT PARP-1. NQO1-ARE-dependent luciferase activity in rescued cells was comparable
to PARP-1+/+ cells, suggesting that PARP-1 enzyme activity is dispensable for the
transcriptional activity of Nrf2.

Next, the interaction between PARP-1 and Nrf2 was examined. HEK293 cells were
transfected with an expression vector for PARP-his or Keap1-CBD (positive control)
with or without an expression vector for HA-Nrf2. Keap1-CBD, but not full length
PARP-1, was immunoprecipitated by HA-Nrf2 (Figure 4C), suggesting that there is no
association between Nrf2 and PARP-1.

In addition, an immunoprecipitation assay was carried out to test if Nrf2 is (ADPribosyl)ated by PARP-1. The procedure was modified according to previous publications
[159, 160]. PARP-1-/- cells were transfected with HA-Nrf2 alone or cotransfected with
HA-Nrf2 and myc/his-PARP-1. As a positive control, a parallel set of cells were
transfected with GFP-p53 or co-transfected with GFP-p53 and myc/his-PARP-1. At 36 h
posttransfection, cell lysates from PARP-1-/- MEFs transfected with HA-Nrf2 or GFP-p53
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were immunoprecipitated with an anti-HA or anti-GFP antibody, and immunoblotted
with anti-GFP, antimyc and anti-poly(ADPribose) antibodies. A fair amount of (ADPribosyl)ated GFP-p53 was detected, whereas HA-Nrf2 was not poly(ADPribosyl)ated
(Figure 4D). These data suggest that Nrf2 is not a substrate for PARP-1 mediated
poly(ADP-ribosyl)ation, and that PARP-1 regulates the transcriptional activity of Nrf2 in
a poly(ADP-ribosyl)ation-independent manner.

PARP-1 directly interacts with small MafG and the ARE to promote Nrf2-ARE
binding
Next, whether PARP-1 interacts with a MafG protein and thus enhances Nrf2-ARE
binding was tested. PARP-1-/- cells transfected with Myc-MafG, or cotransfected with
Myc-MafG and PARP-1, were subjected to immunoprecipitation analysis with a PARP-1
antibody. MafG was immunoprecipitated by PARP-1 (Figure 5A, left panel). The
association

between

PARP-1

and

Maf

was

also

detected

in

a

reciprocal

immunoprecipitation analysis using an anti-myc antibody to immunoprecipitate PARP-1
(Figure 5A, right panel). To further confirm the interaction between endogenous Maf and
PARP-1 proteins, immunoprecipitation analysis was performed with anti-MafG
antibodies or normal rabbit IgG (negative control). Both PARP-1 and Nrf2 were detected
in the MafG immunoprecipitated complex (Figure 5B), suggesting that PARP-1
associates with MafG, since PARP-1 does not associated with Nrf2 (Figure 4D).
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An in vitro pulldown assay was then carried out to examine whether there is a direct
interaction between MafG and PARP-1. Purified GST-Nrf2 and His-MafG were
incubated with or without Flag-PARP-1. PARP-1-bound proteins were pulled down by
Flag-M2 beads and subject to immunoblot with anti-GST and anti-His antibodies. MafG
but not Nrf2 was pulled down by Flag-PARP-1 (Figure 5C), suggesting a direct physical
interaction between MafG and PARP-1.

To further confirm that PARP-1 enhances Nrf2 binding to the ARE through direct
interaction with MafG, an in vitro binding assay using biotinylated NQO1-ARE DNA
was performed. Biotinylated wild-type or mutant NQO1-ARE DNA was incubated at
4 °C with purified GST-Nrf2, PARP-1, His-MafG or the indicated combinations for 4 h.
ARE-bound proteins were pulled down by streptavidin beads and detected by
immunoblot with anti-GST (For Nrf2), anti-PARP-1 or anti-His (for MafG) antibodies.
As expected, Nrf2 binds to WT NQO-ARE only in the presence of MafG (Figure 5D,
compare lane 1 with lane 2). Enhanced Nrf2-ARE binding was observed in the presence
of PARP-1 (Figure 5D, compare lane 2 with lane 3). No binding of Nrf2 to the MT ARE
was detected (Figure 5D, lane 7 to lane 12). Not surprisingly, MafG alone was sufficient
to bind to WT but not MT NQO1-ARE (Figure 5D, lane 4 and lane 10), since the Maf
homodimer is capable of binding to the ARE. Interestingly, WT NQO1-ARE has greater
binding affinity to PARP-1 than MT NQO1-ARE, when purified PARP-1 was used for
the binding assay (Figure 5D, compare lane 6 with lane 12). The small amount of PARP1 binding to MT NQO1-ARE is likely due to binding of PARP-1 to nicked DNA — the
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end of oligos, in our case. Nrf2 was not pulled down by WT or MT NQO1-ARE in the
presence of PARP-1 (Figure 5, lane 5 and lane 10), which further supports our hypothesis
that Nrf2 does not interact with PARP-1.

The fact that purified PARP-1 binds the WT ARE more than the MT ARE led us to test
the possible direct binding of PARP-1 with the ARE, using a mobility shift assay. The
NQO1-ARE probe was radiolabeled and incubated with PARP-1. Flag-PARP-1 protein
formed a complex with WT NQO1-ARE (Figure 5E, lane 3), which could be competed
by increasing amounts of nonradiolabeled WT but not MT NQO1-ARE probe (Figure 5E,
compare lane 4, 5 and 7 to lane 3), suggesting that PARP-1 specifically binds to the ARE.
A Supershift assay using an anti-PARP-1 antibody further supports the DNA binding
specificity by PARP-1 (Figure 5E, lane 8 and 9). Taken together, these data suggest that
PARP-1 binds directly to both MafG and the ARE and enhances the ability of the Nrf2Maf heterodimer to bind to the ARE.

To confirm the EMSA results, a ChIP assay was performed to verify that PARP-1
associates with the ARE in vivo. Quantification of the immunoprecipitated DNA
fragments was performed using a real-time PCR method. MDAMB-231 cells were left
untreated or treated with tBHQ for 16 h. Chromatin DNA bound by PARP-1 or Nrf2 was
immunoprecipitated with anti-PARP-1 or anti-Nrf2 antibodies. Incubation with IgG was
included as a negative control. The precipitated DNAs were recovered and used as
templates for amplification of the ARE corecontaining NQO1 promoter region or the
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promoter region of the anti-tubulin gene using sequencespecific primer pairs. As shown
in Figure 5F, the NQO1-ARE was immunoprecipitated with the anti-Nrf2 antibody in the
untreated cells, indicating the constitutive binding with Nrf2. tBHQ increased the
association of the ARE with Nrf2 by approximately two fold. There was no amplification
of the anti-tubulin promoter in any anti-Nrf2 immunoprecipitated samples, indicating that
endogenous Nrf2 binds specifically to the ARE sequence under both basal and induced
conditions. Both NQO1-ARE and tubulin promoter were immunoprecipitated with the
anti-PARP-1 antibody. However, the enrichment of NQO1-ARE was about two-fold
more than the tubulin promoter, which is consistent with our observations in Figure 1D
and Figure 5D that PARP-1 preferentially binds to WT NQO1-ARE. Noticeably, tBHQ
treatment mildly decreased the enrichment of PARP-1 at both NQO1-ARE and tubulin
promoter, consistent with data in Figure 1D, suggesting that tBHQ may affect PARP-1
DNA binding in general.

To further confirm these results, a fluorescencebased polarization (FP) assay was utilized
to test the binding of these proteins with the WT and MT NQO1-ARE. Binding of a
protein to a fluorescence-labeled DNA tracer enhances the polarization value (mP). Since
it is known that small Maf proteins can form homodimers that bind with the ARE, we
titrated the concentration of MafG to minimize the homodimer formation as illustrated by
the slight increase of the mP value of MafG alone, compared to tracer only (Figure 5G).
As expected, Nrf2 alone had no effect on mP. In the presence of both Maf and Nrf2 an
increase in mP was observed, an effect that was further enhanced by the addition of

122

PARP-1 (Figure 5G), suggesting that the protein complex containing PARP-1, MafG and
Nrf2 binds to the WT NQO1-ARE better than the Maf-Nrf2 dimer without PARP-1.
Noticeably, PARP-1 alone increased the mP value of both WT and MT NQO1-ARE,
probably because PARP-1 can bind to DNA ends. However, PARP-1 binds preferably to
WT ARE, suggesting possible sequence preference. This preference was also reflected in
the PARP-1/MafG/Nrf2 combination group, suggesting that PARP-1 enhances sequence
specific binding of the MafG-Nrf2 heterodimer with NQO1-ARE.

VI. Discussion

Although formation of the Nrf2-Maf heterodimer is the “grand switch” for ARE binding
and activation of target gene transcription, several other proteins have been shown to
interact with Nrf2 and modulate Nrf2-ARE signaling. Previously, co-activators such as
the p300/CBP complex, was identified as a modulator of the Nrf2 signaling pathway [50].
In response to arsenite induced oxidative stress, p300/CBP directly binds to Nrf2 and
acetylates it at multiple lysine residues, and thereby augments promoter-specific DNA
binding of Nrf2. In another case, nuclear coregulator RAC3, a member of the p160
cofactor family, was shown to bind to the Nrf2 protein directly in the nucleus and
enhance transcription of HO-1 [161, 162]. In addition, c-jun was identified as a
component of the ARE–nuclear protein complex. C-jun forms a heterodimer with Nrf2
and is responsible for the induction of NQO1 gene expression [163]. All these findings
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suggest that Nrf2 can coordinate with other transcription factors/co-factors in binding to
the ARE in different genes, and thus regulate Nrf2 transcriptional activity. However, how
these cofactors are recruited and under what physical or pathological conditions they are
recruited remain to be explored.

In this study, we demonstrate that PARP-1 functions as a co-activator to enhance the
transcription activity of Nrf2. PARP-1 is a multifunctional nuclear protein that is
involved in the detection and signaling of DNA strand breaks introduced by oxidative
stress, ionizing radiation, and cytotoxic agents. PARP-1 is also implicated in other
cellular processes, such as DNA repair and maintenance of genomic integrity [164],
regulation of protein expression at the transcriptional level [146], and modulation of cell
death via necrosis and apoptosis [165, 166].

PARP-1 has been shown to regulate transcription of genes through multiple mechanisms,
depending on the presence of specific binding partners, the proliferative status of the cell,
the concentration of NAD+ and the presence of DNA strand breaks [167]. In some cases,
PARP-1 enzymatic activity is required for its regulatory activity. For example, in the
presence

of

NAD+,

PARP-1-dependent

silencing

of

transcription

involves

poly(ADPribosyl)ation of specific transcription factors, such as p53 and fos [168, 169].
However, in other occasions, its enzymatic activity is not required. For example, the
repression of the heat shock response by HSF-1 requires physical interaction with PARP1 but not its catalytic activity [170]. However, the detailed mechanism by which PARP-1
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modulates transcriptional activity of different transcription factors remains poorly
understood.

Two major modes of how PARP-1 regulates transcriptional activity have been proposed:
(1) a histone-modifying enzymatic activity that can regulate chromatin structure and (2)
an enhancer/promoter binding co-regulator activity that can coordinate with other
transcription cofactors. In the first model, PARP-1 modulates chromatin by directly
(ADP-ribosyl)ating core histones and chromatin associated proteins, thereby promoting
the dissociation of nucleosomes and the decondensation of chromatin [145]. A specific
example supporting this model is puff formation in Drosophila polytene chromosomes,
which

presents

PARP-1-dependent

accumulation

of

PAR

at

decondensed,

transcriptionally active loci [171, 172]. PARP-1 can also poly(ADPribosyl) ate DEK,
another repressive chromatin associated protein, and evict it from chromatin,
consequently allowing access of the transcription machinery to the chromatin [173]. In
the ‘‘coregulator’’ mode, PARP-1 may be recruited to the specific promoters by
interactions with DNA binding factors [174], or may contact the enhancer/promoter
directly by recognizing the DNA structure or sequence [175, 176]. It can either stimulate
the activity of transcriptional factors, or repress transcription in a promoter and cell-type
specific manner. For example, PARP-1 was shown to bind to B-MYB and promote its
transcriptional activity [177], whereas direct binding to retinoid X receptors (RXR) by
PARP-1 repressed ligand dependent transcriptional activities mediated by heterodimers
of RXR and thyroid hormone receptor (TR) [178]. Complicating the model even further
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is the establishing whether the enzymatic activity of PARP-1 is required for its regulatory
functions. In some cases, PARP-1 mediated poly(ADP-ribosyl)ation is indispensable for
its coactivator/co-repressor functions [178, 179], while in other cases, the enzymatic
activity of PARP-1 is not required [177]. All these findings suggest that the action of
PARP-1 as a transcriptional coregulator is profound.

Our current study reveals a potential mechanism that may fall into the second mode of
PARP-1 transcriptional regulation. Based on the Biotin-ARE pulldown and mass
spectrometry analysis, PARP-1 was shown to be associated with the ARE within the
promoter of NQO1 (Figure 1), augment binding between Nrf2 and the ARE, and increase
the transcription of Nrf2 target genes (Figure 2 and 3). No physical interaction was found
between Nrf2 and PARP-1 (Figure 4), nor was the catalytic activity of PARP-1 required
for transcriptional activation of Nrf2 (Figure 4). The direct interaction between PARP-1
and MafG was confirmed both in vivo and in vitro (Figure 5A to 5C), and this interaction
enhanced the binding between Nrf2 and the ARE (Figure 5D and 5G). In addition,
PARP-1 was able to bind with the ARE specifically (Figure 5E and 5F). Therefore, we
conclude that PARP-1 does not directly interact with Nrf2, but is able to enhance DNA
binding of Nrf2 by directly interacting with both MafG and the ARE, thereby increasing
Nrf2 target gene expression.

In summary, this study indicates that PARP-1 may serve as a transcriptional co-activator
of MafG-Nrf2 by directly binding to the ARE and MafG, thereby enhancing binding of
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the heterodimer with the ARE (Figure 6). Whether PARP-1 recruits other transcription
co-factors or mediators to facilitate transcription is still unclear. Our study reveals a novel
function of PARP-1 in upregulating Nrf2 transcriptional activity and Nrf2target gene
expression. However, the physical or pathological relevance of this PARP-1-mediated
transcriptional modulation remains to be investigated.
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VIII. Figures
Figure 3.1 PARP-1 binds the NQO1-ARE.
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(A) Sequences of wild-type (ARE) and mutant NQO1-ARE (mARE) used in this study.
Nucleotides labeled in red are mutated in mARE. (B) Silver stain of proteins pulled down
by the biotinylated wild-type (ARE) or mARE pull-downs/streptavidin beads. MDA-MB231 cells were left untreated or were treated with 50 μM tBHQ for 16h. Cell lysates were
incubated with the indicated biotinyaled-NQO1-ARE. The proteins were pulled down
using streptavidin beads and separated on SDS-PAGE gels and subjected to silver
staining. Arrows indicate proteins that were only present or increased in the wild-type
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NQO1-ARE samples, but not the mutant ARE. (C) Identification of ARE-bound proteins
by LC-MS/MS mass spectrometry analysis. (D) Association between PARP-1 and the
ARE. Biotinylated ARE and mARE were incubated with whole cell lysates from MDAMB-231 cells either left untreated or treated with 50 μM tBHQ for 16h. ARE-bound
proteins were pulled down by streptavidin beads and detected by immunoblot analysis
with anti-Nrf2 and anti-PARP-1 antibodies.
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Figure 3.2 PARP-1 upregualtes the transcriptional activity of Nrf2.
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(A) PARP-1 promotes the NQO1-ARE-dependent luciferase activity. MDA-MB-231
cells were co-transfected with expression vectors for either wild-type or mutant NQO1
ARE-dependent firefly luciferase and TK-Renilla luciferase, alone with Nrf2, PARP-1, or
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both. Luciferase reporter gene activities were analyzed at 36h post-transfection. Relative
luciferase activities and standard deviations were calculated from three independent
experiments. (B) Both full-length PARP-1 and PARP-DBD enhanced NQO1-AREdependent luciferase activity. Reporter gene assays were performed in MDA-MB-231
cells as described in Figure 1. (C) The PARP-1-mediated transcriptional upregulation is
promoter specific. MDA-MB-231 cells were co-transfected with NQO1-ARE-, GSTARE- or κB- dependent firefly luciferase reporter genes, along with an expression
plasmid for PARP-1-DBD. At 24h post-transfection, cells were treated with either tBHQ
or SF for an additional 16h prior to measurement of luciferase activities. (D) Higher
NQO1-ARE promoter activity was detected in PARP-1+/+ cells than PARP-1-/- cells.
Overexpression of full-length PARP-1 could rescue transcription of Nrf2 target genes.
PARP-1+/+ and PARP-1-/- MEF cells were transfected with expression vectors for NQO1ARE-dependent firefly luciferase and TK-Renilla luciferase. Cells were then treated with
tBHQ or SF for 16h before measurement of luciferase activities. For rescue assay, PARP1-/- MEF cells were co-transfected with myc/his-PARP-1, firefly luciferase and TKRenilla luciferase.

134

Figure 3.3 PARP-1 augments Nrf2 binding to the ARE and upregulates expression
of Nrf2 target genes.

135

136

(A) PARP-1 enhances the binding of endogenous Nrf2 to the NQO1-ARE. Biotinylated
NQO1-ARE DNA was incubated with whole cell lysates from MDA-MB-231 cells
expressing empty vector, his/myc-PARP-1 or PARP1-DBD. Cells were untreated or
treated with 50 μM tBHQ for 16h. ARE-bound Nrf2 proteins were pulled down by
streptavidin beads and detected by immunoblot analysis with anti-Nrf2 antibodies.
Densitometry of biotin pull-down was showed in the lower panel. (B) PARP-1 increases
the transcription of Nrf2 target genes. MDA-MB-231 cells were transfected with vector,
myc/his-PARP-1 or PARP-1-DBD as described previously. At 24h post-transfection,
cells were treated with 50μM tBHQ for 16 h and mRNA was extracted for qRT-PCR
analysis. Error bars indicate standard deviations from three independent experiments. (C)
PARP-1 upregualtes Nrf2 target gene expression in MDA-MB-231 cells. Cells were
transfected with empty vector, myc/his-PARP-1 or PARP-1-DBD, and treated with 50
μM tBHQ. Cell lysates were then subjected to immunoblot analysis with indicated
antibodies. (D) Knockdown of PARP-1 diminishes Nrf2 target gene transcription. MDAMB-231 cells were transfected with scrambled or PARP-1 siRNA, and then either left
untreated or treatedwith 50 μM tBHQ for 16h, before havest for qPCR analysis. Error
bars indicate standard deviations from three independent experiments. (E) Knockdown of
PARP-1 decreases Nrf2 target gene protein expression without affecting Nrf2 protein
level. siRNA transfection procedure was described in 4D. Cells were then subject
immunoblot analysis with indicated antibodies.
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Figure 3.4 Nrf2 is not a substrate for poly(ADP-ribosyl)ation, nor does PARP-1
associate with Nrf2.
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(A)

Inhibition

of

PARP-1-mediated

poly(ADP-ribosyl)ation

does

not

affect

transcriptional activity of Nrf2. MDA-MB-231 cells were co-transfected with expression
vectors for NQO1-ARE-dependent firefly luciferase and TK-Renilla luciferase. Cells
were left untreated or treated with the PARP-1 inhibitor PJ-34/3-AB alone or with both
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PJ-34/3-AB and tBHQ. Luciferase activities were measured. (B) PARP-1 enzymatic
inactive mutant promotes Nrf2 transcriptional activity. PARP-1-/- cells were transfected
with PARP-1-E988K as described in Figure 2D. (C) PARP-1 does not interact with Nrf2.
HEK293 cells were transfected with the indicated constructs. Cell lysates were subjected
to immunoprecipitation with HAconjugated protein A beads and then analyzed by
immunoblot. (D) Nrf2 is not poly(ADP-ribosyl)ated. PARP-1-/- cells were transfected
with indicated constructs for 48 h. Lysates were collected in RIPA buffer, followed by
immunoprecipitation with an anti-HA or anti-GFP antibody. Poly(ADP-riobsyl)ated
proteins were then detected using an anti-poly(ADP-ribose) antibody.
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Figure 3.5 PARP-1 interacts directly with small Maf protein and the ARE to
enhance Nrf2 binding to the ARE.
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(A) Exdogenous PARP-1 and MafG interact reciprocally. PARP-1-/- cells were
transfected with the indicated constructs. Immunoprecipitation assay was performed
using

either

anti-PARP-1

or

anti-myc

antibodies.

(B)

Endogenous

MafG

immunoprecipitates PARP-1 and Nrf2. HEK293 cell lysates were collected in RIPA
buffer containing 0.1% SDS, followed by immunoprecipitation with rabbit anti-Maf
antibodies and immunoblotted with a mouse anti-PARP-1 antibody and a rabbit anti-Nrf2
antibody. (C) PARP-1 interacts directly with MafG but not Nrf2. Purified GST-Nrf2 and
His-MafG were incubated with or without Flag-PARP-1. PARP-1-bound proteins were
pulled down by Flag-M2 beads and subject to immunoblot by the indicated antibodies.
(D) Interaction between Nrf2, MafG, PARP-1 and NQO1-ARE. Purified proteins were
incubated with biotinylated NQO1-ARE DNA. ARE-bound proteins were pulled down
by streptavidin beads and detected by immunoblot with the indicated antibodies. (E)
PARP-1 binds directly to the NQO1 ARE. EMSA was performed using a radiolabeled
NQO1-ARE oligonucleotide and the recombinant PARP-1 protein. (F) In vivo interaction
of PARP-1 or Nrf2 with the ARE was determined by a ChIP assay. MDA-MB-231 cells
were left untreated or treated with 50μM tBHQ for 16h. DNA-protein complexes were
cross-linked and immunoprecipitated with the indicated antibodies or with IgG as a
negative control. Amounts of DNA containing the NQO1-ARE or the tubulin promoter
were semiquantified by real-time PCR amplification with a primer pair flanking the
human NQO1 ARE sequence or a primer pair specific for the human tubulin promoter,
and presented as a bar graph using the LightCycler 480 software. (G) PARP-1 enhances
binding between Nrf2 and the ARE. Indicated proteins were incubated with fluorescent-
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tagged WT or MT human NQO1-ARE and fluorescence polarization was measured.
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Figure 3.6 Schematic model of Nrf2 regulation by PARP-1.

Schematic model of Nrf2 regulation by PARP-1. PARP-1 binds directly to MafG and
the ARE to enhance the interaction of Nrf2 with the ARE. Therefore, PARP-1 serves as a
co-activator to upregulate the transcriptional activity of Nrf2, and thus the expression of
Nrf2-target genes.
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SYVN1-MEDIATED DEGRADATION OF NRF2 DURING ER STRESS
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II. Abstract

The transcription factor Nrf2 is a master regulator of intracellular redox homeostasis. As
an adaptive response to oxidative stress, Nrf2 activates the transcription of a variety of
genes encoding antioxidant proteins, detoxification enzymes, and xenobiotic transporters
by binding to the cis-antioxidant response elements (ARE) in the promoter region of
these genes. Previous studies have demonstrated that Nrf2 is subject to poly-ubiquitinmediated proteasomal degradation by the Cullin3-Keap1-Rbx1 E3 ubiquitin ligase
complex. This degradation is rendered redox-sensitive through modifications of cysteine
residues in Keap1 that induces structural changes which blocks ubiquitination of Nrf2. In
this study, we report that under ER stress, the active form of transcription factor XBP1,
XBP1s, suppresses Nrf2 and its downstream signals, through transcriptional activation of
synovial apoptosis inhibitor 1 (SYVN1). We have determined that SYVN1 directly
interacts with the Neh4 and Neh5 domains of Nrf2. SYVN1 functions as an E3 ubiquitin
ligase that accelerates the clearance of Nrf2 protein. Overexpression of SYVN1
attenuates Nrf2 signaling, whereas knockdown of SYVN1 enhances expression of Nrf2
and its downstream genes. Furthermore, in patient samples with end stage alcoholic liver
cirrhosis, where XBP1s and SYVN1 are upregulated, Nrf2 is significantly reduced,
demonstrating the pathological relevance of the negative regulation of Nrf2 by
XBP1s/SYVN1 in liver damage.
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III. Introduction

The transcription factor Nrf2 has emerged as a master regulator of intracellular
antioxidant response through transcriptional activation of a battery of genes including
intracellular redox balancing proteins, phase II detoxifying enzymes, and xenobiotic
transporters that act to protect cells from environmental toxicants and carcinogens [27,
119, 180]. Nrf2 is ubiquitously expressed in all human tissues, at low levels under basal
conditions, due to tight regulation by Keap1, a substrate adaptor protein for the Cullin3based E3 ubiquitin ligase [12, 44, 58]. Under basal conditions, Keap1 constantly targets
Nrf2 for Keap1-mediated ubiquitination and subsequent proteasomal degradation [11,
57]. Upon oxidative stress, modification of the cysteine residues in Keap1 imposes a
conformational change that disrupts the Keap1-Nrf2 binding, leading to diminished Nrf2
degradation and activation of Nrf2 downstream genes [11, 12, 27].

Endoplasmic reticulum (ER) is the subcellular compartment specialized in maintaining
the integrity of secretory and membrane-bound protein. It is enriched in molecular
chaperones and folding enzymes in order to ensure the quality and efficiency of protein
folding. Any internal or external stimuli that disrupt the maturation of nascent protein
will result in accumulation of unfolded/misfolded protein in the ER lumen, a plight
referring to ER stress. In order to deal with the stress, metazoan cells developed a defense
mechanism called unfolded protein response (UPR). There are three branches of UPR,
initiated by three sensors residing on the lumen face of the ER membrane: IRE1, PERK
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and ATF6. Activation of these three branches: increases the protein folding capacity in
the ER, and decreases the protein the load of protein flux into the ER [181]. Both
outcomes aim to mitigate ER stress and restore homeostasis within the cells. However, if
cells continue to experience prolonged ER stress, apoptosis is triggered. The ER will then
serve as the genesis of apoptotic signals leading to cell death [182].

ER associated protein degradation (ERAD) is a downstream event closely related to
UPR. Polypeptides failing to reach the native state are escorted to the cytosol where they
are degraded by the ubiquitin-proteasome system (UPS). These retrotranslocation and
degradation functions are coordinated by transmembrane E3 ubiquitin ligase complexes
[183], which catalyze substrate ubiquitination and transportation from the ER to the
cytosol [184, 185]. One such ERAD ubiquitin E3 ligase is SYVN1 (also known as Hrd1).
It was previously shown that human SYVN1 mRNA is induced in response to ER stress
[186, 187] and that its promoter carries a UPR element (UPRE), which is bound by
XBP1s, the active form of XBP1 and a key component of the IRE1 branch of the UPR
[188]. Intriguingly, SYVN1 has been reported to control the turnover of p53 [189] and an
Nrf2 homologue – Nrf1 [190, 191]. The list of substrates of SYVN1 continues to expand,
and its contribution to the coordination of ERAD and UPR signaling is still under active
exploration.

In this study, we identified SYVN1 as a novel regulator of Nrf2 during ER stress. We
show that overexpression of the ER-stress responsive transcription factor, XBP1s or
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treating cells with an ER stress inducer tunicamycin, increases the expression SYVN1,
which promotes poly-ubiquitination and proteasomal degradation of Nrf2. Moreover, we
show Nrf2 directly interacts with SYVN1 through its the Nrf2 Neh4 and Neh5 domains.
Cysteine 291 is dispensable for functional integrity of SYVN1. Mutation in this residue
completely abrogates ubiquitin E3 ligase function of SYVN1. Splicing of XBP1 is
necessary for activation of SYVN1 and repression of Nrf2 and its downstream genes,
indicating a functional role of XBP1-SYVN1-Nrf2 axis in UPR. Beyond the molecular
mechanism, we observed an inverse correlation between XBP1s/SYVN1 and Nrf2
expression in the end stage alcoholic cirrhosis liver samples, implying a pathological role
of ER stress-oxidative stress crosstalk.

IV. Materials and Methods
Construction of recombinant DNA molecules.
Plasmid expressing Flag-tagged XBP1s was a generous gift from Dr. Laurie H. Glimcher.
Flag-tagged wildtype SYVN1 was PCR amplified and subcloned into pCMV-Flag-5a
vector using XhoI/BamH I restriction sites. The SYVN1 C291S mutation was generated
by site-directed mutagenesis using the PCR and DpnI method. Hemagglutinin (HA)tagged and glutathione S-transferase (GST) fusion protein of full length Nrf2 and Nrf2
domain deletion mutants have been previously described [78]. To construct the
fluorescent-tagged proteins for live-cell imaging, SYVN1 and Nrf2 were cloned into cyan
fluorescent protein (CFP) and red fluorescent protein (RFP) vectors, each kindly offered
by Alexander Sorkin. The following restriction enzyme cutting sites were utilized to
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generate the fluorescently tagged proteins: Xho I/BamH I (Nrf2-RFP), and Hind
III/BamH I (SYVN1-CFP).

Cell Culture, transfection, and RNA interference.
HEK293 and MDA-MB-231 cells were purchased from American Type Culture
Collection (ATCC). XBP1+/+ and XBP1-/- mouse embryonic fibroblast (MEF) cells were
a generous gift from Dr. Laurie H. Glimcher. SYVN1+/+ and SYVN-/- MEF cells were a
generous gift from Dr. Toshihiro Nkajima. HEK293 cells were maintained in minimum
Essential Medium Eagle’s medium (MEM) (Cellgro) in the presence of 10% fetal bovine
serum (FBS), 1% L-glutamine (Life Technologies), 1.0 mM sodium pyruvate, 0.1 mM
non-essential amino acids (Hyclone), and 0.1% gentamycin (Life Technologies). MDAMB-231 cells were maintained in Minimum Essential Medium (MEM) (Cellgro) in the
presence of 10% fetal bovine serum (FBS), 1% L-glutamine (Life Technologies), 6 ng/ml
insulin (Sigma), and 0.1 mM HEPES (Life Technologies). All MEF cell lines were
maintained in Dulbecco’s modified Eagle’s Medium (DMEM) in the presence of 20%
FBS and 0.1% gentamycin. All cells were incubated at 37°C in a humidiﬁed incubator
containing 5% CO 2 . All cell culture dishes used for HEK293 cells were coated with 0.1
mg/ml poly-D-lysine (Sigma). Transfections of plasmid DNA were performed with
Lipofectamine Plus reagent (Invitrogen) according to manufacture’s instructions. Short
interfering RNA (siRNA) against SYVN1 and scrambled control siRNA were purchased
from Thermo Scientifics. The sequences of the siRNA against human SYVN1 were 5’CAACAAGGCUGUGUACAUG,

UGUCUGGCCUUCACCGUUU-3’,

5’-
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GGAGAUGCCUGAGGAUGGA-3’

and

5’-CCAAGAGACUGCCCUGCAA-3’

(Thermo Scientific catalog numbers siGENOME SMARTpool siRNA D-007090-01
through D-007090-04). Transfection of siRNA was performed with Lipofectamine 2000
(Invitrogen) according to the manufacture’s instructions. Concentrations of 20 pmol and
40 pmol siRNA were used for the assays.

Antibodies, immunoprecipitation, and immunoblot analysis.
The rabbit anti-Nrf2 (Santa Cruz), anti-SYVN1 (Santa Cruz), anti-HO-1 (Santa Cruz);
mouse

anti-tubulin

(Santa

Cruz),

anti-GAPDH

(glyceraldehyde-3-phosphate

dehydrogenase; Santa Cruz), anti-NQO1 (Santa Cruz), anti-Myc epitope (Santa Cruz),
anti-HA epitope (Covance), and mouse anti-Flag (Sigma), were purchased from
commercial sources. To detect protein expression in total cell lysates, cells were lysed in
sample buffer (50 mM Tris-HCl [pH 6.8], 2% SDS, 10% glycerol, 100 mM dithiothreitol
[DTT], 0.1% bromophenol blue) 48 h following transfection. For immunoprecipitation,
cell lysates were collected at 48 h post-transfection in radio immunoprecipitation assay
(RIPA) buffer containing 10 mM sodium phosphate (pH 8.0), 150 mM NaCl, 1% Triton
X-100, 1% sodium deoxycholate, 0.1% sodium dodecyl sulfate (SDS). A total of 1 mM
DTT, 1 mM phenylmethylsulfonyl ﬂuoride (PMSF), and a protease inhibitor cocktail
(PIC) (Sigma) were also added to the RIPA buffer. Cell lysates were pre-cleared with
protein A beads and then incubated with HA beads (Sigma), or 1 μg of antibody with 10
μl of protein A-agarose beads on a rotator at 4 °C overnight. After three washes with
RIPA buffer, immunoprecipitated complexes were eluted in sample buffer by boiling in
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water for 5 min, electrophoresed through SDS-polyacrylamide gels, and subjected to
immunoblot analysis.

Luciferase reporter gene assay.
For the dual-luciferase reporter gene assay, HEK293 cells were transfected with the
NQO1 ARE-luciferase plasmid along with the Renilla luciferase expression plasmid
pGL4.74 (hRluc/TK) (Promega) and different amounts of either Flag-XBP1s plasmid
cDNA. 24 hours post transfection, cells were treated with a known inducer of Nrf2, tertbutylhydroquinone (tBHQ) (Sigma) for 16 h. The transfected cells were then lysed with
passive lysis buffer (Promega) and both ﬁreﬂy and Renilla luciferase activities were
measured with the dual-luciferase reporter assay system purchased from Promega. Fireﬂy
luciferase activity was normalized to Renilla luciferase activity. The experiment was
carried out in triplicate and expressed as the mean ± the standard deviation (SD).

Intracellular Glutathione Level.
The intracellular glutathione concentration was measured using a QuantiChrom
glutathione assay kit from BioAssay Systems and according to the manufacturer’s
instructions [137]. All of the experiments were done in triplicate and results are presented
as mean ± SD.

NQO1 activity Assay.
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Cells were washed with PBS twice and harvested in 0.5 mL of homogenization buffer
(20mM Tris-HCl, 2 mM EDTA, pH7.4), and subjected to three cycles of freezing in a 80 °C freezer and thawing. Cell debris was removed by centrifugation at 12,000g for 5
min at 4°C. The supernatants were transferred to new micro-centrifuge tubes for
determination of protein concentration using the Pierce® BCA Protein Assay Kit (Thermo
Scientific), following the manufacturer’s instructions. NQO1 activity was determined by
the continuous spectrophotometric assay to quantitate the dicumarol-inhibitable reduction
of its substrate DCPIP (Sigma). The rate of DCPIP reduction was monitored over 1.0 min
at 600 nm with an extinction coefﬁcient of 2.1 mM-1cm-1. The NQO1 activity was
calculated as the decrease in absorbance per min per mg total protein of the sample in the
presence and the absence of NQO1 enzyme inhibitor, dicumarol (Sigma).

Ubiquitination assay.
HEK293 cells transfected with expression plasmids for HA-Ub and the indicated proteins
for 48 h were treated for 4 h with 10 μM MG132 (Sigma) to block proteasome
degradation. Cells were then lysed in a buffer containing 2% SDS, 150 mM NaCl, 10
mM Tris-HCl and 1 mM DTT. The cell lysates were boiled immediately for 10 min to
inactivate cellular ubiquitin hydrolases to preserve ubiquitin-protein conjugates. The
heated lysates were then cooled and diluted ﬁve times with a Tris-buffered salt (TBS)
solution without SDS and used for immunoprecipitation with an antibody against Nrf2
(C-20) or normal rabbit IgG. Immunoprecipitated proteins were subjected to immunoblot
analysis with an antibody against HA.
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Protein half-life measurement.
To measure the half-life of Nrf2, 50 μM cycloheximide (Sigma) was added to block
protein synthesis in HEK293 and MEF cells. Total cell lysates were collected at different
time points and subjected to immunoblot analysis with an anti-Nrf2 antibody. The
relative intensities of the bands were quantiﬁed by using the ChemiDoc CRS gel
documentation system and Quantity One software from Bio-Rad (Hercules, CA).

Protein radiolabeling and in vitro binding assay.
Full-length and SYVN1 were radiolabeled with [35S]methionine using the in vitro TNT
Quick PCR transcription/translation system (Promega). GST-tagged Nrf2 and domain
deletion proteins were expressed in E. coli Rosetta (DE3) LysS cells and puriﬁed with
glutathione Sepharose 4B matrix (Amersham Biosciences). For the in vitro binding assay,
radiolabeled proteins and puriﬁed proteins were incubated in binding buffer (4.2 mM
Na 2 HPO 4 , 2 mM KHPO 4 , 140 mM NaCl, 10 mM KCl, 0.2% bovine serum albumin
[BSA], 0.02% Triton X-100, 1 mM DTT) in the presence of Sepharose beads at 4°C for 4
to 6h. The beads were then washed six times with binding buffer without BSA. The
proteins were eluted by boiling in SDS sample buffer, followed by SDS-PAGE and
autoradiography analysis.

Fluorescently tagged proteins and immunoﬂuorescence.
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Cells were grown on 35-mm glass-bottom dishes (In Vivo Scientiﬁc) for live-cell
imaging. Cells were transfected with the indicated ﬂuorescent-labeled proteins. 24 h posttransfection, cells were gently washed once with 1× phosphate-buffered saline (PBS), and
phenol red-free DMEM supplemented with 10% FBS was added. All images were taken
with the Zeiss Observer, using the Slidebook 4.2.0.11 computer program (Intelligent
Imaging Innovations, Inc.).

mRNA extraction and qRT-PCR.
Total mRNA was extracted from cells using TRI Reagent (Sigma). Equal amounts of
RNA were used for reverse transcription using a Transcriptor First-Strand cDNA
synthesis kit (Roche). The following TaqMan probes from the universal probe library
were used (Roche): human Nrf2 (no.70), human NQO1 (no. 87), human HO-1 (no. 25),
human SYVN1 (no. 25), and human GAPDH (no. 25), mouse Nrf2 (no. 56 ), mouse
SYVN1 (no. 2), mouse NQO1 (no. 50), mouse HO-1 (no. 25) and mouse β-actin (no. 56).
The following primers were synthesized by Integrated DNA Technologies: hNrf2,
forward

(5’-ACACGGTCCACAGCTCATC-3’)

TGTCAATCAAATCCATGTCCTG-3’);

hNQO1,

ATGTATGACAAAGGACCCTTCC-3’)

and

TCCCTTGCAGAGAGTACATGG-3’);

hHO-1,

and

reverse
forward

(5’(5’-

reverse

(5’-

forward

(5’-

AACTTTCAGAAGGGCCAGGT-3’) and reverse (5’-CTGGGCTCTCCTTGTTGC-3’);
hSYVN1,

forward

(5’-CCAGTACCTCACCGTGCTG-3’)

GCCTCTGAGCTAGGGATGC-3’);

hGAPDH,

and

reverse

forward

(5’(5’-
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CTGACTTCAACAGCGACACC-3’)

and

TGCTGTAGCCAAATTCGTTGT-3’);

mNrf2,

TTTTCCATTCCCGAATTACAGT-3’)

and

AGGAGATCGATGAGTAAAAATGGT-3’);
AGGGTTCGGTATTACGATCC-3’)

mNQO1,
and

reverse

(5’-

forward

(5’-

reverse

(5’-

forward
reverse

(5’(5’-

AGTACAATCAGGGCTCTTCTCG-3’); Quantitative real-time PCR (qRT-PCR) was
performed on the LightCycler 480 system (Roche) as follows: one cycle of initial
denaturation (95°C for 4 min), 45 cycles of ampliﬁcation (95°C for 10 s and 60°C for 30
s), and a cooling period. The data presented are relative mRNA levels normalized to the
level of GAPDH, and the value from the undifferentiated cells was set as 1. PCR assays
were performed two times with duplicate samples, which were used to determine the
means ± standard deviations. The Student t-test was used to evaluate statistically
signiﬁcant differences between two samples.

XBP1 Splicing Assay.
XBP1 splicing assay was performed as previously described [192]. In brief, RNA from
XBP1 wildtype (WT) and knockout (KO) MEF cells were reverse transcribed followed
by PCR using the sense primer mXBP1.3S (5'-AAACAGAGTAGCAGCGCAGACTGC3’) and the antisense primer mXBP1.2AS (5’-TC CTT CTG GGT AGA CCT CTG GGA
G-3'). PCR products were resolved on 2.5% (w/v) agarose gels, stained with ethidium
bromide and visualized by Quantity One.
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Liver samples and preparations.
Normal human liver and end stage alcoholic cirrhosis liver samples were obtained
through the Liver Tissue Cell Distribution System, Minneapolis, Minnesota, which was
funded by NIH Contract # HHSN276201200017C.

Hematoxylin and eosin (H&E), and Immunohistochemistry (IHC) Analysis.
H&E and IHC analysis were performed as described previously[193, 194]. In brief,
parafﬁn-embedded liver tissues were cut into 3 on sections and stained with H&E or
indicated antibody, separately.

Statistical analysis
Data are presented as means ± SD. Differences were determined by two-tailed Student’s
t- test. A p value < 0.05 was considered significant.

V. Results
Overexpression of the XBP1s suppresses Nrf2 and its target genes.
To evaluate the effect of XBP1s on Nrf2 protein levels, we first transfected HEK293 cells
with vector or Flag-tagged XBP1s. 24 h post-transfection, cells were left untreated treated
with 50 μ0 of tBHQ, a known Nrf2 activator, for 16 h. Immunoblot analysis was
performed to detect the Nrf2 protein levels under both basal and induced conditions. The
Nrf2 protein level was signiﬁcantly decreased in the presence of overexpressed XBP1s.
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This effect was even more obvious in the tBHQ-treated cells (Figure. 1A, upper panels).
These effects were further conﬁrmed in MDA-MB-231 (Figure. 1A, lower panels), and
A549 cells (data not shown), arguing that the observed decrease in Nrf2 is not restricted
to speciﬁc cell lines. Next, the functional role of XBP1s in modulating transcriptional
activity of Nrf2 was tested. Relative ﬁreﬂy luciferase activity was measured in HEK293
cells transfected with different amounts of XBP1, along with vectors for ARE-ﬁreﬂy
luciferase and Renilla luciferase reporter genes driven by the NQO1 and TK promoters,
respectively. A parallel set of cells was treated with 50 μM tBHQ for 16 h before harvest.
XBP1s downregulates the ARE-mediated luciferase activity in a dose-dependent manner,
under both basal and induced conditions (Figure. 1B). To conﬁrm that XBP1s is able to
attenuate the Nrf2-mediated antioxidant response, qRT-PCR was used to measure the
transcription of Nrf2, Keap1—the canonical Nrf2 regulator, and several Nrf2 target genes.
In accordance with the results from the reporter gene assay, XBP1s decreased mRNA
expression of Nrf2 target genes, such as heme oxygenase-1 (HO-1) and NAD(P)H
quinone oxidoreductase 1 (NQO1), without affecting the transcription of Nrf2 or Keap1.
This effect is even more obvious in cells were treated with tBHQ (Figure. 1C). These
results indicate that XBP1s modulates Nrf2 at the protein level. To further confirm that
the Nrf2 pathway is downregulated by XBP1s, immunoblot analysis was performed using
HEK293 cells transfected with a control vector or Flag-tagged XBP1s. Ectopic
expression of XBP1s signiﬁcantly reduced the protein levels of Nrf2 and its downstream
genes NQO1, HO-1 and γGCS, and this effect was enhanced when cells were treated with
tBHQ (Figure. 1D). Collectively, these results demonstrate that overexpression of XBP1s
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is able to downregulate the Nrf2 signaling pathway by decreasing the protein level of
Nrf2.

XBP1+/+ MEF cells have reduced levels of Nrf2-dependent antioxidant response
To establish a potential functional link between XBP1 and Nrf2, a series of experiments
was performed in mouse embryonic fibroblasts (MEFs) from XBP1 wildtype (WT) and
knockout (KO) mice. First, we tested splicing of XBP1 in XBP1+/+ and XBP1-/- MEFs.
Cells were left untreated or treated with 5μg/ml tunicamycin (TM), a well-known ER
stress inducer, for 16 h. Total mRNA was extracted and reverse transcribed. The level of
XBP1 splicing product was analyzed, and only splicing product was only detected in
XBP1+/+ cells (Figure 2A), suggesting the cell lines are genuine. Next, the protein levels
of Nrf2 and its downstream genes in XBP1+/+ and XBP1-/- MEFs were compared. Similar
to what we observed in HEK293 and other cell lines, the basal level of Nrf2 is lower in
XBP1+/+ cells (Figure 2B, comparing left two lanes). tBHQ enhanced the protein level of
Nrf2 in both cell lines, although the Nrf2 level was consistently lower in XBP1+/+ cells
compared to the KO counterparts (Figure 2B, comparing right two lines). The effects of
XBP1 on transcription of Nrf2 and Nrf2 target genes in XBP1+/+ and XBP1-/- MEFs were
measured by qRT-PCR. Both XBP1+/+ and XBP1-/- MEFs had comparable levels of the
Nrf2 mRNA, under basal or induced conditions. However, a decrease of the Nrf2dependent transcription of NQO1, HO-1, and GCLM was observed in XBP1+/+ cells
(Figure 2C). In correlation with the lower level of GCLM and NQO1 mRNA in XBP1+/+
cells, the intracellular glutathione level, as well as NQO1 enzymatic activity, was also
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reduced in XBP1+/+ cells, compared to XBP1-/- cells, under both basal and induced
conditions (Figure 2D and 2E). Next, half-life of Nrf2 protein in XBP1+/+ cells was
compared to that in XBP1-/- cells by using a protein synthesis inhibitor cycloheximide
(CHX), and immunoblot analysis. Nrf2 had a shorter half-life in XBP1+/+ cells than in
XBP1-/- (15.6 min versus 29.8 min, Figure 2F). Taken together, our data indicate that
XBP1+/+ MEF cells both reduced Nrf2-dependent antioxidant response due to decreased
Nrf2 protein stability.

SYVN1 directly interacts with Nrf2.
Based on the data acquired from XBP1s overexpression and XBP1 MEF cells, we
speculated that a mechanism regulating protein stability and subject to dictation of
XBP1s possibly mediates the downregulation of Nrf2 by XBP1s. SYVN1 emerged as a
likely the candidate because it has been reported as downstream gene of XBP1s [188],
and it is ERAD-associated ubiquitin E3 ligase. Importantly, Nrf1, a transcription factor
structurally and functionally similar to Nrf2 is also a SYVN1 substrate [190, 191].
Therefore we investigated the role of SYVN1 in the degradation of Nrf2. First, we
explored the interaction of SYVN1 and Nrf2 in vivo and in vitro. Flag-SYVN1 and HANrf2 were transiently expressed in HEK293 cells. Flag-SYVN1 was detected in the HA
immunoprecipitates (Figure 3A), indicating the presence of both SVYN1 and Nrf2 in the
same complex in vivo. To further conﬁrm the interaction between endogenous SYVN1
and Nrf2 proteins, HEK293 cell lysates were collected in RIPA buffer containing 0.1%
SDS, followed by immunoprecipitation with an anti-SYVN1 antibody or normal rabbit
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IgG (negative control). SYVN1-bound Nrf2 was readily detected by immunoblot analysis
with the anti-Nrf2 antibody (Figure 3B). To test direct binding and to identify the
SYVN1-binding domain in Nrf2, a series of GST-tagged Nrf2 deletion mutants were
purified and incubated with the
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S-labeled SYVN1 protein (Structures of Nrf2 domain

deletions are indicated in Figure 3C, left panel). Direct interaction of these two proteins
was detected (Figure 3C, lane 1). Deletions of single Neh domain affected Nrf2-SYVN1
interaction to varying degrees, whereas deletion of both Neh4 and Neh5 domains almost
completely disrupted the interaction (Figure 3C, lane 5), suggesting that the structural
integrity of Neh4 and Neh5 is indispensable for the interaction. We then confirmed this
finding using cell-based assay. Flag-SYVN1 was co-transfected with HA-Nrf2-ΔNeh4,
HA-Nrf2-ΔNeh5, or HA-Nrf2-ΔNeh4&5 in HEK293 cells. Flag-SYVN1 was pulled
down by HA-Nrf2, HA-Nrf2-ΔNeh4 or HA-Nrf2-ΔNeh5, but not HA-Nrf2-ΔNeh4&5
(Figure 3D, lane 2 to 5). Taken together, these data indicate a direct association between
Nrf2 and SYVN1, mediated by the Neh4 and Neh5 domains within Nrf2.

SYVN1 regulates Nrf2 protein level by ubiquitin-mediated degradation.
The immunoprecipitation data suggest a direction interaction between Nrf2 and SYVN1,
therefore we decided to investigate the functional role of SYVN1 in modulating Nrf2
signaling. First, the subcellular localizations of SYVN1 and Nrf2 were investigated using
live cell imaging. SYVN1 and Nrf2 were tagged with CFP and RFP, separately. To
ensure that the function of the proteins was not affected by the addition of the ﬂuorescent
tag, both constructs were ﬁrst tested for their expression and regulation. Both constructs
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had high expression levels and normal function (data not shown). These proteins were
then expressed singly or in combination in NIH3T3 cells, and cellular localization was
visualized by real-time live cell imaging with a ﬂuorescent microscope. As shown in
Figure 4A, SYVN1-CFP clusters around the para-nuclear region, consistent with a
previous report that SYVN1 is an ER-associated protein [195], whereas Nrf2-RFP
showed a different subcellular localization. Interestingly, we noticed that in the clusters
where SYVN1 is localized, Nrf2 signaling dims, suggesting that overexpression of
SYVN1 downregulates Nrf2. To further reveal the mechanism that underlies this
downregulation, HEK293 cells were transfected with control Nrf2, HA-ubquitin, and
Flag-SYVN1. Cells were treated with MG132, a proteasome inhibitor, for 4 h before cells
harvest. Nrf2 proteins were immunoprecipitated, and ubiquitination was detected by
immunoblotting with an anti-HA antibody. Ubiquitination of Nrf2 increased in the
presence of SYVN1 (Figure. 4B), and protein levels of Nrf2 and its downstream genes
decreased under both basal and induced conditions (Figure 4C). Immunoblot using
SYVN1 WT and KO MEF cells further support these data (Figure 4D). Notably, treating
with tunicamycin (TM), an ER stress inducer, enhanced the effect of SYVN1, implying
that SYVN1 may play a role in modulating Nrf2 signaling under ER stress.

To determine if SYVN1 is necessary for Nrf2 repression, HEK293 cells were transfected
with either scrambled control siRNA or SYVN1 siRNA. 48 h post transfection, cell were
left untreated or treated with tBHQ, TM or a combination the two for 16 h. Protein and
mRNA level of Nrf2, SYVN1 and Nrf2 downstream genes were then measured by
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immunoblot and qPCR assays, respectively. In accordance with the overexpression data,
knockdown of SYVN1 increases Nrf2 protein level without affecting Nrf2 mRNA
expression, under both basal and induced conditions (Figure 4E, top row, Figure 4F
middle panel). The protein level of γGCS and mRNA level of HO-1 increased when
SYVN1 is knocked down (Figure 4E, third row, Figure 4F bottom panel), arguing that
the observed increase in Nrf2 protein level is probably due to diminished SYVN1mediated Nrf2 ubiquitination and subsequent proteasomal degradation. Additionally, the
half-life of Nrf2 in SYVN1+/+ cells was compared to that in SYVN1-/- cells. Nrf2 protein
decayed faster in SYVN1+/+ cells than in SYVN1-/- (18.9 min versus 34.8 min, Figure
4G), further supporting our findings that SYVN1 enhances Nrf2 protein degradation.

The N-terminal Neh2 domain of Nrf2 contains seven lysine residues, which have
previously been shown to be as the major determinants of Keap1-dependent
ubiquitination of Nrf2 [12]. To determine whether SYVN1-mediated ubiquitination of
Nrf2 also depends on the same seven lysine residues, a mutant Nrf2 protein with lysine
residues replaced by arginine residues (Nrf2-R7) was co-transfected with SYVN1. The
presence of arginine substitutions did not alter the ability of the Nrf2-R7 protein to
associate with Keap1, yet disrupted ubiquitination of Nrf2. Overexpression of SYVN1
downregulated WT Nrf2 protein level as expected (Figure 4G bottom panel, comparing
left two lanes), whereas Nrf2-R7 did not decrease in the presence of SYVN1 (Figure 4G
bottom panel, comparing right two lanes). These results indicate that SYVN1 targets the
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same lysine residues targeted by Keap1 within the Neh2 domain of Nrf2 for
ubiquitination.

RING domain cysteine 291 within RING domain is critical for SYVN1 E3 ubiquitin
ligase activity.
The RING domain of the SYVN1 protein is required for interaction with its substrates
and subsequent ubiquitination of the client protein. The conserved cysteine cluster within
this domain (Figure 5A) is responsible for the structural and functional integrity of the
enzyme. In order to map out the critical cysteine residue for SYVN1 ligase activity, we
made single cysteine to serine mutants of all six cysteine residues within RING domain
of SYVN1. HEK293 cells were transfected with empty vector, WT or mutated SYVN1.
24 h post-transfection, cells were treated with tBHQ for 16 h. The effect of SYVN1 and
the cysteine mutants on Nrf2 protein levels and its downstream genes were analyzed by
immunoblot (Figure 5B and data not shown). The mutation at cysteine 291 completely
abrogated the function of SYVN1, without affecting its protein expression. This effect
was even more dramatic when cells were treated with tBHQ.

To further test the function of SYVN1-C291S, HEK293 cells were transfected with Nrf2,
HA-ubiquitin, and Flag-SYVN1/C291S. Cells were treated with MG132 for 4 h before
the cells were harvested. Nrf2 proteins were immunoprecipitated, and ubiquitination was
detected by immunoblotting with an anti-HA antibody. Ubiquitination of Nrf2 increased
in the presence of WT-SYVN1 as expected (Figure 5C, compare the second lane to the
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first lane), whereas the C291S mutation did not enhance Nrf2 poly-ubiquitination (Figure
5C, compare the third lane to the first two lanes), indicating that substitution of cysteine
291 impaired the normal function of SYVN1. Furthermore, the half-life of Nrf2 protein
in the presence of WT SYVN1 or the C291 mutant was compared. HEK293 cells were
transfected with WT or mutant SYVN1, followed by a 4-h treatment with 10 μM MG132.
After the removal of MG132, cells were washed with PBS and incubated with 10 μM
CHX for indicated time periods. In accordance with immunoblot and ubiquitination assay
data, WT SYVN1 accelerated degradation of Nrf2 while the C291 mutant had little effect
on Nrf2 protein decay (Figure 5D). Collectively, these results demonstrate that Cysteine
291 within the RING domain is indispensable for ubiquitin E3 ligase activity of SYVN1.

XBP1s upregulates SYVN1, which downregulates Nrf2.
So far based on our observations, both XBP1s and SYVN1 were able to suppress Nrf2
signaling by promoting Nrf2 ubiquitination and degradation, but the connection between
the three was not . Previous studies also showed that SYVN1 is subject to the regulation
of XBP1s at the transcriptional level [188]. Therefore it is reasonable to address whether
XBP1s downregulates Nrf2 through SYVN1. First, HEK293 cells were treated with TM
or TM plus tBHQ for 16 h, and immunoblots were carried out to detect the Nrf2, SYVN1
and XBP1s protein levels. TM induced expression of XBP1s and SYVN1, as reported in
the literature. Correspondingly, the protein levels of Nrf2 and its downstream genes
decreased in the presence of tunicamycin, suggesting that under ER stress, activation of
XBP1s and SYVN1 contributes to the downregulation of Nrf2 signaling (Figure 6A).
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Next, an XBP1 splice mutant was used to test if the of XBP1s splice variant is essential
for downregulation of Nrf2. HEK293 cells were transfected with vector, Flag-XBP1s or
XBP1-3K3R. The 3K3R mutant is a XBP1 splicing mutant described previously. 24h
post-transfection, cells were left untreated or treated with 50 μM tBHQ for 16h.
Immunoblot analysis showed that WT XBP1s induced expression of SYVN1 while
suppressing Nrf2 and its downstream gene expression. The splicing mutant XBP1-3KR
functions similarly to XBP1u, which blunted induction of SYVN1, leaving Nrf2 and its
downstream genes at the same level as the control group (Figure 6B). These data indicate
that splicing of XBP1 into its active form, XBP1s, is necessary for induction of SYVN1
and downregulation of Nrf2 and its downstream genes.

To further confirm this observation, XBP1+/+ and XBP-/- MEF cells were treated with TM,
tBHQ or the combination for 16 h. The mRNA expression levels of SYVN1 and HO-1
were then measured by qRT-PCR. XBP1+/+ cells showed elevated SYVN1 compared to
XBP1-/- cells, under both basal and induced conditions. TM did not fully induce SYVN1
expression in XBP1-/-, suggesting that XBP1 is necessary for the transcription of SYVN1
under ER stress condition (Figure 6, upper panel). On the other hand, expression of HO-1
decreased in the XBP1+/+ cells compared to XBP1-/- cells. This reduction was enhanced in
the presence of TM, suggesting ER stress induces XBP1s and subsequently SYVN1,
resulting in a downregulation of Nrf2 downstream signaling (Figure 6C, lower panel).
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Next, we overexpressed Flag-XBP1 in SYVN1 knockdown cells to determine whether
SYVN1 knockdown impairs the effect of XBP1s on Nrf2. Basal Nrf2 levels did not vary
much, probably due to the dominant effect of Keap1. Under induced condition, in the
SYVN1 knockdown cells overexpressing XBP1s, there was an increase in Nrf2 and
NQO1. Overexpression of XBP1s alone decreased Nrf2 expression even more compared
to cells overexpressing XBP1s while knocking down SYVN1, suggesting that XBP1s is
not able to modulating the Nrf2 pathway without SYVN1 (Figure 6D). All together,
these data demonstrate that XBP1s downregulates Nrf2 through SYVN1.

XBP1s and SYVN1 negatively correlate with Nrf2 in end stage alcoholic cirrhosis
liver samples.
Previously, studies done by Hasegawa et al. demonstrated that reduced SYVN1
expression helps attenuate liver fibrogenesis [196]. In another study, a CCl 4 -induced rat
liver steatosis model showed elevated XBP1s level [197]. Therefore, we decided to
investigate whether and how the Nrf2 pathway is modulated in end stage alcoholic
cirrhosis patients. First, we examined the expression of Nrf2 and XBP1s in normal and
end stage alcoholic cirrhosis liver samples using immunohistochemistry. The
morphological change was assessed by H&E staining (Figure 7A, top panel). Decreased
Nrf2 expression was noted in alcoholic cirrhosis samples compared to normal liver
(Figure 7A, middle panel), whereas XBP1s was highly expressed in the cirrhosis patient
(Figure 7A, bottom panel). This antiparallel expression of Nrf2 and XBP1s suggests that
the induced expression of XBP1s along the course of alcoholic cirrhosis is potentially
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responsible for downregulation of Nrf2 at the end stage of the disease. To confirm this
observation, immunoblot was carried out. In favor of the IHC data, both XBP1 and
SYVN1 were induced in cirrhotic livers, whereas expression of Nrf2 and its downstream
gene γGCS decreased in these samples, compared to normal livers, indicating an inverse
correlation between XBP1s, SYVN1 and Nrf2 (Figure 7B). Additionally, mRNA level of
SYVN1 and Nrf2 downstream genes were measured by qPCR. Overexpression of
SYVN1 was detected in the cirrhotic samples. No significant change in Nrf2 mRNA level
was observed, yet NQO1, γGCS and GPx expression increased, in accordance with
immunoblot data.

Collectively, these data suggest a negative correlation between Xbp1s/SYVN1 and Nrf2
expression, implying that during development of alcoholic cirrhosis, induction of XBP1s
and SYVN1 contribute to downregulation of Nrf2 and its downstream genes.

VI. Discussion
Maintenance of intracellular homeostasis is an important cellular function and cells
expend a great deal of metabolic energy to maintain. As a master regulator of redox
balance, transcriptional activation mediated by Nrf2 results in induction of a variety of
cytoprotective proteins, the ultimate function of which is to prevent damage caused by
environmental toxins and chemical carcinogens [198]. A substantial amount of evidence
using Nrf2-/- mice suggests that, genetic ablation of Nrf2 results not only in impaired
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homeostasis of reactive oxygen species (ROS), but also hyper-sensitivity to toxic insult
[6, 21, 199], as well as lupus-like autoimmune syndrome [200].

Classically, Nrf2 is kept at low levels by Keap1. The Nrf2-Keap1 pathway is induced by
oxidative stress through modiﬁcation of one or more of Keap1 cysteine residues. It has
been suggested that the modiﬁcations of cysteine residues caused a conformational
change of the Keap1-Cul3-Rbx1 E3 ubiquitin ligase complex, resulting in a decrease in
ubiquitination and degradation of Nrf2 [201]. Accumulation of Nrf2 leads to its
translocation into the nucleus, where it forms heterodimers with small Maf proteins, and
drives the transcription of genes with a functional ARE within their promoters. The
products of these genes include, but are not limited to, intracellular redox-balancing
proteins, phase II detoxifying enzymes and transporters [109, 202].

Recently, studies have indicated that Nrf2 can interact with numerous other cellular
pathways, affecting cell survival and other aspects of cell fate. Wakabayashi and
colleagues demonstrate that Nrf2 is at least partially responsible for the expression of the
gene encoding Notch1 and the amplitude of its downstream signals. Forced hepatic
Notch1 signaling mediated by NICD rescues the phenotype of delayed liver regeneration
observed in the Nrf2-null mice [203]. In the case of p53, the crosstalk with Nrf2 signaling
occurs in facing with low level of cellular stress. p21 is activated due to weak p53
induction and thereby disrupts Nrf2 protein degradation via competition with Keap1 for
direct binding with Nrf2. This disruption of Nrf2 turnover allows the nuclear
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translocation of Nrf2, and the subsequent transcription of ARE-driven genes, leading to a
general cytoprotective response [137]. Another emerging role of Nrf2 is its involvement
in p62-based autophagy. Studies from our group and others support the notion that
autophagy deficiency or overexpression of p62 disrupts interaction between Nrf2 and
Keap1, resulting in prolonged activation of Nrf2 [79, 80]. These data show that Nrf2
responds to toxicological insults through multiple mechanisms, responding to the
pathophysiological status of the cell and the presence of specific binding partners. In this
study, we demonstrate that Nrf2 is subject to dictation of XBP1/SYVN1 under ER stress
conditions, adding on another layer of complexity to Nrf2 signaling.

When unfolded proteins accumulate in the ER, eukaryotic cells induce transcription of
ER chaperones and ERAD components to maintain the homeostasis of the ER. In yeast,
ER chaperones and ERAD components are induced by the same mechanism via the
Ire1p-Hac1p pathway. In contrast, mechanisms underlying their induction have diverged
in mammals, as transcriptional induction of ERAD components but not ER chaperones
depends on the IRE1-XBP1 pathway, the mammalian counterpart of the yeast Ire1pHac1p pathway [188]. Upon exposure to ER stress, IRE1 homodimerizes and autophosphorylates itself. Phosphorylated IRE1 cleaves XBP1u mRNA into XBP1s. XBP1s
binds to cis-acting ERSE and activates the UPR-related genes, including ERAD
components such as SYVN1 [195]. The ubiquitin E3 ligase SYVN1 predominantly
mediates the degradation of ER-luminal substrates and integral membrane proteins.
Therefore, the evidence regarding SYVN1-dependent degradation of Nrf1, a transcription

172

factor in the same family with Nrf2, provided some insight. Studies carried out by
different groups both demonstrated that Nrf1 is sequestered by the ERAD system by
SYVN1 and targeted for proteasomal degradation [190, 191].

Based on this precedent, we investigated whether Nrf2 is also subject to the similar
regulation mechanism. However, our initial results did not show a significant decrease of
Nrf2 protein at basal condition, regardless of whether SYVN1 or its upstream gene
XBP1s was overexpressed, suggesting that the impact of XBP1s/SYVN1was masked,
probably due to the dominant effect of Keap1. Treating cells with tBHQ overcame the
effect of Keap1 and brought up the amount of Nrf2, in which case overexpression of
XBP1s/SYVN1 or co-treatment with ER stress inducer tunicamycin significantly
downregulates Nrf2 and its target genes. These data all point to a novel, Keap1independent mechanism of Nrf2 regulation, crosslinking two major anti-stress pathway,
the UPR and Nrf2-ARE pathways.

Unlike Nrf1, Nrf2 is not an ER-resident protein, and it is strictly regulated by Keap1
under unstressed conditions. Therefore, the remaining important issues regarding the
biological significance of XBP1/SYVN1-dependent degradation of Nrf2 are to address
the question why Nrf2 signaling is “tuned down” when ER stress is induced, and why a
non-ER-resident protein is degraded by ERAD machinery. We observed that XBP1+/+
cells have a generally lower Nrf2-mediated antioxidant response than its knockout
counterparts (Figure 2), and the dose of tunicamycin we used to induce ER stress is mild,
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but leads to dwonregulation of Nrf2 and its downstream genes. Based on these data, we
speculate that “tuning down” of the Nrf2 signaling pathway is an adaptive mechanism
against mild, short-term ER stress, since protein folding within ER lumen requires
relative “oxidative” environment, especially for disulfide-linked folding [204]. However,
prolonged insults by toxicants such as alcohol may lead to persistent activation of
XBP1s/SYVN1, depleting any residual Nrf2 reservoirs (Figure 7), may eventually lead to
pathological consequences of imbalanced ROS and cell death. This result is consistent
with previous report showing that Nrf2 expression decreases in end-stage liver disease
[95].

In summary, we report that the active form of XBP1, XBP1s suppresses Nrf2 and its
downstream signal under ER stress condition, through SYVN1. We have determined that
SYVN1 directly interacts with the Neh4 and Neh5 domain within Nrf2. Overexpression
of SYVN1 attenuates Nrf2 signaling, whereas knockdown of SYVN1 enhances
expression of Nrf2 and its downstream genes. Furthermore, SYVN1 accelerates the
clearance of Nrf2 protein through promoting ubiquitination of Nrf2, and subsequent
downregulation of the Nrf2-mediated antioxidant response (Figure 8). These ﬁndings
demonstrate that XBP1 and SYVN1 are involved in regulating the Nrf2 pathway in a new
Keap1-independent mechanism. Moreover, our data revealed a possible crosstalk
between ER stress pathway and oxidative responses via UPR and Nrf2 signaling pathway
in order to protect cells against environmental stress.
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VIII. Figures

Figure 4.1 Overexpression of the XBP1s suppresses Nrf2 and its target genes.
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(A) Downregulation of Nrf2 by ectopic expression of XBP1s. HEK293 and MDA-MB231 cells were transfected with vector or a plasmid expressing Flag-XBP1s. 24 h posttransfection, cells were left untreated or treated with 50 μM for 16h. Cell lysates were
then subjected to immnoblot analysis with the indicated antibodies. (B) XBP1s decreases
the NQO1-ARE-dependent luciferase activity. HEK293 cells were co-transfected with
expression vectors for NQO1-ARE-dependent firefly luciferase and TK-Renilla
luciferase, alone with indicated amount of Flag-XBP1s. Luciferase reporter gene
activities were analyzed at 36h post-transfection. Relative luciferase activities and
standard deviations were calculated from three independent experiments. (C) XBP1s
decreases the transcription of Nrf2 downstream genes without affect Nrf2 or Keap1
mRNA. HEK293 cells were transfected as described in (A), and mRNA was extracted for
qRT-PCR analysis. Error bars indicate standard deviations from three independent
experiments. (D) XBP1s decreases Nrf2 and its target gene expression without affect
Keap1 at protein level. HEK293 cells were transfected as described in (A). Cell lysates
were then subjected to immnoblot analysis with the indicated antibodies.
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Figure 4.2 XBP1+/+ MEF cells had reduced basal and induced levels of the Nrf2dependent antioxidant response.
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(A) Tunicamycin activates XBP1 splicing in XBP1+/+ MEF cells. XBP1+/+ and XBP1-/MEF cells were left untreated or treated with tunicamycin at a final concentration of 5
μg/ml, for 16h. mRNA was extracted and subject to reverse transcription followed by
PCR amplification. (B) XBP1+/+ MEF cells have lower basal and induced Nrf2 and
downstream gene expression. XBP1+/+ and XBP1-/- MEF cells were left untreated or
treated with 50 μM tBHQ for 16h. Cell lysates were then subjected to immnoblot analysis
with the indicated antibodies. (C) XBP1+/+ MEF cells have lower Nrf2 downstream gene
transcription, compared to XBP1-/- cells. XBP1+/+ and XBP1-/- MEF cells were treated as
described in (B), and mRNA was extracted for qRT-PCR analysis. Error bars indicate
standard deviations from three independent experiments. (D) XBP1+/+ MEF cells have
lower intracellular glutathione level. XBP1+/+ and XBP1-/- MEF cells were treated as
described in (B), and measured using a QuantiChrom glutathione assay kit. All of the
experiments were done in triplicate and results are presented as mean ± SD. (E) XBP1+/+
MEF cells have lower NQO1 activity. XBP1+/+ and XBP1-/- MEF cells were treated as
described in (B). NQO1 catalytic activity was then determined using DCPIP as a
substrate. (F) Nrf2 protein has a shorter half-life in XBP1+/+ MEF cells. Nrf2 protein halflife in XBP1+/+ and XBP1-/- MEF cells was measured by a pulse-chase experiment.
Cycloheximide (50 μM) was added to block protein synthesis. Cells were lysed at the
indicated time points, and cell lysates were subjected to immunoblot analysis with antiNrf2 and anti-Tubulin antibodies. Intensity of the bands was quantiﬁed using Quantity
One software.
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Figure 4.3 SYVN1 directly interacted with Nrf2.
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(A) Immunoprecipitation analysis was performed using cell lysates of HEK293 cells
cotransfected with an expression vector Flag-SYVN1, along with an expression vector
for HA-Nrf2. Expression of each protein was detected using indicated antibodies. (B)
Interaction of endogenous SYVN1 and Nrf2. Cell lysates from HEK293 cells were
immunoprecipitated (IP) using an antibody against Nrf2 or IgG (negative control). The
resulting immunoprecipitates were subjected to SDS-PAGE and analyzed by
immunoblotting with a SYVN1 antibody. (C) The Neh4&Neh5 domain of Nrf2 is the
binding domain of SYVN1. Full-length SYVN1 Full-length Nrf2 generated by in vitro
transcription and translation methods and radiolabeled with 35S. Full-length Nrf2 and its
indicated deletion mutants were expressed in E. coli Rosetta (DE3) LysS cells and
puriﬁed with glutathione Sepharose 4B matrix. 35S-labeled SYVN1 was incubated with
Nrf2 proteins followed by Sepharose 4B afﬁnity chromatography. Equal amounts of Nrf2
proteins were used for this pulldown assay. (D) Immunoprecipitation analysis was
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performed using cell lysates of HEK293 cells cotransfected with an expression vector
Flag-SYVN1, along with an expression vector for HA-Nrf2, HA-Nrf2-ΔNeh4, HA-Nrf2ΔNeh5, or HA-Nrf2-ΔNeh4&5. Expression of each protein was detected using indicated
antibodies.
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Figure 4.4 SYVN1 is a novel ubiquitin ligase for Nrf2.
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(A) The cellular localization of SYVN1 and Nrf2. NIH3T3 cells were singly or cotransfected with expression vector(s) for the ﬂuorescently tagged protein. The subcellular
localization of the proteins was monitored live. (B) SYVN1 increased the ubiquitination
of Nrf2. HEK293 cells were cotransfected with an expression vector for Nrf2, SYVN1
and HA-ubiquitin. In vivo ubiquitination analysis was performed 48 h posttransfection.
IB, immunoblotting. (C) SYVN1 decreases Nrf2 and its target gene protein level.
HEK293 cells were transfected with vector or a plasmid expressing Flag-SYVN1. 24 h
post-transfection, cells were left untreated or treated with 50 μM for 16h. Cell lysates
were then subjected to immnoblot analysis with the indicated antibodies. (D) SYVN1+/+
MEF cells had reduced Nrf2 and Nrf2 downstream gene protein expression. SYVN1+/+
and SYVN1-/- MEF cells were left untreated or treated with the tunicamycin (5 μg/ml)
alone or with both tunicamycin and tBHQ (50 μM). Cell lysates were then subjected to
immnoblot analysis with the indicated antibodies. (E) Knockdown SYVN1 increases
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reduced Nrf2 and Nrf2 downstream gene protein levels. HEK293 cells were transfected
with either scrambled control siRNA or siRNA against SYVN1. At 24h posttransfection,
cells were either left untreated or treated as described in (D). Cell lysates were then
subjected to immnoblot analysis with the indicated antibodies. (F) Knockdown SYVN1
promotes transcription of Nrf2 downstream genes. SYVN1 knockdown and treatment
were described in (E), and mRNA was extracted for qRT-PCR analysis. Error bars
indicate standard deviations from three independent experiments. (G) Nrf2 protein has a
shorter half-life in SYVN1+/+ MEF cells. Nrf2 protein half-life in SYVN1+/+ and SYVN1/-

MEF cells was measured by a pulse-chase experiment. Cycloheximide (50 μM) was

added to block protein synthesis. Cells were lysed at the indicated time points, and cell
lysates were subjected to immunoblot analysis with anti-Nrf2, anti-Keap1 and antiTubulin antibodies. Intensity of the bands was quantiﬁed using Quantity One software
and plot on a semi-log scale. (H) The seven lysine residues within Neh2 domain of Nrf2
is required for downregulation of Nrf2 by SYVN1. HEK293 cells were cotransfected
with an expression vector for Flag-SYVN and WT Nrf2 or Nrf2-R7. 24h posttransfection, cells were harvested subjected to immnoblot analysis with the indicated
antibodies.
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Figure 4.5 Cysteine 291 within RING domain is critical for ubiquitin E3 ligase
activity of SYVN1.
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(A) Schematic picture of amino acid sequence of the RING domain of SYVN1.
Conserved cysteine residues are labeled in red. Serines that where cysteines were mutated
to are labeled blue. (B) SYVN1 C291S mutant can no longer decrease protein levels of
Nrf2 and its downstream genes. HEK293 cells were transfected with vector, a plasmid
expressing Flag-SYVN1 or Flag-C291S mutant. Cells were treated as described in Figure
4C and subjected to immnoblot analysis with the indicated antibodies. (C) SYVN1
C291S mutant can no longer promote the ubiquitination of Nrf2. HEK293 cells were
cotransfected with an expression vector for Nrf2, Flag-SYVN1/Flag-C291S mutant, and
HA-ubiquitin, followed by In vivo ubiquitination analysis described in Figure 4B. (D)
SYVN1 C291S mutant cannot decrease the half-life of Nrf2, HEK293 cells transfected
with either Flag-SYVN1 or Flag- were treated with 10 μM MG132 for 4h. After washing
away MG132 and replenish cells with fresh media, 25μM CHX were added at indicated
time point and Nrf2 protein were blotted and quantified as described in Figure 2F and 4G.
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Figure 4.6 XBP1s downregulates Nrf2 through SYVN1.
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(A) Tunicamycin induces XBP1s and SYVN1 expression, but suppresses Nrf2 and its
downstream signaling. HEK293 cells were treated as described in Figure 4D, and subject
to immnoblot analysis with the indicated antibodies. (B) XBP1 splicing is required for
SYVN1 induction and Nrf2 repression. HEK293 cells were transfected with vector, a
plasmid expressing Flag-XBP1s or XBP1-3K3R mutant. Cells were treated as described
in Figure 4C and subjected to immnoblot analysis with the indicated antibodies. (C)
Tunicamycin upregulated SYVN1 and downregulated HO-1 mRNA level. XBP1+/+ and
XBP1-/- MEF cells were treated as described in Figure 4D, and mRNA was extracted for
qRT-PCR analysis. Error bars indicate standard deviations from three independent
experiments. (D) Knockdown of SYVN1 interrupts downregulation of Nrf2 by XBP1s.
HEK293 cells were co-transfected with siRNA against SYVN1 and a plasmid expressing
Flag-XBP1s. Cells were treated as described in Figure 1A and subjected to immnoblot
analysis with the indicated antibodies.
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Figure 4.7 XBP1s and SYVN1 negative correlate with Nrf2 in end stage alcoholic
cirrhosis patient samples.
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(A) H&E and IHC staining for normal and end-stage alcoholic cirrhosis liver tissue
samples. (B) The tissues were subjected to immunoblot analysis with the indicated
antibodies. Each lane represents the tissue lysate from an individual patient. (C) mRNA
expression of Nrf2, SYVN1, GCLM, NQO1 and GPx was measured by qRT-PCR.
mRNA was extracted from four patient per group and used to run qRT-PCR in triplicate.
Results are expressed as means± SD (n=4). (D) H&E and IHC staining for control or
CCl 4 treated mice liver. (E) The tissues were subjected to immunoblot analysis with the
indicated antibodies. Each lane represents the tissue lysate from an individual mouse. (F)
mRNA expression of Nrf2, SYVN1, GCLM and NQO1 was measured by qRT-PCR.
mRNA was extracted from four patient per group and used to run qRT-PCR in triplicate.
Results are expressed as means± SD (n=5).
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Figure 4.8 Schematic model of Nrf2 regulation by XBP1 and SYVN1. XBP1 and
SYVN1 are key regulators of the Nrf2-signaling pathway under ER stress condition.

ER stress causes splicing of XBP1 into its active form, XBP1s. XBP1s binds to UPRE
and activate transcription of downstream genes, such as SYVN1. SYVN1 facilitates
proteasomal degradation of Nrf2, and therefore downregulates Nrf2-mediated antioxidant
responses.
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CHAPTER 5
SUMMARY

The transcription factor Nrf2 has been recognized as the master regulator of cellular
defense mechanism because it regulates the expression of target genes involved in phase
II detoxification and the cellular antioxidant response. In unstressed cells, basal Nrf2
expression is low due to negative regulation by Keap1, which is a substrate adaptor
protein that recruits Nrf2 into the Cul3-Rbx1 ubiquitin E3 ligase complex and targets
Nrf2 for subsequent polyubiquitination and proteasomal degradation. However, upon
exposure to oxidative stimuli, cysteine residues within Keap1 act as sensors and are
modified causing a conformational change that leads to the escape of Nrf2 from
degradation. Once stabilized, Nrf2 can translocate into the nucleus, heterodimerizes with
small Maf protein, and activates transcription of ARE-dependent genes.

Chapter 2 of this dissertation described how cytosol-nucleus trafficking of Keap1
modulates Nrf2 signaling, especially at post-induction phase. Using immunoprecipitation
and in vitro transcription and translation techniques, KPNA6 was identified as a new
binding protein to Keap1, the negative regulator of Nrf2. KPNA6, also known as
importin α7, has been shown to play an important role in mediating the transport of NLScontaining substrates into the nucleus, the process of which is critical for many signal
transduction events. In our study, we mapped out the interaction domains to the Kelch
domain of Keap1 and the N-terminal domain of KPNA6. We also noticed that by
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controlling the nuclear-cytoplasmic shuttling of Keap1, KPNA6 promotes the
ubiquitination and degradation of Nrf2 and, thus, negatively regulates the turnover of
Nrf2 protein and the transcription of its target genes. These results further support our
previous work indicating that Keap1 is a post-induction repressor of Nrf2 [50].

Although advances in imaging and reductionist approaches have provided a detailed
understanding of nuclear pore composition and complex structure, the specialized import
and export pathways and nuclear trafficking regulates signal transduction is still an
underdeveloped field. Several pieces evidence have implied that key players of signal
transduction – kinases proteins possess both NLS and NES, therefore can be tightly
regulated in response to different types of stimuli through the modulation of both nuclear
import and export [205]. On the other hand, components of the nuclear transport
machinery also appear to be abnormally expressed in transformed cells, with enhanced
proliferative signals leading to the alteration of nuclear import/export [206]. The
discovery of KPNA6 as part of modulation machinery of Nrf2 pathway further reveals
the importance of nuclear transport in controlling intracellular redox homeostasis. This
finding points us to a new direction of Nrf2 signaling. Historically, researchers focused
on activation of Nrf2 and the subsequent protective effect. With the discovery of tumor
tissues and cell lines carrying mutations which result in constitutive activation of Nrf2
and chemo/radio resistance, people start to be aware of the “the dark side ”of Nrf2
activation and a tight control of both on and off of the signal is necessary for maintain the
normal function of the cell. Our data added a critical piece of evidence showing how Nrf2
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signal is shut off and the cell regain its redox balance. It not only completes the story of
Keap1 as “molecular switch” of Nrf2, but also furthers our understanding of the
mechanisms of nuclear-cytosol trafficking and its particular role in the regulation of a
specific pathway.

Chapter 3 of this dissertation demonstrated how Nrf2 signal could be modulated at the
transcriptional level without affecting Nrf2 protein expression. PARP-1 was initially
identified among the proteins that were pulled down by biotin labeled NQO1-ARE.
Overexpression of PARP-1 enhances the transcriptional activity of Nrf2, due to augment
of Nrf2 protein binding to the ARE. However, no physical interaction was found between
Nrf2 and PAPR-1, nor is Nrf2 a substrate for poly(ADP-ribosyl)ation, suggesting that
additional mechanism is involved in transcriptional activation of Nrf2 target genes.
Exdogenous and endogenous immunoprecipitation result both indicated that PARP-1 has
direct interaction with Nrf2 binding partner – MafG protein. Interaction between PARP-1
and MafG enhanced binding between Nrf2 and ARE sequence and subsequently
transcription of Nrf2 target genes. Collectively, these findings provide experimental
evidence that PARP-1 may serve as a transcriptional co-activator of MafG-Nrf2
heterodimer. Also, it added on another layer of complexity of modulation of Nrf2
antioxidant response (manuscript submitted to FASEB Journal).

Both Nrf2 and PARP-1 are both well-studied molecules involved in signal transduction.
PARP-1 is known to interact with a variety of transcription factors and thereby alter their
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regulatory function, thus ultimately change the transcriptional pattern of numerous genes.
To our surprise, PARP-1 did not exert its function directly through Nrf2, but through its
binding partner, small Maf protein. This result implies that any mechanism that alters the
binding affinity between Nrf2 and ARE will result in change in Nrf2 target gene
transcription. Currently, our lab is applying this principle to a high-throughput screening
for “activators/inhibitors” of Nrf2 pathway that don’t affect Nrf2 protein expression.
Through studying the role of PARP-1 on Nrf2 transcriptional activity, we learned a new
lesson of this popular multi-function protein. We clariﬁed the molecular details of one
possible

mode

of

PARP-1-related

regulation

of

gene

expression,

although

physiological/pathological relevance for the regulation of Nrf2 target gene expression by
PARP-1 remains elusive.

In the fourth chapter of this dissertation, we discussed an important crosstalk between
two major anti-stress pathway through the three players: XBP1, SYVN1 and Nrf2. More
specifically, we elucidated the mechanism in which Nrf2 antioxidant response is
downregulated under ER stress conditions. We report that active form of XBP1, XBP1s
suppresses Nrf2 and its downstream signal during ER stress, through activation
transcription of SYVN1. SYVN1, also known as Hrd1, is an ER associated degradation
(ERAD) ubiquitin ligase. We have determined that SYVN1 directly interacts with the
Neh4 and Neh5 domain within Nrf2. Overexpression of SYVN1 attenuates Nrf2
signaling, whereas knockdown of SYVN1 enhances expression of Nrf2 and its
downstream genes. Furthermore, SYVN1 accelerates the clearance of Nrf2 protein
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through promoting ubiquitination of Nrf2. These ﬁndings demonstrate that XBP1 and
SYVN1 are involved in regulating the Nrf2 pathway in a new Keap1-independent
mechanism (manuscript in preparation).

So far, two mechanisms responsible for Nrf2 protein degradation have been reported:
Keap1 senses intracellular ROS level and regulates the level of Nrf2 in a redoxdependent manner; alternatively, Nrf2 can be destabilized as a consequence of it
phosphorylation by GSK-3 and subsequent ubiquitination by SCF/β-TrCP (β-transducin
repeat-containing protein) [207, 208]. Our findings add the third player – SYVN1, into
the regulatory mechanisms of Nrf2 protein stability. Also, since SYVN1 is the
downstream component of UPR pathway and subject to regulation of XBP1s during ER
stress, our data implied the possible coordination between Nrf2 and UPR signals when
the cell faces with the protein unfolding/misfolding crisis. When ER stress is the primary
threat to cell survival, it is reasonable for the cell to “tune down” a major antioxidant
pathway to provide a relatively oxidative environment to facilitate protein folding (i.e.
formation of the disulfide bonds). However, prolonged ER stress suppresses the
protective effects of Nrf2 pathway and eventually triggers cell death, as the inverse
correlation between SYVN1 and Nrf2 we observed in those end-stage liver cirrhotic
samples, as well as carbon tetrachloride induced liver damage models. The data we
obtained in this project not only suggest a new molecular mechanism of Nrf2 regulation,
but also provide us new insight of how cell defense signals walk together to maintain
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intracellular homeostasis, as well as how manipulate these signal pathways will benefit
liver disease patients and alleviate the symptoms.

In summary, my findings in this dissertation will provide insights to further understand
how Nrf2 signal pathway is controlled under a variety of stress conditions (summarized
in Figure 5.1). The three chapters of the dissertation are not isolated from each other.
Together they compose a complicated picture of Nrf2 regulation. It is evident that Nrf2 is
able to accept inputs from many other signal networks (i.e. UPR) and modulate genes
either directly or with assistance by other co-factors (i.e. PARP-1). The involvement of
Nrf2 in cross talk with additional pathways affecting cell survival and other aspects of
cell fate most certainly play important collaborating roles. Understanding the role of Nrf2
pathway in diverse contexts will potentially lead to the identification of novel molecular
markers and the development of rational therapies for the prevention or intervention of
human disease.
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I. Figures

Figure 5.1 The three different regulatory mechanisms of Nrf2-ARE pathway.

(1) During the post-induction phase, or once homeostasis is reinstated, Keap1 enters the
nucleus with the assistance of nuclear import protein KPNA6, binds Nrf2, and exports
Nrf2 back into the cytoplasm where it is ubiquitinated and degraded. (2) Under both basal
and induced condition, PARP-1 binds to ARE and small Maf protein, enhancing the
association between and Nrf2 and ARE, and therefore promotes transcription of Nrf2
downstream genes. (3) During ER stress, XBP1 mRNA is spliced into its active form,
XBP1s. Transcription factor XBP1s then enter the nucleus and binds to the UPRE within
the promoter region of its downstream gene, i.e. SYVN1, and activates transcription of
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these genes. As ubiquitin E3 ligase, SYVN1 facilitates the ubiquitination of Nrf2, which
is then shuttled to the 26S proteasome to be degraded.
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CHAPTER 6
FUTURE DIRECTION

Although much progress has been made in elucidating the role of Nrf2 in intracellular
redox status within the last two decades, a great deal still remains to be investigated. In
Chapter 3, we demonstrate that Keap1 is able to travel into the nucleus with the
assistance of nuclear membrane protein KPNA6. We were able to pinpoint the domain
that mediated the interaction between in Keap1 and KPNA6 lies in Kelch domain of
Keap1 (Figure 2.3A-E). However, further attempts to map the KPNA6-interacting sites
within the Keap1 Kelch domain were unsuccessful. No classical monopartite or bipartite
nuclear localization signal was found in Keap1. The mutant constructs carrying A
substitutions of R, K, or H clusters within the Kelch domain, showed no sign of loss of
interaction (Figure 2.3F), suggesting that either we did not find the right clusters or the
interaction between KPNA6 and Keap1 may be different from the classical mode.
Therefore, more structural biology study has to be done to elucidate the lineal and 3D
structure of Keap1 Kelch domain. Also, point mutations and truncations within Kelch
domain have to be made to narrow down the KPNA6-interaction interface, as well as the
physical impact of loss of binding on regulation of post-induction Nrf2 signal.

In chapter 4 of this dissertation, we demonstrated that Nrf2 is downregulated during ER
stress, by activation of XBP1 and SYVN1. However, this is only one of three branches of
UPR. Whether the other two branches of UPR (ATF6 and PERK) cross talk with Nrf2
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remains to be explored (See three branches of UPR in Figure 6.1). Additionally, the
physiological and pathological consequences of Nrf2 suppression during ER stress have
to be further addressed. Is downregulation of Nrf2 the turning point of cell fate towards
cell death? To answer these questions, more experiment need to be done. Our preliminary
data suggest that, overexpression of XBP1s/SYVN1 or treatment of TM result in elevated
intracellular ROS levels (Figure 6.2). However, we still need to figure out what role ROS
plays in cell fate decision and its pathological consequences.

The positive role of Nrf2 against oxidative stress has been well-established and
pharmacological activation of Nrf2 by compounds, such as SF and tBHQ, through the
canonical Keap1-C151 mechanism has been shown to attenuate arsenic-mediated
deleterious effects [209, 210]. Also in chapter 4, I found that the expression of XBP1 and
SYVN1 also inversely correlates with Nrf2 protein level in end stage liver cirrhotic
samples, as well as CCl 4 -induced liver damage mice model. These results imply that of
using Keap1-C151 dependent Nrf2 activators for chemoprevention may be a valid
strategy for prophylaxis. Wang YP et al. reported that blueberry extract has preventive
and protective effects on CCl 4 -induced hepatic fibrosis by reducing hepatocyte injury and
lipid peroxidation. The levels of SOD and GST in liver homogenates were significantly
higher in blueberry-CCl 4 co-treated group comparing to CCl 4 alone treated group,
whereas hepatic fibrosis and inflammations were alleviated in the presence of blueberry
treatment. However, the authors did not attribute the protective effect to the induction of
phase-Ⅱ enzymes through the activation of Nrf2, since the increase in Nrf2 protein level
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did not reach significant threshold [211]. It is worth to notice that authors of this paper
detected Nrf2 protein at ~55–65 kDa, which has been clarified as a misconception of the
molecular weight of Nrf2 [212]. Therefore, the real induction of Nrf2 maybe missed in
this study. More Nrf2 downstream gene induction has to shown to confirm the activation
of this pathway. In addition, other known Nrf2 inducers such as SF or cinnamaldehyde
(CA) could be use to clarify whether the protective effect is really through Nrf2.
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I. Figures
Figure 6. 1 ER stress and three branches of UPR.

There are three branches of UPR, initiated by three sensors residing on the lumen face of
the ER membrane: IRE1, PERK and ATF6. Activation of these three branches: increases
the protein folding capacity in the ER, and decreases the protein the load of protein flux
into the ER. Both outcomes aim to mitigate ER stress and restore homeostasis within the
cells. However, if cells continue to experience prolonged ER stress, apoptosis is triggered.
The ER will then serve as the genesis of apoptotic signals leading to cell death.
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Figure 6.2 Elevated oxidative stress during ER stress.

A

B
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(A) HEK293 cells were treated with indicated chemicals or combination for 12 h and
incubated with dichloroﬂuorescein (DCF) (Sigma) before measuring ROS by ﬂow
cytometry. (B) HEK293 cells were transfected vector plasmid, XBP1s or SYVN1
constructs. 24h post-transfection, cells were left untreated or treated with 50μM tBHQ for
16 h and incubated with dichloroﬂuorescein (DCF) (Sigma) before measuring ROS by
ﬂow cytometry.
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