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ABSTRACT
Title of Dissertation: Glycogen Synthase Kinase 3-beta (GSK3 ) is a central regulator in
the non-canonical NF-E2 Related Factor 2 (Nrf2) antioxidant response
Phillip M. Shelton, Doctor of Philosophy, 2013
Dissertation Directed by: Dr. Anil Jaiswal, Professor, Department of Pharmacology,
School of Medicine
The stress response transcription factor Nrf2 is a master regulator of a battery of
antioxidant and detoxification genes that promote cell survival. Classically defined as a
chemoprevention factor, recent evidence has demonstrated that Nrf2 over-activation is
found in many cancers and is associated with drug-/radio-resistance, enhanced cell
survival, and poor patient prognosis.

Therefore, it is important to understand the

molecular events that regulate its activity and how perturbations in cancer can facilitate
over-activation of Nrf2. Glycogen synthase kinase-3 beta (GSK3 ) has emerged as a
regulator of the non-canonical Nrf2 pathway by its ability to promote the degradation of
Nrf2, both directly and indirectly through a mechanism involving the Src-A subfamily
kinases.

However, it remains ambiguous how GSK3

is regulated in the redox

environment of the cell, and whether alterations in its activity can lead to increased
activation of Nrf2.
Herein, it is demonstrated that oxidative stress-induced activation of the PI3K/Akt
pathway results in the phosphorylation of GSK3 Ser-9, thereby inhibiting its activity.
As a result, Nrf2 is able to become stabilized and induce the transcription of its defensive
target genes. Subsequently, the coordinated action of the protein phosphatases PTEN,
PP2A, and PP1 help to restore the activation of GSK3 , and its ability to “shut off” the
Nrf2 response. Moreover, the constitutive activation of the PI3K/Akt pathway, an event

commonly found in cancers, leads to a sustained inhibition of GSK3 , which
consequently functions to drive Nrf2-mediated drug resistance and cell survival.
In addition to its direct inhibition of Nrf2, GSK3 also indirectly mediates the
nuclear export and degradation of Nrf2 by triggering the nuclear translocation of the SrcA subfamily kinase members Src, Fyn, Yes, and Fgr.

Surprisingly, the precise

mechanism of how the Src-A subfamily translocates into the nucleus is unknown. In
using Fyn kinase as a model, it is apparent that the Src homology 2 (SH2) and SH3
domains are necessary, however, the SH2 domain is sufficient for nuclear import due to a
putative bipartite nuclear localization sequence in the SH2 domain.
In summation, this thesis provides insight into the molecular mechanisms
surrounding the ability of GSK3 to inhibit Nrf2. Ultimately, we hope that the evidence
presented within will provide translational applications to include the non-canonical
GSK3 /Nrf2 pathway as a therapeutic target in tumors harboring over-activation of Nrf2.
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CHAPTER ONE
THE IMPORTANCE OF A WELL REGULATED NRF2†
INTRODUCTION
Background and Significance:
Reactive oxygen species (ROS) and electrophiles pose a serious threat to the
cellular environment (Klaunig et al., 2010; Sies, 1997).

If these elements are left

unbalanced they can facilitate the development of numerous pathologies, most notably
cancer. The counterbalance to the reactive oxygen species and electrophiles is
predominantly mediated by the transcription factor Nrf2 through the induction of genes
that detoxify, repair, and promote cell survival (Kaspar et al., 2009; Ma, 2013; Sykiotis
and Bohmann, 2010). Unsurprisingly then, Nrf2 has largely been recognized for its role
in chemoprevention. However, recent evidence has emerged, indicating that an overexpression of Nrf2 is commonly reported in many cancers (Kensler and Wakabayashi,
2010; Lau et al., 2008; Shelton and Jaiswal, 2013). Taken together, this highlights the
importance of understanding the precise mechanisms that regulate the activation of Nrf2
such that it is activated in response to stress, and then appropriately deactivated when the
stress has been resolved.
Electrophilic and Oxidative Stress

Portions of this work have been published in The FASEB Journal (Shelton and Jaiswal,
2013)

1

The cellular environment is constantly exposed to ROS and electrophiles, as both a
byproduct of internal metabolism, as well as from exogenous sources like UV light and
xenobiotics (Ma, 2013).

Controlled levels of ROS are useful for an organism,

particularly with respect to the immune response and cell proliferation. Conversely, the
accumulation of ROS in the cellular environment is considered to result in a state of
oxidative stress (Sies, 1997). Left unbalanced, an abundance of the ROS can interact
with and damage DNA, RNA, and proteins. Spontaneous mutations that arise from
oxidative stress can lead to the initiation of cancer, along with other pathologies, and
various cancers have been found to be in a constant state of oxidative stress, suggesting a
role for oxidative stress in cancer promotion (Klaunig et al., 2010). Thus, this well
established relationship between oxidative stress and cancer has attracted a great amount
of focus in the cancer biology field.
Fortunately, the cell itself possesses its own internal defense mechanism to fight
against oxidative stress. Chiefly, this is mediated by the transcription factor NF-E2
related factor 2 (Nrf2) (Jaiswal, 2004; Nguyen et al., 2000) (Figure 1-1). A master
regulator of a battery of defensive and detoxification genes, Nrf2 becomes stabilized and
activated when the ROS levels and electrophiles accumulate. Specifically, oxidative
stress leads to the oxidation of key cysteine residues on the inhibitor of Nrf2 [INrf2;
Kelch-like ECH-associated protein 1 (Keap1)] (Figure 1-1), and phosphorylation of Nrf2,
which collectively disrupt the interaction of the two proteins and allow Nrf2 to become
stabilized (Bloom and Jaiswal, 2003; Eggler et al., 2005; Niture et al., 2009; Zhang and
Hannink, 2003). Through a series of signaling events, Nrf2 can then induce transcription
of genes responsible for detoxifying the ROS, removing damaged proteins, and
2

promoting the overall survival of the cell. Accordingly, the Nrf2 pathway has garnered
attention in order to elucidate a preventative mechanism in the oxidative stress-induced
carcinogenesis model.

Figure 1-1. Protein domains of Nrf2 and INrf2 (Keap1). Nrf2 domains: Nrf2 possesses six highly
conserved domains called Nrf2-ECH homology (Neh) domains. The Neh1 domain includes C nCZIP(LZ) regions that heterodimerize with small Maf or Jun proteins. The Neh2 domain binds with INrf2
(Keap1). The Neh3 domain contributes to stabilization of the Nrf2 protein. Neh4 and Neh5 are
transcriptional activation domains. The Neh6 domain binds to -TrCP. LZ, leucine zipper or ZIP region;
NLS, nuclear localization signal; NES, nuclear export signal. INrf2 (Keap1) domains: NTR, N-terminal
region; BTB, bric-á-brac domain that binds with Nrf2 ubiquitin factors Cul3-Rbx1; IVR, intervening
region; DC, DGR/CTR region that binds with Nrf2; DGR, double glycine repeat; CTR, C-terminal region.
C151 is important for stress sensing, and C273/C278 is required for Nrf2 suppression.

Cap ‘n’ Collar (CNC) Nuclear Transcription Factors
NF-E2 Related Factors
NF-E2 related factors are a conserved family of vertebrate cap ‘n’ collar (CNC)
nuclear transcription factors that compromise four members, namely p45 NF-E2, Nrf1,
Nrf2, and Nrf3 (Motohashi et al., 2002). These proteins are basic leucine zipper ( ZIP)
transcription factors that have a conserved 43-amino acid CNC domain located N3

terminally to the DNA binding domain, and they function in response to environmental
stress, as well as during development (Sykiotis and Bohmann, 2010) (Figure 1-1). Nrf1
and Nrf2 are ubiquitously expressed, whereas the expression of Nrf3 is restricted to the
placenta and liver, and NF-E2 is restricted to erythrocytes, hematopoietic progenitor,
mast, and megakaryocytic cells (Motohashi et al., 2002; Sankaranarayanan and Jaiswal,
2004; Sykiotis and Bohmann, 2010). Knockout studies reveal that despite their
overlapping expression patterns, Nrf1 and Nrf2 have distinct phenotypes and different
roles (Leung et al., 2003; Ohtsuji et al., 2008). The Nrf1 gene is essential for embryonic
development, as Nrf1 knockout mice are embryonic lethal, and liver-specific Nrf1
knockout mice develop non-alcoholic steatohepatitis (Chan et al., 1998; Xu et al., 2005).
In contrast, Nrf2 knockout mice are viable and exhibit no obvious phenotypic defects, but
are nevertheless sensitive to oxidative stress and neurodegeneration (Chan and Kwong,
2000; Chan et al., 1996; Kwak et al., 2001; Motohashi et al., 2002; Ramos-Gomez et al.,
2001).
Nrf2 and Oxidative Stress
Although all three “Nrfs” play a role in stress response, Nrf2 is the main mediator of
cellular adaptation to redox stress (Aleksunes and Manautou, 2007; Dhakshinamoorthy et
al., 2000; Hayes and McMahon, 2009; Kaspar et al., 2009; Kobayashi and Yamamoto,
2006; Kwak et al., 2007; Zhang, 2006). When the level of ROS and electrophiles become
greater than the ability of the cell to detoxify them, the result is oxidative stress. This
initiates a series of events, detailed in a later section, which results in the activation of
Nrf2. As a transcription factor, activated Nrf2 heterodimerizes with small Maf or Jun
proteins and binds to the antioxidant response element (ARE) located in the promoter
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region of Nrf2 target genes (Aleksunes and Manautou, 2007; Blank, 2008;
Dhakshinamoorthy et al., 2000; Hayes and McMahon, 2009; Kaspar et al., 2009;
Kobayashi and Yamamoto, 2006; Kwak et al., 2007; Zhang, 2006). The binding of Nrf2
to the ARE results in the coordinated activation of a battery of antioxidant (e.g. NQO1,
NQO2, HO-1), anti-apoptotic (e.g. Bcl-2), metabolic (e.g. G6PD, TKT, PPARg) and
detoxification (e.g. ABCG2, MRP3, MRP4, GST) proteins (Alam et al., 1999; Maher et
al., 2007; Mitsuishi et al., 2012; Niture and Jaiswal, 2012; Venugopal and Jaiswal, 1996;
Wang and Jaiswal, 2006).

Collectively, the Nrf2 response serves to restore redox

homeostasis, detoxify and efflux xenobiotics, remove damaged proteins, and prevent the
cell from undergoing apoptosis (Sykiotis and Bohmann, 2010).

Nrf2 Signaling in Stress and Chemoprotection
The activity and stabilization of Nrf2 is tightly regulated by a dynamic series of
signaling events. In response to acute stress, the Nrf2 response can be viewed more
precisely in terms of a basal state, a pre-induction response, the gene induction response,
and finally, the post-induction response (Figure 1-2).
Basal
In the basal state, absent of any stress signal, Nrf2 is constantly repressed within the
cytoplasm. In the canonical Nrf2 pathway, the inhibition of Nrf2 is principally achieved
by INrf2 (Keap1), which is an adaptor protein that facilitates ubiquitination and
degradation of Nrf2 (Cullinan et al., 2004; Zhang and Hannink, 2003; Zhang et al., 2004).
The interaction between INrf2 and Nrf2 has been proposed to be a two-site “hinge” and
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“latch” model where an INrf2 homodimer binds to the ETGE(hinge) and DLG(latch)
motifs in the Neh2 domain of Nrf2 (Tong et al., 2006; Tong et al., 2007). In addition, the
N-terminal BTB domain of INrf2 binds with the ubiquitin ligase complex Cul3-Rbx1,
thereby facilitating the ubiquitination of Nrf2 and its degradation by the 26S proteasome
(Zhang et al., 2004) (Figure 1-1).

Figure 1-2. Model depicting the Nrf2 stress response pathway in each of the different phases: basal,
preinduction, induction, postinduction.

While the INrf2-mediated ubiquitination and degradation of Nrf2 primarily occurs in
the cytoplasm, it has been reported that some INrf2 is localized in the nucleus and is able
to repress nuclear Nrf2 under basal conditions. Along with INrf2, additional inhibitory
proteins converge to prevent Nrf2 from accumulating in the nucleus, binding to the ARE,
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and inducing defensive gene expression. One of the proteins involved in the basal
repression of nuclear Nrf2 is the related transcription factor BTB and CNC homology 1
(Bach1). In the basal state, Bach1 is found in the promoter region of Nrf2 target genes
and acts as a transcriptional repressor by competing with Nrf2 for binding to the ARE
sequences (Dhakshinamoorthy et al., 2005).
In addition, Nrf2 has been shown to be a substrate of the Src-A subfamily kinase
members Src, Fyn, Yes, and Fgr, which phosphorylate and negatively regulate Nrf2
nuclear localization (Jain and Jaiswal, 2006; Jain and Jaiswal, 2007; Niture et al., 2011).
Moreover, we have recently demonstrated that nuclear translocation of the Src-A
subfamily kinases is regulated by Glycogen Synthase Kinase 3 (GSK3 ), which is
constitutively active in the basal state (Doble and Woodgett, 2003; Jain and Jaiswal,
2007). Therefore, in a resting cell, active GSK3 facilitates the nuclear localization of
the Src-A subfamily kinase members, which in turn regulate the nuclear export of Nrf2.
More recently, it has also been demonstrated that GSK3

is capable of directly

phosphorylating serine residues in the Neh6 domain of Nrf2, and this conforms to the
degron motif DpSGXXpS, where X is any amino acid. The motif is then recognized by
the SCF protein Beta-Transducin Repeat Containing Protein ( -TrCP), leading to the
ubiquitation and degradation of Nrf2 (Chowdhry et al., 2012; Rada et al., 2011; Rada et
al., 2012; Rojo et al., 2008a; Rojo et al., 2008b). This alternative pathway regulated by
GSK3 that promotes the degradation of Nrf2, independent of INrf2, can be thought of as
the non-canonical pathway.
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Pre-induction
Upon exposure to oxidative stress Nrf2 becomes activated and translocates into the
nucleus. However, before Nrf2 is able to bind to the ARE and induce gene transcription,
the negative factors in the nucleus must be exported out in order to allow for efficient
gene induction. Accordingly, the proteins Bach1, INrf2, and Fyn have all been found to
be phosphorylated and exported out of the nucleus after a short exposure (1-2 hours) to
the antioxidant tert-Butylhydroquinone (t-BHQ) (Kaspar and Jaiswal, 2010; Kaspar and
Jaiswal, 2011; Kaspar et al., 2012). In Bach1, phosphorylation at tyrosine 486 has been
shown to be responsible for the nuclear export (Kaspar and Jaiswal, 2010). Similarly,
Fyn kinase has been found to be phosphorylated at tyrosine 213 within 0.5-1 hour
exposure to t-BHQ, and this regulates the nuclear export of Fyn (Kaspar and Jaiswal,
2011). It has also been demonstrated that INrf2 becomes phosphorylated at tyrosine 85
during the pre-induction response (Kaspar et al., 2012). It is noteworthy that all of the
negative nuclear factors are phosphorylated at tyrosine residues. While further
investigation is necessary, it is tempting to predict that a single tyrosine kinase may
regulate the phosphorylation of all of these proteins.

Induction
The induction phase is characterized by stabilization and activation of Nrf2, as well as
inactivation of GSK3 mediated nuclear import of the Src-A subfamily kinases. Upon
exposure to ROS, key cysteine residues in INrf2 (Keap1) become oxidized and disrupt
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INrf2’s interaction with Nrf2 and Cul3-Rbx1, which allows Nrf2 to become
phosphorylated at serine 40 by PKC (Bloom and Jaiswal, 2003; Niture et al., 2009;
Zhang and Hannink, 2003).

Together, this allows Nrf2 to be primed for nuclear

translocation. Once inside the nucleus, with the negative factors having been previously
exported out, Nrf2 is able to heterodimerize with small Maf or Jun proteins, recognize
and bind to the ARE sequence, and facilitate the recruitment of the transcriptional
machinery to induce the expression of proteins capable of combating the oxidative stress
(Itoh et al., 1997; Marini et al., 1997).
In addition, stress activation of the phosphoinositide 3-kinase (PI3K)/protein kinase B
(Akt) signaling cascade has been reported to be influential in Nrf2 mediated gene
induction, and more generally, in cancer (Lee et al., 2001; Lim et al., 2008; Liu et al.,
2009; Martin et al., 2004; Nakaso et al., 2003; Papaiahgari et al., 2006; Vivanco and
Sawyers, 2002). However, a precise mechanism has not been defined which clarifies how
the signal transduction cascade originating from PI3K is able to regulate Nrf2. One
theory links the stress activation of the PI3K/Akt pathway to the inhibition of GSK3 , a
widely established pathway (Cohen and Frame, 2001; Doble and Woodgett, 2003). As
was noted previously, GSK3 is responsible for the activation and nuclear translocation
of the Src-A subfamily kinases Src, Fyn, Yes and Fgr (Jain and Jaiswal, 2007; Niture et
al., 2011). Therefore, it is possible that the PI3K/Akt cascade’s inactivation of GSK3
during the induction phase facilitates unimpeded entry of Nrf2 into the nucleus by
preventing the Src-A subfamily kinases to localize in the nucleus.
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Post-Induction
Following the induction phase, the cell responds by exporting Nrf2 out of the nucleus,
and restoring the accumulation of the negative regulators Bach1, INrf2, and the Src-A
subfamily kinases (Kaspar and Jaiswal, 2010; Kaspar and Jaiswal, 2011; Kaspar et al.,
2012). The effective result is a “turning off” of the Nrf2 response and a return to the basal
state.
In part, this is achieved by an Nrf2-mediated negative feedback loop. Specifically,
the negative transcriptional regulator Bach1 has been reported to be regulated by Nrf2,
and its de novo synthesis is induced in response to oxidative stress. The de novo protein
then translocates into the nucleus during the post-induction response, where it decreases
Nrf2 binding to the ARE (Kaspar and Jaiswal, 2010).

In addition, INrf2 also re-

accumulates in the nucleus during the post induction response (Kaspar et al., 2012).
More importantly, the nuclear accumulation of the Src-A subfamily kinases is
instrumental in the nuclear export of Nrf2. Specifically, the Src-A subfamily kinases
phosphorylate Nrf2 at Tyr-568, which triggers its nuclear export (Jain and Jaiswal, 2006;
Niture et al., 2011). Since the re-accumulation of the Src-A subfamily kinases is mediated
by GSK3 , there must be a mechanism responsible for increasing the activity of GSK3
during the post-induction phase. Preliminary evidence, along with established roles of
protein phosphatases involved in the dephosphorylation of the inhibitory Ser-9
phosphorylation, has suggested a role for protein phosphatase 1 (PP1) and protein
phosphatase 2A (PP2A) (Hernández et al., 2010; Shi, 2009). Although there is still need
for further investigation into how these phosphatases are regulated, it is tempting to
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speculate that Nrf2 itself may regulate their activation, thereby initiating another negative
feedback mechanism to turn itself off after it has finished with the induction phase.
The coordination of these stress response phases allows the cell to effectively respond
to the cellular stress by activating Nrf2 to increase defensive gene expression. Upon
successful induction of the detoxification enzymes, the cell initiates a negative feedback
loop whereby it shuts off the response by phosphorylating Nrf2 and exporting it out of the
nucleus for degradation, thus returning to homeostasis and its basal state. It is important
to note that although the responses are separated into different phases in this
characterization, which implies a linear series of events, these responses are, in fact, not
static and will have interplay between the different phases.

Nrf2 in Cancer: A Proto-oncogene?
The hallmarks of cancer include resisting cell death, inducing angiogenesis, activating
invasion and metastasis, enabling replicative immortality, evading growth suppressors,
and sustaining proliferative signaling that allow cancer cells to survive, proliferate, and
spread (Hanahan and Weinberg, 2000).

More recently, the avoidance of immune

destruction and a renewed focus on the Warburg effect, which is the observation that
cancer cells have a disregulation of cellular energetics, have been identified as emerging
hallmarks, and genomic instability and tumor-promoting inflammation have been
acknowledged as enabling characteristics that allow oncogenesis to occur (Cairns et al.,
2011; Hanahan and Weinberg, 2011). Surprisingly, Nrf2 regulates or is targeted by many
of the proteins involved in both the prevention and the direction of these oncogenic
processes.

As such, the precise role that Nrf2 plays in cancer remains somewhat
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controversial. It is considered to be both a tumor suppressor, as well as a tumor promoter
protein, with some postulating that its precise role is dependent on the stage of
tumorigenesis (Sporn and Liby, 2012). Therefore, it has been termed a “double edged
sword” with dual roles in cancer (Kensler and Wakabayashi, 2010; Lau et al., 2008).
Herein we will highlight some aspects that characterize Nrf2 as both a chemopreventative target and an oncogenic factor.

Nrf2 as a Tumor-Suppressor
As we have previously detailed, Nrf2 is the primary regulator of the antioxidant
response. By way of inducing the antioxidant enzymes, the cell is able to combat ROS
and electrophiles that may otherwise cause genomic instability and induce inflammation,
which are conducive to initiate oncogenesis. In addition to antioxidant enzymes, Nrf2
plays a role in regulating other detoxifying and defensive genes such as antiinflammatory genes, as well as components of the proteasome that help rid the cell of
damaged proteins (Sykiotis and Bohmann, 2010). Recent evidence has also revealed a
role for Nrf2 in the regulation of PPAR , a protein known to inhibit cell proliferation, and
induce apoptosis and cell differentiation (Cho et al., 2010; Zhan et al., 2012).

In

particular, one study found that persistent activation of Nrf2 in A549 non-small cell lung
cancer cells led to increased expression of PPAR , and attenuation of oncogenic-cyclin D
and cancer stem cell markers (Zhan et al., 2012). Therefore, the intrinsic ability of Nrf2 to
regulate enzymes that confer defense against oncogenesis characterizes it as an anticancer protein.
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In vivo data using Nrf2 knockout mice has also highlighted the tumor-suppressor
nature of Nrf2, as knockout mice have been shown to display increased sensitivity to
carcinogens and toxicants. Specifically, Nrf2-/- mice are prone to acute damages induced
by acetaminophen, ovalbumin, pentachlorophenol and 4-vinylcyclohexene diepoxide
(Chan et al., 2001; Enomoto et al., 2001; Hu et al., 2006; Iizuka et al., 2005; Rangasamy
et al., 2005). Nrf2-/- mice showed increased pulmonary DNA adducts and bladder tumors
when exposed to diesel exhaust and N-nitrosobutyl (4-hydroxybutyl) amine, respectively
(Aoki et al., 2001; Iida et al., 2004; Satoh et al., 2010). Moreover, loss of Nrf2 in lung
cancer cells has been associated with providing a microenvironment that favors
metastasis (Satoh et al., 2010).
Research into the role of oxidative stress in aging, along with the observation that
cancer incidence increases with age, has provided another intriguing hypothesis that Nrf2
is a defender against oncogenesis. At the center of this theory is the notion that aging is
the result of progressive oxidative damage to cells that is caused by free radicals (Sykiotis
and Bohmann, 2010). Although Nrf2 protects the cells from oxidative stress, in vivo
studies with rats has shown that the basal Nrf2 protein level declines with age, and
correlates with lower expression of Nrf2 target genes (Sykiotis and Bohmann, 2010).
Therefore, it is plausible that Nrf2 functions to defend against the free radical induced
aging process and that this progressively declines over time, which leads to the
accumulation of free radicals that can promote the formation of cancer.
A further line of evidence that demonstrates the tumor suppressor nature of Nrf2 is
that one of the principal actions of known chemopreventive compounds, such as
sulforaphane, curcumin, EGCG (green tea), oltipraz and others is their ability to activate
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Nrf2 (Zhang, 2006). These compounds activate Nrf2 by reacting with the cysteine
residues of INrf2 (Keap1) (Sporn and Liby, 2012). Clinical trials investigating these
compounds are ongoing in various tissues, as both chemopreventive and tumor
suppressive agents. It is important to point out that these drugs can also target other
proteins besides INrf2 (Keap1), and may exhibit their anti-cancer activity via pathways
other than Nrf2 (Sporn and Liby, 2012).
Interestingly, Nrf2 has been found to be both up-regulated by tumor suppressor
proteins, as well as targeted for degradation by proteins that promote oncogenesis (Table
1-1). Therefore, this indirect evidence also highlights Nrf2’s action as a tumor suppressor
protein. More specifically, a recent study demonstrated that under moderate oxidative
stress conditions the tumor suppressor protein p21 is up-regulated, and acts to stabilize
Nrf2 by preventing INrf2 (Keap1) mediated ubiquitination and degradation of Nrf2 (Chen
et al., 2009). Similarly, a separate study has found partner and localizer of BRCA2
(PALB2), another tumor suppressor protein that is chiefly responsible for BRCA
function, to interact with the ETGE domain of Nrf2 and prevent its interaction with INrf2
(Keap1) in the nucleus (Ma et al., 2012). In addition, there is growing evidence that has
shown that Nrf2 can be targeted for degradation by proteins commonly involved in
oncogenesis, either directly or indirectly. These proteins include the Src-A subfamily
kinases, the ubiquitin ligase complex SCF/

-TrCP

, and GSK3 (Niture et al., 2011; Rada et

al., 2011; Rada et al., 2012; Salazar et al., 2006). Interestingly, the mechanism proposed
for SCF/

-TrCP

mediated degradation is INrf2 (Keap1) independent and involves Nrf2

being directly phosphorylated by GSK3 in its Neh6 domain, which serves as a motif for
ubiquitination and degradation by SCF/

-TrCP
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(Chowdhry et al., 2012; Rada et al., 2011;

Rada et al., 2012; Rojo et al., 2008a; Rojo et al., 2008b). Taken together, Nrf2’s ability to
provide cellular protection against cancer promoting carcinogens, become activated by
chemopreventive compounds, and also be stabilized by tumor suppressor proteins or
degraded by oncoproteins highlight its ability to act as an anti-cancer protein, particularly
during acute stress and premalignant states.

Nrf2 as a Tumor Promoter

Table 1-1. Proteins affecting the activity of Nrf2

Conflicting with the anti-tumorigenic characteristics of Nrf2 is its opposing
characterization as a tumor promoter. Nrf2 regulates many genes that regulate the
hallmarks of cancer. Specifically, Nrf2 has been shown to regulate the anti-apoptotic

15

protein Bcl-2, which helps evade cell death (Niture and Jaiswal, 2012). More recently, a
seminal paper highlighted the ability of Nrf2 to regulate many of the enzymes responsible
for reprogramming energy metabolism and de novo nucleotide synthesis, such as glucose6-phosphate dehydrogenase (G6PD) and transketolase (TKT), and that these enzymes are
required to regulate tumor growth (Mitsuishi et al., 2012). While it has long been known
that cancer cells can reprogram their glucose metabolism toward glycolysis, this study
demonstrates Nrf2 as a principal regulator in the process and provides evidence that this
glycolytic switch generates de novo nucleotide synthesis to drive proliferation. The
authors in this study also found that the oncogenic PI3K-Akt pathway contributes to the
Nrf2-mediated activation of metabolic genes. Yet another key mechanism recently
reported that implicates a pro-tumorigenic role for Nrf2 is that the oncogenes K-Ras, BRaf, and Myc specifically target the transcription and amplification of Nrf2 in cancer
cells (DeNicola et al., 2011). The authors in the study noted that primary cells and tissues
of mice over-expressing the oncogenes K-Ras, B-Raf, or Myc all had decreased ROS
levels due to increased transcription and basal expression of Nrf2, and genetic targeting
of Nrf2 in vivo decreased the ability of K-Ras to induce oncogenesis, implicating Nrf2 in
providing an oncogenic environment for cells with mutations in those genes. In effect,
this finding further supports a role for Nrf2 in sustained proliferating signaling in cancer
cells, and also suggested a novel role whereby the increased expression of Nrf2 helps to
maintain ROS levels below a toxic threshold to escape death in the cancer cells
(DeNicola et al., 2011). Together, the authors conclude that Nrf2 is a mediator of
oncogenesis. This is also supported by the fact that the basal activity of Nrf2 has been
found to be increased in neoplasia, and that deletion of Nrf2 is able to reduce carcinogen-
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induced lung tumor development in mice (Bauer et al., 2011; Singh et al., 2006).
However, in vivo studies using INrf2 (Keap1) knockout mice in which Nrf2 is
constitutively active showed no increase in cancer, which suggests that Nrf2 may not
initiate oncogenesis but rather plays a role in selection during tumor development (Ma
and He, 2012).
It is noteworthy that many cancers have been found to up-regulate Nrf2. This is
thought to provide an advantageous environment for the cancer cells to evade apoptosis,
proliferate, and even metastasize (Homma et al., 2009; Papaiahgari et al., 2006; Singh et
al., 2006). One of the mechanisms in which cells up-regulate Nrf2 is through mutations
that disrupt the interaction between Nrf2 and INrf2 (Keap1). For example, it has been
reported that various cancer cells have loss of function mutations in INrf2 (Keap1),
primarily in the IVR (29%) and DC (65%) domains of INrf2 (Keap1), and
hypermethylation in its promoter region has also been reported (Komatsu et al., 2010).
Similarly, although not as frequently, Nrf2 has also been reported to be susceptible to
mutations in the DLG (43%) an ETGE (57%) motifs where it interacts with INrf2
(Keap1) (Taguchi et al., 2011). In addition to mutations that prevent the interaction of
Nrf2 and INrf2, certain cancers have been found to have proteins that interact with Nrf2
or INrf2 (Keap1) in their respective interacting domains, disrupting INrf2’s ability to bind
Nrf2, which also leads to persistent activation of Nrf2. For example, the autophagy
associated protein p62 has been found to be a target gene for Nrf2, and it directly
interacts with INrf2 (Keap1), thereby facilitating increased Nrf2 activity (Inami et al.,
2011; Komatsu et al., 2010; Lau et al., 2010). Under these circumstances the end result is
a persistent activation of Nrf2 in the cells.
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The persistent activation of Nrf2 not only provides a microenvironment that is
conducive for the tumor cells to survive, but it also helps protect the cells from
therapeutic intervention. As it has been previously highlighted, Nrf2 up-regulates many
genes that are involved in the efflux of drugs, as well as genes that can defend against
radiation (Kim et al., 2007; Maher et al., 2007; Okawa et al., 2006; Vollrath et al., 2006;
Wang et al., 2008b). Consequently, the increased activity of Nrf2 in cancer cells provides
a mechanism for resistance against drug therapy and radiation therapy. Taken together,
the detection of increased Nrf2 expression and activity in many cancers, along with its
inherent ability to provide defense to tumor cells against treatment, suggest that Nrf2 also
acts as a tumor promoter protein.

Figure 1-3. Nrf2 as a proto-oncogene. Model illustrating how Nrf2 is necessary for chemoprevention, but
oncogenic when the balance is disrupted.
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By definition, this would suggest that Nrf2 is a proto-oncogene. First described by
Varmus, Bishop, Vogt and colleagues (Stehelin et al., 1976) in 1976 with c-Src, a protooncogene is a normal gene that typically controls cell growth and division, but when it
obtains a gain of function mutation, or its expression is altered, it becomes oncogenic
(Biship, 1988; Stehelin et al., 1976). When expressed at normal levels, Nrf2 is a
beneficial tool to help detoxify and defend against oxidative stress conditions. However,
when Nrf2 becomes over-expressed it provides a pro-survival benefit that tilts a mutated,
pre-cancerous

cell

into

becoming

a

malignancy

that

can

resist

apoptosis,

chemotherapeutics, and radiation (Figure 1-3).
Consequently, this has shifted our understanding of Nrf2 cellular abundance from an
“all or none” stance towards a more nuanced view where Nrf2 must be kept in a delicate
balance, begging the question, what factors regulate Nrf2 inside the cell to maintain its
proper balance and how does a cancer cell acquire alterations so as to tip the balance
towards a deregulated Nrf2?
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HYPOTHESIS AND SPECIFIC AIMS:
As it has been outlined in the preceding section, the cellular abundance of Nrf2 is a
process that must be tightly regulated so that it is available to be “turned on” in response
to stress, and then ultimately “turned off” once homeostasis has been restored. One of
the processes responsible for regulating Nrf2 levels in the cell is GSK3 , through both a
direct, as well as an indirect mechanism involving the Src-A subfamily kinases.
Therefore, as we expand our understanding of how Nrf2 abundance increases in cancers,
we were interested in investigating what factors were responsible for regulating GSK3 ’s
ability to inhibit Nrf2. Based on the literature and preliminary results, we hypothesized
that the PI3K/Akt signaling pathway is rapidly activated in response to oxidative stress,
and this serves to phosphorylate and inhibit GSK3 , thereby allowing Nrf2 to induce the
antioxidant response. Furthermore, we hypothesized that these phosphorylation events
were reversible, and that through the coordinated action of a protein phosphatase network
involving PTEN, PP1, and PP2A, GSK3 becomes reactivated and resumes its inhibition
of Nrf2. A critical aspect of GSK3 ’s inhibition of Nrf2 is mediated indirectly via the
Src-A subfamily kinases. Accordingly, we hypothesized that GSK3 phosphorylates the
Src-A subfamily, and induces their translocation from the cytoplasm into the nucleus
where they phosphorylate Nrf2, triggering its export and degradation.
The hypothesis will be tested by addressing the following aims:

Specific Aim 1
To identify the role of the PI3K/Akt signaling pathways in inhibiting the GSK3 mediated nuclear import of Fyn and its action on Nrf2 nuclear export and degradation.
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Specific Aim 2
To determine the role of phosphatase and tensin homolog (PTEN), protein phosphatase 1
(PP1), and protein phosphatase 2A (PP2A) in reversing the phosphorylation dependent
activation of Nrf2.
Specific Aim 3
To elucidate the mechanism of nuclear import for the Src-A subfamily member Fyn
kinase, and the function of the Src-A subfamily kinases in mediating the nuclear export
of Nrf2.
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CHAPTER TWO
THE PHOSPHOINOSITIDE 3-KINASE (PI3K)/AKT PATHWAY BLOCKS
GLYCOGEN SYNTHASE KINASE 3 (GSK3 ) FROM REGULATING NRF2
NUCLEAR EXPORT AND DEGRADATION

ABSTRACT:
Nrf2 is a transcription factor that regulates a battery of cytoprotective genes that
are critical for cellular redox balance.

In the presence of oxidative stress Nrf2

disassociates from the negative regulator INrf2 (Keap1) and translocates into the nucleus
where it coordinately induces the transcription of defensive genes that combat reactive
oxygen species and electrophiles. Subsequently, the Src-A subfamily kinase members
(Fyn, Src, Yes, and Fgr) phosphorylate Nrf2 at tyrosine 568, which triggers Nrf2 nuclear
export and degradation during the “post induction” phase. We have previously reported
that activation and nuclear accumulation of the Src-A subfamily are regulated by the
upstream kinase, GSK3 . Additionally, recent studies have demonstrated that GSK3
can directly phosphorylate and facilitate the degradation of Nrf2. In this study, we
investigated the upstream factors responsible for regulating GSK3 in response to the
antioxidant and potent inducer of Nrf2, tert-Butylhydroquinone (t-BHQ).

Here we

demonstrate that one of the “early induction phase” responses to tBHQ is the activation
of the PI3K/Akt pathway. Within 0.5-1hr of tBHQ treatment Akt was activated, which
allowed it to phosphorylate and inhibit its substrate GSK3 . In this inactive, closed state
GSK3 is unable to interact with and phosphorylate its substrate Fyn, thereby preventing
Fyn nuclear accumulation. Furthermore, we show that constitutive activation of the
oncogenic PI3K increases the nuclear accumulation of Nrf2, and thus increases Nrf2mediated proliferation and cell survival. Together, this demonstrates that the upstream
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PI3K/Akt cascade inactivates GSK3 mediated Fyn localization, thereby enabling Nrf2
to enter the nucleus unimpeded, where it can up-regulate cytoprotective gene expression.
INTRODUCTION
NF-E2-related factor 2 (Nrf2) is a nuclear transcription factor that regulates a
battery of genes responsible for the detoxification of reactive oxygen species (ROS) and
xenobiotics, the repair of damaged proteins, the regulation of cell metabolism, as well as
genes involved in cell survival and proliferation (Ma and He, 2012; Shelton and Jaiswal,
2013). The intrinsic nature of Nrf2 as a stress activated transcription factor that detoxifies
the cell from harmful reactive oxygen species, and promotes the overall survival of the
cell, highlight its benefit to the cellular environment. It is not surprisingly then that loss
of Nrf2 has been reported to favor oncogenesis, as well as metastasis (Satoh et al., 2010).
Paradoxically, over-expression of Nrf2 is also detrimental. In fact, various forms of
cancer have been reported to display increased expression of Nrf2, and this is associated
with a poorer prognosis and increased resistance to therapies (Homma et al., 2009; Singh
et al., 2006). Therefore, we view Nrf2 as a potential proto-oncogene, since it is beneficial
at normal levels, but tumorigenic when over-expressed (Shelton and Jaiswal, 2013).
Consequently, it is imperative to understand the canonical pathway responsible for
regulating the nuclear accumulation and nuclear export of the transcription factor, and
whether this can be skewed in certain cancers.
One of the mechanisms responsible for triggering the nuclear export and “shutting
off” the Nrf2 response has been reported to be mediated by the Src-A subfamily kinase
members Src, Fyn, Yes, and Fgr (Jain and Jaiswal, 2006; Jain and Jaiswal, 2007; Niture
et al., 2011). Specifically, the Src-A subfamily kinase members phosphorylate Nrf2 at
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Tyr-568 in the nucleus, and this results in the nuclear export and degradation of the
transcription factor (Jain and Jaiswal, 2006). Previously, we have demonstrated that the
nuclear accumulation of the Src-A subfamily is regulated by glycogen synthase kinase 3
beta (GSK3 ) (Jain and Jaiswal, 2007; Niture et al., 2011). In addition to this indirect
mechanism that GSK3 plays on the inhibition of Nrf2, a more direct role has been
described whereby GSK3 directly phosphorylates a cluster of serine residues in the
Neh6 domain of Nrf2, resulting in Beta-Transducin Repeat Containing Protein ( -TrCP)
mediated ubiquitination of Nrf2, and its subsequent degradation (Chowdhry et al., 2012;
Rada et al., 2011; Rada et al., 2012; Rojo et al., 2008a; Rojo et al., 2008b; Salazar et al.,
2006). More specifically, Ser 335 and Ser-338 of mNrf2 have been identified as the key
residues that are directly phosphorylated by GSK3 and promote association with -TrCP
(Rada et al., 2012). However, it remains unclear what upstream factors are responsible
for regulating the activity of GSK3

in response to antioxidants, oxidants, and

electrophiles.
GSK3 is a serine/threonine kinase with

and

isoforms that is constitutively

active in resting cells (Cohen and Frame, 2001; Doble and Woodgett, 2003). In response
to external stimuli GSK3 can be phosphorylated at Ser-9, shifting it into a closed,
inactive conformation. Among the upstream kinases that are known to inhibit GSK3 is
the serine/threonine kinase Akt, whose activity is regulated by phosphoinositide 3-kinase
(PI3K) (Vivanco and Sawyers, 2002). Interestingly, the PI3K/Akt pathway has been
reported to regulate the Nrf2 response, and the PI3K/Akt pathway is one of the most
commonly activated signaling pathways in human cancer (Lee et al., 2001; Lim et al.,
2008; Liu et al., 2009; Martin et al., 2004; Mitsuishi et al., 2012; Nakaso et al., 2003;
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Papaiahgari et al., 2006; Pitha-Rowe et al., 2009; Wang et al., 2008a). In particular, the
over-activation of PI3K occurs at a relatively high frequency in breast cancer.

A

published analysis of nearly 2000 breast cancer tumor samples found that 27% contained
a gain of function mutation in the p110

catalytic subunit of PI3K, and additional

mutations elsewhere in the pathway have been reported at high incidence in breast
cancers (Liu et al., 2009).
Collectively, this led us to hypothesize that there is a transient response to
oxidative stress in cells whereby the PI3K/Akt pathway becomes activated, and this
inhibits GSK3 from regulating both the direct phosphorylation of Nrf2, as well as the
Src-A kinase mediated phosphorylation that triggers its nuclear export and degradation.
Subsequently, the PI3K/Akt pathway is neutralized by phosphatases, which results in
GSK3 becoming re-activated and this triggers the Src kinases to enter the nucleus to
“shut off” and export Nrf2.
Herein, we demonstrate that, in fact, the anti-oxidant tert-Butylhydroquinone (tBHQ), a known inducer of Nrf2 target genes, activates the PI3K/Akt pathway, resulting
in the inhibition of GSK3 . Once inactivated, GSK3 is no longer able to trigger the
nuclear import of the repressor protein Fyn, which facilitates the nuclear accumulation of
Nrf2 devoid of Fyn and the Src-A subfamily kinases negative inhibition. Furthermore,
we show that the constitutive activation of PI3K in breast cancer cells leads to an INrf2
independent increase in Nrf2 nuclear accumulation and expression of Nrf2 target genes,
which likely contributes to the increased drug resistance and cell survival in these cells.
Finally, we show that Nrf2 is a central mediator of the oncogenic PI3K pathway, and that
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by targeting PI3K or Nrf2, it is possible to inhibit the proliferation and survival of cells
with an elevated PI3K:Nrf2 pathway.
EXPERIMENTAL PROCEDURES
Cell culture and chemicals
Human hepatoblastoma (HepG2), mouse hepatoma (Hepa1), human breast cancer (MCF7, T47-D), and non-tumorigenic human breast (MCF10a) cells were obtained from the
American Type Culture Collection (ATCC; Manassas, VA, USA). MEF GSK3 (+/+),
MEF GSK3 (-/-), and GSK3

(-/-) cells were kindly provided by Dr. Jim Woodgett

(Samuel Lunenfeld Research Institute, Ontario, CA). HEK293/FRT/FLAG-Nrf2 cells
expressing the tetracycline-inducible FLAG-Nrf2 were generated using Flp-In T-Rex
HEK293 cells from Invitrogen. HepG2 cells were grown under standard conditions in
MEM ; Hepa1, Hek293/FRT/FLAG-Nrf2, and MEF cells were grown in DMEM; MCF7 and T47-D in RPMI 1640 media, and all were supplemented with 10% FBS, penicillin
(40 U/ml), and streptomycin (40µg/ml). MCF10a cells were grown in DMEM/F-12
media supplemented with 5% horse serum, 20ng/ml EGF, 0.5µg/ml hydrocortisone,
100ng/ml cholera toxin, 10µg/ml insulin, penicillin (40U/ml), and streptomycin
(40µg/ml). In related experiments, the cells were treated with 50µM tertbutylhydroquinone (t-BHQ; Sigma #112941); or DMSO as a vehicle for different time
intervals. Inhibitors used were MG132 (Sigma, M7449), LY294002 (EMD, #440204),
Wortmannin (EMD, #681676), Akt Inhibitor IV (EMD, #124015), GSK-3 Inhibitor IV,
SB-216763 (EMD, #361566), Lithium Chloride (Sigma, #310478), Potassium Chloride
(Sigma, # P-9541), Etoposide (Sigma, E1383), and Doxorubicin (Sigma, 44583).
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Plasmid construction
The human NQO1 gene ARE (hARE) was subcloned into the pGL2 vector to generate
reporter plasmid pGL2-hARE-Luc using sense 5’ CAG TCA CAG TGA CTC AGC
AGA ATC T 3’ and antisense 3’ GTC AGT GTC ACT GAG TCG TCT TAG A 5’. The
sense and antisense oligonucleotides corresponding to the AREs were synthesized with
NheI/XhoI sites. The mouse Nrf2 cDNA was kindly provided by Dr. Jefferson Y. Chan
(University of California, San Francisco, CA). The full-length Nrf2 cDNA was amplified
by polymerase chain reaction (PCR) and subcloned into the mammalian expression
vector pCMX-FLAG make the expression plasmids pCMX-FLAG-Nrf2. The pCMVHA-Ub was received as a generous gift from Dr, Shigeki Miyamoto (Department of
Pharmacology, University of Wisconsin Medical School).
addgene

plasmids

18836:

pcDNA3-AKT-PH-GFP

and

For immunofluorescence,
18837:

pcDNA3-AKT-

PH[R25C]-GFP were used (Kwon et al., 2007). The pcDNA3-HA-GSK3 -S9A plasmid
was generated in Dr. Jim Woodgett’s lab and obtained from Addgene (Addgene,
#14754).
Preparation of Nrf2 mutants
pCMX-FLAG-Nrf2-Y568A and pCMX-FLAG-Nrf2-S335A/S338A/Y568A were created
using the GeneArt Site-Directed Mutagenesis System (Invitrogen, #A13282). Briefly,
50ng of the pCMX-FLAG-Nrf2 plasmid DNA was PCR amplified using forward primer
5’ GAG GAT GGA AAG CCT GCC TCT CCC AGT GAA TAC3’ and reverse primer 5’
GTA TTC ACT GGG AGA GGC AGG CTT TCC ATC CTC 3’ to generate pCMXFLAG-Nrf2-Y568A. Similarly, using the pCMX-FLAG-Nrf2-Y568A plasmid DNA as a
template, forward primer 5’ CAA TGA CTC TGA CGC TGG CAT TGC ACT GAA
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CAC GAG TC 3’ and reverse primer 5’ GAC TCG TGT TCA GTG CAA TGC CAG
CGT CAG AGT CAT TG 3’ was used to generate pCMX-FLAG-Nrf2S335A/S338A/Y568A all plasmids were confirmed by DNA sequencing with the help of
the Biopolymer/Genomics Core Facility (University of Maryland School of Medicine).
Preparation of cell lysates and Western blotting
Whole cell lysates for western blotting were prepared using RIPA buffer (50mM Tris, pH
7.3, 150mM NaCl, 2mM EDTA, 1% NP-40, 1% Triton X-100, 0.5% sodium
deoxycholate, 50mM NaF) supplemented freshly with 1mM sodium orthovanadate,
protease inhibitors (Roche, 11 697 498 001) and phosphatase inhibitors (Roche, 04 906
845 001).

Subcellular fractionation was performed according to the manufacture’s

protocol using a nuclear extraction kit (Active Motif, #40410). Protein concentration was
determined using the Bio-Rad Protein Assay reagent (Bio-Rad #500-0006). Western
blotting analysis was performed using 10% SDS-PAGE gels, and transferred onto a
nitrocellulose membrane.

Membranes were blocked in 4% milk for 1hr, and then

incubated with respective antibodies in 4% milk overnight. Primary antibodies used in
this study were as follows: anti-GSK3 total (Cell Signaling, #9315), anti-GSK3 total
(Cell Signaling, #5676), anti-phospho-GSK3 S-9 (Cell Signaling, #9336), anti-phosphoGSK-3 Y-216 (BD Bioscience, #612312), anti-Akt total (Cell Signaling, #9272), antiphospho-Akt S-473 (Cell Signaling, #9271), anti-Fyn (Cell Signaling, #4023), anti-HA
(Sigma, #H6533), anti-Nrf2 (Santa Cruz, #13032), anti- -actin (Sigma, A5316), antiLDH (Chemicon, Billerica, MA, USA), anti-Lamin B (Santa Cruz, #6217), anti-HO-1
(Santa Cruz,#1797), anti-GCLC (Abcam, #40929), anti-NQO1 (Santa Cruz, #32793; lab
generated), anti-FLAG-M2-Hrp (Sigma, A8592), and anti-PARP (Cell Signaling, #9542).
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Quantitative real-time PCR (qPCR)
RNA was extracted using the RNeasy Mini Kit (Qiagen, #74104) according to the
manufacturers instructions.

3mg of RNA was converted to cDNA using the High

Capacity cDNA Reverse Transcription Kit (Applied Biosystems, #4368814). cDNA was
added to the Taqman Gene Expression Master Mix (Applied Biosystems, #4369016), and
Taqman probes for HMOX1 (Hs01566021_m1), and NQO1 (Hs00168547_m1) were
used. GusB (Hs99999908_m1) was used as an internal housekeeping gene. Samples
were run in triplicate and subjected to qPCR using the Applied Biosystems 7500 RealTime PCR System according to the manufactures instructions.
Immunoprecipitation
Immunoprecipitations were performed using 1mg cell lysate. After an initial pre-clear
with protein A/G plus agarose (Santa Cruz Biotechnology, #2003) the lysates were
incubated with 15µL anti-FLAG beads (Invitrogen) or 1µg IgG overnight at 40C. The
IgG sample was incubated with protein A/G plus agarose for 1.5 hours the following day.
Samples were washed three times in TBS (Tris-buffered saline, pH 7.4), and boiled in
SDS loading buffer to elute the protein.
Plasmid DNA and siRNA transient transfection
Plasmid DNA transfection was performed using Qiagen Effectene Transfection Reagent
(Qiagen, #301427). Cells were transfected, and 24 hours later the cells were used for
experimentation. siRNA transfection was performed using Lipofectamine RNAi Max
Reagent (Invitrogen, #13778-150), OPTI-MEM media (Invitrogen, #31985), and
antibiotic free media at the time of cell plating, and cells were incubated for 36 hours
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before experimentation. The following siRNA products were used: human PIK3CA
siRNA (Ambion, s10520).
shRNA stable transfection
MCF7 cells were plated in a 12-well plate for 24 hours and then transfected with
Polybrene/media mixture plus Nrf2 shRNA lentiviral particles (Santa Cruz, #37030) or
control shRNA (Santa Cruz, #108080) the following day. Stable clones were selected
and maintained using 2mg/mL puromycin.
Luciferase assay
For luciferase assays, cells were seeded in a 12 well plate and 24 hours later the cells
were transfected with 100ng/well of the human NQO1 pGL2-hARE-Luc reporter
plasmid, and 10ng/well of the renilla plasmid as an internal control. The following day,
cells were used for experimentation. Promega Dual-Luciferase Reporter Assay System
(Promega, #E1960) was used to analyze the luciferase and renilla expression levels.
PIP3 Detection
The generation of PIP3 was detected using a competitive PIP3 Mass ELISA Kit (Echelon
Biosciences, #K-2500s). HepG2 cells were plated in a 150mm dish and 24 hours later
the cells were stimulated with 50µM t-BHQ, 50ng/mL insulin (Sigma), or DMSO for
5mins. PIP3 was extracted from cells according to the manufacture’s protocol, while
supplementing the first wash step with protease and phosphatase inhibitors.
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Cell survival and cell proliferation assays
The cell proliferation of HEK293/FRT/FLAG-Nrf2 cells was measured using the Roche
xCELLigence™ System. Briefly, 5,000 cells were seated into the 16 well plate. The
following day, the respective cells were treated with tetracycline (1µg/mL) with or
without 10mM LY294002. The real-time proliferation of the cells was measured every 15
minutes for roughly 80 hours. Similarly, cell survival was performed by plating cells in a
96 well plate, followed by treatment the next day. Cell survival was analyzed by directly
adding thiazolyl blue tetrazolium bromide (Sigma, M2128) to the 96 well plates. After a
3 hour incubation, the media was removed and the resulting formazan metabolite was
dissolved in DMSO and measured at 565nM using a reference background at 680nM.
Additionally, cell death was measured using the Cell Death Detection ELISAPLUS kit
(Roche, #11774425001) according to the manufacturer’s protocol. Briefly, cells were
plated in a 24 well plate, followed by treatment the following day. After 24 hours of
incubation the cells were lysed and subjected to an ELISA that detects histoneassociated-DNA-fragments after induced cell death.
Microscopy
Immunofluorescence microscopy was used to visualize the recruitment of Akt to the cell
membrane. Hepa1 cells were transfected with either pcDNA3-AKT-PH-GFP (addgene
plasmid 18836) or pcDNA3-AKT-PH[R25C]-GFP (addgene plasmid 18837) and 24
hours later the cells were split and seeded onto a glass slide. Cells were treated with
tBHQ or DMSO for 15mins. Subsequently, cells were fixed in 4% formaldehyde for
another 10 minutes at 370C. Slides were washed with PBS and mounted using vectashield
with DAPI (Vector Labs #H-1200).
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Densitometry and statistical analysis
Band intensities from western blots were analyzed using Image J software, and
normalized to the specific loading control. Statistical significance for experiments was
performed using a 2-tailed Student’s t-test with the data expressed as means ± SD of 3
independent experiments. Values of p < 0.05 were considered significant.
RESULTS
Anti-oxidant tBHQ activates the PI3K/Akt pathway and inhibits GSK3 mediated
degradation of Nrf2
Previously, we have reported that Fyn kinase and the other members of the Src-A
subfamily kinases are responsible for phosphorylating Nrf2 and regulating its nuclear
export (Jain and Jaiswal, 2006; Jain and Jaiswal, 2007; Niture et al., 2011). Using human
hepatoma HepG2 cells as a model, we observed that in response to the anti-oxidant
tBHQ, a known activator of Nrf2, the transcription factor translocates into the nucleus
within one hour, accumulates, and then subsequently lessens (Figure 2-1A, left and right
panels). This was paralleled with a near inverse in the trafficking of Fyn kinase, where
its nuclear levels significantly decrease in the early exposure to tBHQ and then reaccumulate at a delayed phase that coincides with Nrf2 nuclear levels decreasing, and the
ubiquitination of Nrf2 increasing (Figure 2-1A, -1B). Together, this highlighted our
earlier finding that Fyn kinase regulates the nuclear export of Nrf2, and that the nuclear
localization of Fyn is dynamic. Since we had previously found that the nuclear import of
the Src-A subfamily kinases, including Fyn, is mediated by GSK3 , a kinase known to be
regulated by oxidative stress, along with the recent evidence that GSK3

directly

facilitates the degradation of Nrf2, we began our study by focusing on what upstream
kinases could be responsible for regulating GSK3 in response to tBHQ. The PI3K/Akt
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Figure 2-1. Oxidative stress activates PI3K/Akt pathway and inhibits GSK3 mediated regulation of
Nrf2. (A) Subcellular localization western blot. HepG2 cells were treated with 50mM tBHQ for the
indicated time points, and cells were fractionated into cytosol and nuclear portions. Lysates were
immunoblotted for Nrf2, Fyn, Lamin B (nuclear marker), and LDH (cytosol marker). The mean
densitometry values + SD from 3 experiments was plotted and analyzed for statistical significance (*, p <
0.05). (B) Effect of tBHQ on Nrf2 ubiquitination. HepG2 cells were co-transfected with FLAG-Nrf2 and
HA-Ubiquitin for 24h. Cells were treated with the proteasome inhibitor MG132 (2µM) for 12 hours, and
then cells were treated with 50µM tBHQ for the indicated time points. One mg of whole cell lysates was
immunoprecipitated with FLAG beads, and the resulting immunoprecipitated lysate was immunoblotted for
anti-HA-ubiquitin. The whole cell lysates were probed with anti-FLAG and b-actin to demonstrate equal
Nrf2 in the lysates. (C) PIP3 Mass ELISA. HepG2 cells were treated with 50µM tBHQ, DMSO or
50ng/mL insulin for 5 minutes and PIP3 was extracted from cells. A competitive ELISA was used to
measure the level of PIP3 in the cells. The mean densitometry values + SD from 3 experiments was plotted
and analyzed for statistical significance (*, p < 0.05) (D) Western blot. HepG2 cells were treated with
50µM tBHQ for the indicated time points, and cell lysates were immunoblotted for phosho-Akt-Ser473,
total Akt, phospho-GSK3 -Ser9, phospho-GSK3 -Tyr-216, total GSK3 , and -actin. The mean
densitometry values + SD of the phosphoresidues from 3 experiments was plotted and analyzed for
statistical significance by student t-test (*p < 0.05; **p < 0.005).

signaling cascade is widely established as a transient pathway that regulates the activity
of GSK3 , and has also been implicated in the regulation of Nrf2, as well as oxidative
stress. Thus, we hypothesized that in response to tBHQ, the PI3K/Akt pathway becomes
activated, thereby inhibiting GSK3 from inducing the nuclear localization of Fyn and
acting to export Nrf2, as well as inhibiting GSK3 from causing any direct action on
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Nrf2. To test this, we began by quantifying the levels of the product of active PI3K,
phosphatidyl-inositol 3,4,5 triphosphate (PIP3), in response to tBHQ or insulin, a known
activator of PI3K. In HepG2 cells, within 5 minutes of exposure to tBHQ or insulin,
there was a significant increase in the PIP3 levels, as compared to cells treated with the
vehicle control, DMSO (Figure 2-1C). As expected, within 30 minutes we also observed
a significant increase in the active phosphorylation of Akt at Ser-473 (Figure 2-1D) and
Thr-308 (data not shown), as well as a significant increase in the inhibitory
phosphorylation of GSK3

at Ser-9.

These phosphorylation events remained

significantly elevated for at least one hour, before returning to basal levels at four hours
(Figure 2- 1D, left and right panels). In agreement with other reports, despite a significant
increase in the inhibitory phosphorylation of GSK3 at Ser-9, there was little to no
change in the active phosphorylation of GSK3 at Tyr-216 (Figure 2-1D, lower band),
highlighting Ser-9 as the crucial site in determining the state of the activity of GSK3 in
response to tBHQ. Together, this shows that tBHQ can activate PI3K, which leads to the
activation of Akt, and the subsequent inhibition of GSK3 , events that follow the kinetics
of the nuclear localization of Fyn kinase, and reflect the nuclear trafficking and
ubiquitination of Nrf2. Accordingly, in the remaining experiments we chose a timecourse to reflect the kinetics of these phosphorylation events, with an emphasis on
GSK3

Ser-9 phosphorylation since we were interested in establishing GSK3

central mediator between the PI3K/Akt pathway and Nrf2.
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as a

PI3K Activates Akt and inhibits GSK3 to regulate Nrf2 transcriptional activity

Figure 2-2. PI3K activates Akt and inhibits GSK3 to regulate Nrf2 transcriptional activity (A)
Western blot. HepG2 cells were pretreated with 250nM Wortmannin or DMSO for 2 hours and then
cells were treated with 50µM tBHQ for the indicated time points. Whole cell lysates were
immunoblotted for phosho-Akt-Ser473 (as indicated by arrow; * denotes non-specific band), total Akt,
phospho-GSK3 -Ser9, total GSK3 , and -actin. (B) Subcellular localization western blot. HepG2
cells were pretreated with 250nM Wortmannin or DMSO for 2 hours and then cells were treated with
50µM tBHQ for the indicated time points. Nuclear extracts were immunoblotted for Nrf2, Fyn, Lamin
B (nuclear marker), and LDH (cytosol marker). (C) Human NQO1-ARE-Luciferase assay. HepG2 cells
were reverse transfected with PI3K p110 siRNA, or non-coding siRNA for 24hours, followed by
forward transfection of the human NQO1-ARE-Luciferase reporter plasmid and renilla for 24hours.
Cells were treated with DMSO or 50µM tBHQ for 16hours, lysed and incubated with luciferase
substrate. Readings were performed on a luminometer and calculations were averaged + SD from three
independent experiments. Statistical analysis by a t-test revealed significance (*p < 0.05; **p < 0.005;
***p < 0.0005). (D)Real-time PCR. HepG2 cells were pretreated with 25µM for 2 hours and then
treated with tBHQ for the indicated time points. RNA was extracted and subjected to qPCR using
primers against HMOX1 and NQO1. The mean mRNA levels + SD relative to GusB of 3 independent
experiments were plotted. (E) Western blot. HepG2 cells were pretreated with LY294002 or DMSO for
2 hours, and then cells were treated with 50µM tBHQ for 16 hours. Whole cell lysates were
immunoblotted for phosho-Akt-Ser473, total Akt, phospho-GSK3 -Ser9, total GSK3 , HO-1, and actin.

In order to confirm that PI3K is directly responsible for initiating the signaling
cascade that regulates Nrf2 nuclear levels, we decided to inhibit PI3K through various
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techniques to see whether it could alter Nrf2 nuclear accumulation and gene transcription.
First, using wortmannin, a specific chemical inhibitor of PI3K, we validated that by
inhibiting PI3K the t-BHQ mediated activation of Akt was inhibited, as demonstrated by
a decrease in phospho-Akt-Ser-473, and this coincided with a decrease in the inhibitory
phosphorylation at Ser-9 on GSK3 (Figure 2-2 ). Next, we examined whether this
inhibition of PI3K had any effect on Nrf2 nuclear localization. A western blot analysis of
the nuclear fraction demonstrated that inhibition of PI3K with wortmannin produced a
sustained nuclear accumulation of Fyn kinase, which resulted in a delayed accumulation
of Nrf2 (Figure 2-2B).

In addition, we were able to utilize a luciferase reporter

constructunder the control of the human NQO1 promoter to demonstrate that siRNA
knockdown of the PI3K catalytic subunit p110 resulted in a significant decrease in both
the basal and tBHQ mediated induction level of the luciferase signal (Figure 2-2C).
More importantly, the endogenous transcriptional activity of Nrf2 decreased when PI3K
was inhibited, as noted by lower mRNA expression levels of the prototypical Nrf2 target
genes heme oxygenase-1 (HMOX1) and NAD(P)H:Quinone oxidoreductase1 (NQO1)
(Figure 2-2D), as well as a corresponding decrease in heme oxygenase-1 protein (HO-1)
levels (Figure 2-2E). Together, this suggests that PI3K regulates the nuclear
accumulation of Nrf2, and its gene induction response by way of controlling the GSK3
mediated Fyn nuclear import.
Akt Inhibits GSK3 to prevent Fyn nuclear accumulation
The ability of PI3K to activate Akt is dependent on the translocation and binding
of Akt’s PH domain to PIP3, the byproduct of PI3K, at the cell membrane. Once
localized to the membrane, Akt is then phosphorylated and activated by PDK1 and
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PDK2. Thus, in accordance with the rise in PIP3 levels noted previously, we also saw an
increase in Akt recruited to the membrane (Figure 2-3A). Utilizing an exogenous GFP
tagged PH domain of Akt, and the GFP-Akt-PH domain Arg25Cys mutant that is unable
to bind to PIP3, we observed that tBHQ treatment resulted in the formation of foci at the
cell membrane for the GFP-Akt-PH construct, but not the Akt-PH-[R25C] or DMSO
treatment. Having confirmed that PI3K positively regulates the activation of Nrf2
downstream gene transcription via inhibition of GSK3 and its effects on Fyn nuclear
import, we wanted to show that this effect was primarily mediated through Akt and not
another kinase downstream of PI3K. Using a benzimidazole derivative (Akt inhibitor IV)
that is known to inhibit a kinase upstream of Akt, but downstream of PI3K, we observed
a decrease in the tBHQ mediated active phosphorylation of Akt at Ser-473, as well as a
decrease in the inhibitory phosphorylation of GSK3

at Ser-9 (Figure 2-3B).

This

resulted in a sustained nuclear accumulation of Fyn in the nucleus, which disrupted the
nuclear localization of Nrf2 (Figure 2-3C). In agreement, the ability of Nrf2 to regulate
the hNQO1-ARE-luciferase reporter construct was diminished in a dose dependent
manner in the presence of the Akt inhibitor (Figure 2-3D).
Figure 2-3. Akt inhibits GSK3 to prevent Fyn, increase Nrf2 nuclear localization. (A) Akt-PH-GFP
Immunofluorescence. Hepa1 cells were transfected with pcDNA-AKT-PH-GFP or pcDNA-AKTPH[R25C]-GFP and treated with 50µM tBHQ or DMSO for 15mins. GFP and DAPI signals in fixed cells
were detected using fluorescence microscopy. (B) Western blot. HepG2 cells were pretreated with 5µM
Akt inhibitor IV or DMSO for 2 hours and then cells were treated with 50µM tBHQ for the indicated time
points. Whole cell lysates were immunoblotted for phosho-Akt-Ser473, total Akt, phospho-GSK3 -Ser9,
phospho-GSK3 -Tyr-216, total GSK3 , and -actin. (C) Subcellular localization western blot. HepG2 cells
were pretreated with 5µM Akt inhibitor IV or DMSO for 2 hours and then cells were treated with 50µM
tBHQ for the indicated time points. Nuclear extracts were immunoblotted for Nrf2, Fyn, Lamin B (nuclear
marker), and LDH (cytosol marker). (D) Human NQO1-ARE-Luciferase assay. HepG2 cells were
transfected with human NQO1-ARE-Luciferase reporter plasmid and renilla for 24hours. Cells were then
pre-treated with Akt inhibitor IV for 2 hours, followed by 50µM tBHQ or DMSO for 16hours. Cells were
lysed and incubated with luciferase substrate. Readings were performed on a luminometer and calculations
were averaged + SD from three independent experiments.
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Inhibition of GSK3 decreases nuclear Fyn, increases Nrf2 nuclear accumulation and
activity

Figure 2-4 Inhibition of GSK3 increases Fyn, disrupts Nrf2 nuclear localization (A) Subcellular
localization western blot. HepG2 cells were pretreated with 50mM Lithium chloride (LiCl) for 2 hours or
water for 2 hours and then cells were treated with 50mM tBHQ for the indicated time points. Nuclear
extracts were immunoblotted for Nrf2, Fyn, Lamin B (nuclear marker), and LDH (cytosol marker).
Cytosol extracts were probed for phospho-GSK3 -Ser9, and total GSK3 . The mean densitometry values +
SD from 2 experiments was plotted. (B) Western blot. HepG2 cells were pretreated with 50mM LiCl,
50mM KCl or water for 2 hours and then cells were treated with 50mM tBHQ or DMSO for 12hrs. Whole
cell lysates were immunoblotted for phospho-GSK3 -Ser9, total GSK3 , NQO1, GCLC and -actin. (C)
Western blot. HepG2 cells were pretreated with the indicated concentrations of the GSK3 inhibitor
SB216763 for 2 hours, and then treated with tBHQ for 12 hours. Whole cell lysates were immunoblotted
for GCLC and -actin.

To underscore our hypothesis that the inhibition of GSK3 is a crucial event in
the PI3K/Akt pathway in response to tBHQ, we wanted to recapitulate the effects of
PI3K/Akt’s inhibition of GSK3 by inhibiting GSK3 directly. To begin, we used
lithium chloride to inhibit GSK3 , and analyzed the nuclear levels of Nrf2 and Fyn. As
expected, the inhibition of GSK3 with lithium chloride, noted by an increase in the
inhibitory Ser-9 phosphorylation, led to an increase in nuclear Nrf2 accumulation and a
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decrease in the nuclear levels of Fyn (Figure 2- 4A, left and right panels). In addition,
lithium chloride, but not potassium chloride, led to the direct inhibition of GSK3 , which
increased both the basal, as well as tBHQ-mediated induction of the Nrf2 target genes
GCLC and NQO1 (Figure 2-4B). This was also confirmed using an ATP-competitive
inhibitor

of

GSK3

activity

(Figure

2-4C).

Figure 2-5. GSK3 inhibits Nrf2 (A) Western blot. GSK3 Mouse embryonic fibroblasts (MEFs) were
treated with control or 50nM GSK3 siRNA for 24hours and then treated with tBHQ or DMSO for 12
hours. Whole cell lysates were immunoblotted for GSK3 total, Nrf2 and -actin. (B) Western blot. Mouse
embryonic fibroblasts (MEFs) were treated with tBHQ or DMSO for 16hr and whole cell lysates were
immunoblotted for total GSK3 , NQO1, and -actin. The mean densitometry values + SD from 3
experiments was plotted and analyzed for statistical significance (* p < 0.05; **p < 0.005). (C) Hepa1 cells
were transfected with 1µg of FLAG-Nrf2 and 1µg of pcDNA3 or HA-GSK3 S9A. 24hours later the cells
were treated with tBHQ and whole cell lysates were immunoblotted for FLAG, HA, and
actin. (D)
Human NQO1-ARE-Luciferase assay. Hepa1 cells were transfected with human NQO1-ARE-Luciferase
reporter plasmid, renilla, FLAG-Nrf2, and pcDNA3 or HA-GSK3 S9A for 24hours. Cells were then
treated 50µM tBHQ or DMSO for 16hours. Cells were lysed and incubated with luciferase substrate.
Readings were performed on a luminometer and the mean densitometry values + SD from 3 experiments
was plotted and analyzed for statistical significance (* p < 0.05; ***p < 0.0005).

Since both isoforms of GSK3 have been implicated in the direct phosphorylation
of Nrf2, we wanted to also determine what effect each isoform has on Nrf2 stability. As
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expected, using mouse embryonic fibroblast (MEF) cells that are devoid of GSK3 or
GSK3 , we found that the basal Nrf2 levels are higher in the cells without GSK3 or
GSK3 , as compared to wild-type MEF cells, and silencing GSK3 in GSK3 -/- MEF
cells had a slight increase in the stability of Nrf2 (Figure 2-5A). More pertinent to this
study, we also found that GSK3 null MEF cells express significantly higher basal, as
well as tBHQ-induced levels of NQO1 (Figure 2-5B, left and right panels). Moreover,
using a constitutively active form of GSK3
GSK3

(GSK3 -S9A), we demonstrated that

inhibits the stability of Nrf2 (Figure 2-5C) and significantly inhibits its

transcriptional activity (Figure 2-5D).
phosphorylated by GSK3

However, Nrf2 mutants that cannot be

through either indirect (Nrf2-Y568A) or both direct and

indirect mechanisms (Nrf-S335A/S338A/Y568A) display higher stability (Figure 2-5C)
and significantly higher transcriptional activity, as compared to the wild-type Nrf2
(Figure 2-5D). These results also point out that both the indirect, as well as the direct
mechanisms are important, since the Nrf2-Y568A mutant is still somewhat susceptible to
GSK3

inhibition,

but

less

than

the

wild-type

Nrf2,

whereas

the

Nrf-

S335A/S338A/Y568A mutant is not susceptible to GSK mediated repression (Figure 25C and -5D). Together, this demonstrates that GSK3 is a repressor of Nrf2 and the
inhibition of GSK3 by the PI3K/Akt pathway is instrumental in the regulation of Nrf2
nuclear accumulation and transcriptional activity.
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Constitutive activation of PI3K pathway promotes Nrf2 mediated cell survival,
proliferation

Figure 2-6. Gain of function mutation in PI3K increases basal Nrf2 nuclear accumulation and
expression of target genes. (A) Whole cell lysate western blot. MCF10A, T47D, and MCF7 cell lysates
were immunoblotted for Nrf2, phosho-Akt-Ser473, total Akt, phospho-GSK3 -Ser9, total GSK3 , GCLC,
and -actin. (B) Nuclear fraction western blot. MCF10A, T47D, and MCF7 nuclear lysates were
immunoblotted for Nrf2, Fyn, and Lamin B. (C) Western blot. T47D cells were pretreated with wortmannin
or DMSO for 2hrs and then cells were treated with 50µM tBHQ or DMSO for 16hrs. Whole cell lysates
were immunoblotted for phosho-Akt-Ser473, total Akt, phospho-GSK3 -Ser9, total GSK3 , NQO1, HO-1
and -actin (D) Western blot. MCF7 cells were pretreated with wortmannin or DMSO for 2hrs and then
cells were treated with 50µM tBHQ or DMSO for 16hrs. Whole cell lysates were immunoblotted for
phosho-Akt-Ser473, total Akt, phospho-GSK3 -Ser9, total GSK3 , HO-1 and -actin (E) Nuclear fraction
western blot. T47D and MCF7 cells were pretreated with wortmannin or DMSO for 8hrs and nuclear
lysates were immunoblotted for Nrf2, Fyn, and Lamin B.

Having defined a mechanism for how the PI3K/Akt pathway regulates Nrf2
activity, we then wanted to investigate whether constitutive activation of PI3K, an event
known to occur frequently in cancers, particularly breast cancer, could result in sustained
Nrf2 nuclear accumulation, and whether Nrf2 could be responsible for mediating some of
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the oncogenic effects seen when the PI3K pathway is constitutively activated. Therefore,
we analyzed the role of the PI3K/Akt/GSK3 axis in the Nrf2 response using the nontumorigenic breast cell line MCF10A and compared it with two cell lines, MCF-7 and T47D, that contain gain on function mutations (E545K and H1047R, respectively) in the
PIK3CA gene, which codes for the PI3K p110 catalytic subunit.
Comparison of the basal expression levels of phosho-Akt-Ser473 and phosphoGSK3 -Ser9 in these cell lines revealed that T47D and MCF7 cells have higher
phosphorylation levels compared to MCF10A, as a result of their gain of function
mutation in the PI3K p110 catalytic subunit (Figure 2-6A). In agreement with the
mechanism we have outlined, the increase in GSK3

inhibition provided by a

constitutively active PI3K, resulted in higher basal expression of the Nrf2 target gene
GCLC (Figure 2-6A) and greater nuclear levels of Nrf2 (Figure 2-6B). As expected, by
inhibiting PI3K using wortmannin there was a decrease in the levels of phosho-AktSer473 and phospho-GSK3 -Ser9 in T47D and MCF7 cells, and this corresponded with a
decrease in the expression levels of the Nrf2 target genes NQO1 and HO-1 (Figures 2-6C
and 2-6D). Moreover, the inhibition of PI3K using wortmannin resulted in decreased
nuclear levels of Nrf2 in MCF7 and T47D cells (Figure 2-6E). Together, this suggests
that the over-activation of PI3K in breast cancer cells facilitates increased Nrf2 activity,
which likely contributes to the oncogenicity of PI3K.
In order to demonstrate a functional role for the increased activity of Nrf2 in cells
with a constitutively active PI3K, we investigated the relationship between PI3K and
Nrf2 in response to chemotherapy and cell proliferation.

In response to the

chemotherapeutic agent doxorubicin, MCF7 cells were more resistant to treatment, as
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compared to MCF10A cells, presumably because of the constitutive activation of PI3K.
However, when Nrf2 was stably knocked down in MCF7 cells using shRNA lentiviral
particles the cells became significantly more sensitive to doxorubicin (Figure 2-7A).
This was further confirmed through the detection of increased PARP cleavage, a marker
of programmed cell death, and significantly more DNA fragmentation in MCF7Nrf2shRNA cells after doxorubicin treatment (Figures 2-7B and 2-7C). A similar trend
was observed when cells were treated with etoposide in that MCF7 cells were more
resistant to treatment than MCF10A cells, but the knockdown of Nrf2 significantly
increased the sensitivity of MCF7 cells to etoposide exposure (Figure 2-7C).
Finally, we looked to see whether PI3K regulates Nrf2 mediated cell proliferation.
Using a tetracycline inducible system in human embryonic kidney HEK293 cells we
over-expressed Nrf2 and tested to see whether PI3K activity was necessary for cell
proliferation. In agreement with previous reports that Nrf2 can regulate cell proliferation
we found that increased expression of Nrf2 in the HEK293 cells resulted in greater cell
proliferation. However, when the cells were treated with the PI3K inhibitor LY294002,
the cell proliferation decreased, even despite over-expression of Nrf2 (Figure 2- 7D).
This suggests that Nrf2’s ability to increase cell proliferation can be inhibited by
targeting PI3K.
In summary, the data presented here suggest that the PI3K/Akt pathway regulates
Nrf2 nuclear accumulation and activity by way of inhibiting GSK3 .

Moreover,

constitutive activation of the oncogenic PI3K/Akt pathway leads to increased activation
of the Nrf2 response, which is instrumental in driving drug resistance and cell survival.
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Figure 2-7. PI3K/Akt:Nrf2 crosstalk leads to drug resistance, cell proliferation (A) MTT assay.
MCF10A, MCF7-CtlshRNA, and MCF7-Nrf2shRNA cells were treated with increasing concentrations of
doxorubicin for 36hrs and cell viability was measured using MTT reagent. The mean densitometry values +
SD from 4 experiments was plotted and analyzed for statistical significance (*p < 0.05) (B) Western blot.
MCF10A, MCF7-CtlshRNA, and MCF7-Nrf2shRNA cells were treated with 500nM doxorubicin for 24hrs.
Whole cell lysates were immunoblotted for PARP, Nrf2, and -actin. (C) Cell death detection assay.
MCF10A, MCF7-CtlshRNA, and MCF7-Nrf2shRNA cells were plated in a 24 well plate. The following
day, cells were treated with 500nM doxorubicin for 24hrs. Cells lysates were then subjected to a cell death
detection ELISA. The mean densitometry values + SD from 4 experiments was plotted and analyzed for
statistical significance (* p < 0.005) (D) MTT assay. MCF10A, MCF7-CtlshRNA, and MCF7-Nrf2shRNA
cells were treated with increasing concentrations of etoposide for 36hrs and cell viability was measured
using MTT reagent. The mean densitometry values + SD from 4 experiments was plotted and analyzed for
statistical significance (*p < 0.05) (E) Cell proliferation assay. Hek-293 cells were plated in a 16 well
xCELLigence plate. The following day cells were treated with water or tetracycline (1µg/mL) to induce
Nrf2, as indicated, and 10µM LY294002 or DMSO, as indicated. Cell number was measured every 15
minutes for 80 hours. The mean value + SD from 2 experiments was plotted.

DISCUSSION
Nrf2 is a master regulator of a battery of cytoprotective, detoxification, and
defensive genes.

In response to oxidative and electrophilic stress, Nrf2 becomes

activated and is essential in combating the reactive species that, left unchecked, are
capable of inducing cellular damage that may otherwise lead to oncogenic mutations.
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However, it has been noted that many cancers have an over-expression of Nrf2, which is
thought to provide the cancer cells with a pro-survival environment that is more resistant
to therapeutic intervention. Therefore, we have postulated that Nrf2 is a proto-oncogene
due to the beneficial role it provides when expressed at normal levels, which is in contrast
with its oncogenic nature when it is over-expressed (Shelton and Jaiswal, 2013).
Mechanistic studies into the factors responsible for regulating the canonical Nrf2
response have revealed a series of events that facilitate its release from INrf2 and
subsequent stabilization, followed by its nuclear translocation that results in the induction
of its target genes, which is counterbalanced by a post-induction response that triggers the
nuclear export and degradation of Nrf2. Previous studies have revealed that the Src-A
subfamily kinases (Src, Fyn, Fgr, and Yes) are instrumental in the nuclear export of Nrf2,
and GSK3 has been shown to be responsible for mediating the nuclear accumulation of
the Src-A subfamily kinases (Jain and Jaiswal, 2006; Jain and Jaiswal, 2007; Niture et al.,
2011). More recently, GSK3 itself has been reported to directly phosphorylate Nrf2,
resulting in its degradation (Chowdhry et al., 2012; Rada et al., 2011; Rada et al., 2012;
Rojo et al., 2008a; Rojo et al., 2008b; Salazar et al., 2006). Therefore, we undertook the
task of investigating what upstream kinases may be responsible for regulating the activity
of GSK3 in response to oxidative stress.
The PI3K/Akt pathway has been implicated in the regulation of Nrf2 gene
regulation, however, a precise mechanism for how the upstream kinases exhibited their
effects on Nrf2 has remained unclear (Lee et al., 2001; Lim et al., 2008; Martin et al.,
2004; Nakaso et al., 2003; Wang et al., 2008a). In this investigation, we found that the
redox sensitive quinone tBHQ was able to activate the PI3K/Akt cascade and inhibit
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GSK3

(Figure 2-8). The inhibition of GSK3

is believed to have prevented the

phosphorylation and degradation of Nrf2 directly, as well as indirectly by preventing the
nuclear accumulation of Fyn. Together this resulted in the stabilization and unimpeded
entry of Nrf2 into the nucleus, which facilitated the induction of its target genes. In cells
possessing a normal PI3K, the activation of Akt and inhibition of GSK3 was transient
and fairly rapid, with the corresponding phosphorylation modifications returning to basal
levels within four hours (Figure 2-1D). This would suggest that a coordinated action of
phosphatases are responsible for removing the phosphoresidues on Akt and GSK3 ,
which results in the reactivation of GSK3 and subsequent nuclear accumulation of Fyn
that triggers for the nuclear export of Nrf2. Therefore, future and ongoing investigations
into the protein phosphatases responsible for restoring the activation of GSK3 are likely
to yield insight into the mechanism responsible for lowering nuclear Nrf2 levels back to
basal conditions.
It is important to note that while pharmacological inhibition of PI3K and Akt
disrupted the nuclear accumulation of Nrf2, it did not completely occlude Nrf2 from the
nucleus. This is likely due to the fact that the PI3K/Akt/GSK3 pathway acts independent
of the INrf2:Nrf2 axis, and is more instrumental in the nuclear export regulation. In fact,
other mechanisms, such as the modification of INrf2 and PKC

mediated

phosphorylation of Nrf2-Ser40, have been previously described to regulate Nrf2 nuclear
import (Bloom and Jaiswal, 2003; Huang et al., 2002; Niture et al., 2009; Zhang and
Hannink, 2003). Therefore, when oxidative stress modifies INrf2 and/or activates PKC ,
there is an increase in nuclear Nrf2 regardless of whether the PI3K/Akt/GSK3 pathway is
activated. In support of this explanation, we observed an induction of the Nrf2 target
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genes HO-1 and NQO1 in the breast cancer cells with constitutive activation of PI3K/Akt
(Figure 2-6), suggesting that oxidative stress is capable of activating an additional pool of
Nrf2 (presumably Nrf2 which is still bound to INrf2) despite the constitutive inhibition of
GSK3 in these cells. This is also supported by the fact that the MEF GSK3 -/- and
GSK3 -/- cells display higher basal Nrf2 levels, but tBHQ was able to still activate
further levels of Nrf2. Together, this indicates that the PI3K/Akt/GSK3
instrumental in regulating a subset of the Nrf2 pool, independent of INrf2.

Figure 2-8. Model depicting the role of the PI3K/Akt/GSK3 axis in regulating Nrf2.
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axis is

Alternatively, is possible that due to the very nature of PI3K and Akt being fairly
“upstream” in the signaling cascade, there may be additional downstream factors in the
pathway, apart from GSK3 , that are also involved in the PI3K/Akt pathway’s ability to
regulate Nrf2’s transcriptional activity, regardless of its nuclear localization, such as
histone modifications. Although there is no evidence from this study to support this
hypothesis, an earlier study using tBHQ in human leukemia Jurkat cells demonstrated
that histone modifications were associated with the PI3K-dependent ARE activation
(Sakamoto et al., 2009). Nonetheless, it is unequivocal that the PI3K/Akt/GSK3
pathway regulates the Nrf2 response.
It is also worth mentioning that although the aim of this study was to determine
what upstream kinases regulate GSK3 ’s ability to inhibit Nrf2, the findings of this study
have implications for GSK3 as well, since it can be similarly regulated by PI3K/Akt and
can also directly inhibit Nrf2 (Chowdhry et al., 2012; Rada et al., 2011; Rada et al.,
2012).

In fact, we noted that GSK3 -/- MEF cells had a similar increase in the basal

stability of Nrf2 as GSK3 -/- MEF cells (Figure 2-5A). However, further mechanistic
studies would be helpful in deciphering whether oxidative stress has any differential
regulation on the GSK isoforms.
The findings from this study raise a couple of interesting points. For one, the
PI3K/Akt pathway is commonly over-activated in cancers and has become an attractive
pharmacological target. In this study, we demonstrated the constitutive activation of
PI3K resulted in increased nuclear Nrf2, and that by targeting PI3K we were able to
decrease Nrf2 nuclear accumulation and activity (Figure 2-6). Since there are currently
no therapies that successfully target Nrf2 in the clinic, the use of existing PI3K/Akt
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inhibitors, such as rapalogs, may provide some options to inhibit Nrf2. Furthermore, the
tumor suppressor protein PTEN, which opposes the action of PI3K, is commonly mutated
in cancers and contains redox sensitive cysteine residues that, when oxidized, inactivate
its activity. Therefore, the loss or inhibition of PTEN is likely to be influential in
activating the PI3K/Nrf2 pathway. Another point of discussion that this study raises is
that the PI3K/Akt pathway has the ability to activate Nrf2 independent of INrf2
modifications. Further investigation is needed to identify how Nrf2 escapes INrf2 in the
setting of PI3K/Akt activation, but one possible mechanism could be that PI3K also
activates PKC , which has been implicated in promoting the nuclear translocation of
Nrf2 by phosphorylating Nrf2 at Ser-40 (Bloom and Jaiswal, 2003; Huang et al., 2002;
Niture et al., 2009). In fact, there is a basis for this hypothesis since other investigations
have found that the coordinated action of PKC and PI3K regulate the induction of HO-1,
and that the phosphatase PTEN may regulate the activity of PKC (Parekh et al., 2000;
Shih et al., 2011; Zhang and Forman, 2008). Since PCK has been described as both a
tumor promoter and a tumor suppressor, insight into this potential PI3K/PKC crosstalk
might also help to explain the differential role that PKC plays in cancer development
(Bosco et al., 2011).
In conclusion, we have shown that the PI3K/Akt pathway is activated in response
to stress, and this inhibits GSK3 from regulating the nuclear accumulation of Nrf2. The
constitutive activation of PI3K in breast cancer cells lines results in persistent
accumulation of Nrf2. By inhibiting PI3K or Akt in the canonical or the constitutively
active pathway, the nuclear accumulation and transcriptional activation of Nrf2 is
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inhibited. Together, this implicates the PI3K/Akt pathway in regulating the GSK3
mediated inhibition of Nrf2.
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CHAPTER THREE
THE PROTEIN PHOSPHATASES PP1 AND PP2A ARE RESPONSIBLE FOR
REACTIVATING THE GSK3 MEDIATED REPRESSION OF NRF2

ABSTRACT
Nrf2 is a stress response transcription factor that helps regulate the cellular redox
balance.

Recent evidence has implicated GSK3

as central regulator in the non-

canonical Nrf2 response pathway that does not involve INrf2 (Keap1). In response to
oxidative stress, GSK3 was observed to be regulated by reversible phosphorylation,
suggesting the role of a protein phosphatase. In the present study, we demonstrate for the
first time that the protein phosphatases PP1 and PP2A regulate Nrf2 activity by triggering
GSK3 -Ser9 dephosphorylation in the human hepatocellular carcinoma cell line HepG2.
Using siRNA to silence PP1 we observed an increase in Akt-Ser473 and GSK3 -S9,
whereas silencing PP2A only increased GSK3 -S9.

This suggested that PP1 acts

upstream of GSK3 by targeting Akt-Ser473, while PP2A acts directly on GSK3 -Ser9.
As a byproduct of inhibiting PP1 and PP2A, there was an increase in the basal and tBHQ
induced levels of NQO1 and GCLC, further highlighting the role of GSK3 in regulating
Nrf2. Moreover, we demonstrate that tBHQ increases the stability of both PP1 and
PP2A, but does not regulate their transcription. Together, this provides further support
for the role of GSK3 in inhibiting Nrf2 and offers insight into the role that protein
phosphatases play in the Nrf2 pathway.
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INTRODUCTION
Nrf2 is a transcription factor that is critical for the maintenance of the cellular
redox balance. Activation of Nrf2 occurs in the presence of oxidative stress, whereby
Nrf2 disassociates from the negative regulator INrf2 (Keap1) and translocates into the
nucleus to induce the transcription of a battery of genes that combat reactive oxygen
species and electrophiles, detoxify xenobiotics and damaged organelles in order to
promote cell survival. Normally, this process is tightly controlled with multiple levels of
regulation that serve to “turn-off” the Nrf2 response. However, persistent activation of
the Nrf2 pathway has been reported in many cancers and is believed to be a potential
mechanism for oncogenesis, and drug resistance.
Emerging evidence from our lab and others has identified GSK3 as one of the
key regulators that “turns off” the Nrf2 response by inhibiting the nuclear accumulation
and transcriptional activity of Nrf2 (Jain and Jaiswal, 2007; Niture et al., 2011; Rada et
al., 2011; Rada et al., 2012; Rojo et al., 2008a; Rojo et al., 2008b; Salazar et al., 2006).
Specifically, GSK3 is known to directly phosphorylate Nrf2 and trigger the SCF/ -TrCP
complex to ubiquitinate and degrade Nrf2 (Chowdhry et al., 2012; Rada et al., 2011;
Rada et al., 2012; Rojo et al., 2008a; Rojo et al., 2008b; Salazar et al., 2006). GSK3
also indirectly regulates Nrf2 nuclear accumulation by influencing the nuclear
translocation of the Src-A subfamily kinases, which phosphorylate Nrf2-Tyr568 and
trigger its nuclear export (Jain and Jaiswal, 2006; Jain and Jaiswal, 2007; Niture et al.,
2011). Therefore, understanding the molecular mechanisms that regulate GSK3 in
response to antioxidants and oxidative stress offers a window into viewing how the cell
shuts off the Nrf2 pathway post induction of its transcriptional target genes.
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Recently, we demonstrated that the PI3K/Akt pathway is instrumental in
inhibiting GSK3

in response to the antioxidant tBHQ (Shelton and Jaiswal,

unpublished). We observed that Akt was able to rapidly phosphorylate GSK3 at Ser9,
which shifts GSK3

into a closed, inactive conformation, thus inhibiting it from

interacting with its substrates. However, the inhibitory phosphorylation was transient and
decreased back to basal levels within a few hours.

This reversal of protein

phosphorylation suggested the involvement of a phosphatase.
While there are 428 serine/threonine kinases reported, there are roughly only 30
protein Ser/Thr phosphatases (PSPs) responsible for dephosphorylation (Shi, 2009). This
dichotomy can be explained by the fact that the PSPs form holoenzymes comprised of a
core catalytic subunit, that may also include a scaffold subunit, and a substrate specific
regulatory subunit (Shi, 2009). Within the PSP family, PP1, and PP2A have been
reported to directly regulate GSK3 , as well as indirectly, by regulating the
phosphorylation of the upstream kinase Akt (Bennecib et al., 2000; Hernández et al.,
2010; Sakashita et al., 2003; Salazar et al., 2006; Xiao L, 2010). Thus, we hypothesized
that PP1 and PP2A are responsible for dephosphorylating the inhibitory phosphorylation
on GSK3 , resulting in the reactivation of GSK3 and its ability to repress Nrf2.

EXPERIMENTAL PROCEDURES
Cell culture and chemicals
Human hepatoblastoma (HepG2) cells were obtained from the American Type Culture
Collection (ATCC; Manassas, VA, USA). HepG2 cells were grown under standard
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conditions in MEM

supplemented with 10% FBS, penicillin (40 U/ml), and

streptomycin (40 µg/ml). In related experiments, the cells were treated with 50µM tertbutylhydroquinone (t-BHQ; Sigma #112941); or DMSO as a vehicle for different time
intervals.

Inhibitors used were okadaic acid (EMD, #495609), cycloheximide

(Calbiochem, #239765) and actinomycin D (Sigma, #A9415).
Preparation of cell lysates and western blotting
Whole cell lysates for western blotting were prepared as described previously (Chapter
2). Western blotting analysis was also performed as described previously (Chapter 2).
Primary antibodies used in this study were as follows: anti-GSK3 total (Cell Signaling,
#9315), anti-phospho-GSK3 -S-9 (Cell Signaling, #9336), anti-Akt total (Cell Signaling,
#9272), anti-phospho-Akt S-473 (Cell Signaling, #9271), anti-phospho-Akt T-308 (Cell
Signaling, #9275), anti-PP2A A subunit (Cell Signaling, #2039), anti-PP2A C subunit
(Cell Signaling, #2038), anti-PP1 C subunit (Santa Cruz, #7482), anti- -actin (Sigma,
A5316), anti-NQO1 (Santa Cruz, #32793; lab generated).
Quantitative real-time PCR (qPCR)
RNA was extracted using the RNeasy Mini Kit (Qiagen, #74104) according to the
instructions. 3µg of RNA was converted to cDNA using the High Capacity cDNA
Reverse Transcription Kit (Applied Biosystems, #4368814).

cDNA was used with

Taqman Gene Expression Master Mix (Applied Biosystems, #4369016), and Taqman
probes for PPP1CC (Hs01566021_m1) and PPP2CA (Hs00427260_m1), with GusB
(Hs99999908_m1) used as an internal housekeeping gene. The mix was subjected to
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qPCR using the Applied Biosystems 7500 Real-Time PCR System according to the
manufacturer’s instructions.
Promoter analysis
The promoter region of human PPP2CA and PPP1CC were analyzed using Vector NTI
software (Invitrogen). The consensus ARE sequence 5’ TGAnnnnGC 3’ was used to
identify putative ARE being sites.
Plasmid DNA and siRNA transient transfection
siRNA was transfected to HepG2 cells as described previously (Chapter 2). Briefly,
siRNA transfection was performed at the time of plating using Lipofectamine RNAi Max
Reagent (Invitrogen, #13778-150), OPTI-MEM media (Invitrogen, #31985), and
antibiotic free media plating. Cells were incubated for 36 hours before experimentation.
Pan-PP1 siRNA (Santa Cruz, #43545), PPP2R1A siRNA (Dharmacon, #M-010259-01),
and Control siRNA (Ambion, #AM4635) were used in the experiments.
Densitometry and statistical analysis
Band intensities from western blots were analyzed using Image J software, and
normalized to the specific loading control. Statistical significance for experiments was
performed using a 2-tailed Student’s t-test with the data expressed as means ± SD of 3
independent experiments. Values of p < 0.05 were considered significant.

For the

cycloheximide experiment, band intensities from the western blot were calculated and the
degradation was fit with linear regression in Excel.
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RESULTS
Phosphorylation induced inhibition of GSK3 is reversible
We recently demonstrated that in response to the anti-oxidant tBHQ, GSK3 is
rapidly phosphorylated at Ser9, causing it to undergo a conformational change that
positions it in a closed state, unable to interact with its substrate (Shelton and Jaiswal,
unpublished). However, we observed that the phosphorylation was transient and reversed
back to basal levels, suggesting that there is the involvement of a Ser/Thr protein
phosphatase (Figure 3-1 A). Previous studies had implicated the protein phosphatases
PP1 and PP2A in the regulation of GSK3 , but the studies were inconclusive as to which
phosphatase directly acted on GSK3 . Therefore, we sought to identify which protein
phosphatase(s) were responsible for dephosphorylating the inhibitory phosphorylation on
GSK3 -Ser9 (Figure 3-1 B).

Figure 3-1. Reversible phosphorylation of GSK3 -Ser9. (A) Western blot. HepG2 cells were treated
with tBHQ (50µM) and whole cell lysates were immunoblotted for p-GSK3 (S9), GSK3 total, and actin. (B) Model depicting the potential involvement of phosphatases in regulating the reversible
phosphorylation of GSK3 (S9).

Inhibition of phosphatases PP1 and PP2A rescue GSK3 inhibition
In response to tBHQ, the PI3K/Akt pathway is activated within 0.5hrs, as
indicated by the increase in phosphorylation at Akt-Ser473 and Akt-Thr308 (Figure 3-2).
This corresponds with an increase in the inhibitory phosphorylation of GSK3 -Ser9.
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However, by 4hrs the phosphorylation levels reversed back to basal levels. To test
whether the Ser/Thr phosphatase PP2A was responsible for reversing this
phosphorylation we used siRNA against the structural subunit of PP2A (PP2A-A) to
disrupt the catalytic core of the PP2A holoenzyme. As expected, the PP2A-A siRNA led
to a significant decrease in the protein levels of PP2A-A, along with a slight decrease in
the PP2A catalytic subunit (PP2A-C), with no observed effect on PP1 (Figure 3-2A).

Figure 3-2. Inhibition of PP1 and PP2A rescues GSK3 phosphorylation. (A, B) HepG2 cells were
reverse transfected with PP2A-A siRNA (A), PP1-siRNA (B) or non-coding (NC) siRNA and allowed to
sit for 36 hours. Cells were then treated with 50µM tBHQ or DMSO for the indicated time points. Lysates
were immunoblotted for PP2A-A, PP2A-C, PP1-C, p-Akt (S473), p-Akt (T308), Akt total, p-GSK3 (S9),
GSK3 total, and -actin. The relative densitometry values of p- GSK3 (S9), and p-Akt (S473) were
calculated and plotted below.

More importantly, the inhibition of PP2A resulted in a rescuing of phosho-GSK3

Ser9

levels, but notably, had no effect on phospho-Akt levels, suggesting that PP2A
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specifically acts on GSK3 (Figure 3-2A). Similarly, using a pan-siRNA against all three
of the PP1 catalytic subunit isoforms we observed a noticeable decrease in PP1-C
expression levels. Interestingly, the knockdown of PP1 resulted in the increase in both
phospho-Akt-Ser473 levels, as well as phoshpho-GSK3 -Ser9 (Figure 3-2B).
Presumably, the rescue of both phosphorylation events is due to PP1 inhibition rescuing
Akt phosphorylation, thus inducing activation of Akt, which would trigger the
phosphorylation of its substrate, GSK3 -Ser9. Therefore, the knockdown of PP2A and
PP1 revealed that in HepG2 cells, PP2A acts to dephosphorylate GSK3 , while PP1
dephosphorylates Akt.

Inhibition of phosphatases PP1 and PP2A increases Nrf2 activity
In light of the evidence that PP1 and PP2A decrease the phosphorylation induced
inhibition of GSK3 , we then wanted to see what effect this would have on Nrf2 activity,
since GSK3 is known to inhibit Nrf2. Again, using siRNA against PP1-C and PP2A-A
we were able to achieve a noticeable decrease in the respective protein expression levels
(Fig. 3-3A). As expected, the knockdown of PP1-C led to an increase in both phosphoAkt-Ser473, as well as phospho-GSK3 –Ser9, whereas knockdown of PP2A-A led to
only an increase in phospho-GSK3 –Ser9. By maintaining the inhibition of GSK3 ,
either directly or indirectly via increasing Akt activation, the silencing of the protein
phosphatases PP1 and PP2A led to a greater basal and greater induction of the
prototypical Nrf2 target gene, NQO1 (Fig. 3-3A).
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Figure 3-3. Silencing of PP1 and PP2A increases Nrf2 activity. (A) HepG2 cells were transfected with
PP2A-A siRNA, PP1-siRNA, or non-coding (NC) siRNA and allowed to sit for 36 hours. Cells were then
treated with 50µM tBHQ or DMSO for 16 hours. Lysates were immunoblotted for PP2A-A, PP1-C, p-Akt
(S473), Akt total, p-GSK3 (S9), GSK3 total, NQO1 and -actin. (B) HepG2 cells were pre-treated with
okadaic acid for 2 hours and then stimulated with tBHQ for 16 hours. Lysates were immunoblotted for pAkt (S473), Akt total, p-GSK3 (S9), GSK3 total, GCLC, and -actin.

This was further supported using okadaic acid, a potent inhibitor of PP2A. In a
dose dependent manner, okadaic acid was able to increase the inhibitory phosphorylation
on GSK3 -Ser9 by inhibiting PP2A (Figure 3-3B). However, treatment of HepG2 cells
with okadaic acid was not able to rescue the active phosphorylation on Akt-Ser 473,
supporting the conclusion that PP2A acts on GSK3 directly. The inhibition of PP2A
with okadaic acid not only increased the inhibitory phosphorylation on GSK3 , but it
also led to a dose dependent increase in both the basal and the tBHQ induced levels of the
Nrf2 target gene GCLC (Figure 3-3B).

Together, the results from the siRNA and

chemical inhibitor experiments demonstrate that PP2A is responsible for reversing the
inhibitory phosphorylation on GSK3 , while PP1 indirectly effects the inhibitory
phosphorylation on GSK3 by regulating Akt, and that through their action on GSK3 ,
these phosphatases are involved in regulating the Nrf2 response pathway.
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Antioxidant tBHQ increases protein expression levels of phosphatases PP1 and PP2A
Having implicated the protein phosphatases PP1 and PP2A in regulating the Nrf2
response, we were curious to see how these phosphatases are regulated in response to the
anti-oxidant tBHQ. In agreement with the kinetics observed with the de-phosphorylation
of GSK3 -Ser9, we noted that tBHQ caused a slight but steady increase in the protein
levels of the protein phosphatases PP1-C, PP2A-C, and PP2A-A (Figure 3-4A, left and
right panels). Since tBHQ is known to be a potent activator of the transcription factor
Nrf2 and we were observing an increase in the protein levels of the phosphatases, we
investigated to see whether their transcripts might be rapidly induced in response to
tBHQ.
To begin, we analyzed the promoter sequence of the genes that produce the
PP2A-C and PP1-C proteins. The PP2A-C protein contains two isoforms, with PP2A-C
reported to be ten times more abundant than PP2A-C (Khew-Goodall and Hemmings,
1988; Shi, 2009). Therefore, we chose to focus on PP2A-C in further analysis, which is
encoded by the PPP2CA gene. Using Invitrogen’s Vector NTI software we analyzed the
PPP2CA promoter regions 5kb upstream of the consensus start sequence for putative
anti-oxidant response elements (ARE) that could be recognized by Nrf2. The loose ARE
sequence 5’ TGAnnnnGC 3’, where n could be any nucleotide, was used in the analysis.
In PPP2CA we identified three putative ARE sites in the promoter region (Figure 3-4B).
Two were located on the sense strand: -3112bp and -1623bp from the transcription start
site, and one on the antisense strand: -2017bp from the transcription start site. Similarly,
we focused on the PP1-C gamma isoform, which is encoded by the PPP1CC gene. In
PPP1CC this revealed three putative binding sites on the sense strand: -4736bp, -4481bp,
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and -2309bp from the transcription start site, and two putative binding sites on the
antisense strand: -3775bp and -956bp from the transcription start site (Figure 3-4B).
However, despite these putative ARE sequences in the promoter regions of the protein
phosphatases, quantitative real time PCR revealed that there was no increase in the
mRNA levels in response to tBHQ, even after 10 hours (Figure 3-4C). This was also
confirmed using actinomycin D (ActD), a potent inhibitor of transcription. Even in the
presence of the transcription inhibitor there was an increase in the phosphatase protein

Figure 3-4. PP1 and PP2A are not transcriptionally regulated by tBHQ (A) Western blot. HepG2 cells
were treated with 50µM tBHQ or DMSO for the indicated time points. Lysates were immunoblotted for
PP2A-A, PP2A-C, PP1-C, and -actin. The relative mean densitometry values + SD from 3 experiments
were plotted. (B) Promoter analysis. Human PPP1CC and PPP2CA promoters were analyzed for ARE
sequences. (C) qPCR. HepG2 cells were treated with 50µM tBHQ or DMSO for the indicated time points.
RNA was converted to cDNA and subjected to qPCR using primers against PPP2CA and PPP1CC. (D)
Western blot. HepG2 cells were pre-treated with 2µg/mL actinomycin D, where indicated, and then treated
with 50µM tBHQ or DMSO for the indicated time points. Lysates were immunoblotted for PP2A-A,
PP2A-C, PP1-C, and -actin.
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levels (Figure 3-4D). Together, this indicated that tBHQ did not induce the transcription
the observed increase in the protein levels.
of the phosphatases, suggesting a post-translational modification might be responsible for
In order to investigate whether there might be a post-translational modification
that regulated the protein phosphatases we then inhibited translation using cycloheximide
(CHX), and compared the phosphatase protein levels in cells exposed to DMSO or tBHQ
(Figure 3-5A). Interestingly, the addition of tBHQ was able to increase the stability of
the phosphatases, as noted by an increase in the protein expression levels after CHX
treatment.

This was further confirmed using a linear regression model fit to the

densitometry results of the protein phosphatase levels after cycloheximide treatment
(Figure 3-5B).

Figure 3-5. tBHQ stabilizes PP1 and PP2A (A) Western blot. HepG2 cells were treated with 30µg/mL
actinomycin D + 50µM tBHQ for the indicated time points. Lysates were immunoblotted for PP2A-A,
PP2A-C, PP1-C, and -actin. (B) Degradation line fit with linear regression of densitometry results from A.
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DISCUSSION
We recently demonstrated that tBHQ activates the PI3K/Akt pathway and induces
the inhibitory phosphorylation of GSK3 at Ser9, which prevents GSK3 from repressing
Nrf2 (Shelton and Jaiswal, unpublished).

Interestingly, it was noted that the

phosphorylation on GSK3 -Ser9 was transient and decreased back to basal levels within
four hours (Figure 3-1A), which suggested the involvement of a phosphatase. Since our
data implicated the phosphorylation of GSK3 at Ser9 as the key step in preventing its
regulation on Nrf2, we knew that the reversible phosphorylation of this residue would
effectively reactivate the kinase and its ability to inhibit Nrf2. Therefore, we wanted to
investigate

what

protein

phosphatase(s)

were

responsible

for

removing

the

phosphorylation of GSK3 at Ser9.
Previous reports had identified the serine/threonine protein phosphatases PP1 and
PP2A in regulating GSK3 -Ser9 phosphorylation, either directly or by affecting the
activity of the upstream kinase Akt (Bennecib et al., 2000; Hernández et al., 2010;
Sakashita et al., 2003; Thayyullathil et al., 2011; Xiao L, 2010). As a result, we began our
study by inhibiting both PP1 and PP2A with silencing RNA, and probed to determine
what effect each had on restoring the respective phosphorylations on GSK3 and Akt.
From this we found that loss of PP2A specifically rescued the inhibitory phosphorylation
of

GSK3 -Ser9,

whereas

PP1

restored

both

Akt-Ser473

and

GSK3 -Ser9

phosphorylations. This led us conclude that PP1 was responsible for regulating AktSer473 dephosphorylation, and therefore GSK3 -Ser9 indirectly, while PP2A directly
regulated GSK3 -Ser9 dephosphorylation (Figure 3-6).

Furthermore, through their

regulation of GSK3 -Ser9 dephosphorylation, the phosphatases regulated Nrf2 activity.
When PP2A or PP1 was inhibited we noted that there was an increase in the inhibitory
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GSK3 -Ser9 phosphorylation, and this correlated with an increase in the Nrf2 target
genes NQO1 and GCLC.

Taken together, we concluded that PP2A and PP1 are

responsible for reactivating GSK3 activity by reversing its inhibitory phosphorylation,
and that by reactivating GSK3 they help regulate the repression of Nrf2.

Insight into

the mechanism regulating the protein phosphatases PP1 and PP2A suggested that tBHQ
regulates the stability, but not the transcriptional induction of these protein phosphatases.
It is interesting to note that PP2A has been considered to be a tumor suppressor
protein, and some have noted that it is mutated in a significant number of human
carcinomas (Jones et al., 2010; Mumby, 2007; Ruediger et al., 2011; Wang et al., 1998).
In light of recent reports that over-activation of Nrf2 is reported in many cancers, along
with the data presented here that PP2A inhibits Nrf2 via GSK3 , it is worth investigating
whether mutations in PP2A lead to Nrf2-mediated carcinogenesis. Additionally, it is
possible that oxidative stress regulates the catalytic activity of the protein phosphatases.
Although we found no evidence of tBHQ or hydrogen peroxide (H2O2) mediated
oxidation of the protein phosphatases PP2A and PP1 (data not shown), previous reports
have identified redox sensitive cysteine residues in the catalytic subunit of the protein
phosphatases that renders the enzymes inactive when oxidized (Kim et al., 2003;
O'Loghlen et al., 2003; Rao and Clayton, 2002). Interestingly, the oxidation was reported
to be reversible, most notably by glutathione, an enzyme regulated by Nrf2 (O'Loghlen et
al., 2003; Rao and Clayton, 2002). Therefore, a potential negative feedback loop may be
at play between the protein phosphatases and Nrf2. Future studies looking into this
relationship between PP1/PP2A-GSK3 -Nrf2 may help to identify therapeutic targets for
intervention, and would likely be more successful than targeting the phosphatases directly
since there is redundancy with respect to their substrates.
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In effect, the findings from this study offer the first insight into the role that
protein phosphatases play in regulating the Nrf2 response. Through their ability to
regulate GSK3 , PP1 and PP2A are important in regulating the Nrf2 stress response
pathway. Undoubtedly, other phosphatases are involved in this pathway, and further
analysis into their regulation and involvement will help increase our understanding of
how Nrf2 can be properly balanced.
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CHAPTER FOUR

LOSS OF THE TUMOR SUPPRESSOR PROTEIN PTEN LEADS TO
INCREASED NRF2 SIGNALING

ABSTRACT
Nrf2 is a stress sensitive transcription factor of cytoprotective genes involved in
the maintenance of cellular redox balance. In recent studies, the PI3K/Akt pathway is
reported to positively regulate the Nrf2 pathway. The protein phosphatase PTEN
counteracts the action of PI3K by removing the phosphate from PIP3. This led us to
hypothesize that loss or mutation of PTEN, an event that occurs frequently in cancers,
might increase Nrf2 activity that promotes the survival and proliferation of cancer cells.
In our study we investigated the role of PTEN in prostate and breast cancer, commonly
reported to have either loss of heterozygosity or mutations in PTEN. Using the PTENnull human prostate cancer cell line PC3, we found that expression of wild type but not
mutant PTEN decreased the basal and anti-oxidant induced expression of Nrf2 target
genes. More common clinically, patients have loss of a single allele of PTEN. Therefore,
we also investigated the Nrf2 pathway in cells heterozygosity for the PTEN gene. Using a
murine prostate tumor cell line with a spontaneous loss of a single allele in PTEN
(PTEN-P8, +/-) and an isogenic cell line that had deletion of the second allele (PTENCaP8, -/-) we found that complete loss of PTEN resulted in higher expression of the Nrf2
target genes. In order to fully address the role of PTEN haploinsufficiency that could
mimic the cellular progression from benign to malignant we also looked at Nrf2 activity
in the immortalized breast epithelial cell line MCF-10A that had both alleles intact (+/+),
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deletion of a single allele (+/-), or deletion of both alleles (-/-) of PTEN. As expected, we
found that both the basal and inducible expression of the prototypical Nrf2 target gene
NQO1 inversely correlated with PTEN status. Together this suggests that the loss of
PTEN contributes to increased Nrf2 transcriptional activity, which likely provides cells
with an altered proteome that favors oncogenesis.
INTRODUCTION
The stress response transcription factor Nrf2 is critical for the cellular defense
against oxidative and electrophilic stress. Under the canonical pathway, activation of
Nrf2 occurs in the presence of oxidative stress, whereby Nrf2 disassociates from the
negative regulator INrf2 (Keap1) and translocates into the nucleus to induce the
transcription of a battery of genes that combat reactive oxygen species and electrophiles,
detoxify xenobiotics and damaged organelles in order to promote cell survival.
Normally, this process is tightly controlled with multiple levels of regulation that serve to
“turn-off” the Nrf2 response. However, persistent activation of the Nrf2 pathway has
been reported in many cancers and is believed to be a potential mechanism for
oncogenesis, and drug resistance.
One of the mechanisms reported to regulate the nuclear accumulation and
transcriptional activity of Nrf2 is the PI3K/Akt pathway (Shelton and Jaiswal,
unpublished). In part, the PI3K/Akt pathway’s influence on GSK3 is believed to play a
major role in regulating Nrf2. In response to oxidative stress the PI3K/Akt pathway
becomes activated, which then induces an inhibitory phosphorylation of GSK3 , a kinase
known to negatively regulate Nrf2 via two distinct mechanisms. Specifically, GSK3 is
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known to directly phosphorylate Nrf2 and trigger the SCF/ -TrCP complex to
ubiquitinate and degrade Nrf2.

GSK3

also indirectly regulates Nrf2 nuclear

accumulation by influencing the nuclear accumulation of the Src-A subfamily kinases,
which phosphorylate and trigger the nuclear export of Nrf2. Consequently, through Akt’s
inhibition of GSK3 , the PI3K/Akt pathway is instrumental in positively regulating Nrf2
transcriptional activity.
The tumor suppressor protein, phosphatase and tensin homolog (PTEN), is a
phosphatase

that

dephosphorylating

principally

functions

to

counteract

phosphatidylinositol-3,4,5-triphosphate

PI3K

by

(PIP3),

preferentially
a

secondary

messenger required to activate the kinase Akt and propagate the signaling cascade (Myers
et al., 1998; Song et al., 2012; Tamguney and Stokoe, 2007). In many cancers,
particularly glial, prostate, and breast tumors, PTEN is frequently lost or mutated, causing
the constitutive activation of PI3K, an event associated with tumorigenesis (Hollander et
al., 2011; Liu et al., 2009; Song et al., 2012). For example, as many as 70-80% of
primary prostate tumors have been reported to have loss of a single allele and loss of
PTEN is observed in roughly 40% of breast cancer patients (Blando et al., 2009;
Hollander et al., 2011). Moreover, we have recently found that constitutive activation of
PI3K in breast cancer cell lines, due to gain of function mutations in the PIK3CA gene,
results in increased Nrf2 mediated cell survival and drug resistance (Shelton and Jaiswal,
unpublished). Therefore, one would expect loss of PTEN to result in a similar Nrf2
mediated phenotype. However, it remains unclear how PTEN status exerts its effect on
Nrf2, and to what degree does Nrf2 play a role in the tumorigenic characteristics of
tumors with loss of PTEN. More importantly, complete loss of PTEN is not frequently
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observed at cancer presentation, whereas it is prevalent at late-stage disease (Hollander et
al., 2011; McMenamin et al., 1999; Whang et al., 1998). This begs the question, is a
single allele of PTEN sufficient to counteract the effects of PI3K-induced nuclear
accumulation of Nrf2? As such, investigation of the role of PTEN in regulating Nrf2
could offer insight into one of the defensive mechanisms that is providing protection to
these mutated cells, and begin to offer a clearer understanding of the importance of
phosphatases in Nrf2 signaling.
Herein, we demonstrate that loss of PTEN in prostate and breast cells leads to
increased activity of Nrf2, including Nrf2 mediated cell proliferation and drug resistance.
Furthermore, we show that loss of just a single PTEN allele results in higher activity of
Nrf2, suggesting PTEN is haploinsufficient as a repressor of PI3K induced activation of
Nrf2, and loss of both alleles results in constitutive activation of Nrf2. Together, this
strongly implicates Nrf2 as a downstream target of the PI3K/Akt/PTEN pathway, and a
contributor to the oncogenic nature of tumors with genetic disruption of PTEN.

EXPERIMENTAL PROCEDURES
Cell culture and chemicals
Human mammary epithelial cells (MCF10A), and human prostate cancer cells (PC3)
were obtained from the American Type Culture Collection (ATCC; Manassas, VA,
USA). MCF10A cells and the isogenic variants were grown under standard conditions in
DMEM/F12 glutamax media supplemented with 5% horse serum, 20 ng/ml EGF, 0.5
mg/ml hydrocortisone, 100 ng/ml cholera toxin, 10 mg/ml insulin, penicillin (40 U/ml),
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and streptomycin (40 µg/ml). Human prostate cancer cells (PC3) were grown in standard
conditions in F-12K media supplemented with 10% FBS, penicillin (40 U/ml), and
streptomycin (40 µg/ml). The isogenic mouse PTEN-P8 and PTEN-CaP8 cells were a
kind gift from Dr. Hong Wu’s lab (Dept. of Molecular and Medical Pharmacology,
UCLA) and were maintained in DMEM supplemented with 10% fetal bovine serum, 1%
Pen/Strep, 25 µg /mL bovine pituitary extract, 5 µg /mL bovine insulin, and 6 ng/mL
recombinant human EGF. In related experiments, the cells were treated with 50µM tertbutylhydroquinone (t-BHQ; Sigma, #112941); or DMSO as a vehicle for different time
intervals. Inhibitors used were G418 Sulfate (Cellgro, #61-234-RG), and etoposide
(Sigma, E1383).
PTEN +/- and PTEN -/- cell line generation
The generation of MCF10A PTEN +/- and PTEN -/- were described previously (Vitolo et
al., 2009). Briefly, exon 2 of PTEN was deleted using a Cre-lox recombinase-targeting
construct that contained an IRES-neomycin resistance cassette flanked by LoxP and
homologous sequences to the intronic regions of exon 2. After excision of the IRESneomycin resistance cassette, heterozygous clones were retargeted to delete the
remaining allele. The heterozygous PTEN-P8 cell line was established as a spontaneously
immortalized line and described previously ((Jiao et al., 2007). Deleting the second
PTEN allele in the PTEN-P8 cell line through retroviral-Cre infection following drug
selection derived the null PTEN-CaP8 Cell line.
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Plasmid construction
The construction of the reporter plasmid human NQO1 pGL2-hARE-Luc was described
previously (Chapter 2). The pCMV6-XL5-PTEN human plasmid DNA was purchased
from Origene and cloned into the pcDNA3.1-V5 vector to create pcDNA3.1-PTEN-V5.
Generation of PTEN-G129E mutant was obtained using the GeneTailor Site-Directed
Mutagenesis System (Invitrogen). Forward 5’ TTC ACT GTA AAG CTG GAAAGG
AAC GA 3’ and reverse 5’CCT TCC AGC TTT ACA GTG AAT TGC TG 3’ primers
were used to generate the PTEN-G129E mutant.
Preparation of cell lysates and western blotting
Whole cell lysates for western blotting were prepared as described previously (Chapter
2). Subcellular fractionation was performed according to the manufacture’s protocol
using a nuclear extraction kit (Active Motif, # 40410).

Protein concentration was

determined using the Bio-Rad Protein Assay reagent (Bio-Rad #500-0006). Western
blotting analysis was performed as described earlier (Chapter 2). Primary antibodies
used in this study were as follows: anti-GSK3

total (Cell Signaling, #9315), anti-

phospho-GSK3 S-9 (Cell Signaling, #9336), anti-Akt total (Cell Signaling, #9272), antiphospho-Akt S-473 (Cell Signaling, #9271), anti-Fyn (Cell Signaling, #4023), anti-INrf2
(Keap1) (Santa Cruz, #15246), anti-Nrf2 (Santa Cruz, #13032), anti- -actin (Sigma,
A5316), anti-LDH (Chemicon, Billerica, MA, USA), anti-Lamin B (Santa Cruz, #6217),
anti-HO-1 (Santa Cruz,#1797), anti-GCLC (Abcam, #40929), anti-NQO1 (Santa Cruz,
#32793; lab generated), and anti-PTEN (Cell Signaling, #9188).
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Plasmid DNA and shRNA transfection
Transient plasmid DNA transfection was performed using Qiagen Effectene Transfection
Reagent (Qiagen, #301427). Cells were transfected, and 24hours later the cells were used
for experimentation. Stable shRNA transfection of MCF10A cells was done by plating
the cells in a 12-well plate for 24hours and then transfecting the cells with
Polybrene/media mixture plus Nrf2 shRNA lentiviral particles (Santa Cruz, #37030) or
control shRNA (Santa Cruz, #108080) the following day. Stable clones were selected
and maintained using 10µg/mL puromycin. Similarly, stable PC3 cells over-expressing
PTEN were generated by transfecting PC3 cells with 0.5µg of pcDNA3.1-PTEN-V5,
followed by clonal selection using 800 µg /mL G418.
Luciferase assay
For luciferase assays, cells were seeded in a 12 well plate and 24 hours later the cells
were transfected with 100ng/well of the human NQO1 pGL2-hARE-Luc reporter
plasmid, and 10ng/well of the renilla plasmid as an internal control. In the indicated
samples 100ng/well of pcDNA3 or pcDNA3.1-PTEN-V5 was also transfected. The
following day, cells were used for experimentation. Promega Dual-Luciferase Reporter
Assay System (Promega, #E1960) was used to analyze the luciferase and renilla
expression levels.
Cell survival and cell proliferation assays
For cell proliferation and cell survival assays 5,000 cells/well of MCF10A cells and their
isogenic counterparts were seated for experimentation. The Roche xCELLigence System
was used to measure the real-time proliferation of MCF10A cells every 15 minutes. For
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cell survival, seating cells in a 96 well plate generated a dose-response curve. 24 hours
later cells were treated with varying concentrations of etoposide (Sigma, E1383). 72
hours after treatment with etoposide, cell viability was measured by directly adding
thiazolyl blue tetrazolium bromide (Sigma, M2128) to the 96 well plate. After a 3 hour
incubation, the media was removed and the resulting formazan metabolite was dissolved
in DMSO and measured at 565nm using a reference background at 680nm.
ROS measurement
The detection of cellular reactive oxygen species was done using the DCFDA-Cellular
Reactive Oxygen Species Detection Assay Kit (Abcam, #ab113851). Briefly, cells were
plated in a 100mm dish and collected the following day. The cell pellet was resuspended
in 0.3 mL of media + 20µM for 30minutes at 370C. As a positive control, cells were
treated with tert-butyl hydroperoxide for 2 hours. The conversion of DCFDA to DCF by
ROS was detected by flow cytometry by exciting the cells at 488nm and measuring them
at 535nm. The average geometric mean was used to determine the level of ROS in the
cell.
Densitometry and statistical analysis
Band intensities from western blots were analyzed using Image J software, and
normalized to the specific loading control. Statistical significance for experiments was
performed using a 2-tailed Student’s t-test with the data expressed as means ± SD of 3
independent experiments. Values of p < 0.05 were considered significant.
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RESULTS
Single- and bi-allelic deletion of PTEN increases basal Nrf2 nuclear accumulation and
activity

Figure 4-1. Single and biallelic deletion of PTEN increases Nrf2 activity (A) Western blot. Whole cell
lysates of MCF10A PTEN +/+, PTEN +/-, and PTEN -/- were immunoblotted for PTEN, p-Akt (S473), Akt
total, p-GSK3 (S9), GSK3 total, and -actin. (B) Western blot. Whole cell lysates of MCF10A PTEN
+/+, PTEN +/-, and PTEN -/- were immunoblotted for Nrf2, INrf2, NQO1, and -actin. (C) Western blot.
Nuclear extracts of MCF10A PTEN +/+, PTEN +/-, and PTEN -/- were immunoblotted for Nrf2, Fyn,
PTEN, and Lamin B. (D) Western blot. MCF10A PTEN +/+, PTEN +/-, and PTEN -/- were treated with
tBHQ (50µM) for 12 or 24 hours. Whole cell lysates were immunoblotted for NQO1, PTEN, and -actin.
(E) Left panel, ROS measurement. ROS levels in MCF10A PTEN +/+, PTEN -/-, and PTEN-/-,
Nrf2shRNA were measured by flow cytometry. The mean ROS levels + SD from 3 experiments was
plotted and analyzed for statistical significance (* p < 0.05). Right panel, western blot. MCF10A PTEN
+/+ and PTEN -/- cells were treated with control and Nrf2shRNA. Cell lysates were immunoblotted for
Nrf2, PTEN, and -actin.

Genetic disruption of the PTEN gene is a common event in cancers, especially
breast and prostate cancer, and has been implicated in the development of these cancers.
Having recently identified a role for the PI3K/Akt pathway in positively regulating Nrf2
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activity, we wanted to see whether loss of PTEN could also lead to increased Nrf2
activation. To begin, we utilized isogenic clones of the non-tumorigenic mammary
epithelial cell (MEC) line, MCF-10A, that contained targeted deletion of either a single
PTEN allele (PTEN +/-) or deletion of both alleles (PTEN -/-) to more closely mimic the
progressive loss of PTEN observed in the continuum of breast cancer. As expected,
MCF10A cells heterozygous for PTEN displayed an increase in the active
phosphorylation of Akt (phospho-serine 473), which corresponded with an increase in the
inhibitory phosphorylation of its downstream substrate GSK3

(phospho-serine 9)

(Figure 4-1A). Moreover, the basal level of Nrf2 was higher in the MCF10A cells that
were PTEN heterozygous or PTEN null, independent of INrf2 expression, and the
expression of the prototypical Nrf2 target gene, NQO1, inversely correlated with PTEN
status in these cells (Figure 4-1B).

In agreement, the basal nuclear levels of Nrf2 are

also inversely correlated with PTEN status (Figure 4-1C). Having characterized the basal
nature of these cells, we then treated the MCF10A cells with the potent activator of Nrf2,
tert-Butylhydroquinone (tBHQ), in order to investigate the canonical Nrf2 stress response
in cells with a genetic disruption of PTEN. In response to tBHQ, the wild-type MCF10A
cells displayed a time dependent increase in the protein levels of the Nrf2 target gene,
NQO1 (Figure 4-1D). In the MCF10A PTEN +/- cells the basal and tBHQ-inducible
expression levels of NQO1 followed a similar time dependent increase, but at an elevated
level. However, in the MCF10A PTEN-/- cells the protein levels of NQO1 were elevated
at all time points, presumably because of constitutive activation of Nrf2 in the PTEN null
cells. In order to correlate this increase in Nrf2 activity observed in PTEN +/- and PTEN
-/- cells with a more functional phenotype we measured the anti-oxidant defense capacity
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of these cells by determining the level of reactive oxygen species (ROS) in the MCF10A
PTEN+/+ cells and MCF10A PTEN-/- cells.

As expected, the ROS levels were

significantly lower in the PTEN null cells of the breast cell line MCF10A (Figure 4-1E,
left panel). In order to confirm that the lower ROS levels was due to the increased Nrf2
in the MCF10A PTEN -/- cells we then used lentiviral particles to stably knock-down
Nrf2 in the MCF10A PTEN-/- cells (Figure 4-1E, right panel).

Accordingly, the

MCF10A PTEN -/-, Nrf2shRNA cells had ROS levels near equal to the MCF10A PTEN
+/+ cells, and significantly higher than the MCF10A PTEN -/- cells. Together, this
suggests that loss of PTEN increases Nrf2 activity in breast cells.
Having confirmed a role for loss of PTEN in increasing Nrf2 activity in breast
cells, we then wanted to explore whether this was also true in other cancers where loss of
PTEN is frequently reported. Using the human prostate cancer cell line PC3, which has a
complete deletion of PTEN, and a stable cell line that re-expresses PTEN (PC3-PTEN),
we observed that the tBHQ mediated induction of the Nrf2 target gene NQO1 was
constitutively induced in PC3 cells, and noticeably reduced in PC3-PTEN cells (Figure 42A, left and right panels).

This was further confirmed using a luciferase reporter

construct under the control of the human NQO1 promoter region to which Nrf2 binds
(Figure 4-2B). The re-expression of PTEN into PC3 cells significantly reduced both the
basal, and the tBHQ inducible luciferase levels. However, the PTEN mutant G129E,
which lacks lipid phosphatase activity, does not inhibit the cell’s Nrf2 response. This not
only confirms that PTEN status inversely correlates with Nrf2 activity, but it also
indicates that PTEN’s main effect on the Nrf2 response is by its opposition to PI3K
through its lipid phosphatase activity.
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Figure 4-2. PTEN status inversely correlates with Nrf2 activity. (A) Western blot. PC3 cells and PC3
cells stably transfected with PTEN (PC3-PTEN) were treated with tBHQ (50µM) for 12 or 24 hours.
Whole cell lysates were immunoblotted for PTEN, NQO1, and -actin. The mean densitometry values of
NQO1 relative to -actin + SD from 2 experiments was plotted. (B) Human NQO1-ARE-Luciferase assay.
Hepa1 cells were transfected with human NQO1-ARE-Luciferase reporter plasmid, renilla, pcDNA, PTEN,
or PTEN-G129E. Cells were then treated 50 M tBHQ or DMSO for 16hours. Cells were lysed and
incubated with luciferase substrate. Readings were performed on a luminometer and the mean densitometry
values + SD from 3 experiments was plotted and analyzed for statistical significance (* p < 0.05; **p <
0.005). (C) Western blot. P8 (PTEN +/-) and CaP8 (PTEN -/-) cell lysates were immunoblotted for PTEN,
p-Akt (S473), Akt total, p-GSK3 (S9), GSK3 total, and -actin. (D) Western blot. P8 (PTEN +/-) and
CaP8 (PTEN -/-) cell lysates were immunoblotted for NQO1, GCLC, HO-1, Nrf2, INrf2, and -actin. (E)
Western blot. P8 (PTEN +/-) and CaP8 (PTEN -/-) cells were treated with tBHQ (50µM) for 12 or 18
hours. Lysates were immunoblotted for PTEN, GCLC, NQO1 and -actin. (F)Western blot. P8 (PTEN +/-)
and CaP8 (PTEN -/-) cells were treated with tBHQ (50µM) for 1 or 4 hours. Nuclear lysates were
immunoblotted for Nrf2, Lamin B and LDH.
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Along the continuum of prostate cancer progression PTEN heterozygosity is a
common feature of many early stage prostate cancers, and loss of heterozygosity is
associated with higher-grade tumors. Therefore, we wanted to investigate whether this
progression of PTEN genotypes correlated with Nrf2 activity. Utilizing a mouse primary
cell line that acquired a spontaneous PTEN mutation in a single allele (PTEN-P8), and an
isogenic PTEN null cell line (PTEN-CaP8), which had a targeted deletion of the second
PTEN allele, we were able to further demonstrate that loss of the second PTEN allele
results in increased activity of the PI3K/Akt pathway (Figure 4-2C). More importantly,
the complete loss of PTEN resulted in increased expression of the Nrf2 target genes
NQO1, glutamate cysteine ligase catalytic subunit (GCLC), and heme-oxygenase (HO-1)
(Figure 4-2D). Similarly, in response to tBHQ, the PTEN-CaP8 cells displayed higher
protein expression levels of the Nrf2 target genes GCLC and NQO1 (Figure 4-2E), and
had higher nuclear levels of Nrf2 (Figure 4-2F), suggesting that loss of heterozygosity
(LOH) at the PTEN locus leads to a further increase in Nrf2 activity. Collectively, this
provides strong evidence that loss of PTEN leads to increased Nrf2 activity in cancers.
Loss of PTEN increases drug resistance, proliferation in an Nrf2-dependent manner
Having established a relationship between loss of PTEN and increased Nrf2
activity, we then wanted to identify what functional significance this might provide to the
cells. To begin, we first wanted to see whether loss of PTEN had any effect on the cell’s
sensitivity to the topoisomerase inhibitor, etoposide. After treating MCF10A PTEN +/+,
PTEN +/- and -/- with varying concentrations of etoposide for 36 hours, we analyzed the
cell viability using the MTT assay in order to generate a dose-response curve (Figure 4-
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3A). This revealed that loss of PTEN, even just a single allele, led to an increase in drug
resistance.

Figure 4-3. PI3K/Akt:Nrf2 crosstalk leads to drug resistance, cell proliferation (A) MTT assay.
MCF10A PTEN +/+, PTEN +/-, and PTEN -/- cells were treated with increasing concentrations of
etoposide for 36hrs and cell viability was measured using MTT reagent. The mean densitometry values +
SD from 4 experiments was plotted (B) MTT assay. MCF10A PTEN +/+, and PTEN -/- cells expressing
control shRNA or Nrf2 shRNA were treated with increasing concentrations of etoposide for 36hrs and cell
viability was measured using MTT reagent. The mean densitometry values + SD from 4 experiments was
plotted (C) Cell proliferation assay. MCF10A PTEN +/+, and PTEN -/- cells expressing control shRNA or
Nrf2 shRNA were plated in a 16 well xCELLigence plate. Cell number was measured every 15 minutes for
50 hours. The mean value + SD from 2 experiments was plotted.

Since we had already established that loss of PTEN led to an increase in Nrf2
activity, and Nrf2 has been reported to induce resistance to chemotherapies, we then
wanted to investigate whether the drug resistance encountered upon loss of PTEN was
mediated in part by Nrf2. Utilizing MCF10A PTEN +/+ and PTEN -/- cells that had a
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stable expression of Nrf2shRNA (Figure 4-1E), we generated another dose-response
curve using etoposide. As expected, the silencing of Nrf2 was able to sensitize the
MCF10A PTEN -/- cells to etoposide treatment, roughly equal to that of MCF10A PTEN
+/+ (Figure 4-3B), suggesting that the decreased sensitivity to etoposide observed in cells
with loss of PTEN is a result of increased Nrf2 activity.
Additionally, loss of the tumor suppressor protein PTEN has been reported to
increase cell proliferation, which is a hallmark of cancer (Hanahan and Weinberg, 2000).
Therefore, we also analyzed the MCF10A PTEN +/+ and PTEN -/- cells for their rate of
proliferation. In accordance with the previous reports we observed that MCF10A PTEN /- cells proliferated faster than the PTEN +/+ cells (Figure 4-3C). Interestingly, Nrf2 has
also been reported to enhance cell proliferation, leading us to wonder whether the link
between loss of PTEN and increased Nrf2 activity could explain the differential rates of
proliferation we observed in the MCF10A PTEN +/+ and PTEN

-/- cells.

Using

MCF10A PTEN +/+ and PTEN -/- cells where Nrf2 was silenced we found that the
silencing of Nrf2 in PTEN -/- cells decreased the rate of proliferation, essentially
restoring the growth rate to that of PTEN +/+ levels (Figure 4-3C). Thus, the loss of the
tumor suppressor protein PTEN increases the activity of Nrf2 in these cells, which
functions to enhance cell proliferation and resistance to therapeutic intervention.
DISCUSSION
The tumor suppressor protein PTEN is frequently lost or mutated in cancers
(Blando et al., 2009; Hollander et al., 2011; Podsypanina et al., 1999; Vitolo et al., 2009;
Whang et al., 1998). This is particularly true for prostate and breast cancers, where
approximately 70-80% of prostate cancers and as many as 40% of breast cancers display
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abnormal PTEN levels (Blando et al., 2009; Cairns et al., 1997; Hollander et al., 2011).
As the principal regulator of the oncogenic PI3K/Akt pathway, the loss of PTEN results
in the constitutive activation of PI3K (Liu et al., 2009; Song et al., 2012; Stambolic et al.,
1998). Moreover, increasing evidence has demonstrated that the PI3K/Akt pathway is
instrumental in regulating the Nrf2 stress response pathway through its ability to inhibit
the GSK3 mediated repression of Nrf2 (Shelton and Jaiswal, unpublished; (Lee et al.,
2001; Nakaso et al., 2003; Wang et al., 2008a). In effect, the constitutive activation of
PI3K results in elevated levels of Nrf2 in the cell (Shelton and Jaiswal, unpublished). In
opposition to its beneficial function when expressed at normal levels, the over activation
of Nrf2 is associated with drug resistance, enhanced cell proliferation, and an overall
poor patient prognosis (DeNicola et al., 2011; Hayes and McMahon, 2009; Homma et al.,
2009; Shelton and Jaiswal, 2013; Wang et al., 2008b). Therefore, in this study we
wanted to determine whether loss of PTEN could increase the activity of Nrf2, and if so,
whether the loss of PTEN would result in Nrf2-mediated drug resistance and cell
proliferation.
Through our investigation we were able to clearly demonstrate that the loss of
PTEN resulted in an increase in the activity of Nrf2. Using the non-tumorigenic breast
cell line MCF10A that contained an intact PTEN gene (+/+), a single PTEN allele (+/-),
or deletion of the PTEN gene (-/-) we found that the basal Nrf2 response increased
inversely proportional to the level of PTEN in the cell. That is, with each additional
deletion of the PTEN allele there was an increase in the nuclear Nrf2 levels, and an
associated increase in the basal levels of the prototypical Nrf2 target gene, NQO1 (Figure
4-1B and -1C). Importantly, this correlation between PTEN status and Nrf2 activity was
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also confirmed in prostate cancer cells. In a similar system where a set of isogenic cells
contained either a single allele (PTEN-P8) or complete loss of PTEN (PTEN-CaP8), we
found that the loss of the additional PTEN allele resulted in increased Nrf2 activity,
indicated by elevated protein levels of the Nrf2 target genes NQO1, GCLC, and HO-1
(Figure 4-2D). In addition, we found that re-expressing PTEN in the prostate cancer cell
line PC3 (PTEN -/-) resulted in a decrease in the Nrf2 response (Figure 4-2A, -2B).
More importantly, the increase in Nrf2 activity in cells with a loss of PTEN led to Nrf2mediated drug resistance and enhanced cell proliferation (Figure 4-3B, -3C).
The results from this study help to shed light on a couple of uncertainties
surrounding the role of Nrf2 in carcinogenesis. In using the non-tumorigenic cell line
MCF10A and the P8/CaP8 cells as a model, they represent early stage samples,
especially the heterozygous PTEN (+/-) samples. This helps to offer a window into
understanding the carcinogenesis process and what role Nrf2 plays in mediating the
transition from a benign to malignant phenotype. The results presented here would
suggest that Nrf2 is likely a passenger in the process, rather than a driver, since loss of
the tumor suppressor protein PTEN is needed in order to initiate the increase in Nrf2
activity. However, the observed increase in cell proliferation, and drug resistance that is
provided by Nrf2 in the cells with a loss of PTEN suggests that Nrf2 is, at the very least,
a contributing factor to the carcinogenesis process. In effect, this not only identifies Nrf2
as a mediator in the carcinogenesis process, but it helps to identify loss of PTEN as a key
pivot point that shifts Nrf2 from being beneficial towards oncogenic.
In addition, these findings underscore the increasingly clear association between
the PI3K/Akt/PTEN and the Nrf2 pathways, helping to establish it as a non-canonical
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pathway in Nrf2 regulation. It is temping to speculate that these two pathways may have
converged as an evolutionary adaptation to oxidative stress.

For example, reactive

cysteine residues in PTEN are known to be oxidized by reactive oxygen species, which
renders the phosphatase inactive, and these residues can be reduced back to their original
form by the help of such antioxidant enzymes as peroxiredoxin (Prx) and thioredoxin
(Trx) (Cao et al., 2009; Kwon et al., 2004; Lee et al., 2002). Interestingly, these same
enzymes are known to be transcriptionally regulated by Nrf2 (He and Ma, 2012; Kim et
al., 2007; Tanito et al., 2007). Therefore, the crosstalk between the PI3K/Akt/PTEN and
Nrf2 pathway may have evolved as a negative feedback loop to restore the balance of the
PI3K/Akt/PTEN pathway when PTEN is oxidized, by reversing the oxidation of PTEN
and shutting off the PI3K/Akt pathway. However, mutation or loss of PTEN creates a
scenario where the PI3K/Akt pathway is constantly activating the Nrf2 response. While
plausible, further research is needed in order to verify whether this feedback loop occurs
in an actual cell.
In conclusion, the findings from this study demonstrate that the loss of PTEN
leads to an increase in the activity of Nrf2. These results, coupled with the previous
conclusions drawn from our work on the role of the PI3K/Akt/GSK3 axis in activating
Nrf2, demonstrate that the PI3K/Akt/PTEN pathway is a target of oxidative stress, and
serves to activate the Nrf2 stress response pathway (Figure 4-4). In the absence of
PTEN, the PI3K/Akt/GSK3 pathway is constitutively activated, resulting in increased
activity of Nrf2 and, in turn, the increase in Nrf2 activity provides the cell with an
enhanced ability to resist drugs, and to proliferate at a greater rate.
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Figure 4-4. Model depicting the role of PTEN in activating Nrf2
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CHAPTER FIVE

NUCLEAR LOCALIZATION OF PROTEIN TYROSINE KINASE FYN
REQUIRES SH2 AND SH3 DOMAINS AND REGULATES NRF2 NUCLEAR
EXPORT†

The tyrosine-protein kinase Fyn is a member of the Src-A subfamily (Src, Fyn,
Yes, and Fgr) and has been reported to be over-expressed in various cancers, where it is
thought to play a role in cell proliferation, migration, and invasion. While the majority of
Fyn is localized to the cell membrane via myristoylation and palmitoylation, a subpopulation is known to localize to the nucleus. Previously, we have reported that the
nuclear localization of Fyn is dynamic in response to oxidative stress, and functions to
deactivate the anti-oxidant transcription factor Nrf2. However, it remains unclear how
Fyn and the other Src-A subfamily kinases localize to the nucleus. Preliminary evidence
has suggested a role for GSK3 in mediating the nuclear translocation process, but has
yet to be established whether GSK3 is necessary for Fyn nuclear import. In this study,
we report that GSK3

regulates, but is not essential for the nuclear import of Fyn.

Rather, both the SH3 and SH2 domains of Fyn (amino acids 82-246) are required for Fyn
localizing to the nucleus due to a putative bipartite nuclear localization signal in the SH2
domain (amino acids 204-218) that enables the protein to localize in the nucleus.

Portions of this work have been published in The Journal of Biological Chemistry
(Niture et al., 2011)
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Together, this information will help to identify potential points for intervening and
disrupting in Fyn nuclear localization.
INTRODUCTION
Src kinase was first discovered in 1979 by J. Michael Bishop and Harold E. Varmus as
the gene responsible for the oncogenic activity of the Rous sarcoma virus (Oppermann et
al., 1979). This led Src to not only become the first oncogene, but also the first tyrosine
kinase to be discovered. Many decades of research since have highlighted the oncogenic
potential that constitutive activation of Src can play in transforming normal cells towards
cancer cells (Kim et al., 2009). Additional proteins have also been identified that are
structurally similar and have a great degree of homology to Src kinase, resulting in the
characterization of a greater Src family of kinases (SFK) that can be divided into three
subfamilies: the Src-A subfamily (Src, Yes, Fyn, and Fgr), the Src-B subfamily (Lyn,
Lck, Hck, and Blk) and Fyn related kinase (Frk; also known as Intestine tyrosine kinase
(Itk)/ Nuclear tyrosine protein kinase Rak) in its own subfamily (Thomas and Brugge,
1997). All family members are non-receptor tyrosine kinases, possessing an N-terminal
unique region of high variability among the members termed Src homology 4 (SH4)
domain, a Src homology 3 (SH3) domain, a SH2 domain, and a SH1 domain that is
responsible for the enzymatic activity (Roskoski Jr, 2004).
Although the members of the SFK share the same general structure, there is a
great amount of diversity in the substrates that they regulate (Takeda et al., 2010).
Recently, we found this to be especially true for the ability of the SFK to regulate the
antioxidant transcription factor Nrf2 (Niture et al., 2011). In a delayed response to
oxidative stress, the Src-A subfamily members were found to phosphorylate Nrf2 at Tyr87

568 and trigger its nuclear export and degradation (Niture et al., 2011). However, the
Src-B subfamily member Lyn had no effect on Nrf2 function. Despite a clear mechanism
having been elucidated for how the Src kinase-A subfamily regulates Nrf2 nuclear
export, it remains largely unclear how the Src-A subfamily is able to enter the nucleus.
Preliminary evidence has suggested that GSK3 may be involved in the process, perhaps
by directly phosphorylating the kinases (Jain and Jaiswal, 2007; Niture et al., 2011).
Therefore, in this study we sought to clarify the role of GSK3 in the nuclear import of
the Src-A subfamily member Fyn, and identify how the kinase is able to translocate into
the nucleus.
In this study, we demonstrate that GSK3 regulates, but is not essential for Fyn
nuclear import. Instead, we found that the SH2 and SH3 domains of Fyn are required for
its nuclear import, while the SH2 domain alone is sufficient, presumably because of a
putative nuclear localization sequence in the SH2 domain.

EXPERIMENTAL PROCEDURES
Cell culture and chemicals
Human hepatoblastoma (HepG2), and mouse hepatoma (Hepa1), were obtained from the
American Type Culture Collection (ATCC; Manassas, VA, USA). MEF GSK3 (+/+),
MEF GSK3 (-/-), and GSK3 (-/-) cells were kindly provided by Dr. Jim Woodgett
(Samuel Lunenfeld Research Institute, Ontario, CA). Dr. Ida S. Owens (National
Institutes of Health) kindly provided Src-, Yes-, and Fyn-positive (SYF+/+) and Src-,
Yes-, and Fyn-null (SYF / ) mouse embryonic fibroblasts. HepG2 cells were grown
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under standard conditions in MEM ; Hepa1, and MEF cells were grown in DMEM. All
were supplemented with 10% FBS, penicillin (40 U/ml), and streptomycin (40 µg/ml). In
related experiments, the cells were treated with 50µM tert-butylhydroquinone (t-BHQ;
Sigma #112941); or DMSO as a vehicle for different time intervals. Inhibitors used were
Lithium Chloride (Sigma, #310478), and Leptomycin B (EMD Millipore, #431050).
Plasmid construction
FLAG-tagged Fyn, Src, Yes, and Lyn plasmids were received as a generous gift from Dr.
Shigeki Miyamoto (Dept. of Pharmacology, University of Wisconsin Medical School).
The construction of the mouse pCMX-FLAG-Nrf2 and the reporter plasmid human
NQO1 pGL2-hARE-Luc were described previously (Chapter 2). The pcDNA3-GFPMCS-lacZ plasmid and the pcDNA3-GFP-NLS-lacZ plasmid were generated in Thomas
Stamminger’s lab and purchased from addgene (Addgene, #20702 and #20701,
respectively).
TABLE 5-1
Oligo

Comments

Sequence (5’ to 3’)

FYN FWD

Cloning into
FLAG with XbaI

GCGCTCTAGAGAATTCGTCGAGACCATGGGCTGT
GTG

FYN REV

Cloning into
FLAG with
BamHI

CGCGGATCCGATATCCAGGTTTTCACCAGGTTGGT
A

SH4 FWD

SH4 Domain
deletion with
EcoRI

GCATGCGAATTCACAGGAGTGACACTGTTTGT

SH4 REV

SH4 Domain
deletion with
NheI

ATACGAGCTAGCTCACAGGTTTTCACCGGGCT
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SH3 FWD1

SH3 Domain
deletion with
EcoRI

GCATGCGAATTCATGGGCTGTGTGCAATGTAA

SH3 REV1

SH3 Domain
deletion with
XhoI

GCAATCCTCGAGCCCTCCTCTCGTGCGTAGGG

SH3 FWD2

SH3 Domain
deletion with
XhoI

TGTGCACTCGAGATCCAGGCAGAAGAGTGGTA

SH3 REV2

SH3 Domain
deletion with
NheI

ATACGAGCTAGCTCACAGGTTTTCACCGGGCT

SH2+linker
s FWD1

SH3 Domain
deletion with
EcoRI

GCATGCGAATTCATGGGCTGTGTGCAATGTAA

SH2+linker
s FWD2

SH2 domain
deletion with
XhoI

TGTGCACTCGAGTGGGAAGTTGCACGTGACTC

SH2+linker
s REV2

SH2 domain
deletion with
NheI

ATACGAGCTAGCTCACAGGTTTTCACCGGGCT

SH3+ SH2
FWD1

SH3+SH2
domain deletion
with EcoRI

GCATGCGAATTCATGGGCTGTGTGCAATGTAA

SH3+ SH2
REV1

SH3+SH2
domain deletion
with XhoI

GCAATCCTCGAGCCCTCCTCTCGTGCGTAGGG

SH3+ SH2
FWD2

SH3+SH2
domain deletion
with XhoI

TGTGCACTCGAGTGGGAAGTTGCACGTGACTC

SH3+ SH2
REV2

SH3+SH2
domain deletion
with NheI

ATACGAGCTAGCTCACAGGTTTTCACCGGGCT

SH1

SH1 domain
deletion with
XhoI

GCAATCCTCGAGAGCATCTTTAGCCAATCCAG
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SH3 FWD

Cloning into
GFP-MCS-lacZ
with NheI

GCAATCGCTAGCACAGGAGTGACACTGTTTGT

SH3 REV

Cloning into
GFP-MCS-lacZ
with AgeI

TATATAACCGGTGGAGTCAACTGGAGCCACGT

SH2 FWD

Cloning into
GFP-MCS-lacZ
with Nhe1

GCAATCGCTAGCTGGTACTTTGGAAAACTTGG

SH2 REV

Cloning into
GFP-MCS-lacZ
with AgeI

TGTGCAACCGGTTGAAACCACAGTTAAGTTAA

Table 5-1. List of primers used for cloning Fyn plasmids.
Preparation of Fyn domain deletions
The mouse Fyn isoform 2 cDNA was amplified from the image clone obtained from
ATCC with the primers listed in Table 5-1 and subcloned into the pCMX-FLAG vector
digested with similar enzymes. The resultant plasmid was designated as FLAG-Fyn.
pCMX-FLAG-Fyn domain deletions were created using the specific primers listed in
Table 5-1. Briefly, 100ng of the pCMX-FLAG-Fyn plasmid DNA was PCR amplified
using the listed primers and REDtaq ready mix (Sigma, #R2523). The plasmid product
was electrophoresised and purified using a gel extraction kit (Qiagen, #28704). The PCR
product, along with the empty pCMX-FLAG vector, was then digested with the specified
restriction enzyme for 1 hour at 370C. The digested product was electrophoresised and
purified using a gel extraction kit. 30ng of the insert and 10ng of the vector were then
ligated using a Rapid DNA Ligation Kit according to the manufactures protocol (Roche,
#11635379001). The ligated DNA was then transformed into Top10 E. coli competent
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cells. Successfully clones were selected using 100 µg/mL ampicillin agarose plates. All
constructs

were

confirmed

by

DNA

sequencing

with

the

help

of

the

Biopolymer/Genomics Core Facility (University of Maryland School of Medicine).
Preparation of cell lysates and western blotting
Whole cell lysates for western blotting were prepared as described previously (Chapter
2). Subcellular fractionation was performed according to the manufacture’s protocol
using a nuclear extraction kit (Active Motif, # 40410).

Protein concentration was

determined using the Bio-Rad Protein Assay reagent (Bio-Rad #500-0006). Western
blotting analysis was performed as described previously (Chapter 2). Primary antibodies
used in this study were as follows: anti-Fyn (Cell Signaling, #4023), anti-Src (Cell
Signaling, #2123), anti-Yes (Cell Signaling, #3201), anti-Fgr (Cell Signaling, #2755),
anti-Lyn (Cell Signaling, #2796), anti-Nrf2 (Santa Cruz, #13032), anti- -actin (Sigma,
A5316), anti-LDH (Chemicon, Billerica, MA, USA), anti-Lamin B (Santa Cruz, #6217),
anti-GSK3 total (Cell Signaling, #9315), and anti-FLAG-M2-Hrp (Sigma, A8592).
Plasmid DNA and siRNA transient transfection
Plasmid DNA transfection was performed using Qiagen Effectene Transfection Reagent
(Qiagen, #301427). Cells were transfected, and 24hours later the cells were used for
experimentation. siRNA transfection was performed using Lipofectamine RNAi Max
Reagent (Invitrogen, #13778-150), OPTI-MEM media (Invitrogen, #31985), and
antibiotic free media at the time of cell plating, and cells were incubated for 36 hours
before experimentation. siRNA targeting Src and Fyn kinases were purchased from
Ambion.
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Luciferase assay
For luciferase assays, cells were seeded in a 12 well plate and 24 hours later the cells
were transfected with 100ng/well of the human NQO1 pGL2-hARE-Luc reporter
plasmid, and 10ng/well of the renilla plasmid as an internal control. The following day,
cells were used for experimentation. Promega Dual-Luciferase Reporter Assay System
(Promega, #E1960) was used to analyze the luciferase and renilla expression levels.
Microscopy
Immunofluorescence microscopy was used to visualize the localization of Nrf2 and Fyn
in the nucleus. Hepa1 cells were transfected with plasmid DNA and 24 hours later the
cells were split and seeded onto a chamber slide. Cells were fixed in 4% formaldehyde
for 10mins at 370C. Slides were washed with PBS and stained with anti-FLAG-M2-FITC
(Sigma, #F4029), or anti-V5-FITC (Invitrogen, #R963-25), as indicated. Slides were
mounted using vectashield with DAPI (Vector Labs #H-1200).
Molecular modeling
The molecular modeling for Fyn kinase was performed using the crystal structure at 1.7
Å resolution of the human tyrosine-protein kinase c-Src (1FMK) that was generated by
the Eck Lab (Xu et al., 1997). Modeling was done on the PyMOL Molecular Graphics
System, Version 1.5.0.4 Schrödinger, LLC (Schrodinger, 2010).
Densitometry and statistical analysis
Band intensities from western blots were analyzed using Image J software, and
normalized to the specific loading control. Statistical significance for experiments were
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performed using a 2-tailed Student’s t-test with the data expressed as means ± SD of 3
independent experiments. Values of p < 0.05 were considered significant.
RESULTS
Src-A subfamily kinases regulate nuclear export and degradation of Nrf2

Figure 5-1. Src-A subfamily kinases inhibit Nrf2 (A) Immunofluorescence. Hepa1 cells were transfected
with Nrf2-V5 and FLAG-Fyn or pcDNA. 24 hours later the cells were treated with DMSO or LMB for 2
hours. Cells were fixed, stained with anti-V5-FITC, and mounted with DAPI. (B) Human NQO1-ARELuciferase assay. Hepa1 cells were transfected with the human NQO1-ARE-Luciferase reporter plasmid,
renilla, and pcDNA3 or FLAG-mNrf2 (0.2 µg), plus increasing amounts of FLAG-Fyn (0.1, 0.2, 0.5. 1.0
µg). 24 hours later cells were lysed and incubated with luciferase substrate. Readings were performed on a
luminometer and calculations were averaged + SD from three independent experiments (C) Human NQO1ARE-Luciferase assay. Hepa1 cells were reverse transfected with Fyn, Src, or non-coding siRNA (0, 5, 10,
50 pmol) for 24hours, followed by forward transfection of the human NQO1-ARE-Luciferase reporter
plasmid and renilla. Readings were performed as in B. (D) Western blot. MEF SYF +/+ and SYF -/- cell
lysates were immunoblotted for Src, Fyn, Fgr, Yes and -actin. (E) Human NQO1-ARE-Luciferase assay.
MEF SYF +/+ and SYF -/- cells were transfected with the human NQO1-ARE-Luciferase reporter plasmid
and renilla for 24hours. Cells were treated with DMSO or 50µM tBHQ for 16hours, lysed and incubated
with luciferase substrate. Readings were performed as in B.
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In order to demonstrate that the Src-A subfamily kinases inhibit Nrf2 activity we
co-expressed FLAG-Fyn or an empty vector in Hepa1 cells that had over-expression of
Nrf2-V5. Immunofluorescent staining for Nrf2-V5 revealed that co-expression with
FLAG-Fyn, but not the empty vector, resulted in a decrease in the nuclear levels of Nrf2
(Figure 5-1A, left panel). However, the co-expression of FLAG-Fyn with Nrf2 in cells
treated with leptomycin B (LMB), a potent inhibitor of nuclear export, failed to shuttle
Nrf2 out of the nucleus (Figure 5-1A, right panel). Furthermore, we utilized a luciferase
reporter construct under the control of the human NQO1 promoter region to which Nrf2
binds, and found that the over-expression of Fyn resulted in a dose-dependent decrease in
the Nrf2-mediated luciferase activity (Figure 5-1B). Conversely, the silencing of both
Fyn and Src kinase in this system resulted in an increase in the Nrf2-mediated luciferase
activity (Figure 5-1C).

We then used mouse embryonic fibroblasts (MEF) cells

containing the Src-A subfamily kinases (SYF +/+), and compared their ability to induce
the luciferase signal against MEF cells lacking the Src-A subfamily kinases (SYF -/-)
(Figure 5-1D). As expected, we found that the MEF cells that did not have the Src-A
subfamily kinases were able to induce a much greater luciferase signal (Figure 5-1E).
Together, this validated the role of the Src-A subfamily kinases in shuttling Nrf2 out of
the nucleus, and thereby repressing Nrf2 transcriptional activity.
GSK3 regulates Fyn nuclear import, but is not essential
Previously, it has been shown that the inhibition of GSK3 with lithium chloride
(LiCl) results in lower levels of Fyn in the nucleus (Jain and Jaiswal, 2007).

In

agreement, we found that by treating Hepa1 cells with LiCl, an inhibitor of GSK3 , the
response to both tBHQ- and hydrogen peroxide-induced nuclear translocation of the Src95

A subfamily members Fyn, Src, and Yes, was dampened (Figure 5-2A). Conversely,
neither LiCl nor stressors affected the nuclear levels of Lyn. More importantly, in
decreasing the nuclear levels of the Src-A subfamily members, there was an observed
increase in the nuclear levels of Nrf2 (Figure 5-2A).
Interestingly, while LiCl lessened the nuclear levels of the Src-A subfamily
members, it did not completely occlude the kinases from the nucleus.

In order to rule

out the possibility of incomplete inhibition of GSK3 , we investigated the nuclear levels
of Fyn in MEF cells that were deficient in GSK3 , or GSK3 . Unexpectedly, Fyn was
predominately localized in the nucleus, irrespective of GSK3 or GSK3 status (Figure
5-2B). In effect, this suggested that while GSK3 can regulate the nuclear localization of
Fyn, it is not essential in the process.

Figure 5-2. GSK3 regulates Fyn nuclear import, but is not essential (A) Western blot. Hepa1 cells
were pretreated with LiCl (50mM) for 2 hours and then treated with either 50µM tBHQ, 2mM H202, or
DMSO for the indicated time points. Nuclear lysates were immunoblotted for Fyn, Src, Yes, Lyn, Nrf2,
Lamin B (nuclear marker), and LDH (cytosolic marker). (B) Western blot. Cytosol and nuclear lysates of
MEF GSK3 cells were immunoblotted for Fyn, GSK3 , Lamin B, and LDH.
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Fyn domain deletions identify SH3 and SH2 domains as necessary for nuclear import

Figure 5-3. Fyn domain deletions (A) Model depicting the Fyn domain deletion constructs (B) Western
blot. Left panel, HepG2 cells were transfected with the FLAG-Fyn constructs from A. Subcellular
fractionated lysates were immunoblotted for FLAG-Fyn, Lamin B, and LDH. Right panel, densitometry of
the western in the left panel.

In using Fyn kinase as a model, we then systematically deleted each of the
individual domains of Fyn in order to pin point how it is translocated into the nucleus
(Figure 5-3A).

Subcellular fractionation studies demonstrated that only the double

deletion of both the SH3 and SH2 domains (amino acids 82-260) resulted in the absence
of Fyn from the nucleus (Figure 5-3B). This was further confirmed when we tested to
see whether the tBHQ-stress response could induce nuclear translocation (Figure 5-4A).
In repeated experiments we found that only the deletion of both SH3 and SH2 domains
resulted in a significant loss of nuclear Fyn, as compared to the wild-type construct
(Figure 5-4B). Interestingly, we noticed that deletion of the SH1 domain resulted in an
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Figure 5-4. Subcellular localization of Fyn domain deletions (A) Western blot. HepG2 cells were
transfected with FLAG-Fyn constructs. Subcellular fractionated lysates were immunoblotted for FLAGFyn, Lamin B, and LDH. (B) Mean densitometry values + SD from 3 experiments was plotted and
analyzed for statistical significance (* p < 0.05).

equal distribution of Fyn in both the nucleus and the cytoplasm. However, we noted that
deletion of the entire SH1 domain resulted in a protein of only 29kD, well below the
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requirement for active nuclear transport (Terry et al., 2007). Nonetheless, we could not
rule out the possibility that the SH1 domain is somehow involved in sequestering Fyn in
the cytoplasm, causing its deletion to promote nuclear localization. Therefore, in order to
confirm that this high level of Fyn- SH1 in the nucleus was due to passive diffusion, we
cloned Fyn- SH1 into a construct where it would be fused with green fluorescent protein
(GFP), a protein of roughly 27kD, thereby creating a protein of 56kD. As expected, FynSH1-GFP exhibited a similar cellular distributed as that of the wild-type Fyn (5-4A).
In an effort to safely conclude that deletion of the SH3 and SH2 domains
abolished nuclear import, we halted nuclear export by treating cells with LMB.
Compared to the full length protein (Figure 5-5A), the double domain deletion mutant
Fyn- SH3+ SH2 was not able to accumulate in the nucleus, even in the presence of
LMB (Figure 5-5B). Collectively, this demonstrates that the SH2 and SH3 domains of
Fyn are required for Fyn nuclear import.

Figure 5-5. Fyn- SH3+ SH2 does not localize in nucleus (A, B) Western blots. HepG2 cells were
transfected with FLAG-Fyn-WT (A) or Fyn- SH3+ SH2 (B). Cells were then treated with DMSO or
20ng/ml LMB for 2 hours. Subcellular fractionated lysates were immunoblotted for FLAG-Fyn, Lamin B,
and LDH.
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Fyn SH2 domain is sufficient for nuclear translocation
Having implicated the Fyn SH3-SH2 domains as being necessary for nuclear
localization, we then wanted to see whether the domains were sufficient for nuclear

Figure 5-6. Immunofluorescent microscopy. Hepa1 cells were transfected with (A) GFP-LacZ (B) GFPSV40NLS-LacZ (C) GFP-mFynSH3-LacZ (D) GFP-mFynSH2-LacZ or (E) GFP-mFynSH2+SH3-LacZ.
Cells were then fixed and mounted with DAPI.
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localization. In order to investigate the ability of the domains to regulate Fyn nuclear
localization we utilized a construct that had a simultaneous fusion of GFP and betagalactosidase (lacZ) (Sorg and Stamminger, 1999). The product of this fusion is too large
(~139kD) to enter the nucleus passively, and possesses no intrinsic nuclear localization
sequence (NLS) that would allow it to autonomously localize to the nucleus (Figure 56A). However, when the NLS, PKKKRKV, of the Simian Vacuolating Virus (SV40) T
antigen is fused to the construct, it is able to strongly localize in the nucleus (Figure 56B). Thus, we fused the SH3, SH2, and SH3+SH2 regions of Fyn into the GFP-lacZ
construct and analyzed the level of nuclear localization (Figure 5-6C-E). Interestingly,
the GFP-FynSH2-LacZ fusion was able to strongly localize in the nucleus, whereas the
GFP-FynSH3-lacZ tended to form foci in the cytoplasm and the GFP-FynSH2+SH3-lacZ
was a hybrid of the two, localizing slightly in the nucleus, but also forming foci in the
cytoplasm (Figure 5-6C-E). This led us to conclude that the Fyn-SH2 domain was
sufficient for nuclear localization.
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Fyn SH2 domain contains a putative nuclear localization sequence

Figure 5-7. Putative NLS in Fyn SH2 (A) Conserved amino acid sequence between the SFK. (B)
Molecular model putative NLS in mouse Fyn isoform 2 (C) Molecular model of mFyn2 based on the
crystal structure of human c-Src, highlighting the SH3 domain (orange), the basic amino acids in bold from
A (green), and the YY motif (red).

The NLS can be defined by two classes: a monopartite NLS that has a single
cluster of the basic amino acids lysine (K) and/or arginine (R), or a bipartite NLS that has
two clusters of basic amino acids separated by 10-12 amino acids (Kosugi et al., 2009;
Lange et al., 2007). Since the GFP-FynSH2-lacZ fusion protein was able to localize in
the nucleus, we then analyzed the SH2 domain for any putative nuclear localization
sequences. Interestingly, amino acids 204-KIRK-207 contained a cluster of basic amino
acids and was flanked by a single basic amino acid (218R) ten amino acids away, which
roughly conforms to the bipartite NLS (Figure 5-7A). Furthermore, this sequence was
highly conserved in the Src-A subfamily, but not the Src-B subfamily, and resided in the
same region that had been previously identified as a putative bipartite NLS in the nuclear
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tyrosine kinase Frk (Figure 5-7A) (Cance et al., 1994). Therefore, we determined that the
SH2 domain contains a putative NLS between amino acids 204-218.
DISCUSSION
Src kinase and the members of the SFK have long been an area of active research
in the cancer field due to their oncogenic capabilities (Kim et al., 2009; Roskoski Jr,
2004; Thomas and Brugge, 1997). Recently, the Src-A subfamily has emerged as a key
regulator in the Nrf2 antioxidant response pathway (Jain and Jaiswal, 2006; Jain and
Jaiswal, 2007; Niture et al., 2011). Under the control of GSK3 , oxidative stress induces
the Src-A subfamily to translocate into the nucleus and phosphorylate Nrf2 at Tyr-568,
resulting in the nuclear export and degradation of the transcription factor (Jain and
Jaiswal, 2007; Niture et al., 2011). Thus, the Src-A subfamily represses Nrf2 activity. In
the present study, we have corroborated those previous findings and elaborated further by
demonstrating how the Src-A subfamily member Fyn localizes to the nucleus. Through a
series of domain deletions of Fyn we were able to identify the SH2 and SH3 domains as
both being necessary for nuclear localization. Further analysis of the region between the
SH2 and SH3 domains identified a putative nuclear localization sequence within amino
acids 204-218 of the SH2 domain that might be involved in Fyn nuclear import.
The finding that there is a putative nuclear localization sequence within amino
acids 204-218 is particularly interesting on multiple levels. For one, this conforms with a
previous report that the same stretch of amino acids in the homologous nuclear tyrosine
kinase FRK are responsible for its nuclear localization (Cance et al., 1994). However, the
sequence is not entirely identical in Fyn, particularly with respect to the stretch of
arginine residues at the C’ terminal end of the sequence and the double tryptophan repeat
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(FF), which the authors suggest is important in the nuclear localization of Frk.
Interestingly, with respect to the FF repeat, these same residues correspond to Fyn Tyr213 and Tyr-214. Previously it was reported that phosphorylation of Fyn Tyr-213 triggers
its nuclear export (Kaspar and Jaiswal, 2011). Perhaps, phosphorylation of Fyn Tyr-213
inactivates the NLS, and prevents its nuclear localization. This would not be completely
unfounded, as such a mechanism has been reported in other proteins with a NLS
(Nardozzi et al., 2010). Moreover, molecular modeling reveals that Fyn Tyr-213 may
interact with Fyn Lys-207, suggesting that phosphorylation of Tyr-213 could directly
effect an integral part of the putative NLS (Figure 5-7B). Further analysis into whether
Tyr-213 does, in fact, disrupt the putative NLS is needed in order to make this
assumption.
It was also interesting to find that both the SH2 and SH3 domains are necessary
for Fyn nuclear import, since Fyn was still observed to localize in the nucleus with just a
single domain deletion of SH2 or SH3 alone, and yet the SH2 domain itself is sufficient
to regulate Fyn nuclear localization. This would suggest that the SH3 domain has some
ability to regulate Fyn nuclear localization, but is insufficient to promote nuclear
localization alone.

Since the SH3 domain is known to mediate protein-protein

interactions, perhaps a second mechanism is also responsible and Fyn can also undergo
nuclear import by SH3 mediated interaction with a shuttling protein. To speculate further,
it is possible that the reason this mechanism does not function in the GFP-SH3-lacZ
fusion protein is because of a specific conformational requirement that can only be
achieved in the endogenous Fyn setting.
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Additionally, we were also very surprised to find that GSK3 is not essential for
Fyn nuclear import, despite evidence that nuclear localization of Fyn and the other Src-A
subfamily members is disrupted when GSK3

is inhibited. This would suggest that

another kinase might be able to compensate for the lack of GSK3 in the GSK3 -/MEFs. One likely candidate would be GSK3 . Although Fyn nuclear localization in
GSK3

-/- MEFs was also not disrupted, it is possible that both isoforms regulate the

nuclear import of the Src-A subfamily kinases. As such, the loss of one isoform could be
compensated by the other isoform, which justifies future studies using a double knockout
of GSK3 / -/-.
While this study helps to establish a possible mechanism for how Fyn is able to
localize in the nucleus, it is evident that further research is needed.

Questions still

remain about whether this putative NLS is functional, and whether it is operative in the
other Src-A subfamily members. Additionally, if Fyn Tyr-213 phosphorylation does
inactive

its

NLS,

what

kinase/phosphatase

is

responsible

for

its

phosphorylation/dephosphorylation and how are they regulated? As such, this study lays
the foundation for future investigation into the Fyn NLS.
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CHAPTER SIX
CONCLUSIONS, SIGNIFICANCE, AND FUTURE DIRECTIONS
CONCLUSIONS AND SIGNIFICANCE
The stress response transcription factor Nrf2 is an essential factor in the cell’s
defense against oxidative and electrophilic stress (Kaspar et al., 2009; Ma, 2013; Zhang,
2006). However, over-activation of Nrf2 is oncogenic, thus characterizing Nrf2 as a
proto-oncogene (Shelton and Jaiswal, 2013).

This highlights the importance of

maintaining Nrf2 in a proper balance in the cell. Historically, the INrf2-Cul3-Rbx1
mediated degradation of Nrf2 has been the most widely studied mechanism for regulating
Nrf2 activity. Collective research into the INrf2:Nrf2 relationship has resulted in what
can be considered the canonical Nrf2/INrf2 signaling pathway. In recent years another
pathway that is responsible for regulating Nrf2 has emerged.

This non-canonical

pathway of Nrf2 repression is mediated by indirect and direct mechanisms involving
GSK3 (Chowdhry et al., 2012; Jain and Jaiswal, 2007; Niture et al., 2011; Rada et al.,
2011; Rada et al., 2012; Rojo et al., 2008a; Rojo et al., 2008b; Salazar et al., 2006). The
aim of this dissertation was to elucidate the mechanisms involved in the non-canonical
GSK3 /Nrf2 pathway.
The first specific aim was to identify the upstream kinases that were responsible
for regulating GSK3 in response to the redox quinone tBHQ. In this part of the study it
was concluded that the PI3K/Akt pathway is rapidly activated in response to tBHQ, and
this serves to induce the inhibitory phosphorylation on GSK3 -Ser9. Once inhibited, the
nuclear accumulation of Fyn kinase subsided, thereby facilitating increased Nrf2 nuclear
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import.

Furthermore, GSK3 -Ser9 phosphorylation also inhibited the kinase from

directly phosphorylating and inhibiting Nrf2. The role for PI3K/Akt in inhibiting GSK3
mediated Nrf2 degradation was further substantiated by analyzing the Nrf2 response in
breast cancer cells that contained a constitutively active PI3K. The mutated PI3K led to
increased nuclear accumulation and activation of Nrf2, as compared to cells with a wildtype PI3K.

More importantly, the increased activity of Nrf2, conferred by a

constitutively active PI3K, led to greater drug resistance and cell survival when the cells
were challenged with chemotherapeutics. Taken together, this allowed us to conclude
that the PI3K/Akt pathway is instrumental in regulating the non-canonical GSK3 /Nrf2
pathway.
Observations from the studies in the initial aim noted that the PI3K/Akt mediated
phosphorylation on GSK3 -Ser9 was transient and decreased back to basal levels within
a few hours. This suggested the involvement of a phosphatase in removing the inhibitory
phosphorylation on GSK3 . PTEN is well established as the phosphatase responsible for
counteracting PI3K, and the phosphatases PP1 and PP2A had been previously implicated
in regulating GSK3 . Therefore, the second specific aim of this study was to investigate
the role of the phosphatases PTEN, PP1 and PP2A in regulating Nrf2. Results from our
investigation into the ability of PP1 and PP2A to reverse the inhibitory phosphorylation
on GSK3 identified PP2A as the phosphatase responsible for directly acting on GSK3 Ser9, whereas PP1 was responsible for dephosphorylating Akt and thus indirectly acting
on GSK3 -Ser9. Collectively, this identified these phosphatases are being responsible in
the reactivation of GSK3 . Not surprisingly, we noticed that the inhibition of PP1 and
PP2A led to increased inhibition of GSK3 , as well as a greater induction of the Nrf2
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target genes NQO1 and GCLC.

Therefore, these phosphatases are important in

regulating the GSK3 /Nrf2 pathway. While it is tempting to speculate that Nrf2 may
somehow regulate the expression of these phosphatases in order to facilitate a negative
feedback loop that signals for GSK3 to be reactivated and shut off Nrf2, there was no
evidence that the potent Nrf2 activator, tBHQ, could induce the transcription of PP2AC or PP1-C . Rather, it appears that tBHQ stabilizes PP1 and PP2A, perhaps in order to
prepare them for action when another signal presents itself.
Similarly, we also found that the protein phosphatase and tumor suppressor
protein PTEN is also involved in regulating the GSK3 /Nrf2 pathway. The findings
presented in chapter four demonstrate that the single or biallelic deletion of PTEN in
breast and prostate cells results in an increased activation of the PI3K/Akt pathway,
which facilitates sustained inhibition on GSK3 .

In effect, this leads to increased

activation of Nrf2, and an associated elevation in the expression of the Nrf2 target genes.
Functionally, the loss of PTEN led to greater Nrf2-mediated drug resistance and Nrf2mediated cell proliferation. Thus, the loss of PTEN, an event common to many cancers,
facilitates increased activation of Nrf2, highlighting its role in the non-canonical Nrf2
pathway.
Finally, in the third specific aim we investigated the ability of GSK3
indirectly inhibit Nrf2 by way of the Src-A kinases.

to

The results presented in this

dissertation demonstrate that the Src-A subfamily members trigger the nuclear export of
Nrf2, thereby inhibiting its activity. Further analysis into how the Src-A subfamily
members gain access to the nucleus yielded some promising leads. Interestingly and
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contrary to our expectations, we found that although GSK3 can regulate the nuclear
import of the Src-A subfamily members, it was not required. Rather, in using Fyn kinase
as a model, we found that the SH2 and SH3 domains of Fyn are required for nuclear
localization. Moreover, the identification of a putative bipartite nuclear localization
sequence (amino acids 204-218) in the SH2 domain of Fyn is thought to be sufficient for
Fyn nuclear import.

Figure 6-1. Model depicting the non-canonical GSK3 /Nrf2 pathway.

Collectively, the conclusions drawn from this dissertation help to define the noncanonical GSK3 /Nrf2 pathway as a separate mechanism that is independent of the
regulation on Nrf2 imposed by INrf2, effectively defining GSK3 as a central regulator
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in the activity of Nrf2 (Figure 6-1). In the basal state, GSK3 is constitutively active.
This enables GSK3 to directly phosphorylate a cluster of serine residues in the Neh6
domain of Nrf2, and promote -TrCP-Cul1 mediated degradation of Nrf2. In addition,
GSK3 can promote the indirect inhibition of Nrf2 by facilitating the nuclear import of
Fyn and the Src-A subfamily kinases. In the nucleus, the Src-A subfamily members
phosphorylate Nrf2 at Tyr-568 and trigger its nuclear export, resulting in the deactivation
of the transcription factor. Oxidative stress activates the PI3K/Akt pathway and induces
the inhibitory phosphorylation on GSK3 -Ser9. This effectively prevents GSK3 from
inhibiting Nrf2 and, along with the simultaneous activation of the canonical pathway,
Nrf2 is able to translocate into the nucleus and induce transcription of its target genes.
Following the induction of its target genes, a coordinated network of protein
phosphatases involving PTEN, PP1 and PP2A reverse the PI3K/Akt induced
phosphorylation of GSK3 -Ser9. This reactivates GSK3 -mediated repression on Nrf2,
effectively shutting off the Nrf2 response. Therefore, GSK3 sits as a link between the
upstream signaling cascade and the downstream effecter molecule Nrf2, defining it as a
central regulator in the non-canonical Nrf2 response pathway.

FUTURE VISIONS
In looking to the future direction in which to expand our understanding of the noncanonical Nrf2 response further, it would be attractive to begin by connecting Nrf2
transcriptional activity with the protein phosphatase activity responsible for activating the
GSK3 -mediated shutting off of Nrf2. Under such a negative feedback loop, Nrf2 could
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induce the transcription of factors that result in the deactivation of Nrf2 by way of
GSK3 .

Preliminary evidence looking at tBHQ mediated induction of PPP1CC,

PPP2CA, and PTEN did not identify a role for Nrf2 in regulating the transcription of the
phosphatases (Figure 3-4C, Figure 6-2A). However, it is possible that Nrf2 regulates their
activity by inducing antioxidant enzymes that reactivate the phosphatases. This would
best be explored with PTEN since it has been reported to undergo a reversible
inactivation process in the presence of oxidative stress that results in PI3K activation
(Kwon et al., 2004; Lee et al., 2002; Leslie et al., 2003). It seems highly plausible that
Nrf2 is responsible in reversing the PTEN oxidation, since this process is reported to be
mediated by Trx, glutathione (GSH), and Prx, all genes that are regulated by Nrf2 (Chan
and Kwong, 2000; Kim et al., 2007; Tanito et al., 2007). In fact, preliminary evidence
looking into tBHQ mediated activation of the PI3K/Akt pathway demonstrates that in
cells where Nrf2 is silenced there is an earlier activation of Akt, which corresponds with
earlier inhibitory phosphorylation on GSK3 , and the phosphorylations remain elevated
longer than cells with an intact Nrf2 (Figure 6-2B). This suggests that with lower Nrf2
levels, the cell can not generate sufficient amounts of the reducing enzymes in order to
reverse the inactivation on PTEN and shut off the PI3K induced phosphorylations on Akt
and GSK3 . Future investigations into the ability of Nrf2 to reverse PTEN oxidation
would be helpful in solidifying the crosstalk between the PI3K and Nrf2 pathways
(Figure 6-2C).
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Figure 6-2. Putative Nrf2 negative feedback loop. (A) qPCR. MCF10A cells expressing Ctl or
Nrf2shRNA were treated with 50µM tBHQ or DMSO for the indicated time points. cDNA was subjected to
qPCR. (B) Western blot. MCF10A cells expressing Ctl or Nrf2shRNA were treated with 50µM tBHQ or
DMSO for the indicated time points. Lysates were immunoblotted for Nrf2, PTEN, p-Akt (S473), Akt total,
p-GSK3 (S9), GSK3 total, and -actin.

Similarly, investigation into how PP1 and PP2A are regulated by oxidative stress
is another area that warrants attention. Evidence presented in this dissertation suggests
that tBHQ does not induce the transcription of PPP1CC or PPP2CA (Figure 3-4C).
However, it is clear that PP1 and PP2A are stabilized by tBHQ (Figure 3-5). Since,
PP2A and PP1 function as holoenzymes involving multiple subunits, it is possible that
Nrf2 regulates other factors of the protein phosphatase complex. Interestingly, a recent
study demonstrated that a speciﬁc regulatory B subunit of PP2A, B55

(Ppp2r2a), is

significantly induced in cancer cells at the transcriptional level upon glutamine
deprivation induced ROS accumulation (Reid et al., 2013).
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At the very least, this

demonstrates that ROS can induce a component of the PP2A complex, suggesting that
Nrf2 may be responsible for regulating these phosphatases in a manner that does not
involve the catalytic subunit. Alternatively, it is possible that oxidative stress inactivates
the activity of the PP1 and PP2A by oxidizing cysteine residues in the catalytic subunit of
these enzymes, as has been previously reported (Kim et al., 2003; O'Loghlen et al., 2003;
Rao and Clayton, 2002). In this scenario, Nrf2 may induce a negative feedback loop to
reverse the oxidized cysteines on PP1 and PP2A, thereby reactivating them, which would
allow GSK3 to shut off Nrf2.
As a final point, the mechanism involving Fyn nuclear import should be explored in
greater detail. Since the data presented in this dissertation demonstrate that GSK3
regulates Fyn nuclear import, but is not essential, it would be important to discern
whether GSK3 is capable of also regulating Fyn import, or whether another kinase is
responsible for compensating for the loss of GSK3 -mediated Fyn nuclear import.
Furthermore, the identification of a putative nuclear localization sequence in Fyn
provides a mechanism for its nuclear import, independent of GSK3 . However, the
bipartite sequence lacks the same stretch of arginine residues on its C’ terminus, and is
interrupted by two tyrosine residues that have been reported to be highly phosphorylated.
Perhaps, GSK3

induces phosphorylation in this region that disrupts or prevents

phosphorylation of those tyrosine residues, thereby promoting nuclear localization. In
fact, preliminary evidence using site directed mutagenesis to create a phospho-mimic in
this region led to an increase in nuclear Fyn. Molecular modeling of the human c-Src
protein suggested that Fyn Thr-217 may interact with the phosphorylation prone Tyr-214
(Figure 5-7B). Therefore, we mutated Fyn Thr-217 to glutamine (E) (Fyn T217E) in
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order to create a phosphorylation mimic mutant and we observed a significant increase in
nuclear Fyn (Figure 6-3A). While mass-spectrometry confirmation is needed in order to
confirm that this occurs in the endogenous setting, it is encouraging to see that affecting
an amino acid in the putative NLS region can increase the nuclear accumulation of Fyn.
The results presented in this dissertation have clearly defined GSK3 as being a
central mediator in the Nrf2 response. Clarification of the relationship between GSK3
and Nrf2 has demonstrated that cancer specific mutations in the non-canonical
GSK3 /Nrf2 pathway can shift Nrf2 into a transcription factor capable of regulating drug
resistance and cell survival. Together, this highlights that as we continue to investigate
how a cancer cell shifts Nrf2 from being a chemopreventive factor towards an oncogene,
it is important to be mindful of not only the canonical Nrf2/INrf2 pathway, but also the
non-canonical Nrf2/GSK3 pathway.

Figure 6-3. Fyn T217 phosphomimic accumulates in nucleus. (A) Western blot. HepG2 cells were
transfected with wild-type Fyn or the Fyn T217E phosphomimic mutant. Cells were treated with tBHQ or
DMSO for 6 hours. Cytosolic and nuclear fractions were immunoblotted for Flag-Fyn, LDH and Lamin B.

More broadly, this dissertation has the ability to contribute to the ongoing efforts
of identifying the molecular signatures of individual tumors. Perhaps, in the not so
distant future, patients will be screened for PI3K/PTEN status and Nrf2 expression levels
in order to stratify those that would benefit from a PI3K inhibitor aimed at reducing Nrf2
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mediated cancer cell survival. Not only would this increase the therapeutic efficacy of
the patient’s regimen, but it would also enhance the clinician’s chemotherapeutic toolset
by allowing them to utilize existing clinically approved therapies. Ultimately, we hope
that as our understanding of the molecular mechanisms that regulate Nrf2 continues to
improve, so too will our ability to include Nrf2 as a therapeutic target in the clinical
setting.
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