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Uncontrolled levels of oxidative stress have been implicated in causing a variety
of diseases, including neurodegenerative disorders and cancer. The complex signaling
pathways that combat oxidative stress are clinically relevant targets for development of
safe and effective methods for treatment of these ailments.

Enhancement of these

pathways in various disease states could decrease the levels of oxidative stress and
improve the status of patients with different afflictions. The NF-E2 related factor 2
(Nrf2) signaling pathway could be a therapeutic target for preventing oxidative stress
related diseases. Nrf2 is a basic leucine zipper transcription factor that binds antioxidant
response elements (AREs) located in promoters of antioxidant genes. Nrf2 regulates
expression and induction of cytoprotective genes in response to oxidative stress.
Several negative regulators of Nrf2 have been elucidated and may be potential
targets for therapies to enhance the protective abilities of Nrf2. They may also be
manipulated to decrease the activity of Nrf2 in specific diseases where Nrf2 exhibits
harmful effects. The main focus of this thesis is the regulation and cellular signaling of
the negative regulators of Nrf2 including INrf2, Cul3, Rbx1, Bach1, and Fyn.
The molecular mechanisms triggered in the early response of cells to oxidative
stress are not well understood. The present studies demonstrate that within 0.5 hours of
antioxidant or xenobiotic treatment, the negative regulators of Nrf2 export out of the

nucleus allowing Nrf2 unimpeded movement to the ARE. Mutation of tyrosine residues
in the negative regulators stymied nuclear export suggesting tyrosine phosphorylation
controls nuclear export. Furthermore, mutant negative regulators interfered with the
ability of Nrf2 to activate defensive genes. This study also found that Nrf2 is able to
control the regulation of some of its other negative regulators including Cul3 and Rbx1.
Thus, the pre-induction regulation of Nrf2 is controlled by the nuclear export of the
negative regulators allowing for activation of defensive gene expression.
In summation, the work done in this thesis provides insights into the mechanisms
by which Nrf2 activity is tightly controlled during oxidative stress. Negative regulators
of Nrf2 may be prime targets for preventing diseases caused by chronic oxidative stress.
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CHAPTER ONE
THE NRF2 SIGNALING PATHWAY
(Portions of this work have been published in Free Radical and Biological Medicine,
November 2009)
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Introduction
Background and Significance
Oxidative stress is one of the most frequent insults living organisms encounter.
Serious damage or fatal injury results if the organism is unable to attenuate this stress.
Continuous exposure to oxidative stress can lead to the pathogenesis of many
degenerative diseases including atherosclerosis, neurodegenerative diseases, and cancer.
Therefore, it is obvious that organisms must constantly labor to control levels of
oxidative stress, preventing them from accumulating. The molecular mechanisms and
regulation of defensive and protective pathways is an active area of research with clinical
implications.
Oxidative Stress and Free Radicals
Oxidative stress is the pathogenic outcome resulting from an imbalanced ratio
between reactive oxygen species (ROS) production and the cell’s antioxidant capacity
(Landriscina et al., 2009). ROS are made up of free radicals which are molecules with
one or more unpaired electrons (Menon, and Goswami, 2006).

ROS are ubiquitous,

short-lived derivatives of oxygen metabolism, endogenously produced in all biological
systems by a variety of oxidases, as well as being by-products of cellular respiration
(Grisham and McCord, 1986). These oxygen derivatives include the superoxide radical
(O.2-), the hydroxyl radical (HO.), and hydrogen peroxide (HOOH), along with nitrogen
species such as nitric oxide (NO) and peroxynitrite radical (ONOO-).
High concentrations of free radical species are hazardous for living organisms
because they damage all cellular components including DNA, lipids, and proteins (Ames,
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1983; Barzilai et al., 2004; Chakravarti et al., 2007). They can also cause inactivation of
enzymes by oxidation of co-factors (Tabatabaie et al., 1996). Free radicals are also
generated from long wavelength UV light (UVA and UVB) exposure as well as
photochemical oxidant pollutants, such as ozone (Last el al., 1994). Heavy metals, such
as cadmium, deplete cellular anti-oxidants, and facilitate the progression of oxidative
stress in an indirect manner by virtue of their predilection for binding to intracellular
protein-bound sulphydryl (SH) groups, as well as the ubiquitous cellular thiol,
glutathione (Stohs et al. 2001). Radiolysis of water, caused by exposure to environmental
radiation, also leads to the formation of free radicals (Ward, 1994). However, oxidative
stress can also elicit positive responses within an organism (Nakamura et al., 1997). For
instance, physiological responses such as the activation of neutrophils and macrophages
during infection (Thelen et al., 1993), protective cytotoxic processes (Kerr et al., 1996),
and oxidative phosphorylation (Wei, 1998) are all processes needed for survival.
There are many physiological and pathological conditions associated with oxidative
stress.

These conditions include aging, neurodegenerative disease, arthritis,

atherosclerosis, inflammation, diabetes, obesity, and even depression (Grisham and
McCord, 1986; Ward, 1994; Breen and Murphy, 1995; Rosen et al., 1995; Liu 2009;
Miller et al., 2009). Many of these conditions, including cancer, are often preceded by
damage or mutation of genomic DNA (Ames et al., 1995).

It is apparent that

uncontrolled levels of ROS can cause a wide range of disorders (Figure 1-1). Therefore,
it is evident living organisms have evolved mechanisms that are responsible for
protection against oxidative stress.
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Figure 1-1. Disorders associated with oxidative stress. Adapted from NIST, National
Institute of Standards and Technology

Defensive Mechanisms against Oxidative Stress
The appearance of oxygen in the atmosphere was among the first major pollution
events that occurred on earth (Cabiscol et al., 2000). During this time, microorganisms
acquired oxygen tolerance by developing mechanisms to defend themselves against toxic
oxygen species that are generated as inadvertent by-products of aerobic metabolism
(Imlay, 2008). Prokaryotic microorganisms utilized transcription factors to sense the
redox state of the cell, and in times of oxidative stress, these transcription factors induced
the expression of about eighty antioxidant/defensive genes (Zheng and Storz, 2000).
Two redox-responsive transcription factors have been well defined in Escherichia coli
and serve as paradigms of redox-operated genetic switches (Pomposiello, 2001). SoxR
4

contains iron-sulfur centers that activate the protein when they are one-electron oxidized,
or nitrosylated by nitric oxide (Pomposiello, 2001). OxyR contains a pair of redox-active
cysteine residues that activate the protein when they are oxidized to form a disulfide bond
(Pomposiello, 2001).

Both of these sensors are fast acting switches that allow the

organism to respond quickly to subtle concentration changes in ROS.
Similar mechanisms of protection in eukaryotic cells have evolved to cope with
toxicant- and carcinogen-induced oxidative and electrophilic stress (Zhang, 2006). These
mechanisms can be divided into four categories: a) Oxidations, reductions, and
hydrolysis reactions introduce or expose functional groups onto hydrophobic organic
molecules, catalyzed by cytochrome P450 (Phase I) enzymes; b) Conjugation and
nucleophile trapping, mediated by a diversity of enzymes (Phase II) such as Glutathione
S-transferase (GSTs), UDP-glucuronosyltransferases (UGTs); c) Efflux transporters that
export toxic metabolites; and d) Glutathione and thioredoxin that maintain reducing
conditions within the cell (Kensler et al., 2006).
The metabolic transformation of xenobiotics is largely a result of two consecutive
reactions: a phase I enzyme activation of substrates to reactive intermediates, followed by
a phase II enzyme detoxification of those reactive species. Xenobiotics are the key
transcriptional activators of phase I enzymes, while phase II enzyme genes are often
induced by phase I metabolites (Primiano et al., 1997; Mimura et al., 2003). Phase II
enzymes are not expressed at maximal capacity but are highly inducible by
transcriptional activation (Kang et al., 2005). Induction of the protective response via
activation of phase II enzymes in response to ROS requires two essential components: a)
Antioxidant Response Element (ARE), the upstream regulatory sequence present on
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genes in either single or multiple copies and b) NF-E2-related factor 2 (Nrf2), the
principal transcriptional regulator of the ARE.
NF-E2-related factor 2 and Antioxidant Response Element
Erythroid transcription factor NF-E2 was discovered as a regulator of globin gene
expression in hematopoietic cells (Andrews et al., 1993; Ney et al., 1993). NF-E2 binds
to its consensus sequence DNA binding motif, TGCTGAGTCAC as a heterodimer
consisting of a 45-kDa NF-E2 and an 18-kDa small Maf protein that is ubiquitously
expressed (Igarashi et al., 1994). NF-E2 is commonly referred to as p45. NF-E2 related
factor Nrf2 was isolated by a cloning procedure using an oligonucleotide containing the
NF-E2 DNA binding motif as a probe to screen closely related proteins in non-erythroid
tissues (Moi et al., 1994). Nrf2 is a member of the basic-region leucine zipper (bZIP)
family of transcription factors (Mohler et al., 1995). The basic region, just upstream of
the leucine zipper region, is responsible for DNA binding, whereas the acidic region is
required for transcriptional activation.
Nrf2 shares a conserved structural domain designated as a cap’n’collar domain
which is highly conserved in Drosophila transcription factor CNC (Mohler et al., 1995).
In mammals, this CNC family is composed of four closely related proteins; p45-NF-E2
(Chan et al., 1993), Nrf1 (Chan et al., 1993b) Nrf2 (Moi et al., 1994; Itoh et al., 1995)
and Nrf3 (Kobayashi et al., 1999) and two distantly related proteins; BTB and CNC
homology 1 (Bach1) (Oyake et al., 1996) and BTB and CNC homology 2 (Bach2) (Muto
et al., 1998). Figure 1-2 summarizes the six CNC family members. These proteins
heterodimerize with other b-ZIP proteins, including small Mafs (MafK, MafG, MafF), to
function as transcription factors (Igarashi et al., 1994). In the heterodimeric association
6

between Nrf2 and small Mafs, the small Maf protein confers DNA binding activity to
Nrf2, while Nrf2 activates transcription via its transactivation domain (Igarashi et al.,
1995). Nrf2 cannot bind to the ARE as a monomer, but requires dimerizaton with one of
the small Maf proteins in order to bring about transactivation (Itoh et al., 1997). Nrf1 and
Nrf2 are ubiquitously expressed in a variety of tissue and cell types (Chan et al., 1993;
Moi et al., 1994; McMahon et al., 2001). The first evidence demonstrating a role of Nrf1
and Nrf2 protection against oxidative stress came from studies of the regulation of NQO1
gene expression (Venugopal et al., 1996). Nrf2 was subsequently demonstrated to be
involved in the transcriptional activation of other ARE-responsive genes including those
encoding human γ-GCSh and γ-GCS1 subunits (Wild et al,. 1999), mouse heme
oxygenase (HO-1) (Alam et al., 1999), and rat NQO1 and GSTA2 subunits (Nguyen et
al., 2000). In vivo studies have also implicated Nrf2 as a critical protein in regulating the
expression and induction of NQO1 and GSTA1 genes (Itoh et al., 1997). Together these
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Figure 1-2. Structural properties of CNC protein family members. Six Neh domains are
conserved among vertebrate Nrf2, while some of them are included in other CNC proteins.
Among them, Neh4 is the only domain specific to Nrf2. Nrf1 also contains a Neh2-like motif, an
interaction site for Keap1, but the precise function of Nrf1–Neh2 is not known. None of the Neh
domains exist in the Bach proteins. Adapted from Kobayashi and Yamamoto, 2006.

results indicate that Nrf2 is an important activator of phase II antioxidant enzyme genes
(Jaiswal, 2004).
Promoter analysis identified a cis-acting enhancer sequence designated as the
antioxidant response element (ARE) that controls the basal and inducible expression of
antioxidant genes in response to xenobiotics, antioxidants, heavy metals, and UV light
(Rushmore et al., 1991; Jaiswal, 2004). The ARE sequence is responsive to a broad
range of structurally diverse chemicals apart from β-nafthoflavone and phenolic
antioxidants (Rushmore et al., 1990). Mutational analysis revealed GTGAC***GC to be
the core sequence of the ARE (Rushmore et al., 1991; Xie et al., 1995; Rushmore et al.,
1993). This core sequence is present in all Nrf2 downstream genes that respond to
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antioxidants and xenobiotics (Jaiswal, 2004; Dhakshinamoorthy et al., 2000; Copple et
al., 2008). Nrf2 binds to the ARE, as a response to a wide variety of stimuli, and
regulates ARE-mediated antioxidant and defensive gene expression (Andrews et al.,
1993; Venugropal et al., 1996; Alam et al., 1999; Wild et al., 1999; Jaiswal, 2000; Bloom
et al., 2001).
The Nrf2 Signaling Pathway: Negative Regulators
In the absence of cellular stress, Nrf2 is tethered within the cytoplasm by an inhibitory
partner, inhibitor of Nrf2 (INrf2), also known as Kelch-like erythroid cell-derived protein
with CNC homology (ECH)-associated protein 1 (Keap1) (Itoh et al., 1999;
Dhakshinamoorthy et al., 2001), which interacts with the actin cytoskeleton (Kang et al.,
2004). This interaction is between a single Nrf2 protein and INrf2 dimer (Tong et al.,
2006). INrf2 serves as a substrate linker protein for interactions with the Cullin 3 (Cul3)based E3 ubiquitin ligase to regulate the stability of Nrf2 (Cullinan et al., 2004).
Covalent conjugation of proteins by ubiquitin usually involves three enzymatic activities
for activating (E1), conjugating (E2), and ligating (E3) ubiquitin to a substrate (Furukawa
et al., 2005). In this case, Nrf2 serves as the substrate, while Cul3 serves as a scaffold
protein that forms the E3 ligase complex Ring Box Protein 1 (Rbx1) that recruits a
cognate E2 enzyme (Kobayashi and Yamamoto, 2006).

INrf2, via its N-terminal

BTB/POZ domain, binds to Cul3 (Geyer et al., 2003) and via its C-terminal Kelch
domain binds to the substrate Nrf2, leading to the ubiquitination and proteasomal
degradation of Nrf2 through the 26S proteosome (Stewart et al., 2003; Nguyen et al.,
2003). Figure 1-3 shows a model of the INrf2-Cul3-Rbx1 complex.
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Figure 1-3. Schematic overview of the Nrf2–Keap1 cytoprotective pathway. In the absence of
cellular stress, a single molecule of Nrf2 is bound by a Keap1 homodimer, which acts as a
substrate adaptor for a Cullin-dependent E3 ubiquitin ligase complex. A single, overlapping
binding site within the double glycine repeat (DGR) domain of Keap1 interacts with both the
DLG and ETGE motifs of Nrf2, tightly positioning the transcription factor to enable the efficient
transfer of ubiquitin, and thus directing Nrf2 for proteasomal degradation. Adapted from Kong et
al., 2006b.

Exposure to a number of stressors and inducing agents leads to dissociation of
Nrf2 from INrf2 thereby rescuing Nrf2 from proteasomal degradation and allowing for
entry into the nucleus via a nuclear localization sequence (Jain et al., 2005). Experiments
have demonstrated two separate mechanisms responsible for dissociation of Nrf2 from
INrf2.

First, INrf2 contains reactive cysteines that form protein-protein crosslinks

following reaction with electrophiles leading to disruption of the INrf2-Nrf2 stabilization
and release of Nrf2 (Wakabayashi et al., 2004). The extensive use of site-directed
mutagenesis has served to highlight the critical roles of Cys-151, -273, -288 in INrf2
function (Kobayashi et al., 2006b; Levonen et al., 2004; Wakabayashi et al., 2004; Zhang
and Hannink, 2003). Cys-151, which resides within the BTB domain of INrf2, appears to
be important for the loss of Nrf2 repression and ubiquitination stimulated by
chemical/oxidative stress (Zhang et al., 2004). Cys-273 and -288, both located within the
cysteines-rich intervening region (IVR) of INrf2, are essential for the repressive activity
10

of INrf2 under basal conditions (Kobayashi et al., 2006b; Levonen et al., 2004;
Wakabayashi et al., 2004; Zhang and Hannink, 2003). Furthermore, the responsiveness
of Nrf2 to known activating molecules is diminished or abolished in cells expressing
INrf2 Cys-273/288 mutants (Levonen et al., 2004; Zhang and Hannink, 2003).
The second mechanism involves secondary sensor proteins and the activation of
kinase signaling pathways resulting in phosphorylation of Nrf2. Experiments revealed
that phosphorylation of Nrf2 by protein kinase C (PKC) promotes its dissociation from
INrf2 and that a serine to alanine mutation at amino acid 40 (S40A) in Nrf2, which is the
target site for PKC, decreased this PKC-dependent dissociation (Bloom and Jaiswal,
2003; Huang et al., 2002). PKR-like endoplasmic reticulum kinase (PERK)-dependent
phosphorylation of Nrf2 also triggers dissociation of the Nrf2-INrf2 complex (Cullinan et
al., 2003). It also seems possible that PKC and/or PERK or their upstream signaling
molecules may act as sensors for oxidative stress (Kobayashi and Yamamoto, 2006).
Therefore, it appears that both INrf2 modification and PKC phosphorylation of Nrf2 are
required for activation of Nrf2 (Niture et al., 2009).
Bach1 forms a heterodimer with small Maf proteins (Fujiwara et al., 1993) and
binds to the Maf recognition element (MARE) and the NF-E2 site (Oyake et al., 1996,
Igarashi et al., 1998). Under cellular stress, Bach1 is replaced by Nrf2, resulting in
activation of Nrf2 and suggesting competition between Bach1 and Nrf2 for the same
DNA binding site (Sun et al., 2002; Dhakshinamoorthy et al., 2005). Studies have shown
that Bach1 represses Nrf2 downstream genes, such as NQO1 and GST Ya, by binding to
the ARE and inhibiting ARE-mediated gene expression (Dhakshinamoorthy et al., 2005).
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Recent studies have indicated that Fyn kinase acts as a negative regulator of Nrf2
(Jain and Jaiswal, 2006).

Upon completion of induction of defensive genes, Fyn

phosphorylates Nrf2 at tyrosine residue 568 which leads to a chromosomal region
maintenance-1 (Crm-1) mediated nuclear export and degradation (Jain and Jaiswal, 2006)
of Nrf2. Fyn is also among three Src family members known to be responsive to
oxidative stress (Abe and Berk, 1999; Sanguinetti et al., 2003).

It is possible but

unknown if other Src-subfamily kinases are also capable of phosphorylating tyrosine 568
in Nrf2.
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HYPOTHESIS AND SPECIFIC AIMS
Based on the literature and preliminary results, we hypothesized that oxidative stress
will cause tyrosine phosphorylation and subsequent nuclear export of all negative
factors following exposure to antioxidants allowing for Nrf2 unimpeded activation
of downstream defensive genes. Also, Nrf2 will be responsible for regulating the
transcriptional activity of the negative regulator genes.

The hypothesis will be tested by addressing the following specific aims:

Specific Aim 1
To evaluate whether Nrf2 is responsible for the regulation of Cul3 and Rbx1 and whether
exposure to antioxidants induce tyrosine phosphorylation of the INrf2-Cul3/Rbx1
complex leading to nuclear export.

Specific Aim 2
To investigate if antioxidants induce tyrosine phosphorylation of Bach1 leading to
nuclear export and to examine if the nuclear export of Bach1 allows Nrf2 to bind to the
ARE and activate defensive gene expression.

Specific Aim 3
To characterize the nuclear export of Fyn, and to determine if 1) the nuclear export is due
to tyrosine phosphorylation and 2) if blocking nuclear export can interfere with Nrf2
activation of downstream genes.
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CHAPTER TWO
AN AUTO-REGULATORY LOOP BETWEEN NRF2 AND CUL3-RBX1
CONTROL THEIR CELLULAR ABUNDANCE.
(As published in The Journal of Biological Chemistry, May, 2010)
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Abstract
The INrf2 (Keap1)/Cul3-Rbx1 complex constantly degrades Nrf2 under normal
conditions. When a cell encounters oxidative or electrophilic stress, Nrf2 dissociates
from the INrf2/Cul3-Rbx1 complex and translocates into the nucleus. In the nucleus,
Nrf2 activates a myriad of antioxidant and defensive genes that protect cells. Nrf2 is then
exported out of the nucleus and degraded. INrf2 serves as a substrate adaptor to link
Nrf2 to Cul3 and Rbx1. Cul3 and Rbx1 make up the ubiquitin ligase complex that is
responsible for the ubiquitination and degradation of Nrf2. Previously we have shown a
feedback auto-regulatory loop between Nrf2 and INrf2 indicating that Nrf2 regulates
INrf2 by controlling its transcription.

Here we are extending this research by

demonstrating the presence of another feedback auto-regulatory loop between Cul3-Rbx1
and Nrf2. Experiments using Hepa-1 and HepG2 cells indicate that Nrf2 controls its own
degradation by regulating expression and induction of Cul3-Rbx1 genes. Treatment with
the antioxidant tert-Butylhydroquinone (t-BHQ) leads to induction of Cul3-Rbx1 genes.
Mutagenesis and transfection experiments identified an antioxidant response element in
the forward and reverse strands of the proximal Cul3 and Rbx1 promoters, respectively,
that Nrf2 binds and regulates expression and antioxidant induction of the Cul3-Rbx1
genes. In addition, short interfering RNA inhibition and overexpression of Nrf2 led to a
respective decrease and increase in Cul3-Rbx1 gene expression. The increase in Cul3Rbx1 leads to ubiquitination and degradation of Nrf2. These data suggest that Nrf2
regulates Cul3-Rbx1 by controlling regulation of expression and induction of Cul3-Rbx1.
The induction of Cul3-Rbx1 control Nrf2 by increasing degradation.
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Introduction
The cellular defense system protects against oxidative stress caused by a vast range of
xenobiotics, inflammation, and ionizing radiation (Thelen et al., 1993; Breen et al., 1995;
Dhakshinamoorthy et al., 2000).

Disruption of these protective systems causes the

accumulation of reactive oxygen species (ROS) and electrophiles that can contribute to
diseases such as cancer, cardiovascular complications, acute and chronic inflammation,
and neurodegenerative diseases (Bauer et al., 1999). Therefore, it is obvious that cells
must constantly labor to control levels of ROS, preventing them from accumulating.
Cells have mechanisms to activate over two hundred defensive genes that protect against
ROS and the diseases they contribute to (Dhakshinamoorthy et al., 2000; Zhang, 2006;
Kobayashi et al., 2006; Copple et al., 2008).
The antioxidant response element (ARE) was first identified as cis-element in the
upstream regulatory region of the GSTA2 gene (Rushmore et al., 1990) and was found in
the promoters of detoxifying enzyme genes such as glutathione S-transferases,
NAD(P)H:quinone

oxidoreductases,

gastrointestinal

glutathione

peroxidase,

and

peroxiredoxin1 (Ikeda et al., 2004; Venugopal et al., 1996; Banning et al., 2005; Wang et
al., 2006; Kim et al., 2007). The ARE is recognized by the family of Cap’n’Collar
containing basic leucine zipper proteins including Nrf2. Among the family, Nrf2 is the
most potent transcription factor in regulating the basal and inducible expression of
antioxidant enzyme genes (Jaiswal, 2004). Gene deletion studies also supported the
important function of Nrf2 in cellular protection against oxidative stress and neoplasia
(Ramos-Gomez et al., 2001).
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At basal levels, Nrf2 resides within the cytoplasm of the cells by an interaction
with an actin-bound cytosolic protein, INrf2 (inhibitor of Nrf2) or Keap1 (Kelch-like
ECH-associated protein 1) (Itoh et al., 1999; Dhakshinamoorthy et al., 2001; Kang et al.,
2004). INrf2 functions as a substrate adaptor protein for a Cullin 3 (Cul3)-dependent
ubiquitin-protein ligase complex to maintain the steady-state levels of Nrf2 (Zhang et al.,
2004). Covalent conjugation of proteins by ubiquitin usually involve three enzymatic
activities for activating (E1), conjugating (E2), and ligating (E3) ubiquitin to a substrate
(Furukawa et al., 2005). In this case, Nrf2 serves as the substrate, while Cul3 serves as a
scaffold protein that forms the E3 ligase complex with Ring Box1 (Rbx1) that recruits a
cognate E2 enzyme (Furukawa et al., 2005). INrf2, via its N-terminal BTB/POZ domain,
binds to Cul3 (Geyer et al., 2003; Furukawa et al., 2005) and via its C-terminal Kelch
domain binds to the substrate Nrf2, leading to the ubiquitination and subsequent
degradation of Nrf2 through the 26S proteasome (Sekhar et al., 2002; Stewart et al.,
2003; Nguyen et al., 2003; Itoh et al., 2003; Bloom et al., 2003).
Cellular exposure to oxidative stress leads to dissociation of Nrf2 from the
INrf2/Cul3-Rbx1 complex (Dhakshinamoorthy et al., 2000; Zhang, 2006; Kobayashi et
al., 2006; Copple et al., 2008). Nrf2 escapes proteolysis and stabilizes, translocates into
the nucleus, and causes activation of ARE-mediated genes leading to cytoprotection.
Several reports suggest that persistent accumulation of Nrf2 in the nucleus is harmful.
Nrf2 regulates the expression of several multidrug resistance-associated protein (MRP)
efflux transporters in responses to oxidative stress (Maher et al., 2007) which could lead
to chemotherapeutic drug resistance.

INrf2-null mice demonstrated persistent

accumulation of Nrf2 in the nucleus that led to postnatal death from malnutrition
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resulting from hyperkeratosis in the esophagus and forestomach (Wakabayashi et al.,
2003). The capacity of INrf2’s negative regulation of Nrf2 is also dependent upon Cul3
and Rbx1. The importance of Cul3 and Rbx1 is crucial because in their absence INrf2
may not be able to adapt ubiquitin ligases to degrade Nrf2. Taken together; unrestrained
activation of Nrf2 in cells increases the risk of adverse effects, including tumorigenesis.
On the other hand, stress-induced activation of the Nrf2 pathway in normal cells is tightly
regulated and confers cytoprotection against oxidative and electrophilic stress and
carcinogens. Therefore, it appears that cells contain mechanisms that auto-regulate
cellular abundance of Nrf2.
In previous studies we have demonstrated an auto-regulatory feedback loop
between Nrf2 and INrf2. In the current study we extend this research to investigate if an
auto-regulatory loop exists between Nrf2 and Cul3-Rbx1. After Nrf2 activation by
antioxidant, an increase in Cul3-Rbx1 expression was detected. Cul3-Rbx1 promoters and
Nrf2 knockdown/overexpression studies show that Nrf2 induces promoter activity of
Cul3-Rbx1 genes through Nrf2 binding to an ARE in the forward and reverse strands of
the proximal promoters of Cul3-Rbx1 genes, respectively. The induced Cul3-Rbx1
proteins accelerate ubiquitination of Nrf2 for degradation. Therefore, Nrf2 controls its
own degradation by regulating the levels of Cul3 and Rbx1 in cells.
Materials and Methods
Cell Culture
Human hepatoblastoma (HepG2) and mouse hepatoma (Hepa-1) cells were obtained from
the American Type Culture Collection (Manassas, VA). HepG2 cells were grown in
minimum essential α-medium and Hepa-1 in Dulbecco’s modified Eagle’s medium
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supplemented with 10% fetal bovine serum, penicillin (40 units/ml), and streptomycin
(40µg/ml). The cells were grown in monolayer in an incubator at 37 °C in 95% air and
5% CO2.
Generation of Stable Flp-In T-REx HEK293 Cells Expressing Tetracyclineinducible Nrf2
Flp-In T-REx HEK293 cells purchased from Invitrogen were co-transfected with FLAGNrf2 cDNA in pcDNA5/FRT/TO and pOG44 plasmids (Invitrogen) by Effectene
(Qiagen, Valencia, CA) according to manufacturer’s instructions. Forty eight hours after
transfection, the cells were grown in medium containing 200µg/ml hygromycin B
(Invitrogen). The 293/FRT/FLAG-Nrf2 cells stably expressing tetracycline-inducible Nterminal FLAG-tagged Nrf2 were selected. The stably selected cells were grown and
treated with 4µg/ml of tetracycline (Sigma) for varying periods of time to follow the
overexpression of FLAG-tagged Nrf2.
Plasmid Constructs
Genomic clones (BAC vector) containing mouse Rbx1 and Cul3 loci were purchased
from BACPAC Resources Center, Children’s Hospital Oakland Research Institute,
Oakland, CA. A 2,724-bp fragment of Rbx1 promoter was isolated via PCR using the 5’CTATGGTACCCTCCTGACAAGGACCTTTGTGGTTCAG

–

3’

and

5’-

CATGCTCGAGCACGACAGACTGTGTGTTTCC – 3’ primer pairs and high fidelity
platinum Taq DNA polymerase (Invitrogen). The PCR-amplified promoter fragments
were subcloned into pGL2-basic luciferase vector (Promega, Madison, WI) using Kpn1
and Xho1 restriction sites. The construct was designated as pGL2–2.7 kb. The sequence
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of the PCR forward primers for a series of deletion constructs is as follows: 2.0 kb
forward, 5’ TACCGGTACCAAGCAGCGAGTGAATGCTCTTA – 3’; 0.8 kb forward,
5’- TACCGGTACCATCAGAATGCCTCACCAGAACTCAA - 3’; 0.4 kb forward 5’TACCGGTACCGTTTCCAAAGACCAGCCCATG-3’.

The same reverse primer, as

used to construct 2.7-kb plasmid, was used. To locate and mutate the ARE of interest,
new forward and reverse primers were used. The PCR promoter fragments were also
subcloned into pGL2-basic luciferase vector using Kpn1 and Xho1 restriction sites. The
constructs

are

designated

as

follows:

0.14

kb

forward,

5’-

TATTGGTACCCCTTTAAGGGGCGTGACC-3’ was used with both Wild type and
mutant

reverse

primers.

0.14

kb

Wild

Type

reverse

5’-

ATATCTCGAGTCTGTCGTGTGACCACTGCG -3’; 0.14kb Mutant reverse 5’ATATCTCGAGTCTGTCGTGCAGCCACTAAG -3’. To clarify which ARE has an
essential role in Nrf2-induced Rbx1 promoter activity, oligonucleotides containing the
ARE sequence were synthesized and cloned into the pGL2 promoter vector. The
sequences of oligonucleotides of AREs are as follows: Rbx1 ARE Wild Type forward,
5’-TTACGGTACCAGGCGCAGTGGTCACACGCTCGAGTCGA-3’; Rbx1 ARE Wild
Type reverse 5’- AATGCCATGGTCCGCGTCACCAGTGTGCGAGCTCAGCT-3’;
Rbx1

ARE

Mutant

forward,

5’-

TTACGGTACCAGGCATAGTGGCTGCACGCTCGAGTCGA-3’. Rbx1 ARE Mutant
reverse, 5’- AATGCCATGGTCCGTATCACCGACGTGCGAGCTCAGCT-3’.

A

2,606-bp fragment of Cul3 promoter was isolated via PCR using the 5’TACCGGTACCGGGACTGTGGTTCCTAATTTTGTGATA

–

3’

and

5’-

TATTCTCGAGTGTCACATTGAAGGCGGGAGGGCAGCC – 3’ primer pairs and
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high fidelity platinum Taq DNA polymerase (Invitrogen). The PCR-amplified promoter
fragments were subcloned into pGL2-basic luciferase vector (Promega, Madison, WI)
using Kpn1 and Xho1 restriction sites. The construct was designated as pGL2–2.7 kb.
The sequence of the PCR forward primers for a series of deletion constructs is as follows:
1.65 kb forward, 5’- TGTCGGTACCGCTTAACTCTCTAAGCTTAGTCATTAC-3’; 1.6
kb forward, 5’ TACCGGTACCGGGTCAATTCAACCATAAATAAACA – 3’; 1.5 kb
forward, 5’- TACCGGTACCTTCAAGACAGGGTTTCTCTGTGTA - 3’; 0.6 kb
forward, 5’- TATCGGTACCGTCTCCGACGCTCCTCTTT -3’; 0.5 kb Wild Type
forward, 5’- TATCGGTACCGCTGACTACGCCCATTCCTT-3’;
forward, 5’- TACCGGTACCGCAACCTACTGCCATTCCTT-3’;

0.5 kb Mutant
0.2kb forward, 5’-

TACCGGTACCCTGCGCAGTGAGATGTTTGT-3’. The same reverse primer, as used
to construct 2.7-kb plasmid, was used for all constructs. To clarify which ARE has an
essential role in Nrf2-induced Cul3 promoter activity, oligonucleotides containing the
ARE sequence were synthesized and cloned into the pGL2 promoter vector. The
sequences of oligonucleotides of AREs are as follows: Cul3 ARE Wild Type forward, 5’TTACGGTACCGCGCTGACTACGCCCATCTCGAGTCGA-3’; Cul3 ARE Wild Type
reverse 5’- AATGCCATGGCGCGACTGATGCGGGTAGAGCTCAGCT-3’; Cul3 ARE
Mutant forward, 5’- TTACGGTACCGCGCCAGCTACTACCATCTCGAGTCGA-3’.
Cul3

ARE

Mutant

reverse,

AATGCCATGGTCCGTATCACCGACGTGCGAGCTCAGCT-3’.

5’-

Plasmids pcDNA-

Cul3 V5, and pcMX-Rbx1-Myc, pcMV-Nrf2-FLAG, pcDNA-INrf2-V5, and HA-Ub are
also described previously (Jain et al., 2007). The sequence accuracy of all constructs was
confirmed by restriction enzyme digestion and sequencing by The Biopolymer Core
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Facility (Baltimore, MD). Plasmids pcDNA-Cul3 V5, and pcMX-Rbx1-Myc, pcMVNrf2-FLAG, pcDNA-INrf2-V5, and HA-Ub are also described previously (Jain et al.,
2007).
Real Time PCR
Hepa-1 cells were seeded in 100mm plates. Twenty four hours later, cells were treated with either
t-BHQ (Sigma) or 2µg/ml Actinomycin D (Sigma) and harvested. RNA was extracted using
RNeasy mini kit (Qiagen). RNA was converted to cDNA using High Capacity cDNA Reverse
Transcription Kit (Applied Biosystems) according to manufacturer’s protocol. cDNA was used
with Taqman Master Mix (Applied Biosystems) and Keap1 Primer and Probe amplicon
Mm00497268_m1, or Cul3 Primer and Probe amplicon Mm00516747_m1 or Rbx1 Primer and
Probe amplicon Mm01705487_s1 or NQO1 Primer and Probe amplicon Mm00500821_m1 or
Nrf2 Primer and probe amplicon Mm00477784_m1 or GusB amplicon Mm00446953_m1 as an
internal control (Applied Biosystems). Total mix was run on 7500 Real Time System (Applied
Biosystems) using relative quantitation according to manufacturers protocols.

Western Blot Analysis
The cells were lysed in ice-cold RIPA-B buffer (20mM Tris, pH 7.4, 150mM NaCl, 1mM
EDTA, 1% Nonidet P-40, 0.5% deoxycholate, 1% Triton X-100), and protease inhibitor
mixture (Roche Applied Science). Nuclear extracts were made using a nuclear extract kit
from Active Motif (Carlsbad, CA) according to manufacturer’s protocol. Fifty
micrograms of proteins were separated by SDS-PAGE and transferred to nitrocellulose
membranes. The membranes were incubated with anti-Cul3 (1:1000, Cell Signaling),
anti-Rbx1 (1:1000, Bio Source) anti-INrf2 (1:1000, Santa Cruz Biotechnology), anti-Nrf2
(1:500, Santa Cruz Biotechnology), anti-FLAG (1:5000, Sigma), anti-V5 (1:5000,
Invitrogen), anti-myc (1:5000, Sigma) or anti-actin (1:5000, Sigma) antibodies, washed,
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and probed with electrochemiluminescence (Amersham Biosciences). To confirm the
purity of nuclear-cytoplasmic fractionation, the membranes were reprobed with
cytoplasm-specific, anti-lactate dehydrogenase (Chemicon) and nuclear specific, antilamin B antibodies (Santa Cruz Biotechnology). Protein expression was quantified by
using NIH Image program (developed at the National Institutes of Health and available
on line at rsb.info.nih.gov/nih-image/). In related experiments, the cells were treated with
100µM t-BHQ in the absence or presence of 30µg/ml cycloheximide for different time
intervals. The cells were lysed and analyzed by Western blotting and probed with Cul3
and Rbx1 antibody. The blot was stripped and reprobed with anti-actin antibody.
Ubiquitination Assay
Hepa-1 cells were seeded in 100-mm plates and co-transfected with pCMV-FLAG-Nrf2
(1.0µg), and pCMV-HA-Ub (0.5µg).

The transfected cells were treated with either

DMSO or 100µM t-BHQ for the indicated time. To check Nrf2 ubiquitination, 1 mg of
protein lysate was used to immunoprecipitate with anti-FLAGM2 beads (Sigma). To
analyze Nrf2 ubiquitination in cytoplasm and nuclear extracts, Hepa-1 cells in 100-mm
plates were co-transfected with pcMX-FLAG-Nrf2 (1.0µg) with or without plasmids
encoding pcDNA-V5-INrf2 (0.5µg), pcDNA-V5-Cul3 (0.5µg), pCMX-myc-Rbx1 and
HA-Ub (0.5 µg) in the absence or presence of 10µM Mg-132. Nuclear and cytoplasmic
extracts were prepared using active motif kit, and 1mg of extracts was
immunoprecipitated with anti-FLAG antibody. Immunoprecipitates were resolved on a
10% SDS-PAGE followed by immunoblotting with anti-HA antibody.
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Transient Transfection and Luciferase Assay
Hepa-1, Flp-In T-REx HEK293, or 293/FRT/FLAG-Nrf2 cells were plated in 12-well
plates at a density of 1 x105 cells/well 24 hrs prior to transfection. The cells were
transfected with 0.1 µg of the indicated luciferase plasmid using Effectene transfection
reagent (Qiagen) according to the manufacturer’s instruction. The pRL-TK plasmid
encoding Renilla luciferase (0.01µg; Promega) was included as an internal control of
transfection efficiency. After 32 hrs, transfected Hepa-1 cells were stimulated with
DMSO or 100 µM t-BHQ for 16 hrs. Otherwise, transfected Flp-In T-REx HEK293 or
293/FRT/FLAG-Nrf2 cells were treated with 4.0 µg/ml of tetracycline for 8 or 16 h. The
cells were harvested, lysed, and analyzed for luciferase activity using the dual-luciferase
reporter assay system (Promega).
Chromatin Immunoprecipitation (ChIP) Assay
ChIP assay was performed using a kit from Active Motif. Briefly, 70% confluent Hepa-1
cells were treated with DMSO or 100µM t-BHQ for 4 h and then fixed in 1%
formaldehyde for 15 min. Cells were lysed and nuclei pelleted by centrifugation. Nuclei
were resuspended and sheared using a sonicator (Misonix Inc., Farmingdale, NY) with
five pulses of 20 s at 25% of maximum output. Sheared chromatin was
immunoprecipitated with 2µg of anti-Nrf2 or control IgG antibody. The cross-links
reversed overnight at 65 °C and deproteinated with 20µg/ml proteinase K. Nrf2associated Cul3 and Rbx1-ARE was detected by PCR amplification with the primers as
follows: Cul3 ARE, forward, 5’-GTCTCCGACGCTCCTCTTT-3’, and reverse, 5’CTGCGCACTCACATGTTTGT-3’;

Rbx1

ARE,

forward,

5’-

GCCTTTAAGGGGCGTGACC-3’, and reverse, 5’- ATATGGCTGGCAGGCCCGAG24

3’. The PCR condition used for ChIP assay was 37 cycles of a denaturing step at 94 °C
for 30 s, an annealing step at 65 °C for 30 s, and an extension step at 72 °C for 30 s. PCR
products (387bp with Cul3 ARE primers and 300bp with Rbx1 ARE primers) were
separated on 2% agarose gel containing ethidium bromide and imaged using a BioRad
ChemiDoc XRS.
siRNA Interference Assay
siRNA was used to inhibit. Two types of Nrf2 siRNA (s70521 and s70523) and control
siRNA were purchased from Applied Biosystems. Hepa-1 cells were transfected with
75nM control siRNA, Nrf2, or INrf2 siRNA using Lipofectamine RNAiMAX reagent
(Invitrogen) according to the manufacturer’s instructions. Twenty four hours later, cells
were co-transfected with 0.1 µg of Cul3 and Rbx1 promoter-luciferase and 0.01 µg of
pRL-TK Renilla plasmids. Thirty two hours after the second transfection, cells were
treated either with DMSO or with 100µM t-BHQ for 24 hrs. The cells at the end of
treatment were lysed and analyzed by measuring luciferase activity, Cul3, Rbx1, and
Nrf2 RNA by Real-Time PCR, and Cul3, Rbx1, and Nrf2 protein by Western blot
analysis and probing with Cul3, Rbx1, and Nrf2 antibodies.
Statistical Analyses
The data from luciferase and Real Time-PCR assays, and protein expression
quantification were analyzed using a two-tailed Student’s t test. Data are expressed as the
mean ±S.D. (*, p<0.05; **, p<0.01; ***, p <0.001) are shown within the figures.
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Results
Antioxidant t-BHQ Up-regulates Cul3 and Rbx1 Gene Expression
Western blot analysis shows a concentration dependent and time-dependent increase in
Cul3 and Rbx1 protein expression. The t-BHQ treatment of Hepa-1 cells showed a timedependent increase in Cul3 and Rbx1 protein at 8 h and 4 h respectively (Fig. 2-1 A). The
increase in Cul3 protein was reduced at 16 h. The increase in Rbx1 protein was reduced
at 8 and 16 h after t-BHQ treatment. However, in the presence of the protein synthesis
inhibitor cycloheximide, Cul3 and Rbx1 protein induction with t-BHQ was more or less
blocked (Fig. 2-1 B) confirming the increase in Cul3 and Rbx1 is because of new protein
synthesis. Hepa-1 cells and HepG2 cells both demonstrated concentration dependent
increase in Cul3 and Rbx1 protein in response to t-BHQ treatment (Fig. 2-1 C and 2-1
D). Real-Time PCR analysis of mouse Hepa-1 cells treated with t-BHQ showed an
increase in Cul3 and Rbx1 gene expression (Fig. 2-1 E). Pre-incubation with the
transcription inhibitor actinomycin D blocked the t-BHQ-mediated induced expression of
Cul3 and Rbx1. INrf2 is shown as a positive control (Fig. 2-1 F).
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Figure 2-1. Antioxidant t-BHQ induces Cul3-Rbx1 gene expression. A-B, Western analysis of
Cul3 and Rbx1 expression in Hepa-1 cells. Hepa-1 cells were treated with 100µM t-BHQ or
30µg/ml cycloheximide (CHX) and 100µM t-BHQ for the indicated time intervals. Total cell
lysate was analyzed with anti-Cul3 and Rbx1 antibodies. β-Actin was used as a loading control,
C-D, Hepa-1 and HepG2 cells were indicated concentrations of t-BHQ for 16 h. Cells were then
lysed and lysate was probed with anti-Cul3 and anti-Rbx1 antibodies. Anti-INrf2 was used as a
positive control and β-actin was used as a loading control. E-F, Hepa-1 cells were treated with
100µM t-BHQ for indicated time points or were pre-treated with 2 µg/ml actinomycin D (ActD)
for 2 h followed by 100µM t-BHQ + actinomycin D for the indicated time interval. Cells were
lysed and RNA was extracted and converted to cDNA.. Relative quantitation of mRNA was
measured and plotted. Relative quantitation of mRNA was measured and plotted. All experiments
were repeated 3–5 times. The representative results are shown.

Identification of ARE in the Cul3 and Rbx1 Promoters
Deletion and mutagenesis followed by transfection assays investigated the cis-element(s)
required for expression and t-BHQ induction of mouse Cul3 and Rbx1 genes (Fig. 2-2).
A 2.7-kb Cul3 gene promoter and a 2.7 Rbx1 gene promoter attached to the luciferase
gene upon transfection in Hepa-1 cells produced luciferase activity that was induced in
response to t-BHQ treatment (Fig. 2-2 A-B, right panels). Mouse Cul3 and Rbx1
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promoters were analyzed for AREs. Mouse-Cul3 and Rbx1 promoter analysis was done
using Invitrogen’s Vector NTI. Nucleotide sequence analyses of 2.7-kb Cul3 and Rbx1
promoters revealed the presence of five putative AREs (Fig. 2-2 A-B, left panels). In the
Cul3 promoter, three of the elements were on the reverse strand at nucleotide positions 1575, -1526, -588 from the start of transcription. The remaining two elements were
located at nucleotide positions -550 and -501 on the sense strand. In the Rbx1 promoter,
two of the elements were on the reverse strand at nucleotide position -1780 and +24 from
the start site of transcription. The other three elements were located at nucleotide position
-2567, -507, and -491 on the sense strand. All constructs were transfected in Hepa-1 cells
and analyzed for luciferase activity (Fig 2-2 A-B, right panels). The Cul3 promoter
construct containing no AREs, -203 to +55, showed very little luciferase activity when
treated with either DMSO or t-BHQ. Interestingly, the Rbx1 promoter constructs located
further upstream showed very low luciferase activity compared to the smaller constructs.
It appears that Rbx1 promoter contains repressor element(s) in the promoter region
between nucleotide -0.8 kb to -0.4 kb (Fig. 2-2 B, right panel). This was evident from
significant increase in basal expression from 0.4 kb promoter as compared to 0.8 kb
promoter. The Cul3 and Rbx1 AREs that were most proximal to the start of transcription
and expressing significant luciferase activity were mutated in their original construct, and
designated as Mut. The mutated plasmids were also transfected in Hepa-1 cells and
analyzed for luciferase activity in the absence and presence of t-BHQ to determine the
role of individual AREs in expression and t-BHQ induction of the Cul3 and Rbx1 genes
(Fig. 2-2 A-B, right panels). The results revealed that mutation of the ARE-5 in the Cul3
promoter and ARE-5 in the Rbx1 promoter resulted in the significant reduction in basal
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expression and abrogation of t-BHQ induction as compared with the wild type (p<0.005).
The Cul3 and Rbx1, WT and Mut AREs were individually cloned in the pGL2 promoter
vector (Fig. 2-3 A), transfected in Hepa-1, and analyzed for luciferase activity to
determine its role in t-BHQ induction of luciferase gene expression through the
heterogonous promoter (Fig. 2-3 B-C). The results demonstrated that Cul3 and Rbx1 WT
ARE and not the mutants efficiently mediated expression and t-BHQ induction of
luciferase gene expression.

Figure 2-2. ARE sequence in the forward and reverse strand of the proximal promoters
regulates expression and antioxidant induction of Cul3 and Rbx1 genes. A-B, deletion,
mutagenesis, and transfection analysis. Serial deletions of mouse Cul3 and Rbx1 promoter
separately attached to luciferase (Luc) reporter gene were transfected in Hepa-1 cells, treated with
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DMSO or 100µM t-BHQ for 16 h, and analyzed for luciferase activity (right panels). Five
putative ARE sequences for both Cul3 and Rbx1 are shown. ARE of interest was mutated within
the original construct designated as WT and Mut. (left panels).

Figure 2-3. Cul3 and Rbx1 WT AREs and not mutant AREs are inducible by antioxidants.
A, ARE-luciferase expression in transfected cells. ARE-5 for both Cul3 and Rbx1 were
separately attached to SV40 basal promoter hooked to luciferase reporter gene by cloning in
vector pGL2 promoter, wild type and mutant sequences are shown. B-C, Wild type and mutant
Cul3 and Rbx1 AREs were transfected in Hepa-1 cells, treated with DMSO or t-BHQ (100µM for
16 h), and analyzed for luciferase activity. For all the above experiments, pGL2 empty vector was
used as negative control. The results are expressed as fold increase in relative luciferase activity
compared with untreated pGL2 transfection. The data shown are mean±S.D. of three independent
transfection experiments in A–C.

Antioxidant Increases in Vivo Binding of Nrf2 to Cul3 and Rbx1 ARE
ChIP assays were performed in Hepa-1 cells using an Nrf2-specific antibody and PCR
primers covering the Cul3 ARE-5 and the Rbx1 ARE-5 regions in the respective
promoters to determine the binding of Nrf2 to the AREs of the Cul3 and Rbx1 genes in
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DMSO and t-BHQ-treated Hepa-1 cells. The results demonstrated binding of Nrf2 to the
Cul3 and Rbx1 gene promoters (Fig. 2-4 A). The Nrf2 binding to the Cul3 and Rbx1
AREs was enhanced by 1.4-fold and 2.3 fold, respectively, in response to t-BHQ
(p<0.001) (Fig. 2-4 B). These data indicate a specific interaction of Nrf2 to ARE-5 of the
Cul3 and Rbx1 gene promoters, which is enhanced upon t-BHQ treatment. In similar
experiments, Nrf2 failed to bind to ARE 1-4 in Cul3 and also in Rbx1 gene promoters
(data not shown).

Figure 2-4. Antioxidant increases binding of Nrf2 to Cul3 and Rbx1 ARE. A, ChIP assay.
Hepa-1 cells were treated with 100µM t-BHQ for 4 h, fixed with formaldehyde, cross-linked, and
sheared the chromatin. The chromatin was immunoprecipitated with anti-Nrf2 antibody and
control IgG. Nrf2 binding to Cul3 and Rbx1 promoter was analyzed by PCR with specific primers
for Cul3 and Rbx1 ARE regions, respectively. Cul3 and Rbx1 ARE regions of Cul3 and Rbx1
promoter were also amplified from 5 µl of purified soluble chromatin before immunoprecipitation
to show input DNA. B, densitometric analysis for ChIP assay. Relative Nrf2 binding to Cul3 and
Rbx1 promoter was quantified. Signal intensity for PCR products was normalized to that of input
for every sample. The experiment was repeated three times. The representative results are shown.
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Nrf2 Mediates t-BHQ Induction of Cul3 and Rbx1 Gene Expression
Oxidative and electrophilic stresses are known to induce the stability of Nrf2 that leads to
nuclear accumulation, resulting in transcriptional activation of antioxidant and phase II
drug-metabolizing enzyme genes, including NQO1 gene (Jaiswal, 2004). Therefore, we
evaluated the effect of increased and decreased expression of Nrf2 in regulation of Cul3
and Rbx1 gene expression. We used overexpression of Nrf2 and siRNA inhibition of
Nrf2 to demonstrate a role of Nrf2 in mediated expression and t-BHQ induction of Cul3
and Rbx1 gene expression (Figs. 2-5 and 2-6). We also successfully established the FlpIn T-Rex 293 cell lines (293/FRT/FLAG-Nrf2) that upon stimulation with tetracycline
showed a time-dependent increase in FLAG-Nrf2 protein (Fig. 2-5 A) and RNA (Fig. 2-5
B-C). The time-dependent increase in FLAG-Nrf2, after stimulation with tetracycline,
also led to increases in endogenous Cul3 and Rbx1 proteins. The Real Time-PCR
analysis also revealed that tetracycline-induced overexpression of FLAG-Nrf2 led to
time-dependent increases in Cul3 and Rbx1 gene expression. In the same experiment, the
Nrf2 downstream genes NQO1 and INrf2 were also induced. The transfection of Flp-In
T-Rex 293 or 293/FRT/ FLAG-Nrf2 cells with Cul3 and Rbx1 ARE-Luc plasmid
revealed time dependent increases in luciferase gene expression upon stimulation with
tetracycline (Fig. 2-5 D).
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Figure 2-5. Overexpression of Nrf2 up-regulates endogenous and transfected Cul3 and Rbx1
gene expression. A, Western analysis of Flp-in T-REx 293 (293) cells or 293/FRT/ FLAG-Nrf2
(FRT/FLAG-Nrf2) cells expressing tetracycline-induced FLAG-tagged Nrf2 were incubated with
4µg/ml tetracycline (TET) for the indicated times. Cells were harvested, lysed and probed with
anti-FLAG, anti-Cul3 and anti-Rbx1. Anti-β-actin was used as loading control. Densitometry
measurements of bands were quantitated and shown in graph blots below. B-C, Cul3 and Rbx1
gene expression was analyzed by Real Time-PCR. 293 cells or FRT/FLAG-Nrf2 cells were
treated with 4µg/ml tetracycline for indicated time points. RNA was extracted, converted to
cDNA. Tetracycline-induced Nrf2 expression was also confirmed using specific primers for
exogenous Nrf2. NQO1 and INrf2 were used as positive control, respectively. GusB primers and
probes were used as internal control. D, 293 cells or FRT/FLAG-Nrf2 cells were co-transfected
with Cul3 or Rbx1 ARE plasmids and the internal control plasmid pRL-TK. Twenty four hours
after transfection the cells were treated with 4µg/ml tetracycline for 8 or 16 h. pGL2 vector was
used as negative control. The cells were harvested and analyzed for luciferase activity. The data
shown are mean±S.D. of three independent transfection experiments.

To further explore the role of Nrf2 in the t-BHQ-induced Cul3 and Rbx1 gene
expressions, we transfected Hepa-1 cells with control or Nrf2 siRNA (Fig. 2-6, A-F) and
analyzed for protein expression, gene expression and luciferase activity.

Western

analysis showed that transfection of Hepa-1 cells with Nrf2 siRNA resulted in inhibition
of Nrf2 and diminished t-BHQ induction of Cul3 and Rbx1 (Fig. 2-6 B). Real Time-PCR
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analyses showed that Nrf2 siRNA, but not control siRNA, effectively inhibited Cul3 and
Rbx1 mRNA expression (Fig. 2-6 C). In similar experiments, Nrf2 siRNA also inhibited
Cul3 and Rbx1 WT AREs luciferase activity (Fig. 2-6 D). Cul3 and Rbx1 promoters
containing WT and Mutant AREs were also co-transfected in Hepa-1 cells with control or
Nrf2 siRNA (Fig. 2-6 E-F). Nrf2 siRNA inhibited Cul3 and Rbx1 promoter luciferase
activity. To make sure no off-target effects of a single Nrf2 siRNA were present, we
transfected a different Nrf2 siRNA in Hepa1 cells (data not shown). The different Nrf2
siRNA showed similar results as the original siRNA causing decreased levels of Cul3
and Rbx1 mRNA expression and protein expression.

Figure 2-6. siRNA inhibition of Nrf2 decreases t-BHQ-inducible expression of Cul3 and
Rbx1. A, Hepa-1 cells were transfected with control, 25, 50, or 75 nM of Nrf2 siRNA. Forty
eight hours after transfection, cells were harvested, lysed, and immunoblotted with anti-Nrf2 and
actin antibodies. B, Western analysis of Cul3 and Rbx1 expression with Nrf2 siRNA. Hepa-1
cells were seeded and transfected with control or 75 nM of Nrf2 siRNA. Forty eight hours after
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transfection, cells were harvested, lysed, and immunoblotted with anti-Cul3, anti-Rbx1 and antiNrf2 and anti-actin antibodies. C, Real Time-PCR Analysis of Hepa-1 cells transfected with
control or Nrf2 siRNA. Twenty four hours after siRNA transfection, cells were treated with
100µM DMSO or t-BHQ. Cells were then harvested and total RNA was extracted and converted
to cDNA. 50ng of cDNA was analyzed for mRNA levels using Cul3 and Rbx1 primers and
probes. Nrf2 was also probed for control. D-F, Hepa-1 cells were transfected with control or Nrf2
siRNA. Twenty four hours after transfection, cells were transfected with Cul3 and Rbx1
promoters or Cul3 and Rbx1 WT and Mut. AREs. Cells were incubated for 16 h in the presence
of DMSO or t-BHQ (100µM). Transfected cells were harvested and analyzed for luciferase
activity. The experiments were repeated three times, and the representative results are shown.

Nrf2-mediated Up-regulation of Cul3 and Rbx1 Led to Increased Degradation of
Nrf2
The treatment of Hepa-1 cells with antioxidant t-BHQ resulted in stabilization of Nrf2
that started within 0.5 h and peaked at 2 h after treatment (Fig. 2-7 A). The Nrf2 levels
declined at 4, 8 and 16 h after t-BHQ treatment. At 16 h, the Nrf2 levels were reduced to
almost normal cellular levels. The stabilization of Nrf2 between 0.5 and 2 h led to
increased expression of Cul3 and Rbx1 starting at 4 h and maximizing at 16 h. The
ubiquitination of Nrf2 reduced at 0.5 and 2 h after t-BHQ treatment and then significantly
increased at 8 and 16 h after t-BHQ treatment.

In other words, t-BHQ-induced

stabilization of Nrf2 was followed by increased expression of Cul3 and Rbx1 followed by
increased ubiquitination and degradation of Nrf2. Our earlier published work has
suggested that the Nrf2 is mostly degraded in cytoplasm as its degradation could be
blocked in the presence of nuclear export inhibitor leptomycin B (Jain et al., 2006).
However, we also found evidence that some of Nrf2 might also be degraded inside the
nucleus (Jain et al., 2006). Next, we analyzed the cellular compartment-specific
ubiquitination/degradation of Nrf2 in the absence and presence of proteasome inhibitor
MG-132. Cytosol and nuclear extracts obtained from Nrf2-FLAG-transfected Hepa-1

35

cells were subjected to ubiquitination analysis (Fig. 2-7 B-C). The results demonstrate
that overexpression of V5-Cul3, and Myc-Rbx1 leads to reduced levels of Nrf2 in both
cytosol and nucleus confirming Cul3-Rbx1-mediated Nrf2 degradation (Fig. 2-7 B, lower
panel). However, enriching the ubiquitinated-Nrf2 indicated that most of the Nrf2 gets
ubiquitinated in the cytosolic compartment (Fig. 2-7 B-C, upper panel). These results are
complementary to our earlier published data and together conclude that Nrf2
ubiquitination and degradation mostly takes place in cytosol.

Figure 2-7. Feedback loop between Nrf2 and Cul3-Rbx1. Activation of Nrf2 increases Cul3
and Rbx1 that degrades Nrf2. A, Hepa-1 cells were transfected with HA-Ub plasmid and treated
with t-BHQ (100µM) for the different time intervals. Whole cell lysates (WCL) were prepared
and analyzed by Western blotting and probing with Cul3, Rbx1, and Nrf2 antibodies followed by
β-actin antibody as loading control. INrf2 was used for positive control. In same experiment,
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whole cell lysates were immunoprecipitated (IP) with anti-Nrf2 antibody. Immunoprecipitates
were analyzed by Western blotting and probing with anti-HA antibodies. Right panel, optical
densities of Nrf2, Cul3, Rbx1 and ubiquitinated Nrf2 were normalized and plotted by time. The
data presented are mean of three independent experiments. B-C, ubiquitination of Nrf2 in cytosol
and nucleus. Hepa-1 cells were transfected with plasmids expressing Nrf2-FLAG, V5-INrf2, V5Cul3, Myc-Rbx1 and HA-UB in the combinations as displayed. Cells were treated in the absence
(B), or presence (C) of 10 µM MG-132 for 6 hours. Cytosol and nuclear extracts were subjected
to ubiquitination analysis similarly as in A. 50µg of input extracts were probed with anti-V5, antiFLAG, anti-Myc, anti-lamin B, and anti-lactate dehydrogenase antibodies.

Discussion
Nrf2-mediated expression and coordinated induction of defensive genes,
including detoxifying enzymes, is a mechanism of critical importance in protection
against chemically induced oxidative stress and neoplasia (Jaiswal, 2004). Therefore, the
signals and mechanisms that regulate nuclear availability of Nrf2 are extremely important
for the regulation of expression and induction of defensive genes (Mohler et al., 1991).
The regulation of Cul3 and Rbx1 is a very significant mechanism that controls Nrf2s
abundance inside the nucleus. If Nrf2 is not tightly controlled, it can cause major
problems within cells. Cul3 and Rbx1 regulation is also very important because they are
responsible for the ubiquitination and degradation of Nrf2. To our knowledge, this is the
first report demonstrating Nrf2s regulation of ubiquitin ligases.
The results showed that antioxidant treatment induced the expression of Cul3 and
Rbx1. This raised an interesting question regarding the mechanism of expression and
antioxidant induction of Cul3 and Rbx1 and the in vivo role of increased Cul3 and Rbx1.
The results also demonstrated the presence of a functional ARE on the forward and
reverse strands of the Cul3 and Rbx1 promoters, respectively, able to bind Nrf2. The
increase in expression of Nrf2 resulted in increased Cul3 and Rbx1 gene expressions.
Mutations and deletions in the AREs and siRNA inhibition of Nrf2 significantly reduced
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both the expression and antioxidant induction of the Cul3 and Rbx1 genes. These
experiments concluded that an ARE on the forward strand at nucleotide position -501 in
the Cul3 promoter and an ARE on the reverse strand at nucleotide position +24 in the
Rbx1 promoter and transcription factor Nrf2 regulated the expression and antioxidant
induction of Cul3 and Rbx1 genes. Further studies showed that increased Cul3 and Rbx1
blocked Nrf2 activity by enhancing the ubiquitination and rapid degradation of Nrf2. In
other words, Nrf2 induced Cul3 and Rbx1 for its own degradation. These results
suggested the presence of a novel feedback auto-regulatory loop between Cul3, Rbx1,
and Nrf2 that controls cellular abundance of Cul3, Rbx1, and Nrf2.
The regulation of Cul3 and Rbx1 genes by the Nrf2 protein has an interesting
consequence because Cul3 and Rbx1 protein can combine with Nrf2, via INrf2, and
modulate down its activity as a transcription factor through degradation of Nrf2 (Itoh et
al., 2003; Jain et al., 2005). The regulation of Cul3 and Rbx1 is also important because
there is a correlation of mutations within the ubiquitin-proteasome pathway and cancer
(Mani et al., 2005). When Cul3 and Rbx1 protein is expressed in a cell, it blocks Nrf2
function, which results in less Nrf2 being made. Thus, the activity of Nrf2 and the levels
of Cul3 and Rbx1 in a cell are kept in balance by the auto-regulatory feedback loop.
Factors that activate or inactivate either Cul3-Rbx1 or Nrf2 are expected to disrupt the
auto-regulatory loop with functional consequences. Xenobiotics and radiation that disturb
this loop by dissociating Nrf2 from INrf2/Cul3-Rbx1 complex act to increase Nrf2
activity and Nrf2 downstream antioxidant gene expressions leading to protection and cell
survival. Factors like mutations in Cul3 and Rbx1 can lead to their inactivation resulting
in persistent nuclear accumulation of Nrf2 with adverse effects on cell survival.
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In summary, Nrf2 serves as a sensor of oxidative and electrophilic stress. Nrf2 is
translocated into the nucleus leading to activation of antioxidant genes that protect cells
against adverse effects of chemical/radiation exposure. Nrf2 is then exported out of the
nucleus, ubiquitinated, and degraded (Niture et al., 2009). Cul3 and Rbx1 are required for
ubiquitination and degradation of Nrf2. Cul3 and Rbx1 are also capable of entering the
nucleus to facilitate degradation of Nrf2 (Niture et al., 2009). A feedback auto-regulatory
loop between Cul3-Rbx1 and Nrf2 controls cellular abundance of Cul3, Rbx1, and Nrf2.
Nrf2 regulates the expression and induction of Cul3-Rbx1 and their induction follow
ubiquitination and degradation of Nrf2 and suppression of Cul3 and Rbx1 gene
expressions.

In other words, Nrf2 regulates Cul3 and Rbx1 by controlling its

transcription and Cul3 and Rbx1 controls Nrf2 by facilitating its degradation.
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CHAPTER THREE
TYROSINE PHOSPHORYLATION CONTROLS THE NUCLEAR EXPORT OF
INRF2/CUL3-RBX1 AS A COMPLEX.
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Abstract
INrf2 (Keap1) serves as a negative regulator of the cytoprotective transcription factor
NF-E2-related factor 2 (Nrf2). At basal levels, INrf2 functions as a substrate adaptor to
sequester Nrf2 into the Cul3-Rbx1 E3 ligase complex for ubiquitination and subsequent
proteasomal degradation. In response to oxidative/electrophilic stress, Nrf2 releases from
the INrf2/Cul3-Rbx1 complex and translocates into the nucleus where it activates the
expression of antioxidant response element (ARE)-mediated genes. The present studies
demonstrate that INrf2, Cul3 and Rbx1 export out of the nucleus during the early
response to oxidative stress allowing Nrf2 unimpeded activation of cytoprotective gene
expression.

Mutation of tyrosine 85 in INrf2 stymied the nuclear export of INrf2

suggesting tyrosine phosphorylation controls the pre-induction nuclear export in response
to antioxidants. The nuclear export of Cul3-Rbx1 were also blocked when INrf2 tyrosine
85 was mutated suggesting that INrf2/Cul3-Rbx1 undergo nuclear export as a complex.
INrf2 siRNA also inhibited the nuclear export of Cul3-Rbx1 confirming that Cul3-Rbx1
requires INrf2 for nuclear export.

Mutation of tyrosine 85 in INrf2 did not affect

activation of Nrf2 downstream genes. The early response of INrf2 is controlled by
tyrosine phosphorylation, while the nuclear export of Cul3 and Rbx1 is controlled by
INrf2 allowing for their subsequent degradation.
Introduction
Oxidative stress is the pathogenic outcome resulting from an imbalanced ratio
between reactive oxygen species (ROS) production and the cell’s antioxidant capacity
(Landriscina et al. 2009). Oxidative stress is induced by a vast range of factors including
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xenobiotics, drugs, heavy metals, and ionizing radiation (Kaspar et al., 2009). High
concentrations of reactive oxygen species are hazardous for living organisms because
they damage all cellular components including DNA, lipids, and proteins (Ames et al.,
1983; Brazilai et al., 2004; Chakravarti et al., 2007) leading to many physiological and
pathological conditions including aging, cancer, neurodegenerative diseases, arthritis,
atherosclerosis, and inflammation (Grisham et al., 1986; Ames et al., 1995; Ward et al.,
1994; Breen et al., 1995; Rosen et al., 1995). It is apparent that uncontrolled levels of
ROS can cause a wide range of disorders. Therefore, it is evident living organisms have
evolved mechanisms that are responsible for protection against oxidative stress.
The transcription factor NF-E2-related factor 2 (Nrf2) is required to combat
increases in oxidative stress.
zipper/cap’n’collar-containing

Nrf2 is a member of the family of leucine
nuclear

factor

proteins

(Kaspar

et

al.,

2009;

Dhakshinamoorthy et al., 2001; Itoh et al., 1999). Nrf2 forms a heterodimer with a small
Maf protein and binds to the antioxidant response element (ARE) regulating expression
and induction of many genes encoding antioxidant and cytoprotective proteins including
NAD(P)H:quinone oxidoreductases (NQO1 and NQO2), glutathione S-transferase Ya
subunit, and heme oxygenase-1 (Kang et al., 2004).

In the absence of cellular stress,

Nrf2 is tethered within the cytoplasm by an inhibitory partner, inhibitor of Nrf2 (INrf2),
also known as Kelch-like erythroid cell-derived protein with CNC homology (ECH)associated protein 1 (Keap1) (Itoh et al., 1999), which interacts with the actin
cytoskeleton (Kang et al., 2004). This interaction is between a single Nrf2 protein and
INrf2 dimer (Tong et al., 2006). INrf2 serves as a substrate linker protein for interactions
with the Cullin 3 (Cul3)-based E3 ubiquitin ligase to regulate the stability of Nrf2
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(Cullinan et al., 2004). Covalent conjugation of proteins by ubiquitin usually involves
three enzymatic activities for activating (E1), conjugating (E2), and ligating (E3)
ubiquitin to a substrate (Furukawa et al., 2005). In this case, Nrf2 serves as the substrate,
while Cul3 serves as a scaffold protein that forms the E3 ligase complex with Ring Box
Protein 1 (Rbx1) that recruits a cognate E2 enzyme (Kobayashi et al., 2006). INrf2, via
its N-terminal BTB/POZ domain, binds to Cul3 (Geyer et al., 2003) and via its Cterminal Kelch domain binds to the substrate Nrf2, leading to the ubiquitination and
proteasomal degradation of Nrf2 through the 26S proteosome (Stewart et al., 2003;
Nguyen et al., 2003). Exposure to a number of stressors and inducing agents leads to
dissociation of Nrf2 from INrf2 thereby rescuing Nrf2 from proteasomal degradation and
allowing for entry into the nucleus.
Recent studies have shown that persistent accumulation of Nrf2 in the nucleus is
harmful. Nrf2 regulates the expression of several multidrug resistance-associated protein
(MRP) efflux transporters in responses to oxidative stress (Maher et al., 2007) which
could lead to chemotherapeutic drug resistance. INrf2-null mice demonstrated persistent
accumulation of Nrf2 in the nucleus that led to postnatal death from malnutrition
resulting from hyperkeratosis in the esophagus and forestomach (Wakabayashi et al.,
2003). Systemic analysis of the INrf2 genomic locus in human lung cancer patients and
cell lines showed that deletion, insertion, and missense mutations in functionally
important domains of INrf2 results in reduction of INrf2 affinity for Nrf2 and elevated
expression of cytoprotective genes (Padmanabhan et al., 2006; Singh et al., 2006). Taken
together, uncontrolled activation of Nrf2 in cells increases the risk of adverse effects
including tumorigenesis. On the contrary, stress-induced activation of the Nrf2 pathway
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in

normal

cells

is

tightly

regulated

and

confers

cytoprotection

against

oxidative/electrophilic stress and carcinogens. Therefore, it is evident that cells contain
multiple mechanisms that regulate cellular abundance of Nrf2.
Previous studies have shown that INrf2 exports out of the nucleus via a nuclear
export sequence (NES)/Chromosome Region Maintenance-1 (Crm-1) dependent nuclear
export mechanism in response to oxidative stress (Velichkova et al., 2005; Sun et al.,
2007). Recently we have shown that prothymosin-α mediates the nuclear import of the
INrf2/Cul3-Rbx1 complex to degrade nuclear Nrf2 in the late response (post-induction of
Nrf2) to oxidative stress (Niture et al., 2009). We have also shown that Nrf2 controls the
cellular abundance of Cul3 and Rbx1 leading to increases the ubiquitin ligases in the late
response to oxidative stress (Kaspar et al., 2010).

Therefore, in this report we

investigated the nuclear export of INrf2 in the early response (pre-induction of Nrf2) to
oxidative stress. We also investigated if the nuclear export of INrf2 also led to the
nuclear export of Cul3 and Rbx1. We propose that INrf2 will export out of the nucleus
prior to Nrf2 stabilization in the nucleus, and the mechanism of export is due to tyrosine
phosphorylation. In this study we also examined if Cul3 and Rbx1 export out of the
nucleus using INrf2 and effects a mutation of INrf2 may have on downstream defensive
genes.
Materials and Methods
Cell Cultures
Human hepatoblastoma (HepG2) and mouse hepatoma (Hepa-1) cells were obtained from
the American Type Culture Collection (ATCC) (Manassas, VA, USA). HepG2 cells were
grown in minimum essential α-medium and Hepa-1 was grown in Dulbecco’s modified
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Eagle’s medium supplemented with 10% fetal bovine serum, penicillin (40 units/ml), and
streptomycin (40µg/ml). The cells were grown in a monolayer in an incubator at 37 °C in
95% air and 5% CO2.
Plasmid Construction
The construction of pcMV-HA-Cul3, pcMV-Rbx1-Myc, HA-Ub, pcMX-FLAG-Crm1,
pcDNA-INrf2-V5, and pcDNA-INrf2∆NES-V5, pcDNA-INrf141A-V5, and pCDNAINrf2Y208A-V5 was previously described (Niture et al., 2009, Jain et al., 2006; Jain et
al., 2007; Jain et al., 2008). Cul3 cDNA was amplified using primers: forward 5’
AACGCCATGTCGAATCTGAGCAAAGG

and

reverse

5’

TGCTACATATGTGTATACTTTGCG. The PCR-amplified DNA was subcloned into
pcDNA 3.1/V5-HisTOPO vector by TA cloning (Invitrogen, Carlsbad CA).

The

resultant plasmid was designated as Cul3-V5. Three tyrosine residues (Y74, Y432, and
Y764) present in Cul3-V5 were mutated to alanine using a site directed mutagenesis kit
(Invitrogen). Mutant Y74A was generated by PCR using mutant forward primer, 5’
AAACATGGAGAAAAGCTCGCCACTGGACTAAGA
GAGCTTTTCTCCATGTTTATGCAAAACCAT.
PCR

using

mutant

forward

ATAACGTTCAAATACATCTTTTTCTTGCAT.
using

mutant

reverse

primer,

5’

Mutant Y432A was generated by

GATGTATTTGAACGTTATGCTAAACAACACCTG

PCR

and

primer,
and

reverse

5’
primer,

5’

Mutant Y764A was generated by
forward

CCTGAGGATCGCAAAGTAGCCACATATGTAGCA
TACTTTGCGATCCTCAGGTGTTCGTGCCAA.

primer
and

reverse

5’
primer,

5’

Rbx1 cDNA was amplified using

primers: forward 5’ AACGCCATGGCGGCGGCGATGGATGT and reverse 5’
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ATGCCCATACTTCTGGAACTC.

The PCR-amplified DNA was subcloned into

pcDNA 3.1/V5-HisTOPO vector by TA cloning (Invitrogen). The resultant plasmid was
designated as Rbx1-V5. One tyrosine residue (Y106) present in Rbx1-V5 was mutated to
alanine using a site directed mutagenesis kit (Invitrogen). Mutant Y106A was generated
by

PCR

using

mutant

forward

GAGTGGGAGTTCCAGAAGGCTGGGCATAAGGGC
CTTCTGGAACTCCCACTCTCTGTTGTCCAA.

and

primer,
reverse

primer,

5’
5’

Two tyrosine residues (Y85 and

Y255) present in INrf2-V5 were mutated to alanine using a site directed mutagenesis kit
(Invitrogen). Mutant Y85A was generated by PCR using mutant forward primer, 5’
ACGTGACCCTGCAGGTCAAAGCAGAGGACATCC
TTTGACCTGCAGGGTCACGTCACAGAGTTG.
PCR

using

mutant

and

reverse

primer,

5’

Mutant Y255A was generated by

forward

CGTGCATCGACTGGGTCAAAGCAGACTGCCCGC

primer,
and

reverse

5’
primer,

5’

TTTGACCCAGTCGATGCACGCGTGGAACAC.
Subcellular fractionation and Western blotting
Hepa1 and HepG2 cells, seeded in 100-mm plates and treated/transfected as displayed in
the figures, were washed twice with ice-cold phosphate-buffered saline, trypsinized, and
centrifuged at 1500rpm for 5 min. For making whole cell lysates, the cells were lysed in
RIPA buffer (50mM Tris, pH 8.0, 150mM NaCl, 0,2 mM EDTA, 1% Nonidet P-40, 0.5%
deoxycholic acid), 1mM phenylmethylsulfonyl fluoride, and 1mM sodium orthovanadate
supplemented with protease inhibitor mixture (Roche Applied Science). Cytoplasmic and
nuclear biochemical fractionation of the cells was done using the Active Motif Nuclear
Extract Kit (Active Motif, Carlsbad CA) following the manufacturer’s protocol. The
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protein concentration was determined using the protein assay reagent (Bio-Rad). 50-60
micrograms of protein were separated by 10% SDS-PAGE and transferred to
nitrocellulose membranes. The membranes were blocked with 5% non fat dry milk and
incubated with antibodies

Antibodies used in this study are as follows; anti-INrf2

(1:1000) purchased from Santa Cruz Biotechnology (Santa Cruz,CA, USA), anti-Cul3
(1:1000), anti-Rbx1 (1:1000) purchased from Cell Signaling (Danvers, MA, USA), antiV5 HRP (1:5000), anti-FLAG HRP purchased from Invitrogen, anti-phosphotyrosine
(1:1000), and anti-actin (1:5000) purchased from Sigma-Aldrich Corp., (St. Louis, MO,
USA). For immunoprecipitations, anti-Roc1 from Biosource (Carlsbad, CA, USA) was
used. To confirm the purity of nuclear-cytoplasmic fractionation, the membranes were
re-probed with cytoplasm specific anti-lactate dehydrogenase (LDH) (Chemicon,
Billerica, MA, USA) and nuclear specific, anti-Lamin B antibodies (Santa Cruz). In
related experiments the cells were treated with 100µM tert-butylhydroquinone (t-BHQ)
(Sigma), 20ng/ml leptomycin B (LMB), 2µM MG132, 50µm genistein (Calbiochem, La
Jolla, CA, USA), or DMSO as a vehicle for different time intervals.
Real-time PCR
Hepa1 cells were seeded in 100mm plates. Twenty four hours later, cells were treated
with either DMSO or t-BHQ (Sigma) and harvested. RNA was extracted using RNeasy
mini kit (Qiagen). RNA was converted to cDNA using High Capacity cDNA Reverse
Transcription Kit (Applied Biosystems) according to manufacturer’s protocol. cDNA was
used with Taqman Master Mix (Applied Biosystems) and Keap1 Primer and Probe amplicon
Mm00497268_m1, or Cul3 Primer and Probe amplicon Mm00516747_m1 or Rbx1 Primer and
Probe amplicon Mm01705487_s1 or NQO1 Primer and Probe amplicon Mm00500821_m1 or
Nrf2 Primer and probe amplicon Mm00477784_m1 or GusB amplicon Mm00446953_m1 as an
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internal control (Applied Biosystems).Total mix was run on 7500 Real Time System

(Applied Biosystems) using relative quantitation according to manufacturers protocols.
Immunoprecipitation
For immunoprecipitation, 1mg of whole cell lysates were equilibrated in RIPA buffer,
pre-cleared by protein-AG plus-agarose (Santacruz Biotechnology) and then extracts
were incubated with respective antibodies (1µg) at 4°C overnight. Immune-complexes
were collected by addition of protein AG-agarose for 2 hours. The immune-complexes
were washed three times with RIPA buffer containing 0.25% NP-40 and proteins were
resolved by 10% reducing SDS-Page and transferred to nitrocellulose membrane. The
membranes were blocked with 3% Bovine Serum Albumin (BSA) and incubated with
their respective primary and secondary antibodies. Immunoreactive bands were
visualized using a chemiluminescense system ECL (Amersham).
Transient transfection
Hepa-1 cells were plated in 100mm plates at a density of 1 X 105 cells/plate 24 hours
prior to transfection. In the related experiments, the cells were transfected with 1µg of
the indicated plasmids using Effectene transfection reagent (Qiagen, Valencia, CA, USA)
according to manufacturer’s protocol.
siRNA Interference Assay
Control and INrf2 siRNA purchased from Dharmacon were used to inhibit INrf2
proteins. Hepa-1 cells were transfected at a 50 nM concentration of control or INrf2
siRNA using Lipofectamine RNAiMAX reagent (Invitrogen) according to the
manufacturer’s instructions. Thirty-two hours after transfection, cells were harvested, and
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localization of INrf2, Cul3, and Rbx1 was analyzed by western blotting by probing the
membranes with INrf2, Cul3, or RBX1 antibodies.
Statistical Analysis
The data from real-time PCR experiments were analyzed using a two-tailed Student’s t
test. Data are expressed ± S.D. of three independent experiments. Significant P values are
represented as and (***)=p<0.0005 are shown inside the figures.
Results
Antioxidant treatment causes INrf2/Cul3-Rbx1 export while Crm-1 inhibitor and
tyrosine kinase inhibitor block INrf2/Cul3-Rbx1 nuclear export
To investigate the early response of INrf2 in reaction to oxidative stress, the subcellular
localization of INrf2 was followed by immunoblotting. Western blot analysis shows that
endogenous and overexpressed INrf2 exported out of the nucleus within 0.5 hours of
treatment (Fig. 3-1 A-B, also see quantitative densitometry values below the blots).
Interestingly Cul3 and Rbx1 also exported out of the nucleus within 0.5 hours, which
followed the same kinetics as INrf2. To study the means by which INrf2 exports out of
the nucleus, preliminary experiments were performed using inhibitors. Genistein, a
tyrosine kinase inhibitor, given concurrently with t-BHQ prevented the transient decrease
in nuclear INrf2 protein levels (compare Fig. 3-1 C to Fig. 3-1 A). These results suggest
that the nuclear export may be due to tyrosine phosphorylation. Leptomycin B (LMB), a
specific inhibitor of proteins containing nuclear export signals (Fukuda et al., 1997), was
also given simultaneously with t-BHQ (Fig. 3-1 D).

LMB blocked the antioxidant

induced nuclear export of endogenous INrf2. Again, Cul3 and Rbx1 followed the same
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actions as INrf2 and did not export out of the nucleus. These results demonstrate that
INrf2 and Cul3-Rbx1 may be interacting with Crm-1 and that the nuclear export of Cul3
and Rbx1 are blocked with LMB.

Figure 3-1. Subcellular Localization of endogenous and overexpressed INrf2. HepG2 cells
were treated with chemicals for varying time points, harvested and nuclear and cytosolic extracts
were prepared. Lysates were immunoblotted. Densitometry measurements of bands were
quantitated and shown in values below, values relative to DMSO measurements, Anti-LDH, and
anti-Lamin B were probed in all blots. A. Cells were treated with vehicle control (DMSO) or
100µM t-BHQ. Endogenous INrf2 was probed. B. 1µg of INrf2-V5 was transiently transfected,
and cells were treated with DMSO or 100µM t-BHQ, anti-V5 was probed. C. Cells were pretreated with 100µM genistein for 2 hours, cells were then treated with either DMSO or 100µM tBHQ along with genistein for indicated time points. Lysate was immunoblotted with anti-INrf2.
D. Cells were treated with 20ng/ml of LMB for 2 hours; cells were then treated with either
100µM DMSO or t-BHQ along with LMB for indicated time points. Lysate was immunoblotted
with anti-INrf2.
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Tyrosine mutation causes nuclear accumulation of INrf2
Analysis of the mouse INrf2 amino acid sequence identified 4 different putative tyrosine
phosphorylation sites. Site-directed mutagenesis mutations were performed on the four
aforementioned tyrosine residues. Subcellular localization followed by immunoblotting
was performed to investigate if any one of the tyrosine residues was implicated in the
nuclear export of INrf2. INrf2 mutants Y141A, Y208A, and Y255A all showed an
antioxidant mediated nuclear export at 0.5 hours when exposed to t-BHQ (Fig.3-2 B-D).
In addition, Y141A and Y255A were unstable when the experiments were carried out, so
MG132, a proteasome inhibitor, was used to stabilize these two proteins. Interestingly,
INrf2 mutant Y85A was the only mutant to show nuclear accumulation in the presence of
t-BHQ (Fig. 3-2 A). Since INrf2Y85A showed nuclear accumulation, we probed for Cul3
and Rbx1 to see their localization in the same experiment. Surprisingly the nuclear
export of Cul3 and Rbx1 were also stymied in the presence of INrf2Y85A and t-BHQ.
These results convey that phosphorylation at tyrosine residue 85 may be required for the
nuclear export of INrf2 and Cul3-Rbx1.

51

Figure 3-2. Subcellular localization of mutant forms of INrf2. A-D. HepG2 cells were
transfected with 1µg of INrf2Y85A, INrf2Y141A, INrf2Y208A, or INrf2Y255A mutant
plasmids. Cells were then treated with either DMSO or 100µM t-BHQ for indicated time points.
Cells were harvested and nuclear and cytosolic extracts were prepared. Lysates were
immunoblotted with anti-V5, anti-LDH, and anti-LaminB, anti-Cul3, anti-Rbx1.

Tyrosine mutations in Cul3 and Rbx1 do not block nuclear export.
Analysis of the mouse Cul3 and Rbx1 amino acid sequence revealed 3 putative tyrosine
phosphorylation sites in Cul3 and 1 putative tyrosine phosphorylation site in Rbx1. Sitedirected mutagenesis mutations were performed on the tyrosine residues mentioned
previously.

Subcellular localization followed by immunoblotting was performed to

investigate if any one of the tyrosine residues was implicated in the nuclear export of
Cul3 and Rbx1. Surprisingly, Cul3 mutants Y74A, Y432A, Y764A, and Rbx1 mutant
Y106A all showed an antioxidant mediated nuclear export at 0.5 hours when exposed to
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t-BHQ (Fig. 3-3 A-F) suggesting that tyrosine phosphorylation of Cul3 and Rbx1 is not
required for their nuclear export. However, in the cases of Cul3Y764A and Rbx1Y106A,
these proteins seemed to behave differently than the other mutant proteins by
accumulating slightly in the cytosol after nuclear export at 0.5 hours.

Figure 3-3. Subcellular localization of mutant forms of Cul3 and Rbx1. A-F. HepG2 cells
were transfected with 1µg of Cul-V5, Cul3Y74A, Cul3Y432A, Cul3Y764A, Rbx1-V5, and
Rbx1Y106A plasmids. Cells were then treated with either DMSO or 100µM t-BHQ for indicated
time points. Cells were harvested and nuclear and cytosolic extracts were prepared. Lysates were
immunoblotted with anti-V5, anti-LDH, and anti-LaminB.

Immunoprecipitation of INrf2 shows tyrosine phosphorylation
Immunoprecipitation followed by immunoblotting was used to investigate tyrosine
phosphorylation of endogenous INrf2, INrf2-V5, and INrf2Y85A-V5. HepG2 cells were
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treated with t-BHQ and immunoprecipitation was performed with anti-INrf2 antibodies
using only the nuclear fraction of each sample. Western blots were probed with antiphosphotyrosine antibodies and then re-probed with anti-INrf2 antibodies. Anti-INrf2
antibodies immunoprecipitated phosphotyrosine proteins at 0.5 hours suggesting that
more tyrosine phosphorylation is likely taking place. (Fig. 3-4 A, top panels) The reverse
immunoprecipitation confirmed an increase in interaction between endogenous INrf2 and
phosphotyrosine at 0.5 hours (Fig. 3-4 A, lower panels).
In an analogous setting to the endogenous INrf2 experiment, HepG2 cells were
transfected with INrf2-V5 and treated with t-BHQ. As expected, immunoprecipitation
with anti-FLAG antibodies behaved similarly to the endogenous INrf2 experiment. AntiV5 immunoprecipitated phosphotyrosine at the 0.5 hour treatment (Fig 3-4 B. top
panels).

In the reverse experiment, immunoprecipitation with phosphotyrosine also

immunoprecipitated an increase in V5-tagged INrf2 protein at the 0.5 hour treatment.
(Fig. 3-4 B, bottom panels).
We then determined if INrf2Y85A mutant would be able to interact with any
tyrosine

phosphorylation.

Anti-V5

antibodies

did

not

immunoprecipitate

phosphotyrosine protein in HepG2 cells transfected with INrf2Y85A at any time point
(Fig. 3-4 C, top panels) In the reverse experiment, phosphotyrosine antibodies did not
immunoprecipitate V5 tagged INrf2 protein at any time points (Fig. 3-4 C, bottom
panels). Taken together, these results show that endogenous INrf2 and INrf2-V5 show
tyrosine phosphorylation at 0.5 hours compared to INrf2Y85A mutant suggesting the
INrf2Y85 residue is likely phosphorylated.

54

Figure 3- 4. Immunoprecipitation of INrf2, INrf2-V5, and INrf2Y85A-V5. A. HepG2 cells
were treated with either 100µM DMSO or t-BHQ for indicated time points. Cells were then
collected, and nuclear and cytosolic fractions were separated. One mg of nuclear lysate was
immunoprecipitated with anti-INrf2 antibody and western blotted with anti-phosphotyrosine and
anti-INrf2 (top panels). One mg of nuclear lysate was immunoprecipitated with antiphosphotyrosine antibody and western blotted with anti-INrf2 antibody and anti-phosphotyrosine
(bottom panels). B-C. HepG2 cells were transfected with 1µg of INrf2-V5 or INrf2Y85A-V5
and treated with either 100µM DMSO or t-BHQ for indicated time points. Cells were harvested
and nuclear and cytosolic fractions were separated. One mg of nuclear lysate was
immunoprecipitated with anti-V5 antibody and western blotted with anti-phosphotyrosine and
anti-V5 (top panels). One mg of nuclear lysate was immunoprecipitated with antiphosphotyrosine antibody and western blotted with anti-V5 antibody (bottom panels).

Immunoprecipitation of Cul3-Rbx1 shows tyrosine phosphorylation
Even though site directed mutagenesis of tyrosine residues in Cul3 and Rbx1 resulted in
nuclear export after antioxidant treatment, the fact that Cul3Y764A and Rbx1Y106A
were accumulating in the cytosol following nuclear export (Fig. 3-3 D, 3-3 F) needed to
be investigated further.

We were interested to see if Cul3 or Rbx1 were actually
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phosphorylated after antioxidant treatment versus the aforementioned mutant proteins.
Immunoprecipitation followed by immunoblotting was used to investigate tyrosine
phosphorylation of endogenous Cul3-Rbx1, and overexpressed Cul3-Rbx1. HepG2 cells
were treated with t-BHQ and immunoprecipitation was performed with anti-Cul3 and
anti-Rbx1 antibodies using only the nuclear fraction of each sample. Western blots were
probed with anti-phosphotyrosine antibodies and then re-probed with anti-Cul3 and antiRbx1 antibodies. Surprisingly, anti-Cul3 and anti-Rbx1 antibodies immunoprecipitated
phosphotyrosine proteins at 0.5 hours suggesting that phosphorylation was taking place
(Fig. 3-5 A and 3-5 B, top panels) The reverse immunoprecipitation confirmed an
increase in interaction between endogenous Cul3-Rbx1 and phosphotyrosine at 0.5 hours
(Fig. 3-5 A and 3-5 B, lower panels).
In an analogous setting to the endogenous Cul3 and Rbx1 experiments, HepG2
cells were transfected with Cul3-V5 and Rbx1-V5 and treated with t-BHQ. As expected,
immunoprecipitation with anti-V5 antibodies behaved similarly to the endogenous Cul3
and Rbx1 experiments. Anti-V5 immunoprecipitated phosphotyrosine at the 0.5 hour
treatment (Fig 3-5 B and 3-5 C. top panels).

In the reverse experiment,

immunoprecipitation with phosphotyrosine also immunoprecipitated an increase in V5tagged Cul3 and Rbx1 protein at the 0.5 hour treatment. (Fig. 3-5 B and 3-5 C, bottom
panels).
We then determined if Cul3 and Rbx1 tyrosine mutants, that showed cytosolic
accumulation after nuclear export (Fig. 3-3 D, F), would be able to interact with any
tyrosine

phosphorylation.

Anti-V5

antibodies

did

not

immunoprecipitate

phosphotyrosine protein in HepG2 cells transfected with Cul3Y764A or Rbx1Y106A at

56

any time point (Fig. 3-5 E and 3-5 F, top panels)

In the reverse experiments,

phosphotyrosine antibodies did not immunoprecipitate V5 tagged Cul3 or Rbx1 protein at
any time points (Fig. 3-5 E and 3-5 F, bottom panels). Taken together, these results show
that endogenous Cul3-Rbx1 and overexpressed Cul3 and Rbx1 show tyrosine
phosphorylation at 0.5 hours compared to the mutants suggesting the Cul3764A and
Rbx1Y106A residues are likely phosphorylated.

Figure 3-5. Immunoprecipitation of Cul3 and Rbx1. A-B. HepG2 cells were treated with either
100µM DMSO or t-BHQ for indicated time points. Cells were then collected, and nuclear and
cytosolic fractions were separated. One mg of nuclear lysate was immunoprecipitated with antiCul3 (A) and anti-Rbx1 (B) antibody and western blotted with anti-phosphotyrosine and antiINrf2 (top panels). One mg of nuclear lysate was immunoprecipitated with anti-phosphotyrosine
antibody and western blotted with anti-Cul3 and anti-Rbx1 antibody and anti-phosphotyrosine
(bottom panels). C-F. HepG2 cells were transfected with 1µg of Cul3-V5 (C), Rbx1-V5 (D),
Cul3Y764A-V5 (E), or Rbx1Y106-V5 (F) and treated with either 100µM DMSO or t-BHQ for
indicated time points. Cells were harvested and nuclear and cytosolic fractions were separated.
One mg of nuclear lysate was immunoprecipitated with anti-V5 antibody and western blotted
with anti-phosphotyrosine and anti-V5 (top panels). One mg of nuclear lysate was
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immunoprecipitated with anti-phosphotyrosine antibody and western blotted with anti-V5
antibody (bottom panels).

INrf2/Cul3-Rbx1 export the nucleus as a complex via the NES in INrf2
It has been previously reported that INrf2 possesses a functional NES that interacts with
Crm-1 leading to its nuclear export in the late response to oxidative stress (Velichkova et
al., 2005; Sun et al., 2007). The NES within INrf2 is shown in Figure 3-6 A. To test our
previous experiments where LMB blocked nuclear export of INrf2, Cul3 and Rbx1 in the
early response to antioxidants, we sought to investigate if mutation of the NES in INrf2
would result in the stymie of Cul3 and Rbx1 nuclear export. As expected, when the
nuclear export of INrf2 is blocked by mutation of the NES, Cul3 and Rbx1 nuclear export
is also blocked (Fig 3-6 B). We then used siRNA to knockdown INrf2 and looked at the
effect it would have on Cul3 and Rbx1 nuclear export. After transfecting INrf2 siRNA,
antioxidant treatment failed to induce the nuclear export of Cul3 and Rbx1 (Fig. 3-6 C).
These results indicate that Cul3 and Rbx1 translocation out of the nucleus requires the
NES of INrf2. Next, we examined if INrf2-V5 and INrf2Y85A-V5 could interact with
Crm1, a nuclear exporter protein. Anti-V5 antibodies were able to immunoprecipitate
FLAG-tagged Crm1 at 0.5 and 1 hours (Fig. 3-5 D, top panels).

In the reverse

experiment, anti-FLAG antibodies immunoprecipitated INrf2-V5 at 0.5 and 1 hours (Fig.
3-5 D, bottom panels). In a similar experimental setting, cells were co-transfected with
INrf2Y85A-V5 and FLAG-Crm1. Anti-V5 antibodies were unable to immunoprecipitate
FLAG-Crm1 (Fig. 3-5 E, top panels), and anti-FLAG antibodies were unable to
immunoprecipitate INrf2Y85A-V5 (Fig. 3-5 E, bottom panels).

To confirm that

INrf2Y85A can in fact bind to Cul3-Rbx1 and Nrf2, immunoprecipitations were
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performed. As INrf2-V5 acting as a positive control (Fig. 3-7 A, C), INrf2Y85A-V5 was
able to interact with HA-Cul3 and Myc-Rbx1 in both the forward and reverse
immunoprecipitations (Fig 3-7 B). INrf2Y85A was also interacting with endogenous
Nrf2 in both the forward and reverse immunoprecipitations (Fig. 3-7 D).

Together these

results show that INrf2-V5, and not INrf2Y85A-V5, was able to interact with Crm1
suggesting that INrf2, Cul3 and Rbx1 nuclear export is dependent upon a NES interaction
with Crm1 in the early response to antioxidants.

Figure 3-6. Cul3-Rbx1 export out of the nucleus via INrf2 nuclear export signal. A.
Schematic Diagram of mouse INrf2 gene showing BTB domain (responsible for Cul3
interaction), DGR domain (responsible for Nrf2 interaction) and a functional nuclear export
signal. B. HepG2 cells were treated transfected with 1µg of INrf2∆NES-V5. Cells were then
treated with 100µM t-BHQ harvested and nuclear and cytosolic extracts were prepared. Lysates
were immunoblotted with anti-V5, anti-Cul3, anti-Rbx1, anti-Lamin B, and anti-LDH. C. Hepa-1
cells were transfected with INrf2 siRNA for 48 hours. Cells were then treated with 100µM tBHQ for indicated time points, and harvested. Cytosolic and nuclear extracts were prepared and
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lysates were immunoblotted with anti-INrf2, anti-Cul3, anti-Rbx1, anti-LDH, and anti-Lamin B.
D-E. HepG2 cells were co-transfected with 1µg of INrf2-V5 or INrf2Y85A-V5 and 1µg of
FLAG-Crm1 and then treated with either DMSO or 100µM t-BHQ for indicated time points.
Cells were harvested; one mg lysate was immunoprecipitated with anti-V5 antibody and western
blotted with anti-FLAG and anti-v5 (top two panels). One mg lysate was immunoprecipitated
with anti-FLAG antibody and western blotted with anti-V5 and anti-FLAG antibodies (bottom
two panels).

Figure 3-7. INrf2 and INrf2Y85A interactions with Cul3-Rbx1. A-B. HepG2 cells were
transfected with 1 µg INrf2-V5 (A) or INrf2Y85A-V5 (B) and 500ng HA-Cul3, and 500ng MycRbx1. Cells were then treated with 100µM t-BHQ for indicated time points. Cells were
harvested; one mg lysates were immunoprecipitated with either anti-V5, anti-HA, or anti-Myc
antibody and western blotted with either anti-V5, anti-HA, or anti-Myc. C-D. HepG2 cells were
transfected with 1µg INrf2-V5 or INrf2Y85A-V5 and pre-treated with 2µM MG132 for 16 hours.
Cells were then treated with 100µM t-BHQ for indicated time points. One mg lysate was
immunoprecipitated with anti-V5 antibody and western blotted with anti-Nrf2 and anti-V5 (top
panels). One mg lysate was immunoprecipitated with anti-Nrf2 antibody and western blotted
with anti-V5 antibody and anti-Nrf2 (bottom panels).
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Proteasome inhibitor causes cytosolic accumulation of INrf2, Cul3 and Rbx1
To elucidate the fate of INrf2 after nuclear export has taken place, experiments were
performed using proteasome inhibitor MG132 and t-BHQ.

After nuclear export of

endogenous INrf2 at 0.5 hours, accumulation of INrf2 in the cytosol appeared (Fig. 3-8
A). Cul3 and Rbx1 also followed the similar kinetics as INrf2. In a similar experiment,
INrf2-V5 was transfected and HepG2 cells were pre-treated with proteasome inhibitor
MG132 followed by t-BHQ.

INrf2-V5 behaved analogously to endogenous INrf2

revealing accumulation in the cytosol at 0.5 hours (Fig. 3-8 B). Again, Cul3 and Rbx1
also showed accumulation in the cytosol after nuclear export in response to antioxidants.
Next, INrf2Y85A was transfected into HepG2 cells and pre-treated with MG132
followed by t-BHQ treatment. As expected, INrf2Y85A failed to transport out of the
nucleus and obviously did not indicate any cytosolic accumulation (Fig. 3-8 C). As
expected, Cul3 and Rbx1 also did not accumulate in the cytosol after MG132 and
antioxidant treatment. The effect of MG132 seemed to mediate cytosolic accumulation
of INrf2, Cul3 and Rbx1 after nuclear export suggesting that all three proteins are
degraded after nuclear export.

To confirm that INrf2, Cul3 and Rbx1 are all

ubiquitinated after nuclear export, an ubiquitination assay was performed. HepG2 cells
were transfected with INrf2-V5, Cul3-V5, or Myc-Rbx1 and HA-Ub plasmids. Cells
were then immunoprecipitated with anti-V5 or anti-Myc antibodies and immunoblotted
with anti-HA antibodies. Cells treated with DMSO showed little ubiquitinated proteins in
the cytosol and undetectable levels in the nucleus (Fig. 3-8 D-F). INrf2, Cul3, and Rbx1
ubiquitination was highest in the cytosol after 30 minutes of t-BHQ treatment following
nuclear export.

Ubiquitination decreased significantly at 4 hours after antioxidant
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treatment.

Taken together these results demonstrate that INrf2/Cul3-Rbx1 are

ubiquitinated and degraded following nuclear export.

Figure 3-8. Cytosolic accumulation and degradation of INrf2/Cul3-Rbx1 complex. A-C.
HepG2 cells were pre-treated with 2 µM MG132 for 16 hours. HepG2 cells were then treated
with 100µM t-BHQ and MG132 for indicated time points. Cells were harvested and nuclear and
cytosolic extracts were prepared. Lysates were immunoblotted. Densitometry measurements of
bands were quantitated and shown in graph below blots. A. Endogenous INrf2, anti-LDH, and
anti-LaminB were probed. B. 1µg of INrf2-V5 was transiently transfected; anti-V5, anti-LDH,
and anti-Lamin B were probed. C. 1µg of INrf2Y85A-V5 mutant was transiently transfected;
anti-V5, anti-LDH, and anti-Lamin B were probed. D-F. HepG2 cells were transfected with
INrf2-V5, Cul3-V5, or Myc-Rbx1 and HA-Ub plasmids and pre-treated with 2µM MG132 for 16
hours. Cells were then treated with 100µM t-BHQ and MG132 for indicated time points. Protein
was aliquoted from samples and used for inputs.
Rest of the sample (1mg) was
immunoprecipitated with anti-V5 or anti-myc antibodies and immunoblotted with anti-HA
antibodies.
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Nuclear accumulation of tyrosine mutant shows no effect on Nrf2 protein and Nrf2
downstream genes.
We then investigated the mutation of INrf2Y85 on Nrf2 downstream gene activity. The
rationale was that if INrf2 is unable to export out of the nucleus, it may be possible that it
could degrade Nrf2 in the nucleus or transport Nrf2 out of the nucleus interfering with
cytoprotective gene expression.

To examine the differences between the negative

regulation of INrf2 and INrf2 mutant on Nrf2, ubiquitination assays were performed.
Hepa-1 cells were transfected with either INrf2-V5 or INrf2Y85A-V5, FLAG-Nrf2 and
Ub-HA, and pretreated with MG132 and then treated with either DMSO or t-BHQ.
When INrf2 is overexpressed, ubiquitinated Nrf2 does not appear until around 4 hours
because Nrf2 is now beginning to export out of the nucleus resulting in increased
degradation. (Fig. 3-9 A).

When INrf2Y85A is overexpressed, Nrf2 ubiquitination

remains constant compared to INrf2-V5.

Real-time PCR assays were used in the

determination of whether INrf2-V5 activity differs from INrf2Y85A activity on t-BHQ
induced expression of ARE-mediated cytoprotective gene expression. Hepa-1 cells were
co-transfected with either INrf2 or INrf2Y85A. Nrf2 downstream gene NQO1 mRNA
increased 5 fold at 4 hours and 10 fold at 8 hours when transfected with INrf2 or
INrf2Y85A after antioxidant treatment (Fig. 3-9 B).
Previous studies have revealed that three cysteine residues, Cys151, Cys273, and
Cys288, are crucial for INrf2 (Zhang et al., 2003). Oxidation/modification of these
cysteines leads to Nrf2 stabilization. We treated INrf2-V5 or INrf2Y85A transfected
cells with t-BHQ for 30 minutes. After 30 minutes, fresh-untreated media was replaced
and allowed to incubate for the indicated time points. Our thinking was that it may be
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possible to induce the export of INrf2, and not the mutant, while at the same time
allowing the cysteines on the mutant to reset. However, this was not the case because
NQO1 gene expression showed no differences between the wild type and mutant INrf2.
This effect may be due to the cysteines on mutant INrf2 remained modified allowing
Nrf2 unimpeded activation of downstream genes (Fig. 3-9 C). To further investigate
differences between INrf2 and INrf2Y85A on Nrf2 downstream targets, western blot
analysis was performed on Nrf2 and HO-1 levels at basal levels.

INrf2-WT and

INrf2Y85A showed no differences in Nrf2 and HO-1 levels (Fig. 3-9 D). Taken together
the results suggest that nuclear accumulation of INrf2Y85A mutant may not repress Nrf2
or Nrf2 downstream genes.
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Figure 3-9. Effects of INrf2Y85A mutant. A. Hepa-1 cells were transfected with INrf2-V5 or
INrf2Y85A and FLAG-Nrf2, Ub-HA and pretreated with 2µM MG132 for 16 hours. Cells were
then treated with DMSO or t-BHQ. 1mg of cell lysate was immunoprecipitated with anti-V5 and
western blotted with anti-HA. B-C. Hepa-1 cells were transfected with either INrf2-V5 or
INrf2Y85A. Cells were treated with 100µm DMSO or t-BHQ. In experiment (C), cells were
treated with 100µm t-BHQ for 30 minutes and then replaced with blank media and treated for
indicated time points. RNA was extracted and quantitation of mRNA was measured.
Experiments were repeated thrice and the mean was presented. Each data point represents a mean
±SD and normalized to the value of the corresponding control cells. D. Hepa-1 cells were
transfected with varying concentrations of INrf2-V5 or INrf2Y85A-V5 and lysate was collected.
Anti-Nrf2, anti-V5, anti-HO-1, and anti-β-actin. Comparison between DMSO and t-BHQ within
each transfection concentration shows a significant difference (***)=p<0.0005 by two-tailed
student t-test.

Discussion
INrf2, Cul3 and Rbx1 act as negative regulators of Nrf2 (Kaspar et al., 2009). The
regulation of Nrf2, especially its abundance in the nucleus, is important for controlling
expression of cytoprotective genes in response to oxidative stress (Kang et al., 2004).
Since persistent increases in cytoprotective gene expression threaten cell survival
(Strachan et al., 2005), Nrf2 is exported out of the nucleus and degraded. The nuclear
export and degradation of Nrf2 is activated after INrf2/Cul3-Rbx1 imports into the
nucleus and degrades Nrf2 or INrf2 shuttles Nrf2 out of the nucleus (Velichkova et al.,
2005; Sun et al., 2007). INrf2 mediated degradation of nuclear Nrf2 and shuttling of
Nrf2 out of the nucleus are delayed responses to oxidative stress (Velichkova et al., 2005;
Sun et al., 2007).

In the current study, we investigated the early response of the

INrf2/Cul3-Rbx1 complex to oxidative stress.
In this report, studies demonstrated that INrf2, Cul3, and Rbx1 were exported
out of the nucleus soon after exposure to oxidative stress. The antioxidant-induced
nuclear export of INrf2/Cul3-Rbx1 appears to be an integral part of the ARE/Nrf2mediated activation of cytoprotective genes. Treatment with LMB, an inhibitor of Crm-1
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mediated nuclear export, stymied nuclear export of INrf2/Cul3-Rbx1 resulting in nuclear
accumulation of the protein. The mechanism of INrf2/Cul3-Rbx1 nuclear export was due
to phosphorylation of tyrosine85 on INrf2 after oxidative stress stimulation. Once the
complex was phosphorylated, the nuclear export signal in INrf2 interacted with Crm-1
which allowed for nuclear export and subsequent degradation of the complex.
Interestingly, mutation of the nuclear export signal in INrf2 not only occludes INrf2
nuclear export, but also Cul3 and Rbx1. siRNA mediated knockdown of INrf2 also
blocked nuclear export of Cul3 and Rbx1 suggesting that Cul3 and Rbx1, both of which
lack nuclear export signals, need the nuclear export signal of INrf2 to export. In this
case, INrf2 serves not only as an escort for Nrf2 that had previously been shown (Sun et
al., 2007), but also an escort for Cul3 and Rbx1. The kinase responsible for
phosphorylation of the complex has not been identified. We believe that the tyrosine
kinase has to be stress-responsive and is rapidly activated in response to antioxidants.
Interestingly, upon INrf2, Cul3, and Rbx1 nuclear export, subsequent
accumulation in the cytosol was absent.

When cells were treated with proteasome

inhibitors, INrf2-Cul3/Rbx1 accumulation could be seen in the cytosol, and INrf2
ubiquitination could also be seen in the cytosol alluding to the conclusion that
antioxidants induce proteasome-dependent degradation following nuclear export. This
data is in agreement with another study that has shown the ubiquitin-proteasome
machinery is involved in the degradation of Cul3 resulting in accumulation of Cul3 (Kim
et al., 2010). Tyrosine mutation on residue Y764 in Cul3 and Y106A in Rbx1 also
exhibited cytosolic accumulation following antioxidant induced nuclear export.
Cul3Y764A and Rbx1Y106A could not immunoprecipitate any tyrosine phosphorylation
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compared to the wild type proteins. Hence, it appears that tyrosine phosphorylation may
be playing a key role in regulating the degradation of the proteins. The transcriptional
regulation of Cul3-Rbx1 has been shown to be mediated through Nrf2 and the antioxidant
response element (29). Induction of Nrf2 leads to increases in Cul3 and Rbx1 protein
synthesis (29). Therefore is possible that tyrosine phosphorylation could be marking these
proteins for degradation to prevent an excess of ubiquitin ligases within the cell.
Previous findings have shown that INrf2 is degraded through Cul3-dependent
ubiquitin ligases but the degradation of INrf2 may not be accomplished by the 26
proteasome (Zhang et al., 2005). Our results suggest that INrf2 may be degraded through
the 26 proteasome because INrf2 was ubiquitinated in the early response to antioxidant
treatment and accumulation of the protein was seen in the cytosol following treatment
with proteasome inhibitors. A recent study has shown that the degradation of INrf2 may
be controlled through sequestosome 1 (Copple et al., 2010).

Sequestosome 1, also

referred to as p62, is a scaffold protein that has been implicated in both proteasomal and
liposomal degradation cascades (Korolchuk et al., 2009).

Therefore it appears that

multiple mechanisms exist that can regulate the degradation of INrf2.
In summation, we have investigated the early response of INrf2, Cul3 and Rbx1
after treatment with antioxidants. We demonstrate that INrf2 exports out of the nucleus
with Cul3 and Rbx1 as a complex. The nuclear export of INrf2 is controlled by tyrosine
phosphorylation of residue85 and a nuclear export signal interaction with Crm-1 leading
to INrf2 degradation after nuclear export. Cul3 and Rbx1 nuclear export relies on the
NES in INrf2 for their own nuclear export and subsequent degradation. Once in the
nucleus, Nrf2 will activate cytoprotective genes.
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After completing activation of

defensive genes, INrf2/Cul3-Rbx1 are imported back into the nucleus to degrade Nrf2
(Sun et al., 2007) or transport Nrf2 out of the nucleus (Velichkova et al., 2005) causing
Nrf2 export and degradation. The possible function of the pre-induction nuclear export
of the INrf2/Cul3-Rbx1 complex is to regulate the protein levels within the cell. After
nuclear export, the complex is degraded and Nrf2 controls the induction of INrf2, Cul3,
and Rbx1 genes, so it seems plausible that the export is to control the protein levels.
Excessive INrf2 or Cul3-Rbx1 ubiquitin ligases may be harmful and cause destabilization of the Nrf2 signaling pathway. The other possibility is that the nuclear
export of the complex regulates Nrf2 allowing unimpeded movement to the ARE.
Previous experiments have shown that the tyrosine mutation of INrf2 has no effect on
Nrf2, but it may be possible that the nuclear export could be regulating Nrf2 postinduction.

Additional experiments need to be performed to further investigate that

possibility.

This study dissects the mechanisms involved in the early response of

INrf2/Cul3-Rbx1 to oxidative stress.
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CHAPTER FOUR
ANTIOXIDANT INDUCED PHOSPHORYLATION OF TYROSINE486 LEADS
TO NUCLEAR EXPORT OF BACH1
(As published in the Journal of Biological Chemistry, January 2010)
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Abstract
Antioxidants cause stabilization and nuclear translocation of Nrf2 where it binds to the
antioxidant response element (ARE) and induces upregulation of defensive genes that
protect cells against oxidative and electrophilic stress. Bach1, the negative regulator of
Nrf2, competes with Nrf2 for binding to the ARE in the human NQO1 promoter. In this
study, we demonstrate that Bach1 exits the nucleus within 1-2 hours upon antioxidant
treatment. Genistein, an inhibitor of tyrosine kinases, blocked nuclear export of Bach1.
Site directed mutagenesis and immunoprecipitation assays identified tyrosine486 that was
phosphorylated in response to antioxidant and was essential for nuclear export of Bach1.
ChIP assays revealed a competitive interplay between Bach1 and Nrf2 at 1-2 and 4 hours
for binding to the human NQO1 ARE. Luciferase and real time PCR assays showed a
significant decrease in antioxidant induction of reporter activity and mRNA levels in cells
transfected with mutant Bach1 compared to wild type. This decrease was due to the
absence of nuclear export of the mutant protein. Bach1 levels inside the nucleus returned
to normal at 4 hours after antioxidant treatment in the absence but not in the presence of
protein synthesis inhibitor cyclohexamide. In addition, antioxidant treatment increased
the transcription of Bach1 as shown by pulse-chase and real time PCR experiments.
Taken together these results indicate that increased synthesis of Bach1 restored its
nuclear levels to normal at 4 hours. In conclusion, antioxidant-induced tyrosine486
phosphorylation leads to nuclear exit of Bach1 thus allowing Nrf2 access to the ARE.
Introduction
Bach1 (BTB and CNC homology 1, basic leucine zipper transcription factor 1) is
a transcription repressor that is conserved and ubiquitously expressed in tissues (Oyake et
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al., 1996; Igarashi et al., 1998; Sun et al., 2002; Dhakshinamoorthy et al., 2005). In the
absence of cellular stress, Bach1 heterodimers with small Maf proteins that bind to the
antioxidant response element (ARE) repressing defensive gene expression (Igarashi et al.,
1998; Dhakshinamoorthy et al., 2005; Singh et al., 2006b). Bach1 functions as a sensor
of oxidative stress that mediates gene induction upon its inactivation (Ishikawa et al.,
2005; Dohi et al., 2006; Reichard et al., 2007). Bach1 also allows defensive gene
induction, such as heme oxygenase (HO)-1, upon its release from the ARE and
subsequent replacement by NF-E2 related factor 2 (Nrf2). The cellular stress causes Nrf2
to be released from its cytosolic inhibitor, INrf2, and translocate into the nucleus leading
to the activation of ARE-mediated gene expression (Choi et al., 1996; Mulcahy et al.,
1997). Nrf2 cannot bind to the ARE as a monomer, but requires dimerization with one of
the small Maf or Jun proteins in order to bring about transactivation (Itoh et al., 1997;
Venugopal et al., 1998). Nrf2 binds to the ARE and regulates expression and coordinated
induction of a myriad of genes encoding chemopreventive proteins, including detoxifying
enzymes NAD(P)H:quinone oxidoreductases (NQO1 and NQO2), glutathione Stransferase Ya subunit, γ-glutamylcysteinyl synthetase, and heme oxygenase-1 (Jaiswal,
2004). There appears to be competitive interplay between the Bach1-containing repressor
dimers and Nrf2-containing activator dimers (Sun et al., 2004; Dhakshinamoorthy et al.,
2005).
Nuclear export is an important event in the regulation and induction of many
different proteins (Tembe et al., 2007). In order to protect themselves from oxidative
stress and other cellular insults, cells may react by exporting specific proteins from the
nucleus. Bach1, a transcriptional repressor of the heme oxygenase gene, localizes in the
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nucleus under normal conditions. The heavy metal cadmium and heme induced Crm1
dependent nuclear export of Bach1 (Suzuki et al., 2003; Suzuki et al., 2004). The nuclear
export of Bach1 is vital to cellular survival when exposed to heavy metal induced stress.
Bach1 also contains two different nuclear export signals, each mediating specific
responses to cadmium and heme (Suzuki et al., 2003; Suzuki et al., 2004). However, the
antioxidant induced nuclear export of Bach1 is unknown. In addition, the molecular
mechanism that controls nuclear export of Bach1 in response to heavy metals or
antioxidant remains unclear.
In this report we demonstrate that tert-Butylhydroquinone (t-BHQ), an
antioxidant, induced rapid export of Bach1 from the nucleus to allow free access of the
ARE to incoming Nrf2 which lead to activation of antioxidant gene expression. We also
demonstrate that antioxidant induced phosphorylation of tyrosine486 is essential for the
nuclear export of Bach1. Further experiments showed that once Nrf2’s task was
completed, newly synthesized Bach1 entered the nucleus leading to the suppression of
ARE-mediated gene expression down to normal levels.
Materials and Methods
Cell Cultures
Human hepatoblastoma (HepG2) and mouse hepatoma (Hepa-1) cells were obtained from
the American Type Culture Collection (Manassas, VA). HepG2 cells were grown in
minimum essential α medium and Hepa-1 in Dulbecco’s modified Eagle’s medium
supplemented with 10% fetal bovine serum, penicillin (40 units/ml), and streptomycin
(40µg/ml). The cells were grown in monolayer in an incubator at 37 °C in 95% air and
5% CO2.
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Plasmid Construction
The mouse Bach1 was amplified from mouse liver marathon ready cDNA library using
Bach1-specific

primers

(forward,

5’-ACCATGTCTGTGAGTGAGAGTGCG

and

reverse, 5’-CTGGTCAGTAGTGCACTTGTCAGAC). The cDNA was subcloned into
pcDNA 3.1/V5-His Topo Vector by TA cloning (Invitrogen). This plasmid encodes the
V5 tagged Bach1 Wild Type Protein designated Bach1-V5. Two tyrosine residues (Y431
and Y486) present in Bach1-WT were mutated to alanine by using site directed
mutagenesis kit (Invitrogen). Mutant Y431A was generated by PCR using mutant
forward primer 5’- GACGGCCCAGAACAGGGCGCATCGCAAAGGCGA and reverse
primer 5’- GCCCTGTTCTGGGCCGTCTTTGGCCACAGT. Mutant Y486A was
generated

by

PCR

using

mutant

GAAATTGGAAACTACGATGCAGTCTCGGAGCCT

forward
and

reverse

primer
primer

5’5’-

ATCGTAGTTTCCAATTTCCAAGTTGCTTGA. These plasmids will be designated
Bach1Y431A-V5 and Bach1Y486A-V5. The cytoplasmic localization sequence was
deleted from the pcDNA vector using forward primer 5’-ATGCTCGTGAGTGAGAGT
and reverse primer 5’-ACTCTGCCGACAGGTTCCAA. The construction of the reporter
plasmid human NQO1 pGL2-hARE-Luc and pCMX-Crm1-Flag is described in (2). All
of the plasmids were confirmed by sequencing.
In vitro transcription/translation
In vitro transcription/translation of the plasmids encoding tyrosine mutations were
performed using the TNT-coupled rabbit reticulocyte lysate system (Promega). 0.2µg of
plasmid DNA was incubated with 25µl of TNT-coupled rabbit reticulocyte lysate
supplied with 40µM of L-methionine at 30°C for 90min. The plasmid encoding luciferase
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provided in the kit was used as a control for the transcription/translation reaction. After
the coupled transcription/translation, the proteins were checked for their correct size on
10% SDS-PAGE followed by immunoblotting. All of the in vitro transcribed/translated
proteins gave the expected size bands.
Subcellular fractionation and Western blotting
Hepa1 and HepG2 cells, seeded in 100-mm plates and treated/transfected as displayed in
the figures, were washed twice with ice-cold phosphate-buffered saline, trypsinized, and
centrifuged at 1500rpm for 5 min. For making whole cell lysates, the cells were lysed in
RIPA buffer (50mM Tris, pH 8.0, 150mM NaCl, 0,2 mM EDTA, 1% Nonidet P-40, 0.5%
deoxycholic acid, 1mM phenylmethylsulfonyl fluoride, and 1mM sodium orthovanadate
supplemented with protease inhibitor mixture (Roche Applied Science). Cytoplasmic and
nuclear biochemical fractionation of the cells was done using the Active Motif Nuclear
Extract Kit (Active Motif, Carlsbad CA) following the manufacturer’s protocol. The
protein concentration was determined using the protein assay reagent (Bio-Rad). 50-60
micrograms of protein were separated by 10% SDS-PAGE and transferred to
nitrocellulose membranes. The membranes were blocked with 5% non fat dry milk and
incubated with anti-Bach1 C-20 (1:500) purchased from Santa Cruz Biotechnology (CA),
anti-V5 HRP (1:5000) purchased from Invitrogen, anti-phosphotyrosine (1:1000), and
anti-actin (1:5000) purchased from Sigma. The membranes were washed three times
with TBST and immunoreactive bands were visualized using a chemiluminescense
system ECL (Amersham). The intensity of the protein bands were quantitated by using
QuantityOne 4.6.3 Image software (ChemiDoc XRS, Bio-Rad) and normalized against
proper loading controls. To confirm the purity of nuclear-cytoplasmic fractionation, the
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membranes were re-probed with cytoplasm specific anti-lactate dehydrogenase (LDH)
(Chemicon) and nuclear specific, anti-lamin B antibodies (Santa Cruz Biotechnology). In
related experiments the cells were treated with 100µM tert-Butylhydroquinone (t-BHQ)
(Sigma), 20ng/ml Leptomycin B (LMB),

20ng/ml Cycloheximide (CHX), 100µM

MG132, 50µm Genistein (Calbiochem), 10 µg/ml Cadmium Chloride (CdCl) (Sigma), or
DMSO as a vehicle for different time intervals.
Immunoprecipitation
For immunoprecipitation, 1mg of whole cell lysates were equilibrated in RIPA buffer,
pre-cleared by protein-AG plus-agarose (Santacruz Biotechnology) and then extracts
were incubated with respective antibodies (1µg) at 4°C overnight. Immune-complexes
were collected by addition of protein AG-agarose for 2 hours. The immune-complexes
were washed three times with RIPA buffer containing 0.25% NP-40 and proteins were
resolved by 10% reducing SDS-Page and transferred to nitrocellulose membrane. The
membranes were blocked with 3% Bovine Serum Albumin (BSA) and incubated with
their respective primary and secondary antibodies. Immunoreactive bands were
visualized using a chemiluminescense system ECL (Amersham).
Transient transfection and Luciferase assay
HepG2 cells were seeded in 100mm plates at a density of 1x106 cells/plate 24 hours prior
to transfection. The cells were transfected with 1µg of the indicated plasmids using
Effectene transfection reagent (Qiagen) according to manufacturer’s protocol. After 24
hours of transfection, cells were treated, harvested and cellular specific protein regulation
was examined by Western blot. For luciferase reporter assay, Hepa1 cells were seeded in
12 well plates at a density of 8x104. The cells were then co-transfected with 0.1µg of
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human NQO1 pGL2-hARE and varying concentrations of either Bach1 WT or Bach1
Y486A plasmids and 10 times less quantity of firefly Renilla luciferase encoded by
plasmid pRL-TK. Renilla luciferase was used as an internal control in each transfection.
After 24 hours of transfection, the cells were washed with 1X phosphate-buffered saline
and lysed in 1X Passive lysis buffer from the Dual-Luciferase® reporter assay system kit
(Promega, Madison, WI). The luciferase activity was measured using a Packard
LumiCount Plate reader according to manufacturer’s protocol.
Real Time PCR
Hepa1 cells were seeded in 100mm plates. Twenty four hours later, cells were treated
with either t-BHQ or 2ng/ml Actinomycin D (Sigma) and harvested. RNA was extracted
using RNeasy mini kit (Qiagen). RNA was converted to cDNA using High Capacity
cDNA Reverse Transcription Kit (Applied Biosystems) according to manufacturer’s
protocol. cDNA was used with Taqman Master Mix (Applied Biosystems) and Bach1
Primer and Probe amplicon Mm00476079_m1 and NQO1 Primer and Probe amplicon
Mm00500821_m1 or GusB amplicon Mm00446953_m1 as a control (Applied
Biosystems). Total mix was run on 7500 Real Time System (Applied Biosystems) using
relative quantitation according to manufacturers protocols.
Pulse-Chase Assay
Hepa-1 cells were plated in 6 well plates and allowed to adhere. Cells were then
transfected with 500ng of Bach1-V5/well for 24 hours. Cells were incubated with
methionine-deficient Dulbecco’s modified Eagle’s medium (Sigma) for 30 min. The cells
were then labeled with methionine-deficient Dulbecco’s modified Eagle’s medium
containing ~200 µCi of [S35]methionine mixture(Expre35S35S; PerkinElmer Life
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Sciences), for 1 h at 37°C (Pulse). After rinsing with normal culture medium (Dulbecco’s
modified Eagle’s medium supplemented with 10% fetal bovine serum), the cells were
chased by normal culture medium supplemented with 100 µg/ml L-methionine for 4hrs
and then treated with t-BHQ at different time points. The cells were rinsed once with
PBS and lysed in RIPA on ice for 30 min. Insoluble cellular debris was cleared by
centrifugation at 10,000 rpm for 5 min at 4°C. After centrifugation, the supernatants were
used

for

immunoprecipitation

with

anti-V5

antibody

as

described

earlier.

Immunoprecipitates were boiled in 1xSDS buffer and resolved on 10% SDS gel. The gel
was treated with Amplify Fluorographic Reagent (Amersham) to enhance the 35S signal,
dried, and autoradiographed.
Chromatin Immunoprecipitation (ChIP) Assay
ChIP assay was performed using a kit from Active Motif as per protocol. Briefly, 70%
confluent HepaG2 cells were treated with DMSO or 100µM t-BHQ for 2 or 4 h and then
fixed in 1% formaldehyde for 15 min. Cells were lysed and nuclei pelleted by
centrifugation. Nuclei were resuspended and sheared using a sonicator (Misonix Inc.,
Farmingdale, NY) with five pulses of 20 s at 25% of maximum output. Sheared
chromatin was immunoprecipitated with 2µg of anti-Nrf2, anti-Bach1 or control IgG
antibody. The cross-links reversed overnight at 65°C and de-proteinated with 20µg/ml
proteinase K. PCR was performed with a primer pair spanning the human NQO1 gene
ARE. The primers as follows: forward, 5’-CAGTGGCATGCACCCAGGGAA-3’, and
reverse, 5’-GCATGCCCCTTTTAGCCTTGGCA-3’; The PCR condition used for ChIP
assay was 37 cycles of a denaturing step at 94 °C for 30 s, an annealing step at 65 °C for
30 s, and an extension step at 72 °C for 30 sec. PCR products (227 bp with NQO1 ARE
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primers) were separated on 2% agarose gel containing ethidium bromide and imaged
using a BioRad ChemiDoc XRS.
Statistical Analysis
The data from luciferase assays, Real Time PCR and immunoblotting band intensities
were analyzed using a two-tailed Student’s t test. Data are expressed ± S.D. of three
independent experiments. Significant P values are represented as (*)=p<0.05,
(**)=p<0.005 and (***)=p<0.0001 are shown inside the figures.
Results
Antioxidant treatment induces nuclear export of Bach1.
HepG2 cells were treated with either DMSO (vehicle control) or the antioxidant t-BHQ at
different time points. The subcellular localization of endogenous Bach1 was followed by
immunoblotting (Fig. 4-1 A, also see quantitative densitometry graph below the figures).
Antioxidant treatment of HepG2 cells led to nuclear export of Bach1 within 2 hours,
presumably to allow Nrf2 to bind to the ARE. There was no accumulation of endogenous
Bach1 in the cytosol. Overexpression of Bach1-V5 in HepG2 cells treated with either
DMSO or t-BHQ also exhibited nuclear export of Bach1 (Fig 4-1 B). The overexpression
seemed to change the kinetics of the protein export, speeding up from 2 hours to 1 hour
(Compare Fig. 4-1 A and 4-1 B). Cells treated with the proteasome inhibitor MG132
along with the antioxidant showed nuclear export of endogenous Bach1 protein at 2
hours. With the treatment of MG132, endogenous Bach1 seemed to accumulate in the
cytoplasm (Fig. 4-1 C) suggesting that Bach1 exiting the nucleus is being degraded
within the cytosol (Compare Fig. 4-1 A and 4-1 C). Overexpression of wild type Bach1V5 in cells treated with MG132 and either DMSO or t-BHQ also showed nuclear export
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of Bach1-V5 at 1 hour (Fig. 4-1 D).

These results demonstrate that t-BHQ can cause

nuclear export of Bach1 and subsequent degradation in the cytosol.

Figure 4-1. Subcellular Localization of endogenous Bach1 and Bach1-V5. Cells were treated
with either 100µM DMSO, 100µM tBHQ and/or 100µM MG132 for indicated time points. Cells
were harvested and nuclear and cytosolic extracts were prepared. Lysates were immunoblotted.
Densitometry measurements of bands were quantitated and shown in graph below blots. A.
Endogenous Bach1, anti-LDH, and anti-LaminB were probed. B. 1mg of Bach1-V5 was
transiently transfected, anti-v5, anti-LDH, and anti-Lamin B were probed. C. Endogenous Bach1,
anti-LDH, and anti-LaminB were probed. D. 1mg of Bach1-V5 was transiently transfected, antiv5, anti-LDH, and anti-Lamin B were probed. Comparison between DMSO and tBHQ treated
time points shows a different significance (**)=p<0.005 and (***)=p<0.0001 by two-tailed
student t-test.
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Nuclear export inhibitors and tyrosine kinase inhibitors block Bach1 nuclear
export.
To investigate the mechanism of nuclear export of Bach1, HepG2 cells treated with the
antioxidant along with Leptomycin B (LMB), a specific inhibitor of proteins containing
nuclear export signals and Genistein, a tyrosine kinase inhibitor were used.

After

treatment of t-BHQ and LMB, subcellular localization of endogenous Bach1 was
followed by immunoblotting. LMB stymied nuclear export of endogenous Bach1 and
caused no significant changes in protein levels within the nucleus (Fig. 4-2 A). It has also
been shown that LMB blocks the function of Crm1, a receptor for the nuclear export
signal (Fukuda et al., 1997). Treatment with DMSO or t-BHQ and genistein also blocked
the nuclear export of endogenous Bach1 (Fig. 4-2 B). The results demonstrate that
nuclear export is likely due to tyrosine phosphorylation and a possible interaction with
the Crm1 receptor.

Figure 4-2. Subcellular localization of endogenous Bach1 with nuclear export and tyrosine
kinase inhibitors. A. HepG2 cells were pre-treated with 20ng/ml of LMB for 2 hours, cells were

80

then treated with either 100µM DMSO or tBHQ along with LMB for indicated time points. Cells
were harvested and nuclear and cytosolic extracts were prepared. Lysates were immunoblotted
with Anti-Bach1, Anti-LDH, and Anti-LaminB B. HepG2 cells were pre-treated with 100µM
Genistein for 2 hours, cells were then treated with either DMSO or 100µM tBHQ along with
Genistein for indicated time points. Cells were harvested and nuclear and cytosolic extracts were
prepared. Lysates were immunoblotted with Anti-Bach1, Anti-LDH, and Anti-LaminB.
Comparison between DMSO and tBHQ treated time points shows a different significance
(**)=p<0.005 and (***)=p<0.0001 by two-tailed student t-test.

Tyrosine Phosphorylation mutation causes nuclear accumulation of Bach1
Procite and NetPhos analysis of the Bach1 amino acid sequence identified two different
tyrosine phosphorylation sites shown in figure 4-3 A (upper panel). It was hypothesized
that Y486 is critical for the nuclear export of Bach1 based on the fact that only Y486 is
conserved among all three species presented (Fig. 4-3 A). Tyrosine mutations followed
by subcellular localization experiments were performed to investigate which tyrosine
residue may be implicated in the nuclear export.

Bach1Y431A-V5 displayed an

antioxidant mediated nuclear export (Fig 4-3 B) comparable to Bach1-V5. (Compare
figures 4-1 B and 4-3 B). Cells transfected with the mutant Bach1Y486A-V5 and treated
with t-BHQ did not show nuclear export (Fig 4-3 C). Instead Bach1Y486A-V5 showed
nuclear accumulation, opposite of what Bach1-V5, and Bach1Y431A-V5 demonstrated.
These observations suggest that tyrosine phosphorylation of Bach1Y486 may be required
for nuclear export of Bach1.
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Figure 4-3. Subcellular localization of Mutant forms of Bach1. A. (Upper panel) Schematic
Diagram of mouse Bach1 gene showing tyrosine phosphorylation sites. (Lower panels) Analysis
of Mouse, Rat and Human Bach1 amino acids sequences. B-C. HepG2 cells were transfected
with 1µg of Bach1Y431A-V5 or Bach1Y486A-V5 plasmid for 24 hours. Cells were then treated
with either DMSO or 100µM tBHQ for indicated time points. Cells were harvested and nuclear
and cytosolic extracts were prepared. Lysates were immunoblotted with Anti-V5, Anti-LDH, and
Anti-LaminB. Comparison between DMSO and tBHQ treated time points shows a different
significance (**)=p<0.005 and (***)=p<0.0001 by two-tailed student t-test.

Bach1 nuclear export is dependent upon CLS and Crm1.
Previous studies have identified a CLS domain within the Bach1 gene that is responsible
for nuclear export (Suzuki et al., 2003). Deletion of the CLS and treatment with cadmium
has previously shown nuclear retention (Suzuki et al., 2003). Experiments to investigate
whether t-BHQ affects Bach1 lacking a functional CLS were performed. Cells were
transfected with Bach1∆CLS and treated with antioxidants for the indicated time points.
As expected, t-BHQ did not induce nuclear export of Bach1∆CLS (Fig. 4-4 A). These
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results indicate that translocation requires the CLS. To fully address the mechanism of
nuclear export, we examined if Bach1-V5 and Bach1Y486A-V5 could interact with
Crm1. Cells co-transfected with Bach1-V5 constructs and Crm1-Flag were treated with
the antioxidant for the indicated time points and immunoprecipitated followed by
immunoblotting. Anti-V5 antibodies immunoprecipitated flag tagged Crm1 at 1 and 2
hours (Fig 4-4 B, left panel).

In the reverse experiment, anti-flag antibodies

immunoprecipitated Bach1-V5 at 1 and 2 hours. In a similar experimental setting, cells
were co-transfected with Bach1-Y486A and Crm1-Flag. Anti-V5 antibodies were unable
to immunoprecipitate Crm1-Flag (Fig 4-4 B, right panel). Together these results show
that Bach1-V5, and not Bach1Y486A, was able to interact with Crm1 suggesting that
Bach1 nuclear export is dependent upon Crm1 interaction and tyrosine phosphorylation.

Figure 4-4. Bach1 CLS deletion and Crm1 Interaction. A. Cells were transfected with 1µg of
Bach1∆CLS and then treated with either 100µM DMSO, 100µM tBHQ for indicated time points.
Cells were harvested and nuclear and cytosolic extracts were prepared. Lysates were
immunoblotted. Densitometry measurements of bands were quantitated and shown in graph to the
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left of blots. B. HepG2 cells were co-transfected with 1µg of Bach1 WT-V5 or Bach1Y486A-V5
and 1µg of Crm1-Flag for 24 hours and then treated with either DMSO or 100µM tBHQ for
indicated time points. Cells were harvested and lysed in RIPA buffer. One mg lysate was
immunoprecipitated with anti-V5 antibody and Western blotted with anti-flag and anti-v5 (top
two panels). One mg lysate was immunoprecipitated with anti-flag antibody and Western blotted
with anti-v5 and anti-flag antibodies (Bottom two panels).

Cadmium treatment causes nuclear accumulation of Bach1Y486A.
Previous reports have shown that cadmium induces the nuclear export of Bach1 (Suzuki
et al., 2003). Thus far we have shown that antioxidant treatment causes the nuclear
export of Bach1 similarly to cadmium. To investigate if Bach1 can be exported out of
the cell in response to cadmium, we transfected Bach1-V5 and Bach1Y486A, and then
treated the cells with cadmium. As anticipated, cadmium induced Bach1-V5 nuclear
export starting at 1 hour (Fig. 4-5 A).

However, Bach1Y486A-V5 was unable to

translocate out of the nucleus (Fig. 4-5 B) suggesting that Y486 as a possible target
mechanism in the nuclear export of Bach1.

Figure 4-5. Subcellular localization after cadmium treatment. A-B. Cells were transfected
with either Bach1 WT-V5 or Bach1Y486A-V5 and treated with either DMSO or 10µg of
cadmium chloride (CdCl) for indicated time points. Cells were harvested and nuclear and
cytosolic extracts were prepared. Lysates were immunoblotted. Densitometry measurements of
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bands were quantitated and shown in graph below blots. Anti-V5, anti-LDH, and anti-LaminB
were probed.

Immunoprecipitation of Bach1-V5 shows Tyrosine Phosphorylation.
Immunoprecipitation followed by immunoblotting was used to investigate tyrosine
phosphorylation of endogenous Bach1, Bach1-V5 and Bach1Y486A. Cells were treated
with t-BHQ and immunoprecipation was performed with anti-Bach1 antibodies. Western
blots were probed with anti-phosphotyrosine antibodies and then re-probed with antiBach1 antibodies. Anti-Bach1 antibodies immunoprecipitated phosphotyrosine at 1 and 2
hours (Fig. 4-6 A, top panel). The reverse immunoprecipation confirmed an interaction
between endogenous Bach1 and phosphotyrosine (Fig. 4-6 A, bottom panel).
Immunoprecipitation with anti-V5 antibodies behaved similarly to endogenous Bach1.
Anti-V5 antibodies immunoprecipitated phosphotyrosine at 1 and 2 hours (Fig. 4-6 B, top
panel). Bach1Y486A-V5 was immunoprecipitated with anti-V5 antibodies but failed to
immunoprecipitate phosphotyrosine (Fig. 4-6 B, top panel). In the reverse experiments,
the anti-phosphotyrosine antibodies successfully immunoprecipitated Bach1-V5 (Fig. 4-6
B, lower panel) but failed to precipitate Bach1Y486A-V5 (Fig 4-6 C, lower panel). These
observations suggest that endogenous Bach1 and Bach1-V5 are tyrosine phosphorylated
but Bach1Y486A is not capable of being tyrosine phosphorylated. This confirms that
Bach1Y486 is required for nuclear export of Bach1.

85

Figure 4-6. Immunoprecipitation of Bach1-V5 and Bach1Y486A. A. HepG2 cells were treated
with either 100µM DMSO or tBHQ for indicated time points. Cells were harvested and lysed in
RIPA buffer. One mg lysate was immunoprecipitated with anti-Bach1 antibody and Western
blotted with anti-phosphotyrosine and anti-Bach1 (top and middle panel). One mg lysate was
immunoprecipitated with anti-phosphotyrosine antibody and Western blotted with anti-bach1
antibody (Bottom panel). B-C. HepG2 cells were transfected with 1µg of Bach1 WT-V5 or
Bach1Y486A-V5 for 24 hours and then treated with either 100µM DMSO or tBHQ for indicated
time points.
Cells were harvested and lysed in RIPA buffer. One mg lysate was
immunoprecipitated with anti-V5 antibody and Western blotted with anti-phosphotyrosine and
anti-v5 (top and middle panels). One mg lysate was immunoprecipitated with antiphosphotyrosine antibody and Western blotted with anti-v5 antibody (Bottom panels).

Bach1Y486A-V5 represses ARE-mediated NQO1 activity.
To investigate the hypothesis that Bach1 nuclear export allows Nrf2 to bind to the ARE,
we performed a ChIP assay in HepG2 cells using Nrf2 and Bach1-specific antibodies and
PCR primers covering the human NQO1 ARE region in the NQO1 promoter. The results
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demonstrated that Bach1, and not Nrf2, was able to bind to the ARE at basal levels (Fig.
4-7 A). However, once cells were treated with t-BHQ for 2 hours, Bach1 binding to the
ARE decreased because of its nuclear export. At the same time, Nrf2 binding increased
allowing for defensive gene induction. The Nrf2 binding rapidly decreased at 4 hours,
because of Bach1 re-entry into the nucleus.
Luciferase assays were used in the determination of whether Bach1-V5 activity
differs from Bach1Y486A-V5 activity on t-BHQ induced expression of ARE-mediated
luciferase expression. Cells were co-transfected with either Bach1-V5 or Bach1Y486AV5 and human NQO1 pGL2-hARE-Luc and treated with either DMSO or t-BHQ for 1
hour. Luciferase activity showed a steady decrease when overexpression of Bach1-V5
was increased compared to control (Fig. 4-7 B). However, when Bach1Y486A-V5 was
overexpressed, luciferase was null regardless of the concentration of Bach1-V5 that was
transfected.

Western analysis with NQO1 antibody revealed similar results to the

luciferase assay (Fig. 4-7 C). A dose dependent decrease in NQO1 expression when cells
were overexpressed with Bach1-V5 was observed. When cells were overexpressed with
Bach1Y486A-V5, NQO1 expression decreased. These results suggest that since Bach1V5 is still able to export out of the nucleus at 1 hour, NQO1 activity will remain high
compared to the control. Bach1Y486A-V5 cannot export from the nucleus so NQO1
activity will have no dose dependent responses and minimal activity regardless of how
much Bach1Y486A-V5 was transfected. Cells transfected with increasing concentrations
of Bach1-V5 showed a significant nuclear increase in protein levels. Transfection of
Bach1Y486A-V5 showed a nuclear accumulation regardless of concentration of
Bach1Y486A-V5 suggesting the mutant cannot export out of the nucleus. The presence
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of nuclear Bach1-V5 and Bach1Y486A protein levels corresponds to NQO1 luciferase
activity and NQO1 protein expression (Compare Fig. 4-7 B and Fig. 4-7 D). Real Time
PCR analysis of NQO1 mRNA expression was also preformed. Cells transfected with
either Bach1-V5 or Bach1Y486A-V5 were treated with antioxidants at varying time
points and analyzed (Fig. 4-7 E). NQO1 mRNA increased almost 6 fold at 1 hour and
almost 4 fold at 2 hours when transfected with Bach1-V5. This increase in activity is due
to Bach1 nuclear export, and subsequent Nrf2 nuclear import. NQO1 mRNA returned to
basal levels at 4 and 8 hours because of re-entry of Bach1 into the nucleus, and
subsequent down regulation of ARE-mediated gene expression.

When cells were

transfected with Bach1Y486A, NQO1 mRNA levels remained low compared to control.
The decreased NQO1 levels are because of Bach1Y486A inability to export out of the
nucleus, which inhibits Nrf2 from binding to the ARE.

Taken together this data

demonstrates the dominant negative effects of the Bach1Y486A mutant.
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Figure 4-7. Bach1-V5 and Bach1Y486A-V5 effects on ARE-mediated activity. A. ChIP assay.
HepG2 cells were treated with 100µM tBHQ for 2 and 4 h, fixed with formaldehyde, crosslinked, and sheared the chromatin. The chromatin was immunoprecipitated with anti-Bach1, antiNrf2 antibody and control IgG. Bach1 and Nrf2 binding to NQO1promoter was analyzed by PCR
with specific primers for the human NQO1 ARE region. ARE region of the NQO1 promoter was
also amplified from 5 µl of purified soluble chromatin before immunoprecipitation to show input
DNA. B. Hepa-1 cells were plated in 12 well plates at a density of 8x104 per well prior to
transfection. Cells were then co-transfected with 100ng of human NQO1 pGL2-hARE-Luc and
indicated concentrations of Bach1-V5 or Bach1Y486A-V5 per well. 10ng of pRL-TK plasmid
encoding Renilla luciferase plasmid DNA was used as an internal control of transfection
efficiency. Twenty four hours later cells were then treated with either DMSO or 100µM tBHQ for
1 hour. Cells were then lysed and relative luciferase activity was measured and plotted. All
experiments repeated three times and the mean was presented. C. Cell lysate from Figure B was
quantified and Western blotted. Membrane was probed with anti-actin and anti-NQO1. D. Hepa-1
cells were transfected with either Bach1-V5 or Bach1Y486A-V5. 24 hours after transfection,
cells were treated with 100µm DMSO or tBHQ. Cells were harvested and nuclear and cytosolic
extracts were prepared. Lysates were immunoblotted with Anti-Bach1, and Anti-LaminB. E.
Hepa1 cells were transfected with either Bach1WT or Bach1Y486A and treated with 100µM
tBHQ. Relative quantitation of mRNA was measured and plotted. Experiments were repeated
three times and the mean was presented. Comparison between DMSO and tBHQ within each
transfection concentration shows a significant difference (**)=p<0.005 and (***)=p<0.0001 by
two-tailed student t-test.
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Cycloheximide represses Bach1 protein expression.
To investigate the degradation of Bach1 cells were treated with cycloheximide, a protein
synthesis inhibitor, in the absence of antioxidant. Endogenous nuclear Bach1 levels
decreased significantly by 1 hour and by 4 hours levels were down to nearly 10%
compared to control (Fig. 4-8 A). HepG2 cells were then pre-treated with cycloheximide
and treated with t-BHQ at different time points. Endogenous nuclear Bach1 protein starts
to export out of the nucleus at 1 hour and is near complete at 2 hours (Fig 4-8 B).
However, at 4 hours nuclear Bach1 protein is not present as compared to t-BHQ
treatment alone (Compare Fig. 4-1 A and 4-8 B). These results suggest that Bach1
protein at 4 hours is from new synthesis (Fig. 4-1 A) since new synthesis is being blocked
by cycloheximide. Endogenous Bach1 levels were also more stable in the absence of
antioxidant, but diminished more rapidly in the presence of antioxidant. The half life of
Bach1 was decreased in the presence of t-BHQ (Fig 4-8 C).

In a similar experiment,

HepG2 cells were transfected with Bach1-V5 and subjected to the same treatment of
cycloheximide and t-BHQ at different time points. Nuclear Bach1-V5 protein behaves
expectedly at 1 hour by exporting out of the nucleus (Fig. 4-8 C). However at 2 and 4
hours nuclear levels of Bach1-V5 remain decreased; which suggests new synthesis of
protein is not taking place (Compare Fig. 4-1 B and 4-8 B). Cytosolic Bach1-V5 is
behaving in the same manner as cytosolic Bach1-V5 treated with t-BHQ alone (Compare
Fig. 4-1 B and 4-8 C).
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Figure 4-8. Effect of cycloheximide on subcellular localization on Bach1. A-B. HepG2 cells
were pre-treated with 30µg/ml cycloheximide (CHX) for 2 hours, then treated with or without
100µM DMSO or tBHQ along for indicated time points. Cells were harvested and nuclear and
cytosolic extracts were prepared. Lysates were immunoblotted with Anti-Bach1, Anti-LDH, and
Anti-LaminB. C. Degradation line fit with linear regression of panels A and B in the absence or
presence of antioxidant, half life is also shown. D. HepG2 cells were transfected with 1µg of
Bach1-V5 plasmid for 24 hours. Cells were then pre-treated with 30µg/ml cycloheximide for 2
hours, cells were then treated with either with either DMSO or 100µM tBHQ along with
cycloheximide for indicated time points. Cells were harvested and nuclear and cytosolic extracts
were prepared. Lysates were immunoblotted with Anti-V5, Anti-LDH, and Anti-LaminB.
Comparison between DMSO and tBHQ treated time points shows a different significance
(**)=p<0.005 and (***)=p<0.0001 by two-tailed student t-test.

Antioxidant induction of Bach1 protein expression and Bach1 mRNA
To investigate the physiological significance of the antioxidant-induced export of Bach1,
we looked at the protein and mRNA expression levels. HepG2 cells were treated with a
constant concentration of t-BHQ at varying time points and total protein expression was
followed. Endogenous Bach1 is inducible with antioxidant treatment reaching maximum
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protein levels at 16 hours (Fig. 4-9 A). Hepa-1 and HepG2 cells were treated with varying
concentrations of t-BHQ and Bach1 protein expression was highest with the highest
concentration of antioxidant present (Fig. 4-9 B). Since t-BHQ is inducing Bach1 protein
levels, we studied the effects of t-BHQ on the newly synthesized Bach1 using pulsechase experiments. HepG2 cells were metabolically labeled with

35

S methionine for 1 h

and chased with unlabeled methionine for 4 hours. Cytosolic and Nuclear fractions were
also separated. Labeled Bach1-V5 showed no increase between DMSO treatment and 1
hour of antioxidant treatment (Fig. 4-9 C). However, labeled nuclear and cytosolic
Bach1-V5 at 2 and 4 hours showed an increase in expression. Nuclear levels at 2 hours
are less than nuclear levels at 4 hours, and cytosolic levels at 4 hours are less that at 2
hours suggesting that at 4 hours, most of the newly synthesized Bach1 is in the nucleus.
Cyclohexamide was used at 2 hours as a control. To confirm the antioxidant induction
of Bach1, mRNA was also measured using Real Time PCR. Treatment of cells with tBHQ for the indicated time points showed almost a two-fold induction of Bach1 mRNA
at 4 hours (Fig. 4-9 D). Bach1 mRNA levels remained significantly higher over 8 and 16
hours over DMSO control. In a similar experiment, pre-incubation with the transcription
inhibitor actinomycin D blocked the t-BHQ mediated induced expression of Bach1
mRNA (Fig. 4-9 E). Taken together, these results indicate that after the nuclear export of
Bach1 has taken place, t-BHQ induces Bach1 transcription and subsequent increases in
protein levels. Levels of protein, labeled protein, and mRNA are increasing presumably
to replenish the Bach1 that was exported out of the nucleus and lost due to degradation.
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Figure 4-9. Effect of tBHQ on Bach1 protein and gene expression. A. Hepa-1 cells were
treated with 100µM DMSO or tBHQ for indicated time points. Cells were harvested and lysed in
RIPA buffer. Lysates were immunoblotted with anti-Bach1 and anti-Actin antibodies. B. Hepa-1
and HepG2 were treated with indicated concentrations of tBHQ or DMSO for 16 hours. Cells
were harvested and lysed in RIPA buffer, lysates were immunoblotted with anti-Bach1 and antiactin antibodies. C. Pulse-chase assay, Hepa-1 cells transfected with 0.5 µg Bach1-V5 were
metabolically labeled with [S35]methionine (Pulse). 1hour later the medium was replaced with
complete medium containing sufficient cold methionine, and the cells were harvested at 4
hours(chase). 100µM tBHQ and/or 30µg/ml of CHX was added to the medium at different time
points. 500µg of nuclear (N) or cytosolic (C) cell lysate was immunoprecipitated with 2 µg of
anti-V5 antibody. The immunoprecipitates were resolved on 10% SDS-PAGE and
autoradiographed for 35S signal. D-E. Hepa1 cells were treated with DMSO or 100µM tBHQ
and/or 2µg/ml of Actinomycin D (ActD) for varying time points. Cells were collected and RNA
was extracted. Relative quantitation of mRNA was measured and plotted. Experiments were
repeated three times and the mean was presented. Comparison between DMSO and tBHQ, or
DMSO+ActD and tBHQ+ActD treated time points shows a different significance (**)=p<0.005
and (***)=p<0.0001 by two-tailed student t-test.

93

Nrf2 does not control the transcriptional activity of Bach1.
Previous studies have reported that Nrf2 controls the regulation of some of its other
negative regulators (Lee et al., 2007; Kaspar et al., 2010b). Previous experiments have
shown that antioxidants drove increases in Bach1 mRNA and protein levels (Fig. 4-9).
This led to the obvious question, whether Nrf2 is responsible for the upregulation of
Bach1 mRNA and protein in response to antioxidant treatment. Nrf2 siRNA was utilized
to see if knocking down Nrf2 would also decrease the antioxidant induced Bach1
induction.

Western blot analysis of Nrf2 siRNA was used to validate the correct

concentration of Nrf2 siRNA to use in preceding experiments (Fig. 4-10 A). Western blot
experiments revealed a t-BHQ induction of Bach1 at 4 hours even in the presence of Nrf2
siRNA (Fig. 4-10 B).

Real-time PCR experiments showed similar results to the Nrf2

siRNA western blot. Bach1 mRNA was increased with t-BHQ treatment in the presence
of Nrf2 siRNA (Fig. 4-10 C).
Taken together, the results demonstrated that Nrf2 is not responsible for the
regulation of Bach1 suggesting that another transcription factor may be activated in the
presence of t-BHQ that causes increased expression of Bach1 mRNA and protein.
Previous reports have suggested that in the presence of oxidative stress, transcription
factor Sp1 may be responsible for regulation of Bach1 (Sun et al., 2001).
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Figure 4-10. Nrf2 does not regulate Bach1 mRNA and protein levels. A. Hepa-1 cells were
transfected with varying concentrations of siRNA, Nrf2, and β-actin were probed. B-C. Hepa-1
cells were transfected with 100nM control or Nrf2 siRNA. After 24 hours, cells were stimulated
with 100µM t-BHQ for 4 hours. Fyn and Nrf2 expression was examined by western blot (F) and
real time PCR analysis (G). Comparison between DMSO and t-BHQ treated time points shows a
different significance (*)=p<0.05, (**)=p<0.005 by two-tailed student t-test.

Discussion
Nrf2-mediated expression and coordinated induction of defensive genes, including
detoxifying enzymes, is a mechanism of critical importance in protection against
chemical and radiation induced oxidative stress and neoplasia (Jaiswal, 2004). Therefore,
the signals and mechanisms that regulate nuclear availability of Nrf2 are extremely
important for the regulation of expression and induction of defensive genes (Jaiswal,
2004; Mohler et al., 1991). Bach1 belongs to the Cap’n collar (CNC)-related basic
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region leucine zipper (bZip) factor family, which includes Nrf2 (Mohler et al., 1991;
Chan et al., 1993; Moi, et al., 1994; Kobayashi et al., 1999). Bach1 is a negative
regulator of Nrf2-mediated NQO1 expression (Dhakshinamoorthy et al., 2005). ChIP
assays have shown a direct competition between Bach1 and Nrf2 for binding to ARE and
leading to repression or activation of gene expression, respectively (Dhakshinamoorthy et
al., 2005).
Present studies demonstrated that t-BHQ stimulated rapid export of Bach1 from
the nucleus which allowed Nrf2 to bind to the ARE and activate NQO1 gene expression.
The antioxidant induced nuclear export of Bach1 appears to be an integral part of the
ARE/Nrf2 mediated activation of defensive genes. If Bach1 export is disturbed resulting
in higher levels of Bach1 in the nucleus, Nrf2 will be unable to appropriately bind to the
ARE which will compromise induction of defensive/protective genes (Dhakshinamoorthy
et al., 2005). Bach1 that is exported out of the nucleus is degraded in the cytosol which
was evident from the absence of cytosolic Bach1 after nuclear export has taken place and
cytosolic Bach1 accumulation in cells pretreated with protease inhibitor MG132. The
studies also demonstrated a role of antioxidant induced phosphorylation of tyrosine486 in
the control of the nuclear export of Bach1. Mutation of tyrosine486 led to nuclear
accumulation of Bach1 and loss of t-BHQ induction of gene expression. It is noteworthy
that tyrosine kinase Fyn phosphorylates nuclear Nrf2 at tyrosine 568 (Jain et al., 2006),
which lead to nuclear export and degradation of Nrf2. It is unlikely that Fyn also
phosphorylates Bach1 because nuclear export of Bach1 is an early event that takes place
before Nrf2 is imported inside the nucleus. Entry of Fyn into the nucleus and
phosphorylation of Nrf2tyrosine568 are late events (Jain et al., 2007). Therefore, the
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tyrosine kinase that is implicated in the phosphorylation of tyrosine486 remains
unknown. Additionally, it has been previously shown that the cadmium induced nuclear
export of Bach1 was dependent upon extracellular signal-regulated protein kinase
(ERK1/2) activity in the MAPK pathway (Suzuki et al., 2003). It may be possible that
ERK1/2, acting as an upstream kinase, may be responsible for phosphorylation and
activation of the unknown tyrosine kinase involved in the antioxidant induced Bach1
nuclear export. We believe that the tyrosine kinase that phosphorylates Bach1 has to be
stress responsive and is rapidly activated in response to antioxidants.
Furthermore, treatment with LMB blocked the nuclear export of Bach1. LMB
acts as an inhibitor of Crm1, a nuclear export signal (NES)-dependent export protein.
Therefore, it appears that the antioxidant treatment causes Bach1 nuclear export that is
dependent on Crm1. Blocking the nuclear export by mutation of tyrosine486, does not
allow Crm1 to interact with Bach1 allowing accumulation within the nucleus. Previous
findings also showed the nuclear exit of Bach1, via CLS and NES, in response to
cadmium and heme treatment, respectively (Suzuki et al., 2003; Suzuki et al., 2004).
Treatment with cadmium also causes nuclear retention of Y486A due to the fact that
tyrosine phosphorylation is unable to take place. Also, the Bach1 mutant lacking the
CLS did not undergo nuclear export when treated with t-BHQ. These findings indicate
that antioxidant induced nuclear export appears to function through the CLS and
subsequently Crm1. In addition, it is unknown at this time if antioxidants can induce
nuclear export via the heme-dependent NES. Since the CLS is essential for cadmium
induced nuclear export of Bach1, and not essential for the re-localization of Bach1 in
response to heme (Suzuki et al., 2004), it is probable that antioxidants would act
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analogously to cadmium and not be responsible for nuclear export via the heme
dependent NES. Thus, cadmium and antioxidant induced nuclear export are probably
through shared mechanisms.
Interestingly, upon Bach1 nuclear export, subsequent accumulation in the cytosol
was absent. When cells were treated with MG132, Bach1 accumulation could be seen in
the cytosol alluding to the conclusion that antioxidants may induce proteasomedependent degradation upon nuclear export. Previous reports have shown that hemin is
also responsible for proteasome-dependent degradation of Bach1 in the cytoplasmic
region following nuclear export (Zenke-Kawasaki et al., 2007), suggesting that both
hemin and antioxidants have similar mechanisms that cause proteasome-dependent
degradation. We also found that the half life of Bach1 was decreased in the presence of
antioxidant which corresponds to previous reports that heme also decreases Bach1 half
life (Zenke-Kawasaki et al., 2007). Nuclear Bach1 levels were restored back to normal
within 4 hours of antioxidant treatment which required increases in transcription and
synthesis.

Bach1 transcription like other Nrf2 downstream genes is upregulated in

response to antioxidant. Therefore, Bach1 is expected to be a member of the ARE/Nrf2
regulated battery of genes (Jaiswal, 2004).
In summary, antioxidant induced nuclear export and import of Bach1 is a
significant component of the oxidative/electrophilic stress induced Nrf2 signaling
cascade. Antioxidant activates an unknown tyrosine kinase that phosphorylates
Bach1Y486. This results in a rapid export of Bach1 from the nucleus and degradation in
the cytosol. In the meantime, the antioxidant stabilizes Nrf2 which leads to translocation
into the nucleus and ARE binding that activates coordinated expression of a myriad of
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defensive genes. The antioxidant also leads to an increase in synthesis of Bach1 that is
imported into the nucleus to achieve the normal level of Bach1 and repression of NQO1
gene expression. This increase in synthesis, however, is not due to Nrf2.
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CHAPTER FIVE
TYROSINE PHOSPHORYLATION CONTROLS NUCLEAR EXPORT OF FYN
ALLOWING NRF2 ACTIVATION OF DEFENSIVE GENE EXPRESSION.
(As Published in the FASEB Journal, January, 2011)
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Abstract
Fyn, a Src kinase family member, acts as a negative regulator of NF-E2-related factor 2
(Nrf2). Under stressful conditions Nrf2 translocates into the nucleus and binds to the
antioxidant response element (ARE) activating defensive gene expression. Once Nrf2
completes activation, Fyn phosphorylates tyrosine568 of Nrf2 resulting in the nuclear
export and degradation of Nrf2. The present studies demonstrate that within 0.5 hours of
antioxidant treatment in human hepatoblastoma (HepG2) cells, Fyn exports out of the
nucleus allowing Nrf2 unimpeded movement to the ARE. Mutation of tyrosine213 of
Fyn stymied nuclear export suggesting tyrosine phosphorylation controls nuclear export.
Mass spectrometry confirmed tyrosine213 as the site of phosphorylation. ChIP and realtime PCR assays revealed that FynY213A mutant caused decreased binding of Nrf2 to
the promoter of defensive gene NAD(P)H:quinone oxidoreductase 1 (NQO1) and
decreased NQO1 expression by 5 fold (p<0.0001) compared to wild type Fyn.
Additionally, a putative nuclear export signal (NES) was identified and mutation of it
also inhibited nuclear export of Fyn.

Furthermore, FynY213A caused an increased

susceptibility to cell death following treatment with etoposide in mouse hepatoma (Hepa1) cells. The pre-induction regulation of Nrf2 is controlled by the nuclear export of Fyn
allowing for activation of defensive gene expression.

Introduction
NF-E2-related factor 2 (Nrf2) is a member of the family of leucine
zipper/cap’n’collar-containing nuclear factor proteins (Kaspar et al., 2009). Nrf2 binds to
the antioxidant response element (ARE) and regulates expression and induction of many
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genes

encoding

chemopreventative

proteins,

including

NAD(P)H:quinone

oxidoreductases (NQO1 and NQO2), glutathione S-transferase Ya subunit, and heme
oxygenase-1 (Kaspar et al., 2009). This induction involves a mechanism essential for
cellular protection against oxidative and electrophilic stress and cellular survival (Kang et
al., 2004). Nrf2 resides predominantly in the cytoplasm, where it interacts with actinassociated cytosolic protein, INrf2 (inhibitor of Nrf2) or Keap1 (Kelch-like ECHassociated protein 1) (Itoh et al., 1999; Dhakshinamoorthy et al., 2001; Kang et al.,
2004). The INrf2-Nrf2 complex serves as a cellular sensor of oxidative and electrophilic
stress generated from endogenous reactions, exogenous chemicals, xenobiotics, drugs,
UV, and ionizing radiation (Kaspar et al., 2009). The exposure to oxidative/electrophilic
stress leads to dissociation of Nrf2 from INrf2. Nrf2 will then stabilize and translocate
into the nucleus, and activate the transcription of several defensive genes.
Several reports suggest that continuous accumulation of Nrf2 in the nucleus is
detrimental. INrf2-null mice demonstrated persistent accumulation of Nrf2 in the nucleus
that led to postnatal death from malnutrition, resulting from hyperkeratosis in the
esophagus and forestomach (Wakabayashi et al., 2003). Reversed phenotype of INrf2
deficiency by breeding to Nrf2-null mice suggested tightly regulated negative feedback
might be essential for cell survival (Kwak et al., 2003). Systemic analysis of the INrf2
genomic locus in human lung cancer patients and cell lines showed that deletion,
insertion, and missense mutations in functionally important domains of INrf2 results in
reduction of INrf2 affinity for Nrf2 and elevated expression of cytoprotective genes
(Padmanabhan et al., 2006; Singh et al., 2006). Taken together, uncontrolled activation
of Nrf2 in cells increases the risk of adverse effects including tumorigenesis. On the
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contrary, stress-induced activation of the Nrf2 pathway in normal cells is tightly
regulated and confers cytoprotection against oxidative/electrophilic stress and
carcinogens. Therefore, it is evident that cells contain multiple mechanisms that regulate
cellular abundance of Nrf2.
The abundance of Nrf2 inside the nucleus is tightly controlled by positive and
negative regulators that control nuclear import, binding to the ARE, nuclear export, and
degradation of Nrf2 under normal and stressful conditions (Huang et al., 2002; Bloom et
al., 2003; Jain et al., 2005; Kannan et al., 2006; Kaspar et al., 2010). Of these factors,
Fyn kinase has been identified as a negative regulator of Nrf2 (Jain et al., 2006). Upon
completion of induction of defensive genes, Fyn phosphorylates Nrf2 at tyrosine residue
568 which leads to a chromosomal region maintenance-1 (Crm-1) mediated nuclear
export and degradation (Jain et al., 2006). Fyn is ubiquitously expressed across tissue
types and is among three Src family members known to be responsive to oxidative stress
(Courtneidge et al., 1993; Abe et al., 1999; Sanguinetti et al., 2003). The biological
functions of Fyn are diverse including T-cell signaling, mitogenic signaling, and cell
adhesion mediated signaling (Resh, 1998).
Recently we have shown that activated GSK-3β phosphorylated Fyn at threonine
residue(s) leading to nuclear localization of Fyn (Jain et al., 2007).

The nuclear

localization of Fyn was a delayed response occurring between 4 and 5 hours. In this
report we investigated the early response of Fyn in reaction to oxidative stress and the
mechanisms associated with it. We propose that Fyn will export out of the nucleus in
response to oxidative stress, and the mechanism of export is associated with tyrosine
phosphorylation. In this study we also examined if the export is dependent upon a
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nuclear export signal and the dominant negative effects a mutation of Fyn may have on
downstream defensive genes and cell survival.
Materials and Methods
Cell Cultures
Human hepatoblastoma (HepG2) and mouse hepatoma (Hepa-1) cells were obtained from
the American Type Culture Collection (ATCC) (Manassas, VA, USA). HepG2 cells were
grown in minimum essential α-medium and Hepa-1 was grown in Dulbecco’s modified
Eagle’s medium supplemented with 10% fetal bovine serum, penicillin (40 units/ml), and
streptomycin (40µg/ml). The cells were grown in a monolayer in an incubator at 37 °C in
95% air and 5% CO2.
Plasmid Construction
Mouse Fyn cDNA was amplified from the image clone obtained from ATCC using the
following

primers:

forward,

GCGCTCTAGAGAATTCGTCGAGACCATGGGCTGTGTG

5’and

reverse,

5’-

CGCGGATCCGATATCCAGGTTTTCACCAGGTTGGTA. The PCR-amplified DNA
contained XbaI and BamHI restriction sites at the 5’ and 3’ end, respectively. The
amplified DNA was digested with aforementioned enzymes and subcloned into the Flag
vector digested with similar enzymes. The resultant plasmid was designated as Flag-Fyn.
The

Flag-Fyn

was

amplified

GCCACCATGGGCTGTGTGCAATGT

with
and

primers:

forward,
reverse,

5’
5’

CAGGTTTTCACCAGGTTGGTACTG and was also subcloned into pcDNA3.1/V5-His
Topo Vector by TA cloning (Invitrogen, Carlsbad, CA, USA). This plasmid encodes the
104

V5 tagged Fyn Wild Type Protein designated Fyn-V5. Five tyrosine residues (Y132,
Y213, Y336, Y417, and Y528) present in Fyn were mutated to alanine by using site
directed mutagenesis kit (Invitrogen). Mutant Y132A was generated by PCR using
mutant forward primer, 5’- ACAACTGGAGAGACAGGTGCAATTCCCAGCAAT and
reverse primer, 5’- ACCTGTCTCTCCAGTTGTCAAGGAGCGGGC. Mutant Y213A
was

generated

by

PCR

using

mutant

TCCACCATTGTCAAGTTTGCGAATTTTATA
TCCACCATTGTCAAGTTTGCGAATTTTATA.
PCR

using

mutant

and

forward

primer,

5’-

reverse

primer,

5’-

Mutant Y336A was generated by

forward

GTGTCTGAGGAGCCCATCGCAATCGTCACCGAG

primer,
and

reverse

5’primer,

5’-

GATGGGCTCCTCAGACACCACTGCATAGAG. Mutant Y417A was generated by
PCR

using

mutant

forward

TTGATAGAAGACAATGAGGCAACAGCAAGACAA
CTCATTGTCTTCTATCAATCGGGCCAATCC.
PCR

using

mutant

primer,
and

reverse

5’primer,

5’-

Mutant Y528A was generated by

forward

ACCGCGACAGAGCCCCAGGCACAACCTGGTGAA

primer,
and

reverse

5’primer,

5’-

CTGGGGCTCTGTCGCGGTAAAGTAGTCTTC. These plasmids will be designated
Flag-FynY132A,

Flag-FynY213A,

Flag-FynY336A,

Flag-FynY417A

and

Flag-

FynY528A. FynY213A-V5 was also cloned using the above corresponding primers and
Fyn-V5 as template using a site directed mutagenesis kit. The putative nuclear export
sequence mutant was generated in a three step cloning process. All three sets of primers
correspond to each leucine residue being mutated to alanine in the NES. First set of
primers used forward, 5’ GATGGTGAAGGAAGAGCTGCAAAGTTGCCA and
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reverse, 5’ AGCTCTTCCTTCACCATCTTTTAAGAAGTC and Fyn-V5 template.
Subsequent sets of primers use previous sets cDNA to maintain all leucine mutations.
Second set forward primer, 5’ GAAGGAAGAGCTGCAAAGGCACCAAACCTT and
reverse, 5’ CTTTGCAGCTCTTCCTTCACCATCTTTTAA. Third set: forward primer,
5’GCTGCAAAGGCACCAAACGCAGTGGACATG

and

reverse,

5’

GTTTGGTGCCTTTGCAGCTCTTCCTTCACC. This plasmid will be designated as
Fyn-Mutant-Nes-V5. The construction of the pCMX-Flag-Crm1, HA-Ub and reporter
plasmid human NQO1 pGL2-hARE-Luc are previously described in (Jain et al., 2006;
Niture et al., 2009). All of the plasmids were confirmed by sequencing.
Subcellular fractionation and Western blotting
Subcellular fractionation and Western blotting were previously described (15).
Antibodies used in this study are as follows; anti-Fyn (1:1000), anti-Src(pY416)(1:1000)
purchased from Cell Signaling (Danvers, MA, USA), anti-V5 HRP (1:5000), anti-Flag
HRP purchased from Invitrogen, anti-phosphotyrosine (1:1000), and anti-actin (1:5000)
purchased from Sigma-Aldrich Corp., (St. Louis, MO, USA). For immunoprecipitations,
anti-Fyn from Santa Cruz Biotechnology, Santa Cruz, CA, USA was used. To confirm
the purity of nuclear-cytoplasmic fractionation, the membranes were re-probed with
cytoplasm specific anti-lactate dehydrogenase (LDH) (Chemicon, Billerica, MA, USA)
and nuclear specific, anti-Lamin B antibodies (Santa Cruz). In related experiments the
cells were treated with 100µM tert-butylhydroquinone (t-BHQ) (Sigma), 20ng/ml
leptomycin B (LMB), 30µg/ml cycloheximide (CHX), 2µM MG132, 50µm genistein
(Calbiochem, La Jolla, CA, USA), 10 µg/ml cadmium chloride (CdCl) (Sigma), or
DMSO as a vehicle for different time intervals.
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Immunoprecipitation
For immunoprecipitation, 1mg of whole cell lysates were equilibrated in RIPA buffer,
pre-cleared by protein-AG plus-agarose (Santacruz Biotechnology) and then extracts
were incubated with respective antibodies (1µg) at 4°C overnight. Immune-complexes
were collected by addition of protein AG-agarose for 2 hours. The immune-complexes
were washed three times with RIPA buffer containing 0.25% NP-40 and proteins were
resolved by 10% reducing SDS-Page and transferred to nitrocellulose membrane. The
membranes were blocked with 3% Bovine Serum Albumin (BSA) and incubated with
their respective primary and secondary antibodies. Immunoreactive bands were
visualized using a chemiluminescense system ECL (Amersham).
Transient transfection and Luciferase assay
HepG2 cells were seeded in 100mm plates at a density of 1x106 cells/plate 24 hours prior
to transfection. The cells were transfected with 1µg of the indicated plasmids using
Effectene transfection reagent (Qiagen) according to manufacturer’s protocol. After 24
hours of transfection, cells were treated, harvested and cellular specific protein regulation
was examined by Western blot. For luciferase reporter assay, Hepa1 cells were seeded in
12 well plates at a density of 8x104. The cells were then co-transfected with 0.1µg of
human NQO1 pGL2-hARE and varying concentrations of either 1.0µg Fyn or FynY213A
plasmids were transfected with other previously mentioned plasmids. Fyn or FynY213A
plasmids and 10 times less quantity of firefly Renilla luciferase encoded by plasmid pRLTK. Renilla luciferase was used as an internal control in each transfection. After 24
hours of transfection, the cells were washed with 1X phosphate-buffered saline and lysed
in 1X Passive lysis buffer from the Dual-Luciferase® reporter assay system kit (Promega,
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Madison, WI). The luciferase activity was measured using a Packard LumiCount Plate
reader according to manufacturer’s protocol. For Luciferase assays in this study,
Real-time PCR
Hepa1 cells were seeded in 100mm plates. Twenty four hours later, cells were treated
with either t-BHQ or 2ng/ml Actinomycin D (Sigma) and harvested. RNA was extracted
using RNeasy mini kit (Qiagen). RNA was converted to cDNA using High Capacity
cDNA Reverse Transcription Kit (Applied Biosystems) according to manufacturer’s
protocol. cDNA was used with Taqman Master Mix (Applied Biosystems), Fyn Primer
and Probe amplicon Mm00433373_m1 and NQO1 Primer and Probe amplicon
Mm00500821_m1 or GusB amplicon Mm00446953_m1 as a control (Applied
Biosystems). Total mix was run on 7500 Real Time System (Applied Biosystems) using
relative quantitation according to manufacturers protocols.
Chromatin Immunoprecipitation (ChIP) Assay
ChIP assay was performed using kits from Active Motif as per protocol. Briefly, HepG2
cells were transfected with indicated plasmid and treated with DMSO or 100µM t-BHQ
for 0.5 or 4 hours and then fixed in 1% formaldehyde for 15 min. Cells were lysed and
nuclei pelleted by centrifugation. Nuclei were resuspended and sheared using a sonicator
(Misonix Inc., Farmingdale, NY) with five pulses of 20 s at 25% of maximum output.
Sheared chromatin was immunoprecipitated with 2µg of anti-Nrf2, or control IgG
antibody. The cross-links reversed overnight at 65°C and deproteinated with 20µg/ml
proteinase K. PCR was performed with a primer pair spanning the human NQO1 gene
ARE. The NQO1 ARE spanning primers and PCR procedures were previously described
(13).
108

In-gel digestion
Coomassie-stained Fyn bands were excised, cut into approximately 1×1 mm pieces and
dehydrated with methanol for 5 min. The gel pieces were then washed as follows: 1x5
min with 30% methanol/70% water, 2x10 min with water, and 3x10 min with 100 mM
ammonium bicarbonate (NH4HCO3)/30% acetonitrile.

Gel pieces were dried in a

SpeedVac.

reduced

Protein

disulfide

bonds

were

with

10

mM

tris(hydroxypropyl)phosphine (TCEP) in 100 mM NH4HCO3 for 60 min at 56°C,
followed by alkylation with 55 mM iodoacetamide in 100 mM NH4HCO3 for 45 min at
room temperature in the dark. The gel pieces were washed with 100 mM NH4HCO3 for
15 min and dehydrated with acetonitrile followed by complete drying in a SpeedVac.
Gel pieces were rehydrated in trypsin solution (15 ng/µL trypsin in 50 mM NH4HCO3)
on ice for 45 min. Excess trypsin solution was discarded, replaced with 50 mM
NH4HCO3 and incubated overnight at 37°C. Digestion buffer was collected and saved.
Peptides were extracted once with 50 mM NH4HCO3, once with acetonitrile and twice
with 5% formic acid in 50% acetonitrile; each extraction was performed by incubating at
37°C for 15 min with vortexing. All supernatants were combined, dried in a SpeedVac
and stored at -20°C before LC-MS/MS analysis.
LC-MS/MS analysis and protein identification
Reversed phase separation of peptides was performed using a Surveyor (Thermo
Scientific) liquid chromatography system; solvent A: 0.1% formic acid in water, solvent
B: 0.1% formic acid in acetonitrile. Peptides were loaded onto an online desalting
peptide trap (Michrom Bioresources) using an autosampler. A 40 min gradient from 2–
40% B was then used to elute the peptides. All MS analyses were performed using an
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LCQ Deca (Thermo Scientific, Waltham, MA, USA) mass spectrometer equipped with a
nanospray ionization source. Peptides were introduced into the mass spectrometer via a
75 µm ID/15 µm tip ID C18-packed PicoFrit®column (New Objective, Woburn, MA,
USA). The spray voltage was 2.0 kV and the heated capillary temperature was 200°C.
MS/MS data were acquired using a top 3 data-dependent acquisition method with
dynamic exclusion enabled. MS/MS spectra were searched against a mouse protein
database (downloaded on Dec. 11, 2007 from NCBI; 88,212 sequences) using Bioworks
with the SEQUEST algorithm. Peptides passing the following Xcorr vs. charge state
filter were accepted as confident identifications: +2: ≥2.5, +3: ≥3.0; +1 peptides were
ignored. All mass spectrometry was done by the University of Maryland Proteomics
Core Facility (Baltimore, MD, USA)
Pulse-Chase Assay
Hepa-1 cells were plated in 6 well plates and allowed to adhere. Cells were then
transfected with 500ng of Fyn-V5/well for 24 hours. Cells were incubated with
methionine-deficient Dulbecco’s modified Eagle’s medium (Sigma) for 30 min. The cells
were then labeled with methionine-deficient Dulbecco’s modified Eagle’s medium
containing ~200 µCi of [S35]methionine mixture (Expre35S35S; PerkinElmer Life
Sciences), for 1 h at 37°C (Pulse). After rinsing with normal culture medium (Dulbecco’s
modified Eagle’s medium supplemented with 10% fetal bovine serum), the cells were
chased by normal culture medium supplemented with 100 µg/ml L-methionine for 4hrs
and then treated with t-BHQ at different time points. The cells were rinsed once with
PBS and lysed in RIPA on ice for 30 min. Insoluble cellular debris was cleared by
centrifugation at 10,000 rpm for 5 min at 4°C. After centrifugation, the supernatants were
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used

for

immunoprecipitation

with

anti-V5

antibody

as

described

earlier.

Immunoprecipitates were boiled in 1xSDS buffer and resolved on 10% SDS gel. The gel
was treated with Amplify Fluorographic Reagent (Amersham) to enhance the 35S signal,
dried, and autoradiographed.
MTT cell survival assay
Hepa-1 cells were plated at a density of 5000 cells per well in 96 well plates, transfected
with Fyn and FynY213A and treated with etoposide (10 µM) for 30 hours and further
treated with 100µM DMSO or t-BHQ for additional 24 hours. Cells were incubated with
fresh MTT solution (200µl/well; stock 5 mg/ml in PBS) for 2h and absorbance at 490 nm
was measured. Each experiment was repeated three times. Each data point represents a
mean±SD and normalized to the value of the corresponding control cells.

Statistical Analysis
The data from luciferase assays, MTT assays, Real-time PCR, and immunoblotting band
intensities were analyzed using a two-tailed Student’s t test. Data are expressed ± S.D. of
three independent experiments. Significant P values are represented as (*)=p<0.05,
(**)=p<0.005 and (***)=p<0.0001 are shown inside the figures.

Results
Antioxidant and Xenobiotic treatment causes Nuclear Export of Fyn
To investigate the early response of Fyn in reaction to oxidative stress, the subcellular
localization of Fyn was followed by immunoblotting. Western blot analysis shows that
endogenous and overexpressed Fyn exported out of the nucleus within 0.5 hours of
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treatment (Fig. 5-1 A-B, also see quantitative densitometry graph below the blots). To
determine if the nuclear export of Fyn is inducible by other factors other than
antioxidants, UVA radiation (Fig. 5-1 C), and cadmium chloride (Fig. 5-1 D) both of
which have been shown to induce Nrf2 (Hirota et al., 2005; Stewart et al., 2003) were
used. In both instances, Fyn exported out of the nucleus within 0.5 hours. These results
suggest that in the presence of oxidative stress, Fyn exports out of the nucleus within 0.5
hours to allow Nrf2 to bind to the ARE. This finding is similar to earlier reports that Fyn
exported from the nucleus within 1 hour following hydrogen peroxide treatment (Jain et
al., 2007). Once Fyn exported out of the nucleus, a corresponding accumulation of Fyn
in the cytoplasm was not seen. This suggests that Fyn may be degraded upon nuclear
export.
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Figure 5-1. Subcellular Localization of endogenous Fyn and Flag-Fyn. HepG2 cells were
treated with chemicals for varying time points, harvested and nuclear and cytosolic extracts were
prepared. Lysates were immunoblotted. Densitometry measurements of bands were quantitated
and shown in graph below blots, Anti-LDH, and anti-Lamin B were probed in all blots. A. Cells
were treated with vehicle control (DMSO) or 100µM t-BHQ. Endogenous Fyn was probed. B.
1µg of Flag-Fyn was transiently transfected, and cells were treated with DMSO or 100µM tBHQ, anti-Flag was probed. C. Cells in 100mm dishes with PBS were exposed to UVA for 10
seconds; PBS was replaced with media and cells were placed back in incubator for indicated time
points. Endogenous Fyn was probed. D. Cells were treated with 10µg/ml of cadmium chloride
(CdCl) for indicated time points. Endogenous Fyn was probed. Comparison between vehicle
control and t-BHQ treated time points shows a significant difference (*)=p<0.05 and
(**)=p<0.005 by two-tailed student t-test.

Crm-1 inhibitor and tyrosine kinase inhibitor block Fyn Nuclear Export
To study the means by which Fyn exports out of the nucleus, preliminary experiments
were performed using inhibitors. Genistein, a tyrosine kinase inhibitor, given
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concurrently with t-BHQ prevented the transient decrease in nuclear Fyn protein levels
(compare Fig. 5-2 A to Fig. 5-1 A). These results suggest that the nuclear export may be
due to tyrosine phosphorylation. Leptomycin B (LMB), a specific inhibitor of proteins
containing nuclear export signals (Fukuda et al., 1997), was also given simultaneously
with t-BHQ (Fig. 5-2 B).

LMB blocked the antioxidant induced nuclear export of

endogenous Fyn. These results demonstrate that Fyn may be interacting with Crm-1 and
that Fyn may contain a nuclear export sequence.

Figure 5-2. Subcellular localization of endogenous Fyn with nuclear export inhibitor and
tyrosine kinase inhibitor. A. HepG2 cells were pre-treated with 100µM genistein for 2 hours,
cells were then treated with either DMSO or 100µM t-BHQ along with genistein for indicated
time points. Lysate was immunoblotted with anti-Fyn. B. HepG2 cells were pre-treated with
20ng/ml of LMB for 2 hours; cells were then treated with either 100µM DMSO or t-BHQ along
with LMB for indicated time points. Lysate was immunoblotted with anti-Fyn. Comparison
between DMSO and t-BHQ treated time points shows a significant (**)=p<0.005 by two-tailed
student t-test.

114

Tyrosine mutation causes nuclear accumulation of Fyn
Analysis of the mouse Fyn amino acid sequence identified 5 different putative tyrosine
phosphorylation sites shown with the different domains within the Fyn protein (Fig. 5-3
A). Site-directed mutagenesis mutations were performed on the five aforementioned
tyrosine residues. Subcellular localization followed by immunoblotting was performed to
investigate if any one of the tyrosine residues was implicated in the nuclear export of
Fyn.

Fyn mutants Y132A, Y336A, Y417A, and Y528A all showed an antioxidant

mediated nuclear export at 0.5 hours when exposed to t-BHQ (Fig. 5-3 B, D-F).
Interestingly, Fyn mutant Y213A was the only mutant to show nuclear accumulation in
the presence of t-BHQ (Fig. 5-3 C).

These results convey that phosphorylation at

tyrosine residue 213 may be required for the nuclear export of Fyn.
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Figure 5-3. Subcellular localization of mutant forms of Fyn. A. Schematic Diagram of mouse
Fyn gene showing corresponding domains, a putative nuclear export signal, and tyrosine
phosphorylation sites. B-F. HepG2 cells were transfected with 1µg of FynY132A, FynY213A,
FynY336A, FynY417A, or FynY528A mutant plasmid. Cells were then treated with either
DMSO or 100µM t-BHQ for indicated time points. Cells were harvested and nuclear and
cytosolic extracts were prepared. Lysates were immunoblotted with anti-Flag, anti-LDH, and
anti-LaminB.

Immunoprecipitation and Mass Spectrometry of Fyn show tyrosine phosphorylation
Immunoprecipitation followed by immunoblotting was used to investigate tyrosine
phosphorylation of endogenous Fyn, Flag-Fyn, and Flag-FynY213A. HepG2 cells were
treated with t-BHQ and immunoprecipitation was performed with anti-Fyn antibodies
using only the nuclear fraction of each sample. Western blots were probed with antiphosphotyrosine antibodies and then re-probed with anti-Fyn antibodies.

Anti-Fyn

antibodies immunoprecipitated phosphotyrosine proteins at basal levels as well as treated
time points. However, antioxidant treatment immunoprecipitated more phosphotyrosine
(Fig. 5-4 A, top panels) at 0.5 hours suggesting that more tyrosine phosphorylation is
likely taking place.

The reverse immunoprecipitation confirmed an increase in

interaction between endogenous Fyn and phosphotyrosine at 0.5 hours (Fig. 5-4 A, lower
panels).
Mass spectroscopy was used to confirm phosphorylation of Fyn Y213. Tandem
mass spectrometry was used to confirm the phosphorylation of Fyn on Tyr213. Hepa-1
cells were treated with t-BHQ for 0.5 hours, nuclear and cytosol fractions were separated
and the nuclear fraction was subjected to immunoprecipitation with anti-Fyn antibodies.
Immunoprecipitated Fyn was identified by LC-MS/MS with 43% sequence coverage. A
singly phosphorylated Fyn peptide (207KLDNGGYYITTR218) was identified with
phosphorylation occurring at Tyr213 Xcorr scores = 3.83 (Fig. 5-4 B).
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In an analogous setting to the endogenous Fyn experiment, HepG2 cells were
transfected with Flag-Fyn and treated with t-BHQ. As expected, immunoprecipitation
with anti-Flag antibodies behaved similarly to the endogenous Fyn experiment. AntiFlag immunoprecipitated phosphotyrosine at all time points, with an increase at the 0.5
hour treatment (Fig 5-4 C, top panels). In the reverse experiment, immunoprecipitation
with phosphotyrosine also immunoprecipitated an increase in Flag-tagged Fyn protein at
the 0.5 hour treatment. (Fig. 5-4 C, bottom panels).
We then determined if FynY213A mutant would be able to interact with any
tyrosine phosphorylation.

Anti-Flag antibodies did in fact immunoprecipitate

phosphotyrosine protein in HepG2 cells transfected with FynY213A at all time points
(Fig. 5-4 D, top panels). Interestingly, FynY213A did not show an increase at the 0.5
hour treatment time point indicating that there is less tyrosine phosphorylation when
compared to endogenous Fyn and Flag-Fyn. In the reverse experiment, phosphotyrosine
antibodies immunoprecipitated Flag tagged Fyn protein at all time points with a decrease
at 0.5 hours (Fig. 5-4 D, bottom panels) compared to the endogenous and Flag-Fyn
experiments. Taken together, these results show that endogenous Fyn and Flag-Fyn show
more tyrosine phosphorylation at 0.5 hours than the FynY213A mutant suggesting
FynY213 residue is likely phosphorylated.
residue 213 as the site of phosphorylation.
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Mass spectroscopy confirmed tyrosine

Figure 5-4. Mass spectrometry and Immunoprecipitation of Fyn, Flag-Fyn, and FlagFynY213A. A. HepG2 cells were treated with either 100µM DMSO or t-BHQ for indicated time
points. Cells were then collected, and nuclear and cytosolic fractions were separated. One mg of
nuclear lysate was immunoprecipitated with anti-Fyn antibody and Western blotted with antiphosphotyrosine and anti-Fyn (top panels). One mg of nuclear lysate was immunoprecipitated
with anti-phosphotyrosine antibody and Western blotted with anti-Fyn antibody (bottom panels).
B. Mass spectroscopy of Fyn. Cells were treated with t-BHQ for 0.5 hours. Cells were collected
and nuclear and cytosolic fractions were separated. Nuclear lysate was immunoprecipitated with
anti-Fyn antibodies. C-D. HepG2 cells were transfected with 1µg of Flag-Fyn or FlagFynY213A and treated with either 100µM DMSO or t-BHQ for indicated time points. Cells were
harvested and nuclear and cytosolic fractions were separated. One mg of nuclear lysate was
immunoprecipitated with anti-Flag antibody and Western blotted with anti-phosphotyrosine and
anti-Flag (top panels). One mg of nuclear lysate was immunoprecipitated with antiphosphotyrosine antibody and western blotted with anti-Flag antibody (bottom panels).
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Fyn nuclear export is dependent upon NES and Crm1.
To further test our previous experiments where LMB blocked nuclear export of Fyn, we
sought to investigate the possibility that Fyn may possess nuclear export signals which
facilitate its nuclear export. Analysis of the Fyn amino acid sequence revealed a tentative
NES shown in Figure 5-5 A. When compared to a NES consensus sequence, Fyn NES
exhibited a similar short leucine rich residue motif suggesting a NES may be present.
However, the Fyn NES does not contain a fourth leucine residue as is present in other
NES motifs suggesting that the NES may be non-functional. Nonetheless, we mutated
the leucine residues in the putative and investigated if this NES is functional.
Interestingly, t-BHQ did not induce the nuclear export of Fyn-Mutant-NES (Fig. 5-5 B).
These results indicate that Fyn translocation out of the nucleus requires the NES. Next,
we examined if Fyn-V5 and FynY213A-V5 could interact with Crm1, a nuclear exporter
protein. Anti-V5 antibodies were able to immunoprecipitate Flag-tagged Crm1 at 0.5 and
1 hours (Fig. 5-5 C, top panels).

In the reverse experiment, anti-Flag antibodies

immunoprecipitated Fyn-V5 at 0.5 and 1 hours (Fig. 5-5 C, bottom panels). In a similar
experimental setting, cells were co-transfected with FynY213A-V5 and Flag-Crm1.
Anti-V5 antibodies were unable to immunoprecipitate Flag-Crm1 (Fig. 5 5-D, top
panels), and anti-Flag antibodies were unable to immunoprecipitate Fyn-V5 (Fig. 5-5 D,
bottom panels). Together these results show that Fyn-V5, and not FynY213A-V5, was
able to interact with Crm1 suggesting that Fyn nuclear export is dependent upon a NES
interaction with Crm1.
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Figure 5-5. Fyn NES mutation and Crm1 Interaction. A. A putative nuclear export signal was
identified in Fyn as shown, consensus NES is also shown. Leucines in Fyn were mutated to
alanine in Fyn Mutant NES. B. Cells were transfected with 1µg of Fyn-Mutant-NES and then
treated with either DMSO or 100µM t-BHQ for indicated time points. Lysates were
immunoblotted. Densitometry measurements of bands were quantitated and shown in graph to the
right of blots. C-D. HepG2 cells were co-transfected with 1µg of Fyn-V5 or FynY213A-V5 and
1µg of Flag-Crm1 and then treated with either DMSO or 100µM t-BHQ for indicated time points.
Cells were harvested; one mg lysate was immunoprecipitated with anti-V5 antibody and western
blotted with anti-Flag and anti-v5 (top two panels). One mg lysate was immunoprecipitated with
anti-Flag antibody and Western blotted with anti-V5 and anti-Flag antibodies (bottom two
panels).

Proteasome inhibitor causes cytosolic accumulation of Fyn.
To elucidate the fate of Fyn after nuclear export has taken place, experiments were
performed using proteasome inhibitor MG132 and t-BHQ.

After nuclear export of

endogenous Fyn at 0.5 hours, accumulation of Fyn in the cytosol appeared (Fig. 5-6 A).
In a similar experiment, Flag-Fyn was transfected into HepG2 cells and pre-treated with
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proteasome inhibitor MG132 followed by t-BHQ. Flag-Fyn behaved analogously to
endogenous Fyn revealing accumulation in the cytosol at 0.5 hours (Fig. 5-6 B). Next,
Flag-FynY213A was transfected into HepG2 cells and pre-treated with MG132 followed
by t-BHQ treatment. As expected, FynY213A failed to transport out of the nucleus and
obviously did not indicate any cytosolic accumulation (Fig. 5-6 C). The effect of MG132
seemed to mediate cytosolic accumulation of Fyn after nuclear export suggesting that Fyn
is degraded after nuclear export. To confirm that Fyn is ubiquitinated and degraded after
nuclear export, an ubiquitination assay was performed. HepG2 cells were transfected
with Flag-Fyn and HA-Ub plasmids. Cells were then immunoprecipitated with anti-Flag
antibodies and immunoblotted with anti-HA antibodies. Cells treated with DMSO
showed little ubiquitinated Fyn in the cytosol and almost undetectable levels in the
nucleus (Fig. 5-6 D). Fyn ubiquitination was highest in the cytosol after 30 minutes of tBHQ treatment following nuclear export. Ubiquitination returned to near basal levels at
4 hours after antioxidant treatment. Taken together these results demonstrate that Fyn is
ubiquitinated and degraded following nuclear export.
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Figure 5-6. Proteasome inhibitor causes cytosolic accumulation of Fyn. HepG2 cells were
pre-treated with 2 µM MG132 for 16 hours. HepG2 cells were then treated with 100µM t-BHQ
and MG132 for indicated time points. Cells were harvested and nuclear and cytosolic extracts
were prepared. Lysates were immunoblotted. Densitometry measurements of bands were
quantitated and shown in graph below blots. A. Endogenous Fyn, anti-LDH, and anti-LaminB
were probed. B. 1µg of Fyn-V5 was transiently transfected; anti-V5, anti-LDH, and anti-Lamin B
were probed. C. 1µg of FynY213-V5 mutant was transiently transfected; anti-V5, anti-LDH, and
anti-Lamin B were probed. D. HepG2 cells were transfected with Flag-Fyn and HA-Ub
plasmids and pre-treated with 2µM MG132 for 16 hours. Cells were then treated with 100µM tBHQ and MG132 for indicated time points. Protein was aliquoted from samples and used for
inputs. Rest of the sample (1mg) was immunoprecipitated with anti-Flag antibodies and
immunoblotted with anti-HA antibodies. Comparison between DMSO and t-BHQ treated time
points shows a significant difference (*)=p<0.05 and (**)=p<0.005 by two-tailed student t-test.

FynY213A mutant represses ARE-mediated NQO1 activity resulting in cell death.
Before determining the downstream effects a mutation in Fyn would have on Nrf2
downstream genes, the activity of FynY213A was assessed.

HepG2 cells were

transfected Fyn-V5 and FynY213A-V5 constructs and treated with DMSO and t-BHQ.
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Immunoprecipitation experiments were performed with anti-V5 antibody followed by
Western blotting using anti-Src(pY416) that recognizes Fyn tyrosine phosphorylation (Fig.
5-7 A). The results confirmed that both Fyn and FynY213A had tyrosine kinase activity
and autophosphorylated.
To investigate the hypothesis that FynY213A mutant would inhibit Nrf2 binding
to the ARE, we performed a ChIP assay in HepG2 cells using Nrf2 antibodies and PCR
primers covering the human NQO1 region in the NQO1 promoter.

The results

demonstrated that in the presence of FynY213A and t-BHQ, binding of Nrf2 to the ARE
was decreased at 0.5 hours compared to Fyn (Fig. 5-7 B, compare upper and lower
panels). Since FynY213A is unable to export out of the nucleus, Nrf2 is unable to bind
effectively to the ARE.
To examine the differences between the negative regulation of Fyn and
FynY213A mutant on Nrf2, ubiquitination assays were performed. Hepa-1 cells were
transfected with either Flag-Fyn or Flag-FynY213A and Nrf2-V5 and Ub-HA, and
pretreated with MG132 and then treated with either DMSO or t-BHQ. When Fyn is
overexpressed, ubiquitinated Nrf2 is lowest at 0.5 hours because Fyn is exporting out of
the nucleus and is not able to phosphorylate Nrf2 allowing it to upregulate cytoprotective
genes (Fig. 5-7 C). However, when FynY213A is overexpressed, Nrf2 ubiquitination at
0.5 hours remains constant compared to DMSO and 4 hour t-BHQ treatment. Increased
Nrf2 ubiquitination at 0.5 hours is due to the phosphorylation of Nrf2 by FynY213A and
subsequent nuclear export and degradation of Nrf2.
Luciferase and real-time PCR assays were used in the determination of whether
Fyn activity differs from FynY213A activity on t-BHQ induced expression of ARE-
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mediated cytoprotective gene expression. Hepa-1 cells were co-transfected with either
Fyn or FynY213A and human NQO1 pGL2-hARE-Luc. Luciferase activity of NQO1
exhibited a substantial increase in activity at 1 hour and 4 hours with t-BHQ treatment in
the presence of Fyn (Fig. 5-7 D). However, luciferase activity of NQO1 in the presence
of FynY213A revealed a decrease in activity at 1 and 4 hours compared to Fyn.
Similarly, NQO1 mRNA increased 2 fold at 1 hour and 5 fold at 4 hours when
transfected with Fyn after antioxidant treatment (Fig. 5-7 E). When Hepa-1 cells were
transfected with FynY213A, NQO1 mRNA levels remained low compared to Fyn. Since
FynY213A represses downstream cytoprotective genes, we examined if FynY213A can
cause cell death. When cells were transfected with Fyn and FynY213A and treated with
the chemotherapeutic drug etoposide, cell survival decreased to levels near 50% (Fig. 5-7
F). However, when t-BHQ is given concurrently with etoposide, cell survival increases
in cells transfected with Fyn but only marginal increases in cell survival were found in
cells transfected with FynY213A. These results suggest that FynY213A blocks Nrf2
activation, causing more susceptibility to cellular death.
Taken together, these experiments elucidate that Nrf2 is ineffective in the
presence of FynY213A and t-BHQ because the mutant is able to avoid nuclear export and
at the same time constantly negatively regulate Nrf2 in the nucleus interfering with
defensive gene upregulation. Nrf2 is able to activate defensive genes in the presence of
Fyn because Fyn is able to export out of the nucleus when treated with t-BHQ. This
mutation in Fyn ultimately leads to decreases in cellular survival.
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Figure 5-7. Dominant negative effects of FynY213A mutant. A. HepG2 cells were transfected
with 1µg of Fyn-V5 and FynY213A-V5 and treated with DMSO or 100 µM t-BHQ. One mg of
lysate was immunoprecipitated with anti-V5 antibody and western blotted with anti-Src(pY416).
B. ChIP assay. HepG2 cells were treated with 100µM t-BHQ for 0.5 and 4 h. Extracts were
prepared as described under materials and methods. C. Hepa-1 cells were transfected with FlagFyn or Flag-FynY213A and Nrf2-V5, Ub-HA and pretreated with 2µM MG132 for 16 hours.
Cells were then treated with DMSO or t-BHQ. 1mg of cell lysate was immunoprecipitated with
anti-V5 and western blotted with anti-HA. D. Hepa-1 cells were treated with either DMSO or
100µM t-BHQ for indicated time points. Cells were lysed and relative luciferase activity was
measured. All experiments repeated thrice and the mean was presented. E. Hepa-1 cells were
transfected with either Flag-Fyn or Flag-FynY213A. Cells were treated with 100µm DMSO or tBHQ. RNA was extracted and quantitation of mRNA was measured. Experiments were repeated
thrice and the mean was presented. F. Cell survival assay. Absorbance was measured and the
experiment was repeated thrice. Each data point represents a mean ±SD and normalized to the
value of the corresponding control cells. Comparison between DMSO and t-BHQ within each
transfection concentration shows a significant difference (*)=p<0.05, (**)=p<0.005 and
(***)=p<0.0001 by two-tailed student t-test.

Antioxidant induction of Fyn protein expression and Fyn mRNA.
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Western blot analysis was used to investigate the antioxidant induction of Fyn. The tBHQ treatment of Hepa-1 cells shows that endogenous Fyn is inducible with antioxidant
treatment reaching maximum protein levels at 16 hours (Fig. 5-8 A). Cycloheximide, a
protein synthesis inhibitor, was used to investigate if the increase in protein levels seen at
16 hours was from new synthesis. As expected, cells pre-treated with cycloheximide and
then treated with t-BHQ showed no increase in protein expression suggesting that the
increase in protein levels seen in Figure A is from new synthesis

(Fig. 5-8 B).

To

confirm the antioxidant induction of Fyn, mRNA was also measured using real-time
PCR. Treatment of cells with t-BHQ for the indicated time points showed almost a fourfold induction of Fyn mRNA at 1 hour (Fig. 5-8 C). Fyn mRNA levels increased to sixfold at 8 hours, and decreased to around 2-fold at 16 hours over DMSO control. In a
similar experiment, pre-incubation with the transcription inhibitor actinomycin D blocked
the t-BHQ-mediated induced expression of Fyn mRNA (Fig. 5-8 D). Since t-BHQ is
inducing Fyn protein and mRNA levels, we studied the effects of t-BHQ on the newly
synthesized Fyn using pulse-chase experiments. Hepa-1 cells were metabolically labeled
with 35S methionine for 1 h and chased with unlabeled methionine for 4 hours and then
treated with t-BHQ for indicated time points. Cytosolic and nuclear fractions were also
separated. Labeled cytosolic Fyn-V5 showed an increase in expression at 4 hours while
nuclear levels at 4 hours remained low (Fig. 5-8 E). Cytosolic levels at 8 hours were the
highest suggesting that most of the newly synthesized Fyn is accumulating in the cytosol
between 4 and 8 hours. Cycloheximide was used at 4 hours as a negative control. We
then investigated if Nrf2 regulates the induction of Fyn upon t-BHQ treatment. Nrf2
siRNA was utilized to see if knocking down Nrf2 would also decrease the antioxidant
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induced Fyn induction. Western blot experiments revealed a t-BHQ induction of Fyn at 4
and 8 hours even in the presence of Nrf2 siRNA (Fig. 5-8 F).

Real-time PCR

experiments showed similar results to the Nrf2 siRNA western blot. Fyn mRNA was
increased with t-BHQ treatment in the presence of Nrf2 siRNA (Fig. 5-8 G).
Taken together, these results indicate that after the nuclear export of Fyn has
taken place, t-BHQ induces Fyn transcription and subsequent increases in protein levels.
Levels of protein, labeled protein, and mRNA are increasing presumably to replenish the
Fyn that was lost due to degradation.

Results also demonstrated that Nrf2 is not

responsible for the regulation of Fyn suggesting that another transcription factor may be
activated in the presence of t-BHQ that causes increased expression of Fyn mRNA and
protein.
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Figure 5-8. Effect of t-BHQ on Fyn protein and gene expression. A-B. Hepa-1 cells were
treated with 100µM DMSO or t-BHQ or pre-treated with 30µg/ml of cycloheximide (CHX) and
then treated with 100µM DMSO or t-BHQ for indicated time points. Cells were harvested; lysates
were immunoblotted with anti-Fyn and anti-actin antibodies. C-D. Hepa-1 cells were treated
with DMSO or 100µM t-BHQ and/or 20ng/ml of Actinomycin D (ActD) for varying time points.
Cells were collected and RNA was extracted and quantitation of mRNA was measured.
Experiments were repeated thrice and the mean was presented. E. Pulse-chase assay, Hepa-1
cells transfected with Fyn-V5 were metabolically labeled with [S35] methionine (Pulse). 1 hour
later the medium was replaced with complete medium containing sufficient cold methionine, and
the cells were harvested at 4 hours (chase). 100µM t-BHQ and/or 30µg/ml of cycloheximide were
added to the medium at different time points. 500µg of nuclear (N) or cytosolic (C) cell lysate
was immunoprecipitated with 2 µg of anti-V5 antibody. F-G. Hepa-1 cells were transfected with
100nM control or Nrf2 siRNA. After 24 hours, cells were stimulated with 100µM t-BHQ for 4
hours. Fyn and Nrf2 expression was examined by western blot (F) and real time PCR analysis
(G). Comparison between DMSO and t-BHQ treated time points shows a different significance
(***)=p<0.0001 by two-tailed student t-test.
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Discussion
The regulation of Nrf2, especially its abundance in the nucleus, is important for
controlling expression of cytoprotective genes in response to oxidative stress (Kang et al.,
2004). Since persistent increases in cytoprotective gene expression threaten cell survival
(Strachan et al., 2005), Nrf2 is exported out of the nucleus and degraded. The nuclear
export of Nrf2 is activated after Fyn accumulates inside the nucleus and phosphorylates
tyrosine 586 of Nrf2 (Jain et al., 2006). Fyn phosphorylation of Nrf2 and subsequent
nuclear export are delayed responses to oxidative stress (Jain et al., 2006; Jain et al.,
2007). In the current study, we investigated the early response of Fyn to oxidative stress.
In this report, studies demonstrated that Fyn was exported out of the nucleus
soon after exposure to oxidative stress (Fig. 5-9). The nuclear export of Fyn allowed
Nrf2 to bind to the ARE and activate NQO1 gene expression. The antioxidant-induced
nuclear export of Fyn appears to be an integral part of the ARE/Nrf2-mediated activation
of cytoprotective genes. Treatment with LMB, an inhibitor of Crm-1 mediated nuclear
export, stymied nuclear export of Fyn resulting in nuclear accumulation of the protein.
These findings are similar to what was reported with Lyn, another member of the Src
family of kinases (Kikuko et al., 2008). The mechanism of Fyn nuclear export was due
to phosphorylation of tyrosine213 after oxidative stress stimulation. Once Fyn was
phosphorylated, the newly identified nuclear export signal interacted with Crm-1 which
allowed for nuclear export and subsequent degradation. Interestingly the short leucine
rich residue motif present in Fyn lacked a fourth leucine residue which is present in other
NES motifs among different proteins. However, several other functional NES motifs
have been characterized in proteins, such as p53 and IκB-α, that lack four leucine
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residues indicating that four leucine residues are not required for an NES to be functional
(Stommel et al., 1999; Arenzana-Seisdedos et al., 1997).
The regulation of Src family kinase activity is controlled through
phosphorylation of two tyrosine residues (Mayer et al., 1997). Autophosphorylation of
tyrosine417 in Fyn increases kinase activity and phosphorylation of tyrosine528 in Fyn
inhibits kinase activity. Phosphorylation at tyrosine528 inhibits kinase activity through
an intramolecular SH2 (Src homology 2)-phosphotyrosine interaction. This interaction
stabilizes a closed or inactive conformation of the kinase (Sanguinetti et al., 2003). In
this study, we found phosphorylation at tyrosine213 in Fyn which controls nuclear
export. Additionally, we also found phosphorylation at tyrosine417 (Xcorr score = 3.05,
data not shown) revealing an active kinase in response to antioxidant treatment. This
kinase activity was later confirmed with anti-Src(pY416) antibodies.

The kinase

responsible for phosphorylation of tyrosine213 has not been identified. However, since
Fyn kinase activity is active during its nuclear export, it may be possible that Fyn
autophosphorylates tyrosine417 and 213 controlling its own nuclear export.

If

autophosphorylation is not responsible for the export of Fyn, we believe that the tyrosine
kinase that phosphorylates Fyn has to be stress-responsive and is rapidly activated in
response to antioxidants. At this time, Fyn autophosphorylation at FynY213A remains
unknown.
Interestingly, upon Fyn nuclear export, subsequent accumulation in the cytosol
was absent. When cells were treated with proteasome inhibitors, Fyn accumulation could
be seen in the cytosol alluding to the conclusion that antioxidants as well as other
inducers of Nrf2 may induce proteasome-dependent degradation following nuclear
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export. Previous findings have shown that constitutive fibroblast growth factor receptor2 (FGFR2) activation also induces Fyn ubiquitination and proteasomal degradation via a
Cbl (for Casitas B-lineage lymphoma) mediated pathway (Kaabeche et al., 2004).
Although, it is unclear if the Cbl ubiquitin ligase is responsible for the ubiquitination of
Fyn in response to antioxidants, it appears that several mechanisms are able to induce
Fyn proteasomal degradation.
Our previous reports have shown that GSK-3B phosphorylated Fyn at threonine
residue(s) leading to nuclear localization of Fyn occurring around 4 hours after oxidant
treatment (Jain et al., 2007). The current study shows that Fyn mRNA and protein levels
increased between 4 and 16 hours of antioxidant treatment. Pulse chase assays also
revealed an increase in Fyn labeled protein around 8 hours in the cytosol only. Taken
together these results suggest that Fyn re-entering the nucleus after nuclear export has
taken place is not from de novo synthesis. However, increases in Fyn transcription is
probably due to replenishing and replacing the Fyn that was lost to degradation after
nuclear export.
Previous studies have reported that Nrf2 controls the regulation of some of its
other negative regulators (Kaspar et al., 2010b).

This led to the obvious question,

whether Nrf2 is responsible for the upregulation of Fyn mRNA and protein in response to
antioxidant treatment.

Experiments using Nrf2 siRNA showed that Nrf2 does not

regulate the transcription and induction of Fyn. Previous reports have suggested that in
the presence of oxidative stress, transcription factors Sp1 and Egr1 may be responsible
for upregulation of Fyn mRNA and protein levels (Gao et al., 2009).
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The chemotherapeutic agent etoposide kills cells by increasing topoisomerase IIinduced DNA fragmentation, which triggers programmed cell death (Bromberg et al.,
2003).

When HepG2 cells were treated with etoposide, cell survival decreased

significantly in cells transfected with Fyn and FynY213A. When t-BHQ was given
concurrently with etoposide to cells transfected with Fyn, cellular survival was increased
due to Nrf2 activation. This is similar to other findings that reported activation of Nrf2
helps survival of cancer cells during treatment with chemotherapeutic agents (Wang et
al., 2008). When etoposide and t-BHQ treatments were given simultaneously to cells
transfected with FynY213A, a t-BHQ induced activation of Nrf2 did not fully rescue the
cells resulting in only a marginal increase in cell survival. Since FynY213A blocked
Nrf2 activation, cells became sensitive to etoposide which resulted in an increase in
cellular death. These results illuminate the post-translational modifications of Fyn that
can be targeted for potential treatments to different forms of cancer where Nrf2 is
overexpressed.
In summation, we have investigated the nuclear export of Fyn and the regulation
by which Fyn is exported in the early response to oxidative stress. We demonstrate that
Fyn exports out of the nucleus within 30 minutes after antioxidant treatment allowing
nuclear import of Nrf2 and activation of cytoprotective gene expression without any
inadvertent phosphorylation/degradation of Nrf2. The nuclear export of Fyn is controlled
by tyrosine phosphorylation of residue213 and a nuclear export signal interaction with
Crm-1 leading to Fyn degradation after nuclear export. FynY213A is unable to export
out of the nucleus and interferes with the ability of Nrf2 to bind to the ARE and activate
defensive gene expression. This interference is probably caused by the ability of the
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mutant to phosphorylate Nrf2 causing nuclear export of Nrf2, and subsequent
ubiquitination/degradation before it can activate defensive genes.
interference, cell survival is impaired.

Because of this

After Nrf2’s task of cytoprotective gene

upregulation is complete, Fyn is imported back into the nucleus to phosphorylate Nrf2
causing Nrf2 export and degradation. This study dissects the mechanisms involved in the
early response of Fyn kinase to oxidative stress.

Figure 5-9. Model depicting the role of tyrosine phosphorylation mediated nuclear export of
Fyn and regulation of Nrf2.
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CHAPTER SIX
CONCLUSIONS, SIGNIFICANCE, AND FUTURE DIRECTIONS
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Conclusions/Significance
The primary objective of the studies described in this dissertation was to assess
the cellular signaling in the early response to oxidative stress. We investigated the
activity and transcriptional regulation of the negative regulators of Nrf2. Our studies
were undertaken to address the primary hypothesis that oxidative stress will cause
tyrosine phosphorylation and subsequent nuclear export of all negative factors following
exposure to antioxidants allowing for Nrf2 unimpeded activation of downstream
defensive genes. The rationale behind this hypothesis is that Nrf2 translocates into the
nucleus via a nuclear localization signal (Jain et al., 2006) after stimulation with
oxidative stress.

Preliminary data showed that under basal conditions, the negative

regulators are present in the nucleus. Therefore it seemed plausible that these negative
regulators may export out of the nucleus in response to oxidative stress to allow Nrf2
unimpeded movement to the antioxidant response element facilitating activation of
cytoprotective genes.

The other hypothesis of this thesis was that Nrf2 will be

responsible for regulating the transcriptional activity of the negative regulators genes.
The rationale behind this hypothesis was that previous studies have shown that Nrf2
controls the upregulation of INrf2 by binding to an antioxidant response element in the
promoter of INrf2 (Lee et al., 2007). Therefore it seemed conceivable that Nrf2, being a
master transcription factor, could control the upregulation of the other negative regulators
Cul3-Rbx1, Bach1 and Fyn.
The first specific aim was to determine if Nrf2 controlled the ARE mediatedupregulation of Cul3 and Rbx1 in response to oxidative stress.

Results in chapter two

showed that the antioxidant t-BHQ caused increases in Cul3 and Rbx1 gene and protein
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levels. Additionally Nrf2 was found to bind functional AREs located in both Cul3 and
Rbx1 promoters that drove activation of the genes.

Overexpression of Nrf2 led to

activation of Cul3 and Rbx1 genes while inhibition of Nrf2 caused inactivation of Cul3
and Rbx1 genes suggesting that Nrf2 regulates Cul3 and Rbx1.
The second part of the first specific aim was to investigate if INrf2, Cul3 and
Rbx1 export out of the nucleus in response to oxidative stress to allow Nrf2 unimpeded
movement to the ARE. After treatment with antioxidants, INrf2, Cul3, and Rbx1 export
out of the nucleus was controlled by tyrosine phosphorylation. Mutation of tyrosine85 in
INrf2 blocked nuclear export of INrf2, Cul3, and Rbx1. Moreover, mutation of the
nuclear export signal located in INrf2 also stymied nuclear export of INrf2, Cul3, and
Rbx1 suggesting that INrf2, Cul3, and Rbx1 move as a complex. Nuclear export as a
complex makes sense because Cul3 and Rbx1 lack nuclear export signals. Therefore it
seems as though INrf2 serves as a shuttling protein for Cul3 and Rbx1. Upon nuclear
export, the complex of proteins degrade which also makes sense because if Nrf2 causes
increases in INrf2, Cul3 and Rbx1 protein levels, by binding to their AREs, the complex
would have to degrade to prevent excessive cellular levels of the proteins.
Overexpression of INrf2, Cul3 and Rbx1 levels have been shown to decrease Nrf2 levels
(Cullinan et al., 2004). Excessive ubiquitin ligases Cul3 and Rbx1 could also have
detrimental effects not only on Nrf2, but also other cellular processes and signaling
pathways.
The second specific aim elucidated the early response of Bach1 to antioxidant
treatment. Bach1 is exported out of the nucleus after antioxidant stimulation to allow
Nrf2 unimpeded movement to the ARE. Another functional reason for the nuclear export
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of Bach1 is to free up small maf proteins to facilitate their binding to Nrf2. Under basal
conditions, Bach1 requires small maf proteins to repress cytoprotective genes (Igarashi et
al., 1998). Upon translocation into the nucleus, Nrf2 requires small maf proteins to
activate defensive gene expression (Itoh et al., 1997). Therefore, Bach1 will release from
the ARE and small maf proteins to allow Nrf2 to bind the ARE and small maf proteins
leading to defensive gene expression. The nuclear export of Bach1 was controlled by
tyrosine phosphorylation at residue 486. Mutation of this residue led to the repression of
Nrf2 downstream gene expression.
The third specific aim characterized Fyn kinase in the early response to oxidative
stress. Fyn phosphorylates Nrf2 leading to its nuclear export and subsequent degradation
in the late response to oxidative stress (Jain et al., 2006).

After antioxidant and

xenobiotic treatment, Fyn exported out of the nucleus to allow Nrf2 unhampered
activation of downstream genes. Mutagenesis assay and mass spectrometry revealed that
tyrosine 213 controls the nuclear export of Fyn. A nuclear export signal was also found
to control the nuclear export of Fyn.

Mutation of Fyn tyrosine 213 caused

phosphorylation of Nrf2 before being able to bind to the ARE causing decreases in
downstream gene upregulation and increases in susceptibility to cell death. After nuclear
export, Fyn was found to be degraded in the cytosol. Additionally, the transcriptional
regulation of Fyn was investigated. Since Fyn protein was lost to degradation, it was
believed that Nrf2 controlled Fyn regulation similarly to other negative regulators INrf2,
Cul3, and Rbx1. Antioxidants increased Fyn protein and mRNA levels but knockdown
of Nrf2 with siRNA had no effect on Fyn suggesting it is not under the control of Nrf2.
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Oxidative stress purges the nucleus of the negative regulators of Nrf2 creating an
environment that is ideal for Nrf2 to import into the nucleus and activate transcription of
defensive genes. This mechanism can be viewed as a switching on of Nrf2. Nrf2 will
then import into the nucleus after phosphorylation of serine40 by PKC-delta and
modification of INrf2 cysteine 151. Once in the nucleus, Nrf2 upregulates defensive and
antioxidant genes. After Nrf2 activates genes, the negative regulators import back into
the nucleus to inhibit Nrf2. This mechanism can be viewed as a switching off of Nrf2.
INrf2/Cul3-Rbx1 imports via prothymosin-α and causes degradation and transport of
Nrf2 out of the nucleus (Velichkova et al., 2005; Sun et al., 2007; Niture et al., 2009).
GSK-3 phosphorylates Fyn, at unknown threonine residues, leading to its import into the
nucleus in the late-response (post-induction) to oxidative stress. Once Fyn is back in the
nucleus, it phosphorylates tyrosine568 in Nrf2 leading to its nuclear export and
subsequent degradation (Jain et al., 2006). Also in the late response, Bach1 replaces Nrf2
on the ARE leading to defensive gene repression (Kaspar et al., 2010). Import of the
negative regulators in the delayed response (post-induction of Nrf2) is crucial because
uncontrolled activation of Nrf2 can be harmful. Therefore, finely tuned mechanisms are
responsible for the switching on and off of Nrf2 A model of the pre-induction and postinduction responses to oxidative stress is presented in Figure 6.1.
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Figure 6-1. The Nrf2 signaling pathway in the early and delayed responses to oxidative
stress.

Mutation of the tyrosine residues in the negative regulators repressed Nrf2 levels
and downstream genes which are relevant because studies have shown that Nrf2 was
overexpressed in 91.5% of tumor tissues of head and neck squamous cell carcinomas
(Stacy et al., 2006).

Studies have also shown that upregulation of Nrf2 results in

enhanced resistance of cancer cells to chemotherapeutic agents (Wang et al., 2008).
Furthermore, studies have suggested that multiple drug resistance-associated proteins
(MRPs) are regulated and increased by activated Nrf2 leading to increased drug
resistance of cancer cells (Mahaffey et al., 2009). MRPs are members of the ATP-
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binding cassette superfamily that facilitate detoxification by transporting toxic
compounds, including chemotherapeutic drugs, out of cells (Mahaffey et al., 2009). The
tyrosine phosphorylation sites of Nrf2’s negative regulators could be targeted for
potential therapies for diseases in which Nrf2 is overexpressed. Clearly these negative
regulators play a critical role in Nrf2 downstream signaling, and understanding their
regulation could lead to advances in chemoprevention.
Future Directions
An important direction in which to expand this research is the identification of the
tyrosine kinase(s) that phosphorylate the negative regulators of Nrf2. Since the unknown
kinase(s) phosphorylates the negative regulators of Nrf2 allowing Nrf2 unimpeded
movement to the ARE, this kinase should be considered a positive regulator. Identifying
this positive regulator would usher in a new field of research that could lead to the
prevention of diseases associated with oxidative stress. For example, overexpression or
mutations that allow overexpression of the kinase could lead to prevention of diseases
associated with oxidative stress such as neurodegenerative diseases, vascular diseases,
and inflammatory diseases. Knocking out the kinase could also be advantageous in
tissues in which Nrf2 is constitutively activated such as head and neck carcinoma and
lung cancer.
Preliminary Results
Western blotting and real-time PCR assays were utilized to investigate the identity of the
tyrosine kinase. These preliminary results used siRNA, shRNA, and inhibitors to knock
down different tyrosine kinases of interest to investigate if Nrf2 downstream genes will

140

be affected. The subcellular localization of the negative regulators is also investigated in
the presence of the siRNA, shRNA, and inhibitors. If the tyrosine kinase is knocked
down or inhibited, the nuclear export of the negative regulators associated with that
tyrosine kinase will be blocked.

It is our belief that the tyrosine kinase that

phosphorylates the negative regulators is a non-receptor tyrosine kinase that is present in
the nucleus at basal levels, and is responsive to oxidative stress. We believe it is a nonreceptor tyrosine kinase because a receptor tyrosine kinase may involve too many
downstream steps/signals which may take longer than 0.5 hours to cause nuclear export
of the negative regulators.
C-abl is a non-receptor tyrosine kinase that has been shown to be activated in
response to oxidative stress (Sun et al., 2000). Previous studies have also shown that cabl is present in the nucleus and even contains several nuclear localization signals and
nuclear export signals (Taagepera et al., 1998). Therefore we utilized c-abl siRNA and
carried out western blot and real-time PCR experiments. Western blot analysis shows
that overexpressed Fyn-V5 exported out of the nucleus within 0.5 hours after treatment
(Fig. 6-2 A). After transfection of c-abl siRNA in a similar experiment, Fyn-V5 was still
able to export out of the nucleus around 0.5 hours following treatment with t-BHQ (Fig.
6-2 B). Real-time PCR analysis of cells transfected with c-abl siRNA showed an increase
in NQO1 gene expression compared to mock and control siRNA after treatment with tBHQ (Fig. 6-2 C). These results suggest that knockdown of c-abl had no effect on Fyn
nuclear export and NQO1 expression indicating that c-abl is not the tyrosine kinase
implicated in the phosphorylation of the negative regulators.
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Figure 6-2. c-Abl effect on Fyn subcellular localization and NQO1 gene expression. A-B.
HepG2 cells were treated with t-BHQ in the presence and absence of c-Abl siRNA for varying
time points. Cells were harvested and nuclear and cytosolic extracts were prepared. Lysates were
immunoblotted. Anti-V5, anti-LDH, and anti-Lamin B were probed. C. Hepa-1 cells were
transfected with 100nM control or c-Abl siRNA. After 24 hours, cells were stimulated with
100µM t-BHQ for 4 hours. NQO1 and Nrf2 expression was examined by and real time PCR
analysis. Comparison between DMSO and t-BHQ treated time points shows a different
significance (***)=p<0.0001 by two-tailed student t-test.

Platelet derived growth factor receptor (PDGFR) is a receptor tyrosine kinase that
has been shown to phosphorylate Fyn at tyrosine residues that control its activation
(Hansen et al., 1997). Although we believe that the kinase implicated in phosphorylation
of the negative regulators is non-receptor based, we still decided that it may be possible
that PDGFR could control an upstream mechanism of the kinase of interest. Therefore,
we proceeded with the investigation. We utilized PDGFR inhibitor and carried out
western blot and real-time PCR experiments.

Western blot analysis shows that

overexpressed FLAG-Fyn exported out of the nucleus within 0.5 hours of treatment (Fig.
6-3 A). After treatment of PDGRF inhibitor in a similar experiment, FLAG-Fyn was still
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able to export out of the nucleus around 0.5 hours following treatment with t-BHQ (Fig.
6-3 B).

Real-time PCR analysis of cells treated with PDGRF inhibitor showed an

increase in NQO1 gene expression over cells not treated with the inhibitor following
treatment of t-BHQ at different time points (Fig. 6-3 C). NQO1 levels at 4 hrs of t-BHQ
and inhibitor treatment were significantly higher than with just t-BHQ alone. These
results suggest that inhibition of PDGFR had no effect on Fyn nuclear export and NQO1
expression indicating that PDGFR is not the tyrosine kinase implicated in the
phosphorylation of the negative regulators. The results also suggest that PDGFR does
not mediate downstream activation of the tyrosine kinase of interest.

Figure 6-3. PDGFR inhibitor on Fyn subcellular localization and NQO1 gene expression. AB. HepG2 cells were treated with t-BHQ in the presence and absence of PDGFR inhibitor for
varying time points. Cells were harvested and nuclear and cytosolic extracts were prepared.
Lysates were immunoblotted. Anti-FLAG, anti-LDH, and anti-Lamin B were probed. C. HepG2
cells were treated with 1µM PDGFR for 16 hours. Cells were then stimulated with 100µM tBHQ for indicated time points. NQO1 and Nrf2 expression was examined by and real time PCR
analysis after PDGFR inhibitor and t-BHQ treatment. Comparison between DMSO and t-BHQ
treated time points shows a different significance (*)=p<0.05, (**)=p<0.005 by two-tailed student
t-test.
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The Src family of tyrosine kinases has nine members, including Fyn, that are
considered non-receptor tyrosine kinases (Toyoshima et al., 1992). Our rationale for
investigating the Src kinase family members in the current study is that it may be possible
that other members of the Src family could be phosphorylating the negative regulators of
Nrf2. PP1 and PP2 are both ATP- and peptide-binding Src family inhibitors (Hanke et
al., 1996; Liu et al., 1999; Schindler et al., 1999). Therefore we used these inhibitors in
experimental settings similar to figures 6-2 and 6-3.

Western blot analysis shows that

overexpressed INrf2-V5 exported out of the nucleus within 0.5 hours after antioxidant
treatment (Fig. 6-4 A). After treatment with PP1 inhibitor in a similar experiment, INrf2V5 was still able to export out of the nucleus around 0.5 hours following treatment with tBHQ (Fig. 6-4 B). In an analogous experimental setting, PP2 was utilized. Western blot
analysis shows that overexpressed INrf2-V5 exported out of the nucleus within 0.5 hours
after antioxidant treatment (Fig. 6-4 C). After treatment with PP2 inhibitor, INrf2-V5
was still able to export out of the nucleus around 0.5 hours following treatment with tBHQ (Fig. 6-4 D). Real-time PCR analysis of cells treated with PP1 and PP2 showed a
drastic increase in NQO1 gene expression compared to cells just treated with t-BHQ (Fig.
6-4 E-F). Two different concentrations of PP1 and PP2 were used because higher
concentrations have been shown to inhibit other kinases such as Bcr-Abl and Kit tyrosine
kinases (Tatton et al., 2002). These results suggest that Src family inhibitors had no
effect on INrf2 nuclear export and NQO1 expression indicating that the members of the
Src family are not the tyrosine kinases implicated in the phosphorylation of the negative
regulators.
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Figure 6-4. Src family inhibitors on INrf2 subcellular localization and NQO1 gene
expression. A-D. HepG2 cells were treated with t-BHQ in the presence and absence of 1µM or
10µM PP1 and PP2 inhibitor for varying time points. Cells were harvested and nuclear and
cytosolic extracts were prepared. Lysates were immunoblotted. Anti-V5, anti-LDH, and antiLamin B were probed. E-F. Hepa1 cells were treated with 1µM or 10µM PP1 and PP2 for 4
hours. Cells were then stimulated with 100µM t-BHQ for indicated time points. NQO1
expression was examined by and real time PCR analysis after treatments. Comparison between
DMSO and t-BHQ treated time points shows a different significance (*)=p<0.05, (**)=p<0.005
by two-tailed student t-test.

Etk/Bmx, a member of the Tec family of kinases, is a non-receptor tyrosine
kinase (Takesono et al., 2002). Mutation of the Tec kinases has been linked to defective
activation of transcription factors and alterations in cell survival pathways (Takesono et
al., 2002). Therefore, we investigated the possibility that Etk kinase could be the kinase
that phosphorylates the negative regulators of Nrf2. Two different shRNA lentiviral
vectors were used to knockdown ETK. Hepa-1 cells and HepG2 cells were infected with
both Etk shRNA lentiviral constructs and standardization experiments were performed.
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The second lentiviral construct seemed to knockdown Etk levels better than the first
construct (Fig. 6-5 A). Therefore, we used the second lentiviral construct in subsequent
experiments.

Real-time PCR analysis of cells infected with Etk shRNA lentivirus

showed an increase in NQO1 gene expression after t-BHQ treatment compared to cells
with no infection and cells infected with empty lentiviral vectors following t-BHQ
treatment (Fig. 6-5 B). These results suggest that Etk shRNA had no effect on NQO1
expression indicating that Etk tyrosine kinase is not the tyrosine kinase implicated in the
phosphorylation of the negative regulators.

Figure 6-5. Etk shRNA lentivirus on NQO1 gene levels. A. Hepa-1 and HepG2 cells were
infected with empty lentivirus vector and two different Etk shRNA lentiviral vectors for 24 hours.
Cells were harvested and total cell lysate was prepared. Lysates were immunoblotted. Anti-Etk,
anti-β-actin were probed. B. Hepa-1 cells were infected with empty lentivirus vector or Etk
shRNA lentiviral vector number 2. After 24 hours, cells were stimulated with 100µM t-BHQ for
indicated time points. NQO1 expression was examined by and real time PCR analysis.
Comparison between DMSO and t-BHQ treated time points shows a different significance
(***)=p<0.0001 by two-tailed student t-test. Lentiviral constructs and Etk antibodies are from Dr.
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Yun Qiu, Department of Pharmacology and Experimental Therapeutics, University of Maryland,
Baltimore.

Another method that was utilized to elucidate the tyrosine kinase of interest was
immunoprecipitations followed by coomassie staining and mass spectroscopy.

The

rationale behind this was that if Bach1-WT and Bach1Y486A were immunoprecipitated,
the unknown tyrosine kinase could interact with Bach1-WT but not Bach1 mutant. If a
band was found that interacted with Bach1-WT and not Bach1 mutant, it could be
possible that the band that was found could be the tyrosine kinase of interest.
transfected

with

Bach1-V5

and

Bach1Y486A5-V5

were

transfected

Cells
and

immunoprecipitation with V5 antibody was performed. Coomassie staining found no
differences in protein immunoprecipitated between the wild type and the mutant (Fig. 66).
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Figure 6-6. Coomassie staining of immunoprecipitated Bach1 WT-V5 and Bach1Y485A-V5.
1µg of indicated plasmid was transfected into HepG2 cells. After 24 hours cells were treated
with 100µM t-BHQ for indicated time points. Cells were harvested and 5mg of protein was
immunoprecipitated with anti-V5 antibody.

The results of the coomassie staining experiments were inconclusive. It is possible that
the tyrosine kinase could, in fact, interact with the mutant protein but at the same time not
be able to phosphorylate the protein. Therefore, immunoprecipitation followed by
coomassie staining may not be the best assay to perform to elucidate the identification of
the tyrosine kinase.
Preliminary results have identified tyrosine kinases that do not control the nuclear
export of the negative regulators of Nrf2. c-Abl, PDGFR, Src kinase family, Bcr-Abl,
Kit, and Etk have all been shown to not affect the nuclear export of the negative
regulators and have also been shown to not affect the Nrf2 downstream gene expression.
Some additional non-receptor tyrosine kinases could be implicated in the
phosphorylation of the negative regulators but further research needs to be done. Other
members of the Tec family of kinases could be targeted for further research. After
determining that Etk/Bmx did not affect the Nrf2 downstream genes, it may be possible
the other members could be implicated. The other members are Tec/Btk/Itk and Rlk/Txk.
Fes and Fer are another class of non-receptor tyrosine kinases. Fer has been
suggested to play a role in cell survival (Taler et al., 2003) and survival of cancer cells
(Zoubeidi et al., 2009). Additionally, both of these kinases have been shown to be
present in the nucleus (Smithgall et al., 1998; Schwartz et al., 1998). Therefore, these
kinases may be worth further investigation.
Rak/Frk/Iyk/Bsk is a non-receptor tyrosine kinase that could be implicated within
the Nrf2 pathway. Rak/Frk has been shown to be present in the nucleus and, in fact,
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posses a nuclear localization sequence (Cans et al., 2000). These kinases could also be
further researched.
The results of this thesis have increased our knowledge of the physiological
mechanisms underlying mammalian exposure to oxidative stress and illuminated the
post-translational modifications of the negative regulators of Nrf2 that can be targeted for
potential countermeasures to diseases. Furthermore, the facts learned in this dissertation
and outcome of follow up studies to the research presented in this thesis will be of critical
importance for establishing the basis for therapeutic interventions.
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