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ABSTRACT

Tamoxifen is the accepted therapy for patients with estrogen receptor a
(ERa)-positive breast cancer. However, clinical resistance to tamoxifen, as
demonstrated by recurrence or progression on therapy, is frequent and
precedes death from metastases. To improve breast cancer treatment it is
vital to understand the mechanisms that result in tamoxifen resistance. The
study presented in this thesis shows that concentration of tamoxifen and its
metabolites, which accumulate in tumors of patients, killed breast cancer cells
by inducing oxidative stress. Breast cancer cells responded to tamoxifen-
induced oxidation by increasing Nrf2 expression and subsequent activation of
the anti-oxidant response element (ARE). This increased the transcription of
anti-oxidant genes and multidrug resistance transporters. As a result, breast
cancer cells are able to destroy or export toxic oxidation products leading to
increased survival from tamoxifen-induced oxidative damage. These
responses in cancer cells also occur in breast tumors of tamoxifen-treated
mice. Additionally, high levels of expression of Nrf2 and its downstream
targets in breast tumors of patients at the time of diagnosis were prognostic of
poor survival after tamoxifen therapy.

The oxidative stress induced by tamoxifen also activated phospholipase
D (PLD) and led to the up regulation of the RALBP1 (Ral-binding protein 1).
Tamoxifen resistant cells also had a significant increase in both basal and
stimulated PLD activity along with increased PLD1 and RALBP1 levels. The

activity of PLD provides survival signals to cancer cells, whereas RALBP1



exports chemotherapeutic drugs. Thus both RALBP1 and PLD in concert can
lead to development of an aggressive and metastatic breast cancers and also
contribute to chemo-resistance.

In our study, cancerous breast tissues from patients have a significantly
higher expression of RALBP1 compared to normal breast tissue.
Furthermore, cytotoxic chemotherapy combination offered no significant
advantage in patient cohorts with high RALBP1 expression as compared to
those patients receiving mono or non-cytotoxic chemotherapies. Moreover,
patients with high expression of PLD1 also had poor prognostic outcomes to
different treatments.

Thus, overcoming adaptive responses to tamoxifen-induced oxidative

stress could improve the survival of breast cancer patients.
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1 CHAPTER: INTRODUCTION



1.1 Overview

Breast cancer is one of the most common malignancies among women
in western societies [1]. Approximately 75% of all breast tumors are estrogen
receptor-a (ERa) positive and these patients are typically prescribed tamoxifen
[2-5]. Tamoxifen is thus the most widely used therapy for breast cancer and
leads to tumor stabilization in about 50% of previously untreated patients with
metastatic breast cancer [3, 6]. Moreover, this widespread use of tamoxifen has
been credited with much of the decrease associated with breast cancer
mortality over the last decade. Despite being one of the most successful drugs
used in the clinics, about 40% patients receiving adjuvant tamoxifen treatment
and almost all patient with metastatic tumors relapse and die from their disease
[3, 7].

This Chapter will give a background review of the history of tamoxifen and
its development as a breast cancer therapy and how the link between the
estrogen receptors and tamoxifen was established (Section 1.2 and 1.3). As
tamoxifen is prescribed to patients based on ERa status, the next section will
focus on estrogen and its receptors (Section 1.4). One of the thesis objectives
impinges on the killing of cancer cells and thus, the general induction of
apoptosis will be discussed (Section 1.5). Stress pathways that are activated
and the mechanisms employed by these pathways to lead to cell killing will also
be outlined (Section 1.5 and 1.6).

Cancer cells employ several adaptive mechanisms to resist the toxic effects

of therapeutic drugs by utilizing anti-oxidant defense system (Section 1.6.1),



increasing the expression and/or activity of multidrug resistance transporters
(Section 1.6.2), Phospholipase D (Section 1.7.4) and RalBP1 (Section 1.7.5)
and also hijacking the normal physiological roles of enzymes such as autotaxin
(Section 1.7.1-3) leading to chemo-resistance. All these aspects will be
reviewed. Finally, | will end this Chapter by giving a summary of the thesis

objectives and goal of the research presented in this thesis (Section 1.8).

1.2 A brief history of tamoxifen

By the turn of the twentieth century the Nobel Prize winning scientist Paul
Ehrlich had put forward the concept that the structure of a chemical compound
was closely tied down to its pharmacological activity. He also developed the
current model strategy for drug development, which involved the synthesis of
different chemical compounds for generating a library of potential therapeutic
drugs that could be tested in the respective disease models for efficacy and
toxicities. Using this approach in 1944, Sir Alexander Haddow screened several
polycyclic hydrocarbons as potential drugs for treatment of cancer and
identified some targets compounds to be effective. Nevertheless, their utility as
potential drugs was hindered due to their prior classification as carcinogens for
human beings. Hence, Sir Haddow refocused his attention on naturally
occurring polycyclic hydrocarbons, such as the triphenylethylene based
estrogens and subsequently identified these compounds to be first chemical
therapy for treatment of breast and other malignant cancers [8, 9]. His study

heralded the emergence of a new era of cytotoxic chemotherapy.



The cancer treatment method from 1960 onwards consequently used
cytotoxic chemotherapy approach, which involves using a cocktail of drugs to
kill remaining cancer cells following the resection of the primary tumor by
surgery [10]. As the specificities of most drugs were largely unidentified at the
time, this approach largely relied on fortuitous identification of a combination of
drugs that could potentially kill cancer cells. Hence, this approach proved to be
unsuccessful [9] and this led to the birth of targeted chemotherapy approach to
treat cancer.

Tamoxifen was the first targeted anticancer drug and was pioneered
after the collaboration of Arthur L. Walpole, the head of reproductive biology at
the then ICI Pharmaceuticals currently now known as Astrazeneca, and V.
Craig Jordan dubbed as the “father of tamoxifen” [11]. In the 1960s, the market
for developing breast cancer drugs was quite low as opposed to developing
contraceptives and so IClI Pharmaceuticals focused all their efforts on
developing a drug that counteracts estrogen’s effect with the hope that it will
lead to an effective birth-control drug.

The project to develop a contraceptive eventually led to the synthesis
and discovery of tamoxifen [5]. However, tamoxifen actually did the opposite
and promoted ovulation and so the human clinical trail for testing of tamoxifen
as contraceptive was deemed to be a failure. Nevertheless, due to Walpole’s
interest in cancer therapy development, another clinical trial testing the efficacy
of tamoxifen in breast cancer was being run simultaneously as the trials for

contraceptive development [5]. The result showed that tamoxifen was modestly



effective as breast cancer therapy [9], however, to further its application as a
cancer treatment its mechanism of action had to be established and this critical
work was later performed by V. Craig Jordan.

At the time when tamoxifen was developed, mammary tumors were
generated in animals using DMBA (7,12-Dimethylbenzanthracene) and the
prerequisite for this was the presence of estrogen and prolactin. Craig Jordan
using this mammary tumors model performed his landmark study that showed
tamoxifen treatment led to the inhibition of tumorigenesis. Furthermore,
tamoxifen treatment resulted in decreased binding of radiolabeled estrogen to
tissues [12]. This study was important in two ways; first it corroborated the
previous clinical trials done by ICI. Secondly, the potential mode of action of
tamoxifen was identified, as tamoxifen treatment decreased DMBA tumor
initiation and also decreased binding of estrogens to tissues.

Thus, tamoxifen nicely fitted into the theme of a targeted therapy, which
prompted further clinical trials and studies that culminated in establishing

tamoxifen as the current gold standard for ERa-positive breast cancer therapy.

1.3 Tamoxifen and breast cancer therapy

The Clinical Trial Service Unit of Oxford University established in 1983 a
group called EBCTCG (Early Breast Cancer Trialists' Collaborative Group) [13].
Every 5 years the EBCTCG undertakes meta-analyses of all randomized
clinical trials of any aspect of early breast cancer treatment. The analysis only
considers those clinical trails done for women with “early breast cancer” who

are patients presenting with breast cancers that are detectable and restricted to



the breast or local lymph nodes and subjected to an adjuvant treatment after
tumor resection [2].

Three editions of published work by EBCTCG, since its establishment,
conclusively showed that adjuvant tamoxifen treatment significantly improved
10-year survival of women with early breast cancer. However, there was
uncertainty over who should receive tamoxifen treatment or for how long
treatment should be continued. Hence, on the 4™ edition the group obtained
and analyzed data from 55 randomized clinical trials done worldwide
comprising of 37,000 women who received either no tamoxifen or adjuvant
tamoxifen. In analyzed clinical trials, the patient cohort was further subdivided
between patients that had ERa-positive tumors, this made up 18,000 patients.
The remaining patients, about 8000 of whom had either very low or no ERa
expression with an additional 12,000 patients that were not tested for estrogen-
receptor expression in their tumors. This stratification of patients based ERa
was due to the aforementioned effects of tamoxifen on ERa and also as ERa
was the only identified receptor for estrogens at the time of the clinical trails.
Thus, most studies and trials were largely focused on elucidating the
mechanism of tamoxifen through its ability to block ERa.

In the analysis the EBCTCG unequivocally stated that tamoxifen
treatment in ERa positive tumors or patients with unknown ERa status (of
which 4000 were predicted to be ERa negative, as one-third of general breast
cancers population is ERa negative) provide substantial survival advantage

over 10 year period to breast cancer patients [2]. Nevertheless, the group also



reported that tamoxifen had produced some activity in the patients with very low
or no ERa. Additionally, another clinical trial done after the analysis by
EBCTCG also showed that tamoxifen indeed had some beneficial activity in the
patient groups negative for ERa in their breast tumors [14].

The effect of tamoxifen on tumors could either be cytostatic (growth
arrest) or cytotoxic (apoptosis and necrosis of tumors leading to shrinkage) or
both. It is not difficult to envision tamoxifen-causing cytostasis by preventing the
growth of tumors addicted to estrogen through blocking the activity of ERa. On
the other hand, the effect of tamoxifen in ERa negative tumors could be due to
cytotoxic effects leading to tumor shrinkage caused by the induction of a
programmed cell death (PCD) known as apoptosis. As such several groups
have noted ERa-independent effects of tamoxifen on several signaling
mediators that involve PKC (protein kinase C) [15-17], calmodulin [15, 18], c-
myc [19], TGF-f (transforming growth factor-p) [20] and PP2A (protein
phosphatase 2A) [21] all of which could potentially contribute to the observed
clinical utility of tamoxifen in counteracting the growth of tumors in both ERa-

positive and ERa-negative tumors.



1.4 Estrogen and its role in tumorigenesis

Estrogens belong to the class of steroids hormones, which are compounds
that are comprised of three six membered and one five membered cyclic
hydrocarbons arranged in a characteristic pattern (Fig. 1.1). Naturally occurring
estrogens are classified in to three types, estrone (E1), estradiol (E2) and
estriol (E3), which is based on the number of hydroxyl groups present (Fig.
1.1), and of the three types 17p estradiol (E2) is the predominant estrogen in

women [22].
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Figure 1.1: Chemical structure of different types of estrogen.

Shown from left to right E1, E2 and E3 with a characteristic phenol group on the A ring
of the steroid structure, which is common to all three estrogens. E1 has an aldehyde
group on the D-ring; however, E2 and E3 have one and two hydroxyl group
respectively. The rings of steroids are identified by IUPAC nomenclature using letters
A-D from left to right [23]. The figure is adapted from reference [22].

The ovaries primarily secrete estrogens in preparation for pregnancy and
also for modulating the secondary female sexual characteristics. Adipose
tissue, adrenal glands, placenta and testes can also secrete estrogens, albeit in
much smaller quantities. In addition to their function as sex hormones,
estrogens also play a role in cholesterol mobilization, regulation of bone density

and also in brain function [22].



Under a pathological context estrogens are known to promote breast cancer
development and this conclusion comes from the works showing the
requirement of estrogen for tumor initiation by DMBA [12]. Also, this
relationship was emphatically shown in the study that had to be discontinued
after increased breast cancer incidence from using estrogen as a hormone
replacement therapy for postmenopausal women [24]. Hence, estrogens are
currently classified as bonafide carcinogens. It is therefore no surprise that
microarray analysis studies on the MCF-7 breast cancer cell line revealed that
estrogen induced the upregulation of genes involved in cell-cycle progression
and cell proliferation while it led to the downregulation of transcriptional
repressors, anti-proliferative and pro-apoptotic genes [25].

Estrogens exert their influence in target cells by binding to estrogen
receptors and there are three known estrogen receptors, ERa, ERp and G-

protein coupled estrogen receptor (GPR30).

1.4.1 Estrogen receptor-a

The first major receptor identified for estrogen was ERa. Upon binding to
estrogen, ERa dissociates from heat shock proteins and undergoes a
conformational change, phosphorylation and dimerization after which it
translocates to the nucleus, where it binds to the estrogen response element
(ERE) to drive the transcription of estrogen-dependent genes [3, 26, 27].
Hence, ERa is known as a ligand-activated transcription factor and it mediates
the transcription of its target genes through its two distinct activation domains

termed as activation function-1 and -2 (AF-1, and AF-2) [3, 22]. Along with the



DNA binding domain (DBD) that recognizes and binds to ERE, AF-1 and AF-2

make up three major domains of ERa (Fig 1.2).
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Figure 1.2: The transcriptional activity of the Estrogen receptor

(A) E2 (estrogen) binds to estrogen receptor-a (ERa) and induces a conformational
change and translocation to the nucleus. The E2-ER complex binds to the ERE (the
estrogen response element) as a dimer and recruit different Co-A proteins (co-
activator) to initiate transcriptional machinery that leads to the expression of genes. By
binding to Co-A proteins, E2-ER complex can also stimulate the transcription of genes
without interacting with DNA and linking to other transcription factors such as c-jun and
fos, which bind to AP-1 site. (B) At the N terminal side, ERa has an AF-1 (activating
function 1) domain that is estrogen independent and activated by phosphorylation.
Next to AF-1 is the DBD (DNA binding domain), which can bind to consensus ERE
sequence on the DNA. At the C-terminal side is the third major domain is the AF-2
(activating function 1) that consists of the LBD (ligand binding domain) and thus
requires estrogen for activation. The figure was adopted from references [3, 22].

AF-1 is localized close to the N-terminus of the ERa, and it is hormone-
independent and is activated by phosphorylation. On the other hand, AF-2 is
localized in the ligand-binding domain and is hormone-dependent (Fig 1.2B). In

most cells, AF-1 and AF-2 act together, but in some cases the two domains
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were found to act independently of each other to turn on transcription [28, 29].
AF-1 and AF-2 act by recruiting co-regulatory proteins which function as either
co-activators or co-repressors and these co-regulatory proteins modulate the
interaction between estrogen, ERa and the ERE. Some of the co-activators for
ERa are AIB1 (amplified in breast cancer) protein, CREB associated protein
(CBP) among many others [30, 31]. ERa can also regulate gene expression
indirectly by interacting with other transcription factors such as c-Jun and fos
[26].

The link between tamoxifen and ERa was established when tamoxifen was
shown to bind strongly to ERa after being metabolized to 4-hydroxytamoxifen
(4HT) [32, 33]. Hence tamoxifen can compete with estrogen for ERa binding
and this leads to a different conformational change compared to the binding of
estrogen. 17p-estradiol binds to the hydrophobic pocket of the ligand-binding
domain of ERa [34, 35], leading to the sealing of the pocket by the so-called
helix-12 (Fig 1.3). Tamoxifen binding in contrast does not lead to the sealing of
the hydrophobic pocket by helix-12 [35]. Thus, AF-2 activation is prevented, as
the ligand-induced conformational change is a perquisite for AF-2 activation.
Moreover, co-activators cannot bind to the conformation induced by tamoxifen
[36] and studies have also showed that tamoxifen when bound to the ERa
interact more with co-repressors [36].

In this way, tamoxifen blocks the transcriptional upregulation of genes that
require AF-2-dependent ERa activation resulting in its anti-proliferative effects.

However, transcriptional upregulation that requires only AF-1- dependent
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activation of ERa would still remain unaffected, and tamoxifen might even act

as an agonist in such situations [36, 37].
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Figure 1.3: The binding of E2 and 4HT induce a different conformation of

ERao.

A ribbon representation of the ligand-binding domain of ERa with (A) amino residues
421 to 423 shown in red and binding to E2 and (B) 4HT represented by space filling
models with residues 527 to 530 colored in red. Arrows represent helix-12. The figure

has been adapted from the reference [35].

In order to ascertain the effect of tamoxifen on cell proliferation and survival,

it is important to determine the prevalence of either AF-1 or AF-2 regulated

genes, in the tissue of interest. Breast tissue, for instance, has mostly AF-2

regulated genes whereas the uterus has mostly AF-1 regulated genes [3].
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1.4.2 Signaling pathways influencing the genomic actions of ERa

ERa interacts with growth factor receptors and key signaling molecules,
such as the EGFR, PI3K, matrix metalloproteinases (MMPs), Src family kinases
and MAPKs [38, 39].

MAPKs such as ERK1 and ERK2 phosphorylate ERa. at the serine-118
position within AF-1 region. Such phosphorylation enhances the sensitivity of
ERa to ligand and may also stimulate ligand-independent ERa transcription of
genes [40]. Similarly, ERa. can also interact with PI3K, more specifically with
the p85 regulatory subunit of PI3K [41]. PI3K catalyzes the phosphorylation of
phosphoinosidites which can then recruits the phosphoinositide-dependent
protein kinase (PDK) and Akt (Protein kinase B, PKB) through their PH
domains to the membranes [42]. This results in the phosphorylation and
subsequent activation of Akt by PDK. Akt, which is a serine/ threonine kinase,
has been implicated in cellular proliferation and cell survival pathways [43].
Once activated, Akt can phosphorylate ERa at Serine-167 position leading to
ligand-independent activation [44]. Moreover, signaling from growth factors
receptors can indirectly affect ER by stimulating changes in the activity or
localization of their co-regulatory proteins [45, 46].

The next sections will discuss the other two estrogen receptors, ERp and

GPR30.

13



1.4.3 Estrogen receptor-g

ERpP was discovered 30 years after the identification of ERa [47] and is also
a ligand-activated transcription factor sharing a 55% sequence homology to the
ligand-binding site of ERa and 96% homology to the DBD [48]. Its cDNA was
cloned from a cDNA library of rat prostate, but it is also ubiquitously expressed
in other tissues including normal and malignant breast tissues [48, 49]. Both
ERa and ERp have similar physiological ligand binding characteristics as well
as similar binding affinities to tamoxifen [50]. However, their distinction lies in
the relative level of receptor expression in tissues as well as differential
transcriptional responses owing to differential affinity towards co-regulatory
proteins. These nuances have led to opposite effects on proliferation, apoptosis
and migration [49, 51].

After the identification of ERp, it was found that about 50% of primary breast
cancers co-express ERa and ERp. About 15% of those tumors expressed
either ERa or ERp and tamoxifen as adjuvant treatment led to more favorable

outcome in those patients with ERf expression [52-55].

1.4.4 G-protein coupled estrogen receptor (GPR30)

Both ERa and ERp are ligand-activated transcription factors, however,
several reports have shown that estrogen can exert a rapid non-genomic event
on cells such as increase Ca*?, activation of PI3K, MAPK and other key cell
signaling proteins in a time frame of second to minutes [56]. These effects are

independent of the genomic actions that are normally associated with
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estrogens, which requires hours before taking effect. Thus a plethora of cellular
effects attributed to estrogens could be explained by the rapid non-genomic
signaling in addition to the genomic effects.

Rapid cell signaling effects are normally associated with activation of
plasma membrane bound growth factor receptors and could not be fully
explained by soluble cytosolic proteins receptors such as ERa and ERp.
Hence, until the identification and the characterization of the G-protein coupled
estrogen receptor, known as GPR30, there appeared to be gaps in our
understanding of estrogen’s action and the activities of its receptors.

GPR30 is a transmembrane protein predominantly localized on the
endoplasmic reticulum. It has the same-conserved seven transmembrane
domains similar to other G-protein coupled receptors. Hence, the rapid effects
of estrogen can partly be explained by the binding of estrogen to GPR30 and
subsequent activation of downstream signaling proteins [56-61]. However
before the identification of GPR30 these effects of estrogen were attributed to
ERa and ERp through palmitoylation-mediated membrane recruitment followed
by binding of ERa and ERp to signaling proteins such as PI3K, which induced
rapid activation [56].

In light of the identification of GPR30, some of the earlier studies need to be
reevaluated and this is evident in the study that showed that the estrogen-
mediated transactivation of the epidermal growth factor receptor, which was

previously attributed to ERa, has been shown to be GPR30-mediated [56, 61].
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Hence, more studies need to be done to delineate the specific roles of GPR30,
ERa and B in the rapid effects of estrogen.

Interestingly, tamoxifen has been shown to induce the activation of
GPR30, to the level similar to the activation observed by the estrogen 17p-
estradiol [56, 61, 62], in stark contrast to its role in counteracting the genomic
actions of ERa and ER(.

The next Section, 1.5, will focus on the induction of apoptosis to better
understand how the different signaling mediators modulated by tamoxifen could

contribute to its role in cytotoxic effect.

1.5 Suicide on cellular scale

Cellular suicide known as apoptosis is a highly regulated series of cellular
events that leads to a programmed cell death. Organisms evolved such a
suicide program to either remove undesirable cells in the process of
development such as for sculpting limbs or to remove unhealthy cells under the
context of cellular stressors [63, 64] such as infections or induced cell death as
would be produced by tamoxifen. This programmed suicide is initiated by the
activations of family of intracellular cysteine-containing proteases called
caspases. Caspases are proteases that cleave their substrates after an
aspartate residue in a tetrapeptide-sequence specific manner [65]. Caspases
are further classified as initiator caspases and executioner caspases. Initiator
caspases such as Caspase-2, -8, -9 or -10 are upstream to executioner
caspases such as caspase-3 or -7. Once activated by apoptotic stimuli, the

initiator caspases then go on to activate the executioner caspases by cleaving
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them and such cleavage of executioner caspases is a hallmark of apoptosis
[64].

Apoptotic stimuli can be broadly classified as belonging to the extrinsic
and intrinsic pathway. The extrinsic route of apoptosis uses external ligands
such as Fas Ligand and tumor necrosis factor-a (TNF-a) that bind to their
cognate receptors leading to the assembly of the DISC (death inducing
signaling complex) [66], which results in the activation of the initiator caspases-
8 or-10 [64]. On the other hand the intrinsic route of apoptosis will directly lead
to the permeabilization of the outer membrane of mitochondria causing the
release of cytochrome c [67] and a protein called SMAC (second mitochondria-
derived activator of caspase) to the cytosol [68]. SMAC enhances the activation
of caspases by cytochrome C by binding and neutralizing cytosolic inhibitor of
apoptosis protein (IAP), which block the activities of executioner caspases [64]
(Fig. 1.4)

The decision to induce mitochondria outer membrane permebilization
(MOMP) is very finely balanced between the levels of pro-apoptotic and anti-
apoptotic proteins. An imbalance towards one will lead to cell death or an
inherent resistance to apoptosis, a phenomenon well observed in oncogenesis.
Both the pro-apoptotic and anti-apoptotic proteins belong to the BCL-2 (B-cell
lymphoma 2) family of proteins containing conserved BH (BCL-2 homology)
domains. BCL-2, BCL-XL and BCL-W are among the proteins promoting the

blockage of apoptosis and are thus anti-apoptotic. On the other hand, proteins
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such as BAX, BAK, BAD, BIM, and BID etc are pro-apoptotic and mediate the

permeabilization of mitochondria [69].
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Figure 1.4: Apoptosis initiation through executioner caspases

Extrinsic apoptosis stimuli such as FASL or TNF-a bind to their receptors and cause
downstream assembly of DISC (death inducing signaling complex) that activates
initiator caspase 8 by cleaving pro-caspase 8. On the other hand intrinsic apoptotic
stimuli such as radiation or chemotherapy cause MOMP (mitochondria outer
membrane permebilization) leaking Cytc (cytochrome C) to the cytosol. Shown in the
diagram MOMP is caused by oligomerization of BAX forming a pore on mitochondria.
BAX prior to oligomerization is sequestered by anti-apoptotic protein Bcl2. Cytc in the
cytosol will bind to APAF1 (Apoptotic protease activating factor 1) causing the
formation of apoptosome complex that cleaves and activates another initiator caspase
9. Both initiator caspases 8 & 9 cleave and activate executioner caspase 3, which
initiates apoptosis. The extrinsic apoptosis pathway through initiator caspase 8 can
also cleave the pro-apoptotic protein Bid to tBid (truncated-Bid), tBid can then induce
MOMP by facilitating BAX oligomerization.
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In a very simplified depiction upon apoptotic stimulus as shown in Fig.
1.4 above, the pro-apoptotic proteins which posses only the BH3 domain (such
as BAD, BIM and BID) are activated and cause the oligomerization of BAX or
BAK causing the formation of a pore on the mitochondria and the subsequent
activation of caspases. The anti-apoptotic proteins on the other hand sequester
the pro-apoptotic proteins and prevent their activation [64].

The extrinsic pathway of apoptosis does not act independently but
“cross-talks” with the intrinsic apoptotic pathway at the level of the
mitochondrion. The intersection of these two pathways happens through the
activation of the pro-apoptotic protein Bid through cleavage to tBid (truncated
bid). tBid then leads to the oligomerization of BAX/BAK and result in the
permeability of mitochondria in similar fashion to the intrinsic pathway [70].

One of the mechanisms employed by cancer cells to ensure survival and
tumor development is to evade apoptosis induced by intrinsic and extrinsic
apoptotic stimuli using several mechanisms that involve up-regulation and
down-regulating of pro- and anti-apoptotic proteins respectively. Certainly,
those mechanisms are not the only ones used cancer cells [64]. From this
perspective, the ultimate objective of intrinsic apoptotic stimuli such as radiation
therapy, chemotherapy and oxidative stress is to push the balance scale
towards the activation of the pro-apoptotic proteins and force cancer cells to
undergo apoptosis.

Cell death can also occur independently of the apoptosis by cellular

process known as necrosis, autophagy or the newly described cell death
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ferroptosis. For cell death to be classified as apoptosis, features such as
nuclear condensation and fragmentation, cleavage of chromosomal DNA into
internucleosomal fragments and packaging of the deceased cell into apoptotic
bodies without plasma membrane breakdown must be observed [71]. As such,
cell death by apoptosis does not activate the immune system since cellular
contents, some of which are pro-inflammatory are not released to the outside.
Phagocytic cells recognize these apoptotic bodies through the exposition of
phosphatidylserine on the outer leaflet of plasma membrane [72] and so are
neatly removed without inflammation. Such well-orchestrated apoptosis
mechanism requires the use of ATP; on the other hand, cell death by
necrosis/autophagy could result from cells running out of ATP [71]. In cell death
by necrosis cellular contents are released to the outside environment, which
results in inflammation around the dying cell. Such cell death may be preferable
in certain circumstances that require immune education of invading pathogens
[71]. In addition to apoptosis and necrosis, cells can also die by a process
known as autophagy. Autophagy is characterized by vacuolization, which
encapsulates whole organelles and cytoplasmic proteins and lipids in what is
known as an autophagosome. Such an attempt by cells is aimed at catabolizing
cellular constituents for the purpose of energy production during times of
nutrient starvation. As such, some research groups have suggested that
autophagy is, in fact, a cell survival strategy rather than cell death [71].
Nevertheless, it is easy to envision that autophagy will eventually lead to cell

death, especially if the condition that initiated autophagy is not averted. Finally,
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cells could also die due to a process known as ferroptosis, which is distinct
from cell death by apoptosis, necrosis or autophagy. Morphologically,
ferroptosis is characterized by the presence of smaller than normal
mitochondria, condensed mitochondrial membrane and the rupture of
mitochondrial membranes. Feroptosis is also characterized by the
accumulation of lipid peroxidation byproducts and production of reactive oxygen
species (ROS) [73]. Lipid peroxidation is the oxidation of lipids containing
double bonds by ROS, especially those lipids with polyunsaturated fatty acids
[74]. Feroptosis is negatively regulated by glutathione peroxidase 4 (GPX), and
nuclear factor erythroid 2-related factor 2 (Nrf2), whereas NADPH oxidase
(NOX) and the tumor suppressor p53 are positive regulators. NOX and p53
promote feroptosis through generating ROS and inhibition of cystine/glutamate

antiporter (SLC7A11), respectively [73].

1.5.1 Ceramide and apoptosis

Ceramide is a name given to diverse group of sphinglolipids, all of which
have a sphingosine backbone that is N-acylated to fatty acids of varying chain-
lengths. The attachment of the phosphorylcholine head group to ceramides
forms the lipid sphingomyelin, which serves an integral membrane lipid located
on the outer leaflet of plasma membrane [75]. Sphingomyelin preferentially
associates with cholesterol, which is known to maintain the structural order,
fluidity and integrity of plasma membrane [76, 77].

SMases (sphingomyelinases) generate ceramide by degradation of

sphingomyelin and based on their pH requirements for optimum activities are
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classified into NSMase (neutral SMase) and ASMase (acidic SMase). NSMAse
is mostly associated to plasma membranes, whereas ASMase is linked to
endosomal membranes [78]. Ceramide can also be synthesized de novo from
the precursors serine and palmitate by the enzyme SPT (Serine Palmitoyl
Transferase) resulting in 3-ketosphinganine, which is the first step in ceramide
synthesis occurring at the endoplasmic reticulum [79]. The newly generated
ceramide can later be transported to the Golgi apparatus for processing, such
as glycosylation, which is important in drug resistance [80].

Ceramide-mediated pathways are evolutionary conserved and are even
present in primitive organism such as yeast, which do not undergo apoptosis.
Thus the functions of ceramides appear to be evolutionary older than caspase-
mediated death programs [81, 82]. As such, several studies have shown that
treatment of various mammalian cells types with different stressors that belong
to both the intrinsic and extrinsic apoptosis stimuli such as UV, etoposide and
FASL are accompanied by concomitant generation of ceramides [83], indicating
their general role in cell death process.

A series of experiments done by Tepper and colleagues elegantly showed
that sustained ceramide generation by various apoptotic stimuli are delayed
and occur later after the induction of apoptosis [84, 85]. In another study they
also showed this generation of ceramide was a direct consequence of
phospholipid scrambling event causing the flipping of sphingomyelin from the
outer leaflet to the inner leaflet of the plasma membrane. This affords access to

SMase, which then acts on the now readily available substrate resulting in
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ceramide formation. The flipping of sphingomyelin to the inner leaflet and its
subsequent degradation was found to occurs concurrently with the flipping of
phosphatidylserine in the opposite direction so that it is being exposed to the
outer leaflet of plasma membrane [86]. The exposure of phosphatidylserine is a
well-known hallmark of cells undergoing apoptosis [87]. More importantly, the
degradation of sphinglomylein leads to loss of cholesterol and subsequent loss
plasma membrane integrity contributing to the membrane blebbing [86], an
occurrence also routinely observed in cells dying of apoptosis. Hence this
delayed and sustained generation of ceramide could be an important and
conserved mechanism that necessarily accompanies the execution phase of
apoptosis. This would explain the ubiquity of ceramide generation in different

cell death processes.

There are other studies, however, arguing for the role of ceramide in
directly triggering apoptosis. This role of ceramide to act as a second
messenger in cell death pathways is supported by its ability to cooperate with
BAX in leading to the formation of MOMP and leaking out of cytochrome c (Fig
1.4) and mitochondrial proteins and thus leading to apoptosis [88, 89].
Furthermore, TNFa-mediated death signaling is accompanied by generation of
ceramide through the activation of SMase. It is postulated that the formation of
ceramide helps in the coalescing and assembly of the DISC complex necessary
for activation of caspase-8 [90]. Despite all of these effects of ceramide, it has

been reported that ceramide levels alone were not sufficient to induce MOMP
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[88, 89] even though MOMP correlates with the levels of ceramide [91].
Moreover, ceramide formation that is induced by TNFa-mediated signaling was
found to be necessary, but not sufficient, for TNFa-induced apoptosis [92]. This
would suggest that ceramide might have a cooperative role in pathways that
trigger apoptosis.

Ceramides have been shown to directly activate PP2A (protein
phosphatase 2A). By virtue of this, ceramide can thus modulate the functioning
of a myriad of signaling proteins also regulated by PP2A, such as inactivating
Akt [93, 94]. It is well know that the activity of Akt is upregulated in many types
of cancer since its activity upsets the balance of pro-apoptotic versus anti-
apoptotic proteins favoring cell survival. In addition to PP2A other signaling
mediators were also shown to be activated by ceramides such JNK/SAPK, as
reviewed [82, 90, 95]. This role of ceramides does not negate the cooperative
role of ceramides, nor does it exclude the possibility of ceramide to trigger of
apoptosis.

As described in this Section, it is quite obvious that the generation of
ceramide is intimately linked to cell death. This could make it necessary for
cancer cells to develop strategies to mitigate the up-regulation of ceramides by
de novo synthesis through SPT or by hydrolysis of sphingomyelin by SMase,
enabling cancer cells to survive and evade apoptosis. As such researchers
have reported evidence for such strategies namely the downregulation of
SMases in human cell lines of liver and colon cancer cells [96] and also

reviewed [90]. Another strategy for decreasing ceramide accumulation would

24



be glycosylating ceramides and thereby halting their role in collaborating with
apoptotic pathways. This is evident in MCF-7 breast cancer cells that develop
resistance to doxorubicin after enforced expression of GCS (glucosylceramide
synthase) [97], the enzyme that glycosylates ceramides. Additionally, multi-drug
resistance cell lines have elevated glucosylceramide levels compared to drug
sensitive cell lines [98]. However, glycosylation of ceramides appears to not be
involved in the late and sustained generation of ceramide at the plasma
membrane [80]. A plausible explanation for this lies in the topological
segregation of ceramide glycosylation, which occurs at the Golgi as opposed to
plasma membrane. Thus ceramides generated at the cell surface by the virtue
of their location, are rendered inaccessible to GCS [80]. This is highlighted by
studies that showed that only those ceramide synthesized de novo and
exogenous ceramide that could be shuttled to Golgi were targeted by GCS for
glycosylation. Thus ceramides formed at the plasma membrane by various
stimuli at the execution phase of apoptosis are not targeted for glycosylation
[80].

The conversion of ceramide to glucosylceramide is just one way in which
the effects of ceramides could be modulated and cancer cells do posses
several other means of regulating ceramide. One such way would be degrading
the ceramide to sphingosine followed by phosphorylation to sphingosine-1-
phosphate (S1P) by the enzyme sphingosine kinases (SK) [90]. SK
overexpression is observed in many cancers including those cells that have

been developed to be resistant to tamoxifen [99]. Moreover, this rheostat of
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ceramide—sphingosine—S1P is thought to mediate the fate of cancer cell
survival [100].

Overall the overexpression and downregulation of proteins involved in the
metabolism ceramide goes to highlight the importance of ceramide as a tumor
suppressor lipid. As such, cancer cells must tightly regulate its levels if they are
to ensure continued survival or otherwise risk cell death. Additionally, the role of
ceramides in cooperating with apoptotic pathways appear to be distinct from
the late and sustained induction of ceramide observed in cells committed to die.
To prevent the effect of ceramides in collaborating with pathways that trigger
apoptosis, cancer cells most likely endeavor to decrease the formation of
ceramides early in the apoptosis initiation rather than the ceramide generated
at end-stage of the execution phase of apoptosis program, after the cell has

committed to die.

1.5.2 JNK/SAPK and apoptosis

Similar to the generation of ceramides, in response to different cellular
stressors such as UV, TNFa and oxidative stress, the SAPK (stress-activated
protein kinases) or otherwise know as JNK are routinely activated [95, 101-103].

There are three mammalian JNKs encoded by three separate genes and
identified as JNK1, JNK2 and JNKS3 (restricted to the brain). JNKs along with
p38/Hog and the ERK (extracellular regulated kinase) belongs to a member of
the MAPK (mitogen-activated protein kinase) family, which are activated by a
two tier system of MAP2K (MAPKK), which itself is activated by MAP3K

(MAPKKK) [82, 103].
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There are about twenty MAP3K and out of those fourteen MAP3K have
been identified to activate JNKs through MAP2Ks, MKK4 or MKK7 [103]. The
given stimulus dictates the specific MAP3K involved and accordingly specifies
the downstream MAPK to be activated. This can either be ERK, JNK, p38 or
any different combinations of those kinases. ERK kinases have been largely
implicated in cell proliferative and anti-apoptotic role, whereas JNK and p38
have been implicated in both cell survival and cell death pathways [104].
Furthermore, it has been shown that ERK activation can attenuate the apoptotic
signaling directed by JNK [104] showing the complexity in delineating the
activation of these kinases and tying them down to a specific cellular fate.
Nevertheless, it is now widely believed that sustained JNK activation signifies
the involvement of JNK in pro-apoptotic pathways, whereas transient activation
will lead to pro-survival pathways [103].

Upon activation by upstream kinases, JNK can translocate to the nucleus
and phosphorylate and activate c-Jun, which forms the AP-1 (activator protein 1)
complex involved in the transcription of genes known to be pro-apoptotic such
as TNF-a, Fas-L, and Bak. Additionally, JNKs can also phosphorylate other
transcription factors such as Elk, the well-known tumor suppressor p53 and
several others influencing their activities [103]. Evidence from studies
conducted by several groups has clearly shown the involvement of JNK-c-
jun/AP-1 in apoptosis and as such mutants c-jun that cannot be phosphorylated
confer resistance to MEFs (mouse embryonic fibroblast) receiving UV radiation.

Furthermore, dominant/negative JNK constructs also confer resistance and
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protection against neuronal cell death, all highlighting the importance of JNK in
the apoptosis machinery [103, 105].

JNK is also involved in the extrinsic apoptosis pathway through ASK-1
(apoptosis signal regulating kinase), which is an upstream MAP3K. ASK-1 is
activated by TNF-a along with diverse other signals such oxidative stress,
lipopolysaccharide and ER stress. Upon TNF-a stimulation, TRAF-2 (TNF-
receptor-associated factor 2) activates ASK1 leading to activation of JNK and
signaling for apoptosis [106]. ASK-1 to JNK activation has also been shown in
cisplatin-induced apoptosis of ovarian carcinoma cells [107] and so the ASK-1-
JNK signaling is not only limited to extrinsic apoptotic stimuli.

JNK can also potentiate apoptosis by phosphorylating pro-apoptotic
proteins such as BAD at Ser128 [108]. In addition to modulating the
transcription of genes and inducing apoptosis, pro-survival kinases like Akt
phosphorylate BAD at Ser-136 [109], which reduces its pro-apoptotic activity.
Moreover, BAD is sequestered by 14-3-3 proteins preventing its activity [110]
and JNK'’s specific phosphorylation of BAD at Ser128 inhibits its interaction with
14-3-3 proteins [111]. Additionally, JNK also phosphorylate 14-3-3C at Ser184,
which further prevents the sequestering of BAD by 14-3-3 and releases BAD
allowing it to promote MOMP [103, 111].

Several stressors that signal for JNK activation also lead to SMase
mediated generation of ceramides. Moreover, ceramides have been shown to
activate JNK in a pro-apoptotic signaling through MKK4 (MAP2K), as

dominant/negative MKK4 blocked ceramide induced-death in bovine
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endothelial and U937 cells [95]. Additionally, the effect of ceramide-induced
JNK activation and apoptosis in Jurkat cells was blocked with dominant/
negative Rac1, suggesting the small G-protein Rac1 mediates the ceramide-
induced JNK activation [112], probably through one of the upstream MAP2Ks. It
is also interesting to note that cells derived from Niemann-Pick disease
deficient in ASMase, lack the ability to active JNK upon UV treatment and this
is bypassed by adding synthetic ceramides. This shows the link between stress
activated ceramide formation and JNK activation [113]. Furthermore, in the first
evidence that linked JNK activation to apoptosis, the authors also observed a
delayed but sustained JNK activation to y-ray treatment [114], similar to
delayed and sustained ceramide formation by the actions of SMases. Thus
ceramide and JNK relay apoptotic messages to cells in response to several
stressors. Oxidative stress is one such stressor known to influence the levels of

ceramide and JNK activation and this will be discussed in the following section.

1.6 Oxidative stress

Cellular oxidative stress is a type of stress that arises from imbalance
between the generation of ROS (reactive oxygen species) and thier elimination
[115]. ROS are primarily derived from oxygen and are broadly classified as any
oxygen-containing species with very high reactive properties. These include
free radicals species such as superoxides (O ), hydroxyl radical (HO) and
non-radical molecules such as hydrogen peroxide (H202) [115, 116].

For example, superoxides can be generated by reactions involving one

electron reduction of molecular oxygen, O, + e — O™, where as two electron
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reduction of Oy results in H0,, O, + 2e + 2H" — H,0,. Hydroxyl radicals on
the other hand are the neutral version of OH- (hydroxide) ion generated by
Fenton reaction through the oxidation of metals such as Iron (ll) to Iron (lll),
hydrogen peroxide and hydroxyl radical [116-118].

Cellular metabolic activity or external oxidizing agents in the cells
environment such as chemotherapy or radiation can induce the generation of
ROS. In case of cellular metabolism for instance, about 2% of the oxygen
consumed by the mitochondria, which functions in making ATP by coupling the
flow of electrons to reduce molecular oxygen, ends up as superoxide [119,
120]. Hence mitochondria serve as the major source of ROS in cells [115, 119,
120]. On the other hand, organelles such as peroxisomes and endoplasmic
reticulum also serve as a source for ROS and do so enzymatically using
NADP*/NADPH as a cofactor [115]. Peroxisomes are organelles that are known
to carry out oxidation reactions, such as B-oxidation of long chain fatty acids not
metabolized by mitochondria [121], leading to the production of H,O,[122]. The
H.,0O, produced by such reactions in peroxisomes is decomposed to water by
the enzyme, catalase, or can be used to oxidize and breakdown of other
organic molecules such as uric acid and amino acids [122]. On the other hand,
the endoplasmic reticulum can also generate ROS by the virtue of having a
unique oxidative environment distinct from the cytosol, which is paramount for
the proper folding of proteins. The oxidative environment allows the generation
of a disulfide bridge between adjacent cysteine residues of nascent proteins to

help in their folding. This process subsequently generates ROS as a byproduct
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[123]. Interestingly while the mitochondria, peroxisome and endoplasmic
reticulum generate ROS as a by-product, the membrane bound enzyme NOX
(NADPH oxidase), however, directly generates superoxide as its main product
[124-126]. Hence, ROS is not simply a harmful byproduct that needs to be
destroyed, but it can serve as an important signaling molecule stimulating cell
division and inflammation when increases of ROS are well controlled. [126,
127]. These signaling roles of ROS are now gaining more appreciation and are
documented by different research groups [128, 129].

ROS generation is thus part and parcel of cellular metabolism and cell
signaling. However, unmitigated rises in cellular ROS can induce protein
oxidation as well as lipid peroxidation, which affect the normal functioning of
cells and result in apoptosis [115, 127].

To alleviate these detrimental effects, cells have developed different
strategies to counteract the rise in ROS and do so through enzymatic and non-
enzymatic process. The non-enzymatic detoxification of ROS is not so specific
but is very important for cellular redox regulation and involves the use of GSH
(glutathione), bilirubin, co-enzyme Q and dietary antioxidants such as vitamin
E, vitamin C, selenium and (B-carotene [115, 127, 130]. Vitamin E for example
is a lipid soluble antioxidant that exerts its effect by scavenging ROS and
converting them to tocopheryl radicals thereby reducing ROS-induced damage
[131]. On the other hand enzymes such as SOD (superoxide dismutase),

catalase, peroxiredoxin, thioredoxin reductase, HMOX1 (heme oxygenase 1),
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NQO1 (NAD(P)H dehydrogenase, quinone 1) , etc are involved in the more
specific enzymatic detoxification of ROS [115, 127, 130].

GSH is the major anti-oxidants utilized by cells and is tri-peptide
synthesized from glutamate, cysteine and glycine. The link between the
glutamate and cysteine in GSH is a gamma linkage, which is a bond between
the side chain y-carboxy group of glutamate and amino terminus of cysteine
(Fig. 1.6C) and so it is not an ordinary peptide linkage involving a-carboxy
group [132]. The enzyme GCL (gamma glutamyl ligase also known as gamma
glutamyl synthethase) catalyzes this reaction, which is the first step in the
synthesis of glutathione. The second step is catalyzed by glutathione
synthetase, which links glycine to cysteine in canonical peptide bond [132].

Mammalian cells have abundant GSH levels of concentration up to 1-10
mM that protects them against any potential rise in ROS [132]. The enzyme
GPX (glutathione peroxidase) for example detoxifies ROS using GSH as a
substrate and oxidizing it to GSSG [115, 127, 132], which are two GSH
molecules linked with a disulfide cysteine bridge. Cells maintain a >50:1 ratio of
GSH/GSSG in the cytoplasm with exception of the lumen of endoplasmic
reticulum, due to oxidative environment necessary for protein folding, which has
a ratio of 1:1 to 3:1 [123, 133]. Hence, a change in this tightly regulated ratio of
GSH/GSSG is indicative of an imbalance in the redox hemostasis. Additionally,
GSH can also be conjugated to xenobiotics by the enzyme GST (glutathione-s-

transferase) [134], this conjugation allows xenobiotics to be expelled out of cells
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by drug transporters such as ABCC1 or the RALBP1, which will be discussed
Section 1.6.2 and 1.7.5 respectively.

During oxidative stress the small protein, thioredoxin (TXN) participates in
a thiol disulfide exchange, owing to the presence of two vicinal cysteines that
can remove the formation of disulfide bridges from oxidized cellular proteins
[135]. Oxidized TXN is reduced back to its active form by the enzyme
Thioredoxin-reductase (TXNRD), which uses NADPH as a cofactor. For
example, the enzyme peroxiredoxin (PRDX), which catalyzes the conversion of
H,0O, to water, is oxidized and inactivated in the process and is recharged back
to its active reduced form by TXN. TXN also forms a complex with the MAP3K,
ASK-1 (Fig. 1.6B), sequestering it in an inactive state. However, upon
interacting with ROS species, ASK-1 is released from TXN to its active and
oxidized state [115, 135], ASK-1 then subsequently phosphorylates and
activates downstream MAPKs such as JNK and p38 in a stress activated
response.

To ensure continued survival cells, maintain redox homeostasis, thus
ROS that is generated as a byproduct of cellular metabolism, xenobiotic stress
or deliberately initiated by enzymes (like the NOX) is, therefore, effectively
managed. Nevertheless, the use chemotherapy, radiation, mutations or
environmental toxins could disrupt this failsafe mechanism [115] putting an
increased selective pressure on cells. Hence, cells have to either adapt to the

selective pressure or undergo apoptosis and cell death.
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The next section will discuss the protein Nrf2, a master regulator that
orchestrates these adaptive process enabling cells to survive under increased

oxidative insult.

1.6.1 Nrf2: Adaptive process to oxidative stress

Nrf2 (nuclear factor erythroid 2 related factor 2) belongs to the basic
leucine zipper transcription factor family, which contains the so-called leucine
zipper motif [136, 137]. The motif is a dimer of two alpha helixes with leucine
embedded in the hydrophobic part of the helixes and the dimers interact at the
base to form a zipper and hence the name “leucine zipper” (Fig. 1.5).

The Nrf2’s leucine zipper tightly binds to the ARE (anti-oxidant response
element), which is a cis—acting regulatory element that mediates the
transcription of genes responsible for mitigating oxidative stress [137, 138].
Nrf2 by binding to ARE maintains the steady state ROS levels in cells through
regulating the basal expression of the anti-oxidant genes. Thus, expression of
proteins such as SOD1, NQO1, HMOX1, MDRT (multi-drug resistance
proteins) and GCL (which can boosts GSH synthesis), are all turned on by Nrf2

[115, 137].
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Figure 1.5: An example of the basic leucine zipper (bZip) binding to DNA.

The diagram is a ribbon representation of the bZIP domain of the protein CREB
binding DNA. The basic residues of are represented in green and the zipper residues
are colored in magenta. A hexahydrated magnesium bound to the bzip is also
depicted in the diagram represented by yellow for magnesium and red for oxygen.
Structural diagram obtained from the paper on reference [139].

The antioxidant protein, SOD, for instance catalyzes the dismutation
reaction which is the simultaneous oxidation and reduction of a superoxide
species generating molecular oxygen and H;O, [140]; H2O, can then be
handled by either GPX or PRDX. Mitochondria generate lots of superoxides
and thus have thier own SOD termed SOD2, where as SOD1 is cytoplasmic
[141]. Additionally, mitochondria also have the enzyme NQO1 [142]. NQO1
catalyzes the formation of hydroxyquinone and thereby prevents the one
electron reduction of quinone, resulting in the formation of quinone radical and
a rise in cellular ROS [143]. In addition NQO1 has roles in directly scavenging
superoxides [144], maintenance of lipid soluble antioxidants like vitamin E in

their active form [145] and stabilization of tumor suppressor p53 [146]. On the
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other hand, HMOX1 serves as antioxidant by catalyzing the breakdown of
heme to biliverdin, which is subsequently reduced to bilirubin, an effective
antioxidant [147, 148]. Furthermore, the levels of HMOX1 are also induced by
factors that are known to generate ROS and cause the depletion of GSH [147],
indicating the important role of HMOX1 in redox homeostasis. Hence Nrf2
orchestrates an antioxidant response by mediating the expression of several
antioxidant proteins.

The 70kDa-binding partner, Keap-1, which is a scaffold protein that
binds two distinct domains of Nrf2 [149], regulates Nrf2 protein by recruiting
another scaffold protein, cul3 (cullin 3) (Fig. 1.6A). Cul3 is an E3 ubiquitin ligase
that targets Nrf2 for ubiquitination-mediated proteasomal degradation [137,
150, 151]. Due to this targeting Nrf2 has a short lifetime of about 20 min,
however the presence of reactive cysteine residues in Keap-1 make it an

optimal target for ROS induced covalent modification [137].
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Figure 1.6: Antioxidant defense orchestrated by the master regulator Nrf2.

(A) The protein Keap1 binds to Nrf2 at two distinct sites and recruits cul3 leading to
ubiquitination-mediated proteasomal degradation of Nrf2. An increase in ROS will
result in the release of Nrf2 from the Keap1 complex and leads to the transcription
expression of a several different proteins that help in the antioxidant defense of cells.
(B) The protein TXN sequesters ASK1 in its inactive state and if the increase in ROS is
not mitigated by the Nrf2 mediated antioxidant defense system, the TXN-ASK1
complex is disrupted and ASK1 will be activated. (C) The structure of glutathione is
shown with the red arrow depicting the gamma linkage between glutamate and
cysteine catalyzed by the enzyme GCL. The dotted lines show the amide bond and the
black arrow shows the sulfhydryl functional group that participates antioxidant defense.
The figure was adopted from reference [115, 137]. The glutathione picture was taken
from PubChem database at the NCBI website.
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An imbalance in redox status can thus disrupt the Nrf2 and Keap-1
complex sparing Nrf2 from proteasome degradation and leading to increased
Nrf2 protein, which subsequently result in increased expression of antioxidant
proteins during oxidative stress through activation of the ARE.

Cancer cells are generally characterized by an uncontrolled proliferation
and to sustain such proliferation, high metabolisms is obligatory requirement.
Consequently, cancer cells have a higher basal ROS status compared to
normal cells. Incongruously, the hypoxia arising from such increased
proliferation also stimulates mitochondrial ROS production further sustaining
the high ROS levels and signaling for angiogenesis by the activation of HIF1
(hypoxia-inducible transcription factor 1) [115, 152]. The corollary of this
increase in ROS levels is an adaptation towards increased expression of
antioxidant proteins that boosts the antioxidant capacity of cancer cells. As
such studies have shown cancers cells downregulate the expression of keap1
through methylation-mediated silencing providing an explanation for observed
increased expression of Nrf2 in many cancer cells [153]. As Nrf2 is a master
regulator mediating the expression of antioxidant proteins, such adaptation
enables cancer cells to thrive in increased oxidative environments.

The next subsection will discuss the ABC transporters family. The
expressions of certain members of these transporters are under Nrf2 regulation

and thus form an integral part of the adaptation to cellular oxidative stress.
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1.6.2 ABC transporters

ABC (ATP binding cassettes) transporters are found in all kingdoms of
life and are integral membrane proteins that use energy from hydrolysis of ATP
to translocate substrates across plasma membrane [154-156]. In eukaryotic
organisms ABC transporters function exclusively as exporters whereas in
prokaryotic organisms, they can serve as either importers or exporters [156].
The transporters have a characteristic architecture that consist of 4 main
domains; two transmembrane domains embedded in the lipid bilayer and a
highly conserved two ABC domains located in the cytoplasm [156, 157]. These
transporters are normally found on the luminal side of enterocytes, proximal
tubules of kidney, brain capillary endothelial cells and also on bile canaliculi
[158]. In human beings, ABC transporters are classified into seven different
groups from ABCA all the way to ABCG and in total there are about 49 ABC
transporters (Table 5, Appendix section) [154]. Members of these seven groups
have several roles in cells such as the transporting cholesterol and lipids,
exporting chemotherapeutic drug and toxins (Fig. 1.7) and also mediating ATP-
dependent regulation of ion channels [156]. The vital roles of the transporters in
cells are best illustrated in the manifestation of several diseases that are
associated to mutation in ABC transporters gene causing diseases like cystic

fibrosis, hypercholesterolaemia and diabetes [156].
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Figure 1.7: A representative model for the efflux of drug by the ABC
transporter, ABCB1 (p-glycoprotein)

(A) Drug from the outside partitions in to the lipid bilayer of cells and binds to the drug-
binding pocket of ABCB1 through an open portal. The residues of this drug-binding
pocket are represented by cyan colored spheres and bind the drug in an inward facing
confirmation. (B) ATP shown in yellow binds to the nucleotide-binding domain of
ABCB1 and trigger an outward facing conformational change in ABCB1. Such
confirmation sterically occludes the entry of the drug to the inner leaflet of the plasma
membrane facilitating drug efflux to the outside. Structural model were adopted from
reference [159].

A case in point is a mutations arising from single nucleotide deletion that
leads to an inactive ABCC7 that impairs the transport of chloride ions, a
phenomenon observed in patients with cystic fibrosis. ABCC7 is thus referred
to as CFTR transporter (cystic fibrosis transmembrane conductance regulator)
[154, 160, 161]. Other ABCC members transport glucurionic and glutathione

conjugates of steroid hormones, bile salts and xenobiotics such as doxorubicin
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and lipid peroxidation byproducts 4HNE (4-hydroxynonenal) out of cells [154,
162, 163].

Despite the varied substrates exported, there is no clear evidence for the
export of tamoxifen by ABC transporters, however glucuronate conjugated to
tamoxifen could potentially be a substrate for ABCC transporters, since ABCC
are known to transport glucuronide conjugates [162, 163]. UDP-glucuronic
transferase (UGT) enzymes primarily UGT1A8, UGT1A10 and the UGT2B7
and UGT2B15 are known to participate in the glucuronidation of tamoxifen
using the UDP-glucuronic acid as a susbtrate [158, 164, 165]. Glucuronic acid
is similar to a glucose molecule but it has carboxylic acid instead of an
aldehyde group and participates glucuronidation, which is important step in
xenobiotic metabolism [166].

Metabolism of tamoxifen happens primarily in the liver and follows two
different pathways that are either 4-hydoxylation and/or N-demethylation of
tamoxifen. The cytochrome p450 family of enzymes primarily CYP2D6,
CYP3A4/5 catalyzes these processes. The hydroxylation of tamoxifen to 4HT is
catalyzed by CYP2D6 whereas CYP3A4/5 catalyze N-demethylation reaction
resulting N-desmethytamoxifen [167, 168] (Fig. 1.8). These different tamoxifen
metabolites are glucuronidated or sulfonated by the enzymes UGT and
sulfotransferase, respectively, followed by export through the ABCC
transporters [158]. It is interesting to note that most of these enzymes involved
in tamoxifen metabolism and excretion are polymorphic allowing different

individuals to metabolize tamoxifen at different rates and as such the steady
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state concentration of tamoxifen in different people are different due to this

varied rate excretion [158].

TAMOXIFEN
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Figure 1.8: Structure of tamoxifen and its metabolites.

Tamoxifen has a characteristic tri-phenyl structure and is metabolized by hydroxylation
or demethylation resulting in 4-hydroxytamoxifen and N-desmethyltamoxifen
respectively. Picture adapted from reference [169].

The ABC transporters, specifically the ABCC1-3, ABCB1 and ABCG2 are
often overexpressed in solid tumors and cancer cell lines and have been linked
to chemotherapeutic drug resistance [158, 163]. For this reason, the ABCC

family is colloquially called MRP (multidrug resistance associated protein)
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whereas the name MDR (multi-drug resistance transporter) or p-glycoproteins
(permeability glycoprotein) has been given to ABCB1 protein due to its well-
known role in exporting various chemotherapeutic drugs and causing
resistance. On the other hand ABCG2 is called BCRP1 (breast cancer
resistance protein 1) [154, 158]. These nomenclatures given by different
research groups to the ABC transporters highlight their important role in
chemotherapeutic resistance and are hence collectively referred to as multi
drug resistance transporters (MDRT). Interestingly, under conditions of
oxidative stress, Nrf2 has been shown to mediate the expression of ABCC1-3
and ABCG2 in different cells [170-173]. This underlines the central role of Nrf2
along with MDRTs in mediating chemo-resistance.

The next section will discuss the development of chemo-resistance and
the different factors that aid and abet such processes like phospholipase D,
autotaxin, and RALBP1. The deregulated actions of these proteins can

culminate in treatment failure.

1.7 Chemo-resistance of tumors to therapies

Different treatment such as taxanes, antracylines, cyclophosphamides,
cisplatin, tamoxifen and aromatase inhibitors are some of the common drugs
prescribed for cancer management. These drugs effectively mitigate tumor
progression for some time. Sadly however, the once treatable tumor will
eventually develop resistance to prescribed drugs leading to a phenomenon
known as chemo-resistance [3, 7, 174, 175]. The failed treatment due to this

acquired chemo-resistance manifests in metastases and result in death of
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patients. Chemo-resistance can be divided in to intrinsic resistance and
acquired resistance, the distinction between two lies on the basis of initial
response to therapy, with acquired resistance providing a positive initial
response as opposed to negative initial response observed in intrinsic
resistance [174, 175]. The thesis will focus mostly on acquired chemo-
resistance.

Chemo-resistance can be attributed to cellular factors at the level of tumor
cells or be caused by pharmacological factors that trigger systemic effect and
result in decreased drug bioavailability at the tumor site. Both factors could
contribute to chemo-resistance [174]. An example of a pharmacological factor
that leads to chemo-resistance is the increased tamoxifen execration caused by
elevated activity of the cytochrome p450 family of proteins that metabolize
tamoxifen. This results in lower systemic tamoxifen in circulation and
subsequent tamoxifen resistance [158]. On the other hand chemo-resistance
that arises from tumor cells is recognized as the primary cause for treatment
failure [174]. It is caused by various cellular factors through a multitude of
pathways such as decreased intracellular drug concentration via expression of
MDRTs [172, 174, 176] or changes in tumor cells affecting drug to target
interaction [174]. For instance chemo-resistance to drug like fluorouracil and
tamoxifen have been attributed to increased expression of thymidilate synthase
[177, 178] or decreased expression of estrogen receptor respectively [3].
Alternatively cancer cells could become resistant by changing their cellular

response to drugs through the deregulation of proteins. An example would be
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deregulating proteins involved in ROS detoxification process, which can lead to
elevated capacity to mitigate cellular stress, or deregulating proteins that signal
for survival [174, 175]. Such changes in cellular responses are brought about
by either overexpression or down-regulation of key cellular proteins. An
example of which is methylation-induced down-regulation of Keap1 protein,
which results in increased levels of Nrf2 [153], described in the previous
section.

It now understood that multifactorial processes lead to chemo-resistance
and therapies that aim to target a single mechanism of resistance have been
largely unsuccessful. Interestingly tumors that acquire resistance to a particular
drug also develop cross-resistance to other structurally and functionally distinct
drugs showing the interconnected routes for the progression to a chemo-
resistant phenotype [174].

Overall, individual differences arising from polymorphism and the
increased adaptability of tumors makes the search for magic bullet that targets
all the different mechanism of resistance, a difficult prospect. Therefore, it is
most sensible to target the problem of chemo-resistance through targeted
therapies that are customized to the particular tumor and also tailored towards
the pharmacological characteristics of each individual patient. The success of
such endeavors depends largely on the identification and molecular
characterization of drugs and their mechanism of actions, which will
undoubtedly aids in the customization of treatments. The next subsection will

discuss the role of autotaxin and its enzymatic function that make it a key
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player in the development of chemo-resistance and an excellent prospect for

targeted therapy.

1.7.1 Role of Autotaxin in chemo-resistance

ATX (Autotaxin) was originally isolated in 1992 from media derived from
A2058 human melanoma cells. While studying the motility of tumor cells,
Stracke et al. discovered that these melanoma cells secreted an autocrine
motility factor, which they purified, sequenced and named autotaxin [179]. ATX
is a member of a pyrophosphatase/phosphodiesterase family and it is also
known as ecto-nucleotide pyrophosphatase/phosphodiesterase family member
2 (ENPP 2). It was so named due to its sequence homology to plasma cell
glycoprotein-1 (PC-1) [180], which has nucleotide pyrophosphatase and
phosphodiesterase (NPP) activity [181, 182] allowing it to degrade nucleotide
phosphates. As ATX is a secreted protein, it was called ENPP2 with PC-1
being named NPP1 [183, 184]. However, later studies on the
lysophphospholipase D activity in serum identified the enzyme responsible for
such activity was ATX. The lysophphospholipase D of ATX uses LPC
(lysophphosphophatidyl choline) as a substrate and catalyzes the removal of
choline group resulting in LPA (lysophosphatidate) as a product [185-187].
Later findings showed that ATX has a much lower K, value for LPC as
compared to that of nucleotide phosphates indicating that LPC is a preferred
physiological substrate of ATX. In fact, the physiological function of ATX is to

produce LPA and not to degrade nucleotide phosphates [185, 186].
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Physiologically, ATX and LPA play major roles in forming the embryonic
vasculature and stabilizing blood vessels during embryonic development. This
is illustrated by the observation that ATX-knockout mice die at embryonic day
9.5 with profound vascular and neural tube defects [188-192]. In wild-type
mice, extra-embryonic endothelial cells create a vascular network connecting
with the embryo, whereas the ATX-knockout mice become necrotic due to the
lack of vasculature and are thus reabsorbed. Consistent with conditions of
malformed vasculature and hypoxia, these knockout mice up-regulate the
expression of VEGF (vascular endothelial growth factor) [188, 189]. Such a
role of ATX highlights its importance in the normal vascularization process.
ATX is also important in tissue repair since the local production of LPA
promotes re-epithelialization and wound healing. This role of ATX is reinforced
by findings of increased ATX activity in blister fluids [193] and also by the fact
that its product LPA promotes platelet aggregation, migration of fibroblasts into
a wounded area, which stimulates angiogenesis and healing [194, 195].

ATX is expressed in High Endothelial Venules (HEV) of lymph nodes
and other secondary lymphoid tissues [184, 196], which are characteristic
venules that allow lymphocytes in the blood to directly cross in to the lymph
nodes [197]. ATX also modulates lymphocyte trafficking by promoting
lymphocyte extravasation [198-200], which is a necessary step in initiation of
inflammation. Moreover, in damaged and inflamed tissues, ATX mediates

inflammatory cytokine production and recent studies have also found ATX to

47



be important for myeloid differentiation in human bone marrow further
emphasizing the role of ATX in immunological systems [198-201].

Under pathological conditions such as cancer, asthma, rheumatoid
arthritis and other inflammatory diseases these normal physiological
processes become dysfunctional with increased ATX and LPA signaling
contributing to disease progression [184]. In regards to cancer, ATX was found
to be among the top 40 most up-regulated genes in metastatic cancers [202].
This is further corroborated by studies that show that mice that overexpress
ATX develop spontaneous metastatic mammary tumors [203].

After the initial identification of ATX in stimulating motility in melanomas,
the invasive and aggressive natures of several cancers of the breast, ovarian,
thyroid, kidney, lung, liver (hepatocellular carcinoma) and of the brain
(neuroblastoma and glioblastoma multiforme) have been correlated with the
activity of ATX [184, 204, 205] and signaling from its product LPA.
Furthermore, pharmacological inhibition of ATX activity delayed breast tumor
growth and metastases to lung in 4T1-syngenic mouse model of breast cancer
further highlighting its the vital role of ATX in tumor progression [206].

Cancers such as neuroblastomas, melanomas and thyroid carcinomas
produce copious amounts of ATX. However, ATX does not necessarily need to
be produced by the tumors themselves such as in breast cancers, which
produce very little ATX. Instead, ATX is produced by other cells like adjacent
adipocytes and other stromal cells to aid in the progression of breast cancer

[184, 207-209]. For instance dissemination of primary breast cancer to bone,
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liver and lung is a quite common occurrence [210] and recent work showed
that such metastasis to bone is made possible by the activity of platelet-
derived ATX [211]. The platelet-derived ATX could then interact with ovfs
integrins on breast cancer cells [211], presumably producing local LPA. The
formation of local LPA could aid in tumor progression, as it is quite well known
that the activation of LPA receptors significantly increases tumor growth,
angiogenesis and cell migration which causes metastasis and contributes to
chemo-resistance [185, 205, 212-215].
Enzymatic function of ATX and Lysophosphatidate formation

LPA is a simple phospholipid with a phosphate head group and a single
fatty acid (either saturated or unsaturated) attached at the sn-1 or sn-2 position
of the glycerol backbone (Fig. 1.9). Thus, there are different LPAs depending
on the fatty acid and the position of the glycerol backbone to which it is
attached. LPA mediates most of the biological effects of ATX through its ability
to activate at least six G-protein coupled receptors [216-220]. The action of
ATX on extracellular LPC provides the major route for the production of
circulating LPA. This is illustrated by experiments where ATX activity is

inhibited and this leads to a dramatic fall in circulating LPA [221-223].
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Figure 1.9: General structure of phospholipids

The R group can either be hydrogen or fatty acid and the X group can also be a
hydrogen atom or head group such as choline or ethanolamine. If both the R and X
group are hydrogen the resulting compound is called lysophosphatidate and if the X
group is replaced with choline it is called lysophosphatidylcholine. On the other hand
the attachment of fatty acid at the R group will make the compound phosphatidate or
phosphatidylcholine, respectively.

Lysophosphatidylcholine (LPC) (Fig. 1.9) is the most abundant
phospholipid in blood plasma where it reaches concentrations of >200 uM in
human beings [224]. The liver and probably other organs secrete unsaturated
LPC [225]. Saturated LPC is produced mainly by lecithin:cholesterol
acyltransferase acting on the phosphatidylcholine that is present in high
density lipoproteins by transferring the unsaturated fatty acid (mainly linoleate)
to cholesterol [226]. These reactions provide a continuous supply of LPC that
is readily accessible to most tissues.

It was proposed that the activity of ATX is partially regulated by feedback
inhibition from LPA or S1P, the sphingolipid analogue of LPA [227]. However
recent study showed that under physiological conditions such feedback
inhibition of the ATX activity by LPA is unlikely since the substrate LPC is in

high excess compared to the product LPA [228]. Nonetheless, the same study

showed that LPA through activating the PI3K decreased the expression of ATX
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and as such the feedback regulation by LPA occurs indirectly through
mediating ATX expression rather than activity [228]. Under the context of
inflammation, high levels of LPA coexist with high ATX levels and this possible
since increased levels inflammatory cytokines circumvent the block in the
expression of ATX by LPA, which is compatible with the findings of feedback
through expression of ATX rather than activity [184, 228].

In addition to ATX, there are other pathways for producing extracellular
LPA. The first involves the action of secreted phospholipase A2, which converts
phosphatidate (PA), which is present in micro-vesicles released during
inflammatory reactions, to LPA [229]. There is also evidence that group VIA
phospholipase A, (Ca**-independent phospholipase A2f, iPLA2B) produces
extracellular LPA by human epithelial ovarian cancer cells [230, 231].
Tumorigenesis and ascites formation were decreased in iPLA2B”) null mice
compared with wild-type mice [231]. LPA and LPC concentrations were
decreased in the tumor microenvironment of iPLA2p ) mice to about 80% of
that in wild-type mice. LPA, but not LPC, stimulated cell migration and invasion
when iPLA2p expression was knocked down in vitro. LPA, but not LPC, also
enhanced ascites formation in vivo by about 5-fold and tumorigenesis in iPLA23

) mice [231].
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1.7.2 Metabolism of extracellular LPA

Plasma LPA concentrations are normally <1 yM, but they can reach >10
MM in patients with cancer, as reviewed in [205], depending partly on LPA
production by ATX. The other major component in regulating the concentration
of extracellular LPA is its degradation by lipid phosphatase phosphatases (LPP)
(Fig. 1.9). These are family of three enzymes (LPP1-3) that are able to
dephosphorylate a large variety of bioactive lipid phosphates and
pyrophosphates, including LPA [232]. The LPPs are expressed on the surface
of cells with the active phosphatase site being exposed to the outer leaflet of
the plasma membrane [233]. Increasing the expression of LPP1 on the surface
of fibroblasts increase their ability to degrade various extracellular lipid
phosphates including LPA, phosphatidate (PA) (Fig. 1.9) and ceramide 1-
phosphate [234].

The activity of ecto-LPP on LPA is to quench its active signaling role by
converting LPA to monoacylglycerols (MAG) since MAGs with the exception of
2-monoarachidonoylglycerol (an endocannabinoid) are not signaling molecules.
The dephosphorylation of LPA by LPP is very rapid such that the half-life of
circulating LPA is about 3 min in mice [222, 235]. The LPP isoform, LPP1,
plays a major role in circulating LPA degradation based on experiments in
LPP1 hypomorph mice (Ppap2a™), which have 35-95% decreases in LPP
activity in most tissues, except the brain [235]. Plasma LPA concentrations in
these LPP1 hypomorph mice are significantly increased compared to control

mice, and the half-life of intravenously injected LPA was about 4-fold higher in
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the Ppap2a™" mice compared to controls (t12 = 12 min versus 3 min). Although
other studies have shown that exogenously supplied LPA is rapidly up-taken by
the liver with half-life of 30 sec and this is independent of degradation or
accumulation [236, 237]. These discrepancies between half-life of LPA is due to
variations in measurements in those studies, with the earlier studies measuring
LPA remaining in systemic circulation after the majority of the injected LPA has
probably been sequestered by the liver. On the other hand the more recent
studies measured half-life LPA relative to initially injected LPA levels. Overall,
the concentration of LPA in circulation as well as in the tumor microenvironment
is mainly determined by the balance between the production of LPA by ATX
versus hydrolysis by the LPPs [238].

Also the ecto-activity of LPPs, mainly LPP3 contribute to the degradation
of S1P [237]. S1P can activate up to five G-protein coupled receptors and also
plays a crucial role in the ceramide-S1P rheostat, which dictates the
commitment of cells in to apoptosis or survival pathways, described in Section
1.5.1. Increased S1P production and secretion is associated with increased
chemo-resistance and a stimulation of angiogenesis for the growing tumour
[238]. Therefore, LPP3 could also function to regulate the effects of S1P on
these processes [237].

The functions of LPPs are not just limited to extracellular degradation
lipid phosphates, especially since LPPs are expressed in the Golgi apparatus
[239] and the endoplasmic reticulum[240] with the active site probably

positioned towards the lumen of these organelles[184]. Hence, inside cells
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LPPs could affect signaling by degrading lipid phosphates and such role is
observed in studies that show that overexpression of LPPs blocks thrombin-
induced ERK activation [241]. Thrombin being a protein and not a lipid
phosphate supports the intracellular role of LPPs in effecting changes
downstream of receptor activation. In addition other studies showed that
increased LPP1 expression blocked protease-activated receptor-1 (PAR-1)
peptide and wls-31 (LPA 4, receptor agonist) mediated migration along with
generation of Ca®-transients [242, 243]. As wlIs-31 cannot be
dephosphorylated [242] such findings further consolidate the intracellular
functions of LPPs.

The expression of LPP1 and LPP3 is very low in several cancer cells
and a recent study showed that lentiviral expression of LPP1 in breast cancer
cells significantly attenuated mouse in vivo tumor growth and metastasis in
mice [243]. Another study showed that LPP3 over-expression decreases
growth and colony-formation by ovarian cancer cells by degrading extra-cellular
LPA [244]. Therefore, the increased plasma concentrations of LPA that are
associated with cancer patients could in part be explained by this repression of
LPP in cancer [244-247]. Consequently re-expression of LPP1/3 could be a
potential for cancer therapy [244, 248] and this is supported by studies using
gonadotropin-releasing hormone that increased ecto-LPP expression resulted
in anti-proliferative effects in ovarian cancer [246]. Additionally, tetracycline
mediated increase in LPP expression was shown to decrease LPA levels both

in vivo and in vitro [237] and thus has promise in attenuating cancer
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progression as well. However, not much is known about the link between LPP2
and cancer with expression study in fibroblast showing LPP2 causes premature
entry in to cell-cycle with knockdown having an opposite effect [249]. Moreover,
gene microarray identified LPP2 to be overexpressed in transformed cells as
well as different cancer cell lines and knockdown of LPP2 blocked anchorage-
dependent growth of cancer cells [250, 251].

In general the combination of high ATX and low LPP1/3 exposes cancer
cells to a microenvironment with elevated extracellular LPA concentrations.
This promotes tumor growth, angiogenesis, metastasis and chemo-

resistance[184, 238].

1.7.3 Signaling of lysophosphatidate and its effect in cancer

Extracellular LPA has several roles; one of its physiological roles is in
stimulating the proliferation and migration of fibroblasts to facilitate wound
healing [194, 195]. On the other hand, LPA is found in high concentrations in
ascites fluid and plasma of ovarian cancer patients, where it has been shown to
promote ovarian tumor progression [195]. LPA receptors are also
overexpressed in many cancers[205] and similar to ATX, overexpression of
LPA+3 receptors in mice leads to spontaneous metastatic mammary tumors
[203] demonstrating the critical role of LPA signaling in cancer development.
This is reinforced by studies that show that LPA led to an increase in VEGF
production stimulating angiogenesis [252], which is crucial for tumor
progression. LPA also decreases the expression of tumor suppresser, p53 that

aids in cancer cell survival[253]. Generally LPA’s potent action as survival
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factor has been shown in ovarian and breast cancer cells, macrophages,
fibroblasts and also neonatal cardiac myocytes [253-256].

The role of LPA in cancer is not only restricted to tumor progression but
also extends to chemotherapy and radiotherapy resistance. This aspect is
demonstrated by studies that show LPA signaling strongly antagonizes
paclitaxel-mediated cell death in breast and melanoma cancer cells[205, 238,
254, 257]. Moreover LPA signaling confers resistance to other
chemotherapeutics such as carboplatin [258] and doxorubicin [259] perturbing
the cytotoxic action of these drugs along with blocking radiation-induced cell
death [205, 260, 261]. Additionally, our laboratory recently showed that
signaling from LPA stabilizes Nrf2 leading to increased Nrf2 levels and
downstream anti-oxidant genes and MDRTs [259]. This study links LPA to anti-
oxidant defense system described in Section 1.6.

The actions of LPA can be explained by the different signaling
mechanisms that LPA utilizes to produce its effects and is mediated through at
least six G-protein coupled receptors: LPA{/EDG2, LPA,/EDG4, LPA/EDGY7,
LPA4/GPR23/p2y9, LPAs/GRP92 and LPAs/p2y5 [217, 218]. The first three LPA
receptors belong to Edg (endothelial differentiation gene) family while LPA4
belong to different family of receptors known as P2Y purinergic family of
receptors [262, 263]. The expression of these receptors is cell type specific,
allowing different cells to respond differently to a common signaling molecule
LPA. The binding of LPA to its cognate receptor then signals through pathways

involving the G-proteins Gi, Gs, Gy, and G113, all of which having a distinct
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downstream effects (Fig. 1.10). The signaling cascade could involve the
activation of the ERK pathway, PI3K and Akt pathway, mTOR, Ca**-transients
and the small G-proteins Rac, Rho and Ras through which LPA can mediate

cellular activities such as cell division and migration [256, 264, 265].
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Figure 1.10: Autotaxin—lysophosphatidate-signaling axis.

ATX | converts the abundant LPC to LPA, which binds to its cognate LPA1-6 receptors
(LPA1-3 are shown) to activate multiple signaling pathways, leading to proliferation
and migration of target cells. LPA3 can couple to Gs; it can also couple to Gi/o and Gq
but not G12/13. Moreover, LPA can directly or indirectly activate other signaling
pathways not shown in the figure. LPPs on the other hand, regulate the ATX-LPA
signaling axis by dephosphorylating LPA to the biologically inactive MG.

AC: Adenylate cyclase; ATX: Autotaxin; IP3: Inositol 3-phosphate; LPA:
Lysophosphatidate; LPC: Lysophosphatidylcholine; LPP: Lipid phosphate
phosphatase; MG: Monoacylglycerol; PKA: Protein kinase A; PLC: Phospholipase C;
PLD: Phospholipase D.
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LPA can also increase SK1 mRNA levels and knocking down SK1
blocked LPA-induced migration and invasion of MNK1 gastric cancer cells
[266], suggesting that some of LPA’s actions are mediated through S1P
formation. Like LPA, S1P is a potent stimulator of angiogenesis. S1P is formed
during platelet activation and is also secreted by tumor cells [267, 268]. It is
known that S1P makes up about 80% of the stimulating activity for endothelial
cell migration present in plasma [267], which highlights the important role S1P
in neovascularization process. S1P is formed through the action of sphingosine
kinase isoenzymes (SK1 and SK2) on sphingosine [100]. S1P signals through
five different G-protein coupled receptors that like LPA:.3 belong to the Edg
family of receptors [262]. S1P thus provides another route for an extracellular
lipid to promote tumor development through activation of cell division by
stimulating the ERK pathway and also increasing the level of Ca?* transients
[267, 269]. Interestingly, the estrogen, 17p-estradiol was shown to stimulate
SK1 activity in a non-genomic mechanism in MCF-7 breast cancer cells [270].
The same study also showed that this estrogen activation of SK1 leads to
export of S1P through the MDRTs ABCC1 and ABCG2 leading to S1P inside
out signaling [268]. Hence MDRTs have an extra axis to initiate tumor
progression through secreting S1P in addition to exporting out toxic by products
of oxidation and chemotherapeutic drugs and causing chemo-resistance. S1P
is also exported out of cells by the transporter Spinster 2 (Spns2) [271].

Overall, the strong association of autotaxin expression with breast

cancer cell survival, growth, migration, invasion, and metastasis coupled with
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the actions of LPA and S1P in many cancers firmly establish LPA and S1P as
important pro-survival signals in cancer biology [100, 212, 213, 215]. The next
section will discuss the enzyme phospholipase D activity, which is acutely
activated by LPA. Moreover the activity of PLD links the LPA signaling to S1P

formation.

1.7.4 Phospholipase D signaling pathways and its role in cancer

Phospholipase D (PLD) is an enzyme that catalyzes the hydrolysis of the
phosphodiester bond in phosphatidylcholine (PC) to phosphatidate (PA) and a
free head group, choline. PLD can also use other amine containing
glycerophospholipids as a substrate such as phosphatidylethanolamine (PE) to
generate PA and free head group like ethanolamine [272, 273]. In addition,
PLD can catalyze transphosphatidylation reaction, which is the preferential
transfer of primary alcohol instead of water to generate phosphatidylalcohol
[272]. Thus due to this transphosphatidylation reactions primary alcohols have
been widely utilized to block PLD activity. However, phosphatidylalcohols are
not overtly inert and can imitate some of the signals given out by PA [273]. In
this thesis we have used transphosphatidylation reaction solely to assess PLD
activity (detailed in Chapter 2 of methods section) and instead relied on
pharmacological inhibitors [274] to block PLD actions.

The PLD substrate PC is one of the most abundant phospholipid on
membranes typically making up 30-50% of glycerophospholipids and basal PA
levels make up 2-6% of cellular membranes, which is about 10% of the total PC

levels [272, 273, 275]. Thus the PA generated by PLD is an important
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intracellular signaling lipid and has diverse cellular functions such as vesicle
trafficking, exocytosis, cellular metabolism and cellular proliferation and survival
[272, 273]. It is thus no wonder that the PLD super family is found in different
kingdoms of life such as prokaryotes, fungi, yeast and other eukaryotic species.
PLDs even have functions in viruses [276]. However, the PLD superfamily also
consists of other enzymes such as endonucleases and cardiolipin (CL)
synthase [277, 278].

To be part of the PLD super family proteins must have a characteristic
HKD domain, which is a stretch of sequence with the amino acids histidine,
lysine, and aspartic acid of the general formula HxKxsDxsG(G/S), with ‘X’
denoting any amino acid [272, 273]. There are other non-HKD PLDs in addition
to classical PLDs that hydrolyze PC to PA. The non-HKD PLDs also generate
PA from other non-PC substrate such as glycosylphosphatidylinositol (GPI)-
PLD [273, 279]. GPI-PLD release GPI anchored protein from membranes
generating PA [279], however in the thesis will focus only on the two

mammalian PC hydrolyzing PLDs, PLD1 and PLD2.
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Figure 1.11: The domain structure and activity of Phospholipase D

(A) Phospholipase D is composed of four conserved regions CRI-IV, a PX domain that
binds to the phosphoinositide, PIP3, and PH domain that binds to PIP2 such binding to
PIP2 and PIP3 affects the membrane localization of PLD. PIP2 can also bind to the
polybasic region between CRIlI and CRIIl affecting PLD activity by inducing a
conformational change that affects the binding of the substrate PC
(phosphatidylcholine) to the catalytic core. PC binds to the catalytic core that is
composed of the duplicate HKD domains. The histidine residues in HKD domains
facilitate the hydrolysis of PC to PA (phosphatidate) and choline group. (B) Domain
structure of PLD1 shown here from residues 1-1074 and PLD2 from 1-933. Both PLDs
have similar motifs however PLD2 does not have the loop region found between CRII
and CRIIl of PLD1. Diagrammatic illustrations were adapted from reference and are
not drawn to scale [272, 273].

The activity of PLD was first described in plants and the gene was initially
cloned from castor beans [280]. The sequence information obtained from the
cloning allowed the identification of the two main mammalian phospholipase D,

PLD 1 [281] and PLD2 [282]. As above described above, based on the ability to

hydrolyze PC, PLDs have been identified in prokaryotic and eukaryotic species.
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Nevertheless, cloning and subsequent sequence analyses from the different
organisms revealed little homology between the different PLDs with four very
small regions of sequence showing an actual homology [272]. Even
mammalian PLD1 and PLD2 are only 51% identical with the most notable
homology within the central catalytic core [283]. These homologous sequences
within the catalytic core of PLDs are referred to as CRI-IV (conserved regions)
with the HKD domain being the most highly conserved of all and are found in
both CR-Il and CR-1V (Fig. 1.11) [272, 273].

The duplicate HKD domains within PLDs are vital for the reaction
mechanism, with the first histidine acting as nucleophile and attacking the
substrate PC. On the other hand, the second histidine donates a proton to the
choline-leaving group allowing the formation phosphatidylhistidine intermediate
with the PLD enzyme. To replace the proton-donated to choline group, the
second histidine in the HKD domain will abstract a proton from water resulting
in an activated water molecule which can then hydrolyze the
phosphatidylhistidine intermediate to the final product PA (Fig.1.10) [272, 273,
284, 285]

Located towards the N-terminal side of the catalytic core, the primary
structure of PLD1 and 2 are composed of a tandem regulatory Pleckstrin (PH)
and Phox (PX) homology domains (Fig. 1.11), which bind to
phosphatidylinositol lipids, anchoring PLDs on membranes and regulating their
intracellular localization [286, 287]. This is demonstrated by studies that show

mutation of amino acid residue R179 in the PX domain of PLD1 hinders its
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binding to the phosphoinositide, PIP3[288, 289], which prevents activation and
membrane recruitment of PLD1 after stimulation by platelet-derived growth
factor (PDGF) [289]. The PX domain of PLD1 preferentially binds to PIP;
instead of mono or di-phosphorylated phosphoinositide [288]. As such inhibiting
PI3K, the enzyme that phosphorylates phosphoinositides at the D3 position of
the inositol ring [290], have been shown to also block PLD activated by the
insulin receptor [291]. On the other hand mutation of key residues in the PH
domain known to mediate phosphoinositide binding [292] resulted in the
abolition of PLD2 activity in vivo[293]. Nonetheless, when the same mutant
protein was immunoprecipitated and assayed in vitro it displayed similar activity
to the wild type protein [293] suggesting that the PH domain regulates PLD
activity through protein localization. Moreover other studies with truncation
mutants of PH/PX domains showed unaltered in vitro PLD activity in vitro,
indicating that PH/PX domains are not required for the catalytic activity but
required for membrane recruitment [272, 273].

Despite the presence of the tandem PH and PX domain on PLD1 and 2,
under basal conditions PLD1 is mostly found on perinuclear and intracellular
membranes of secretory vesicles, lysosomes, endosomes, Golgi, and
endoplasmic reticulum [294, 295], whereas PLD2 is found primarily on plasma
membrane [273, 283, 296]. However in studies that used phorbol-12-myristate-
13-acetate (PMA) to stimulate fibroblast and COS-7 cells, PLD1 was recruited
to the plasma membrane [295, 297]. Thus indicating that when stimulated

PLD1 can move from its basal localization.
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As described above phosphoinositides, PIP, and PIP; mediate the
intracellular localization of PLDs through binding the PH and PX domain
respectively. In addition to regulating localization PIP; also mediates the
catalytic activity of PLDs by binding to regions other than the PH/PX region,
with studies locating an extra PIP, binding site on the polybasic region between
CRII and CIlll of the catalytic core [298]. The PIP, binding induces a
conformational change in the catalytic core of PLDs that facilitates PC to bind to
the active site [299]. As such for robust activity both PLDs are highly dependent
on the PIP2, phosphatidylinositol 4,5-bisphosphate [272, 273].

The regulation of PLD activity is quite complex and phosphoinositides are
not the only modulators of PLD activity with multiple other cellular factors such
as small GTP binding proteins (of the Arf, Rho and Ral family), Ca*?, PKC and
phosphorylation all known to regulate the activity of PLDs [272, 273]. A list of
some of the known activators of PLD is provided in Table 1. In addition
extracellular ligands such as LPA, EGF and insulin through binding to receptor
tyrosine kinases and G-protein coupled receptors can induce activation of PLD
[272, 273]. Also due to different subcellular localization as well as difference in
overall sequence homology, the extent PLD1 and PLD2 regulation is also quite
different. For instance, the small G-protein Arf (ADP-ribosylation factor) that
consists of six members [300], Arf1-6 are all recognized activators of PLD [273]
with Arf1 and Arf3 specifically activating PLD1 [301] while Arf4 and Arf6
activate PLD2 [302, 303]. The specific Arf-PLD interaction site has not been

conclusively determined but studies have shown that the N-terminal side of
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PLD is not required for Arf activation [273]. Moreover, Arf can also regulate
PLD activity indirectly through regulating PIP5K (Phosphatidylinositol 4-
phosphate 5-kinases) activity [273, 304], which can in turn activate PLD
through catalyzing the formation of phosphatidylinositol 4,5-bisphosphate.
Similarly, other G-proteins of the Ral and Rho family have been shown to
activate PLD1, but as opposed to Arf, the Ral and Rho family had no influence
on PLD2 [273, 282]. The Rho family of G-proteins, more specifically RhoA, are
a direct activator of PLD1 through binding to the non-conserved C-terminal side
of PLD1 and this interaction is thought to enhance substrate binding [305, 306].
On the other hand Ral G-proteins are an indirect activators of PLD1 [273].
Interestingly, the Ral G-proteins, RalA is found constitutively bound to PLD1
[307] and may thus potentiate PLD1 activation through modulating the
activation of other small G-proteins such as Arfs [273]. Such perspective for
Ral- mediated PLD activation is supported by studies that identified a ternary
complex of Arf, RalA and PLD1, with inhibitors of Arf activation also leading to a
decrease in RalA-induced PLD1 activation [273, 308].

Proteomics studies have identified that both PLD1 and 2 are
phosphorylated at several residues [309, 310] with serine/threonine and
tyrosine kinases being implicated. However, the functional significances of a
particular phosphorylation event is not very clear with different research groups
ascribing phosphorylation as having either a stimulatory or inhibitory role on
PLD. Presumably, the effect of the different phosphorylation events is

dependent on the cell system and stimulation used for the study [273]. A case
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in point is the activation of PLD1 by PKC on fibroblasts by direct protein-protein
interaction without requiring catalytic activity [311] and thus without the need for
phosphorylating PLD, with the isoforms PKC a, 81 and 82 being implicated in
such activation of PLD1 (Table.1). On the other hand in neutrophils, PKCa
activates PLD1 through phosphorylation [312] and furthermore the activation of
PLD2 by PKC isoforms PKC a and PKC¢ also requires phosphorylation [309,
313].

It is known that covalent modification of proteins by phosphorylation not
only mediates activity of the proteins but also serves as a docking site for other
proteins. Such docking sites promote the close interactions of different proteins.
As such PLD2 is tyrosine phosphorylated at residues Y169/Y179 allowing the
binding of the well-known adaptor protein Grb2 via its characteristic SH2
domain [314]. Grb2 also posses an SH3 domain, which can bind to son of
sevenless (SOS), a guanine nucleotide exchange factor (GEF) for Ras. Thus
the binding of Grb2 to PLD2 links it to SOS and thereby activating the
oncogenic small G-protein Ras in the process [315, 316]. The PLD2-Grb2
interaction is localized at the PX domain of PLD2 and thus catalytic inactive
mutants of PLD2 can also bind to Grb2 and possibly recruit SOS as well [314].
In addition to residues Y169 on PLD2, studies have found EGF also modulated

PLD2 by phosphorylating different tyrosine residues [273].
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Overall studies have showed that some tyrosine residues are inhibitory
whereas some are stimulatory and the level of PLD activity may be determined
by ratio of inhibitory versus stimulatory phosphorylation on these different
residues [273, 314].

Table 1: The Role of phosphatidate and the different regulators of PLD
activation.

Signaling from PA-induced by PLD Activators PLD
Protein Role of Protein Name Isoform Mechanism
Name Phosphatidate
(PA)
Rafl Membrane PKC a,31,32 PLDI1 Protein—protein
recruitment interaction
PKCe Membrane Arf PLD1/PLD2 Protein—protein
recruitment interaction
PKCa, &, O Activation RhoA family PLD1 Protein—protein
interaction
mTOR Activation PKN PLD1 Protein—protein
interaction
PIP5K Activation Rheb PLD1 Protein—protein
interaction
Akt Membrane Ras PLD1 Indirect protein—
recruitment protein
interaction
Lipinl} Membrane RalA PLD1 Indirect protein—
localization protein
interaction
Rac-GDI Inhibition AMPK PLDI1 Phosphorylation
ArfGAP1/2 Activation p90 RSK PLDI1 Phosphorylation
SOS Membrane Cdk5 PLD2 Phosphorylation
recruitment
PLCf1,v1,¢&, 03 | Activation Grb2 PLD2 Protein—protein
interaction
NADPH oxidase | Activation PKCo PLD2 Phosphorylation
Racl Membrane PLD1/PLD2 Phosphorylation
recruitment PKCa

mTOR: mammalian Target Of Rapamycin; PKN: Protein Kinase N; Rheb: Ras homolog
enriched in brain, a small G-protein; AMPK: Adenosine Monophosphate-activated Protein
Kinase; RSK: ribosomal S6 kinase; Cdk5: cyclin dependent kinase 5. Table adapted from
reference [273], which provides an extensive catalog of proteins that are activated by activity of
PLD and also proteins that modulate PLD activity.

The functions of PLD within cells mainly centers on its product
phosphatidate being involved in signaling pathways as second messenger

[317, 318]. One such study showed that SK1 (Sphingosine Kinase 1) responds
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to PA formation by translocating from cytosol to membranes where SK1
interacts with sphingosine to form S1P [318]. This would inevitably link the
activity of PLD to survival pathway mediated with the bioactive lipid S1P, with
PLD acting as upstream regulator. In addition to SK1, different laboratories
have now identified several different PA targets such as Raf-1 [319], which is a
MAP3K and SOS [320], which are both recruited to the membrane through
binding to PA formed by PLD. Thus the formation of PA by PLDs can also lead
to the recruitment of SOS to the membranes, in addition to the Grb2 mediated
SOS recruitment by PLD which does not require catalytic activity. More recently
Akt has also been identified as a direct binding target for PA formed by PLD2 in
glioblastoma cells [321]. A summary of some of proteins modulated by PA is
provided in Table 1 above.

Tumor progression is a complex process that requires multiple steps in
order to reach a malignancy and eight hallmarks have been recently proposed
to contribute to such neoplastic transformation which are 1) sustaining
proliferative signaling, 2) evading growth suppression, 3) activating invasion
and metastasis, 4) enabling replicative immortality, 5) inducing angiogenesis, 6)
resisting cell death, 7) avoiding immune destruction, and 8) deregulating
cellular energetics [322]. PA signaling modulates the activity of various
signaling mediators and PLD has the multiple motifs, which can act as docking
sites enhancing the actions key signaling proteins linked to cancer. Hence, it is
no wonder that increased signaling from PLD has been implicated in each of

the eight proposed steps for tumor progression[273]. A case in point is the
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transformation of cells with viral oncogenes v-src, v-Ras and v-Raf all showed
elevated PLD activity compared to control non-transformed cells [323-325].
Similarly rat fibroblast transformed with the proto-oncogene c-src undergo
apoptosis upon serum withdrawal unless PLD1 or PLD2 is also co-expressed
[326]. Moreover, the identification of elevated levels of PLD1 and/or PLD2
MmRNA and protein in cancerous breast tissue compared to the surrounding
tissue also underlines the vital roles of PLDs in oncogenesis [327, 328].

The aggressive nature of tumors is determined by their metastatic
potential, to migrate and invade surrounding and distant tissues. As such, PA
generated by PLD has been implicated in invasiveness of tumors [329]. This
aspect is reinforced by studies of fibroblast migration towards LPA [330] as well
as endothelial cells migration towards S1P [331] both requiring the activity of
PLD2. In addition MDA-MB-231 breast cancer cells also need the activity of
PLD2 for migration [274]. The association of PLD to metastatic potential tumor
is not surprising since PLDs intimately interact with small G-proteins of the Rho
family, which are routinely linked to cytoskeletal rearrangement necessary for
migration [332].

The next section will discuss RALBP1, which like PLD also closely

interacts with the small G-proteins of the Ral and Rho family.

1.7.5 The role of RALBP1 in chemo-resistance

RALBP1 (Ral binding protein 1) was discovered as a novel protein
interacting with the small G-protein RalA and mediating clathrin-coated vesicle-

dependent endocytosis of cell surface receptors such as the EFGR, insulin
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receptor, TGF-B-R [333-335]. However, studies on erythrocytes using the
xenobiotic, 1-chloro-2, 4-dinitrobenzene (DNP) showed that these erythrocytes
possessed the ability to expel glutathione-conjugated DNP (DNP-SG) in an
ATP-dependent manner suggesting the presence of an active transporter [335-
337]. The transporter was purified using affinity chromatography and named
DNP-SG ATPase due its intrinsic ability to hydrolyze ATP [338]. Interestingly
the transporter was also able to export doxorubicin from cells [339, 340]. A
decade later, with the advent of highly specific polyclonal antibodies, the
immunoscreening of human bone marrow cDNA library for the transporter was
possible and DNP-SG ATPase was confirmed to be RALBP1 [340]. This finding
was a significant breakthrough since it unified the signaling of the small G-
protein Ral, the endocytosis of cell surface receptors and the export of
glutathione conjugates and xenobiotics through the RALBP1 protein.

Studies have identified a protein called cytocentrin, which has a 98.4 %
amino acid sequence homology to RALBP1. It migrates at a similar molecular
weight to RALBP1 on SDS PAGE gels. Cytocentrin, however, has a much
shorter half-life compared to RALBP1 and is thought to regulate centrosomal
function during mitosis [341, 342]. It is not clear, however, if cytocentrin is a
splice variant of RALBP1 or product from a different gene [335]. Thus, more
studies need to be done to decipher the distinct contribution of each of the
protein in different cell activities.

Sequence studies and domain analysis on RALBP1 reveled that it has

multi-functional motifs such as Rho/Rac GAP domain, Ral binding domain,
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binding sites for ATP [343, 344] and other proteins such as Reps-1 (RALBP1-
binding EH domain containing protein) [345], POB1 (partner of RalBP1) [346]
and HSF-1 (Heat shock factor 1) [347]. The presence of these diverse motifs
allows RALBP1 to participate in even more functions within cells. Moreover
RALBP1 has PKC and tyrosine phosphorylation sites [335].

The RALBP1 interaction partners Reps1 and POB1, both have a
polyproline motif allowing them to bind to other proteins with Src homology
domain 3 (SH3) such Src kinase, a non-receptor tyrosine kinase, and the well
known adaptor protein, Grb2. Grb2 links tyrosine kinases with other protein
substrate resulting in phosphorylation and subsequent activation. The protein

Reps1 is also important in the clathrin-mediated endocytosis [335].
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Figure 1.12: Effects of Phospholipase D and RALBP1 in cells.

EGF binds to its receptor and tyrosine phosphorylates PLD regulating its function. PLD
localizes to the membrane by binding to phosphoinositides such as PIP2 and at the
membrane it can be activated by GPCR stimulated by LPA. The activity of PLD results
in the second messenger PA (phosphatidate). PA then binds and recruits key signaling
proteins such as SK1, SOS and Raf1 to the membrane. At the membrane SK-1 makes
the potent signaling lipid S1P. SOS activates the proto-oncogene Ras and Raf is
activated at the membrane, all of which will subsequently elicits survival signals to
cells. PLD can also recruit SOS to the membrane and activate RAS by bind to the
adaptor protein, Grb2. Ras once activated can in turn activate the small G-protein Ral.
Ral indirectly activates PLD through binding RALBP1 that can signal for the increased
activity of small proteins Rho. The RALBP1 ATPase domain and use the energy from
hydrolysis of ATP to transport drugs like doxorubicin and glutathione-conjugated-
xenobiotics (represented by the gray diamond symbol) outside of cells.

EGF: Epidermal growth factor receptor; PLD: Phospholipase D; PC: phosphatidyl
choline; PA: Phosphatidate; SK1: Sphingosine kinase 1; SOS: Son of Sevenless; Raf:
Rapidly Accelerated Fibrosarcoma; RALBP1: Ral binding protein 1; RTK: receptor
tyrosine kinase; LPA: lysophosphatidate; GPCR: G-protein coupled receptor.
Diagrammatic illustrations inspired by reference [273].

Once activated, the proto-oncogene Ras will activate Ral GDS (Ral

guanine nucleotide dissociation stimulator), which facilitates the dissociation of
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GDP bound to Ral and loading with GTP [348-350]. This leads to the activation
of Ral and its subsequent binding to RALBP1. This interaction of RALBP1 with
the Ras superfamily of G-proteins such as Ral, Rho, and Rac highlights the
importance of RALBP1 in cancer biology.

Similar to other G-proteins, Ral transduces downstream signals to its
targets either by directly affecting activity, structure, and protein-to-protein
interactions or indirectly through activating other G-proteins. However, studies
have not yet identified which specific functions of RALBP1 are regulated by its
binding to Ral. Presumably Ral may induce a conformational change in
RALBP1 leading to change in ATPase activity and/or the nature of interaction to
other binding partners, which will ultimately regulate export and endocytosis
functions of RALBP1.

The Rho/Rac GAP domain within RALBP1 facilitates the hydrolysis of
GTP and cycling Rho/Rac back to the GDP bound state [351]. Rho/Rac G-
proteins function by modulating cytoskeletal proteins and as such they regulate
cell shape and cell migration [351, 352]. In such a way, RALBP1 provides a link
between Ral and Rho/Rac signaling pathways; moreover, signaling through the
Rho/Rac also regulates the activity of the stress- activated protein kinase JNK
[353]. Thus increased RALBP1 expression could block the sustained activation
of JNK through the Rho/Rac pathway [354].

Overall, both PLD and RALBP1 by being Ral downstream effectors feed
into the signaling from hyperactive RAS (Fig. 1.12), which is known to initiate

neoplastic transformation [355]. Moreover both proteins through their multiple
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modular domains interact with a multitude of proteins and thus participate in
many cellular functions. Therefore, the deregulations of such versatile proteins
either through increased activity or expression will undoubtedly contribute to

tumor progression and chemo-resistance.

1.8 Thesis objectives

The purpose of the thesis was to improve our understanding of how
tamoxifen increases the death of cancer cells and how resistance to the
therapeutic actions of tamoxifen occurs. Estrogens, through binding and
activating the ERa, promote tumor development. Tamoxifen blocks the
proliferative signal given by ERa by acting as a competitive inhibitor for
estrogens. Thus, it is well justified that the therapeutic actions of tamoxifen
have been largely attributed to its antagonism of ERa. Nevertheless, several
research groups have shown that tamoxifen has other effects within cells and
modulates the action of several other key signaling proteins, as mentioned in
Section 1.3. Moreover, since the link between tamoxifen and ERa was
established, other estrogen receptors have been identified. Thus, it is of
paramount importance to investigate and update the model for the therapeutic
action of tamoxifen, especially since tamoxifen is the most widely used breast
cancer treatment in the clinics.

The mechanism/resistance to the action of tamoxifen treatment through the
ERa has been studied extensively. Thus, to achieve our objective of
understanding the mechanism of tamoxifen action we chose to study the role

tamoxifen independently of its effect on ERa. For this purpose, | employed the
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use of ERa-positive and ERa-negative breast cancer cell lines to study the
common effects of tamoxifen in both types of cells. | also studied the anti-
proliferative effect of tamoxifen at cytotoxic, but clinically relevant concentration
of tamoxifen. Such cytotoxic concentrations are much higher than what is
necessary to act as a competitive inhibitor of the ERa. In addition, | also
employed the use starvation medium devoid of estrogens and other growth
factors to study the role of tamoxifen. All such strategies were designed to
achieve the objective to understand the action of tamoxifen on breast tumors
without invoking its well-known actions on ERa. However, my main objective in
this thesis was not to show the utility of tamoxifen treatment in ERa negative
tumors, which make up only one third of the breast cancer population. | used
ERa negative tumors solely as a model system to investigate the action of
tamoxifen independently of its effects on ERa.

As part of my thesis objective, | also aimed to extend my cell culture studies
and investigate its significance in an animal model. To achieve this | made use
of a syngeneic mouse breast cancer model using 4T1 mouse mammary cancer
cells which closely mimics tumor progression in human and is an established
non-surgical animal model for stage IV human breast cancer. Moreover, 4T1
cancer cells have an added advantage of being ERa-negative allowing the
investigation of tamoxifen action independently of ERa.

My second objective was to understand the role of lysophosphatidate (LPA)
in mediating resistance to tamoxifen. LPA is known to cause resistance to

several other chemotherapeutics, however its effect on tamoxifen treatment has
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not been investigated. Moreover, LPA by activating different downstream
survival signals could perturb the extra-ERa-action of tamoxifen. Thus | aimed
to identify any such signaling pathways that would provide a novel insight into
the development of tamoxifen resistance. Furthermore, to achieve my objective
of finding a new mechanism of resistance, | also made use of tamoxifen
resistant cell-lines. The use of such resistant cell lines helps to identify signaling
mechanisms that are dysregulated in the resistant cells by comparing them to
their respective syngeneic control.

The final objective of my thesis was to help in the treatment of breast cancer
patients by improving prognostic outcomes through the application of my
research findings in the cell culture and animal model and applying them into
the Clinics. It is thus my hope that the studies presented in this thesis would be
translated from ‘bench to bed-side’ and improve the efficacy of tamoxifen
treatment by paving the way for the development of novel strategies to

overcome chemo-resistance in general and tamoxifen resistance in particular.
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2 CHAPTER: Methodology and Materials
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2.1 Reagents
Ceramide standards, oleoyl-lysophosphatidate (LPA), 1,2-dioleoly-sn-

glycero-3-phosphobutanol (PB, standard) and inhibitors for PLD1 (VU0359595,
PLD1i) and PLD2 (VU0285655-1, PLD2i) were purchased from Avanti Polar
Lipids (Alabaster, AL, USA). MTT reagent, crystal violet, 4-hydroxytamoxifen
(4HT), N-desmethyltamoxifen (NDMT), vitamin E (a-Tocopherol), TBHQ (tert-
Butylhydroquinone), PMC (2,2,5,7,8-Pentamethyl-6-chromanol), DMSO,
protease inhibitors cocktail, sodium orthovanadate and formic acid were from
Sigma (Oakville, ON, Canada). ONO-8430506 was from Ono Pharmaceuticals
Ltd. (Osaka, Japan). Acetic acid, acetonitrile, 2-propanol and methanol were
purchased from Fisher Scientific (Ottawa, Ontario, Canada). Inhibitor for JNK
(JNKi, SP 600125) and ASK1 (ASKi, TC ASK 10) were from Tocris Bioscience
(Ellisville, MO, USA). [°H]-palmitate was from Perkin-Elmer Life Sci (Waltham,
Massachusetts, USA). Tamoxifen (TAM) and Microcystin-LR were from
Cayman chemical (Ann Arbor, MI, USA), Matrigel was from BD Biosciences
(Mississauga, ON, Canada), TLC silica gel plates were from Millipore
(Etobicoke, ON, Canada) and peanut oil was from Sobeys (Edmonton, AB,
Canada). Primary antibodies were obtained as follows: Anti- ER-alpha, Anti-
PARP, Anti-Cleaved, Anti-Caspase-3, Anti-PARP and Anti-P-SAPK/JNK were
from Cell Signaling (Danvers, MA, USA), Anti-PLD1 (PLD1, 44-322) was from
Invitrogen (Carlsbad, CA, USA), Anti-4HNE and Anti B-actin was from Abcam
(Toronto, ON, Canada), Anti-PLD2 was a kind gift from Dr. Sylvain Bourgoin,
Anti-GAPDH and Anti-a-Tubulin was from (Sigma), Anti-Nrf2 (H-300) and Anti-

NQO1 (A180) were from Santa Cruz (Santa Cruz, CA, USA), Anti-Calnexin and

78



Anti-ABCC1 (MRP1-m6) was from Enzo Life Sciences (Farmingdale, NY, USA)
and Anti-GPR30 was from Genscript (Piscataway, NJ, USA). Rabbit Anti-lgG
and mouse Anti-IgG secondary antibodies conjugated to infrared fluorescent
dyes (IRDye) were purchased from LI-COR Biosciences (Lincoln, NE, USA)
and used at 1:10000 concentrations. All cell lines were purchased from ATCC

(Manassas, VA, USA).

2.2 Cell culture

Cell lines: Human breast cancer cells, MCF-7 (HTB-22) and MDA-MB 231
(HTB-26), Balb/c mouse derived 4T1 cancer cells (CRL-2539TM) and human
embryonic kidney cells HEK293T (CRL-11268) were all purchased from the
American Type Culture Collection (ATCC) (Manassas, VA, USA). Cell were
cultured on cell culture plates from Corning (Corning, NY, USA) in an incubator
that was maintained at 37°C, 5% CO, and 95% humidity. All cells were grown
in either DMEM media or RPMI-1640 medium with 10% FBS and 1% of
Antibiotic-Antimycotic purchased from Gibco/Life Technologies (Burlington,
ON). To maintain optimal pH in a 5% CO; incubator the level of sodium
bicarbonate was adjusted to 2 g/L. All experiments were conducted with cells
that were cultured and maintained at a low passage number. All experimental
treatment that included tamoxifen was delivered in phenol red free medium.

MCF-7 cells used in luciferase assay, stably expressed an inducible
antioxidant response element upstream to a luciferase reporter gene [356] and
were a kind gift from Prof. Roland Wolf, from Cancer Research UK, University

of Dundee, Scotland, United Kingdom. MCF-7 derived tamoxifen resistant cells
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(MCF-7- TAMR) and their corresponding control syngeneic wild type cells
(MCF-7 WT) were obtained from our collaborator Dr. Pu Xia from University of
Sydney, Sydney Australia. MCF-7-TAMR and MCF-7 WT cells were always
cultured in the phenol red free DMEM media with 10% FBS and 1% Antibiotic-

Antimycotic in the presence of 1uM 4-hydroxytamoxifen or vehicle respectively.

2.3 Microscopy

All phase contrast microscopy images were taken at either 10X or 40X
magnification and images were acquired from 3 different fields for each sample
from three independent experiments performed. The analysis of images was
done by Image J software.

For immunocytochemistry cells were seeded on to a coverslips precoated
with fibronectin (10 ug/ml) and allowed to grow overnight. The following day the
cells were treated accordingly and fixed with 4% paraformaldehyde for 30 min
followed by permeabilization with 0.25-10% Triton X-100. Afterwards, the fixed
cells were blocked for an hour to prevent non-specific binding of antibodies
using with 1% BSA, 22.52 mg/ml glycine in PBST (PBS+ 0.1% Tween 20). The
primary antibody, were prepared at 1:100 concentrations in 1% BSA in PBST
and the cells were then stained at 4°C overnight. The primary antibody was
removed and followed by staining with rabbit Anti-lgG conjugated to Alexa Fluor
488 secondary antibody (Invitrogen) and counterstained with DAPI (Hoechst
dye 33342) for nuclei staining (Life Technologies). The secondary antibody
was prepared in 1% BSA at 1:500 concentration. After each step of the above

procedure coverslip was washed three times for 5 min with PBS. Finally the
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coverslip was mounted on to a microscope slide with Prolong Gold Antifade
(Invitrogen, Carlsbad, CA, USA). Coverslips were then viewed with fluorescent
microscope (Leica Microsystems, Concord ON, Canada) with 40X

magnification.

2.3.1 Translocation of Nrf2 to nucleus

To study the translocation of Nrf2 by tamoxifen, HEK293T cells were
utilized and the cells were grown on coverslips as done for
immunocytochemistry experiment described above. However, before
proceeding to tamoxifen treatment, transfection procedure was performed in
starvation media. The transfection of the cells was done with EGFP-NRF-2
expression plasmid (21549) on a pCDNAS3 vector purchased from Addgene
(Cambridge,MA,USA). Escherichia Coli strain DH5a (Life Technologies) were
then transformed using the plasmids and plated in LB Agar (1.5% w/v agar in
LB medium) containing 100 ug/ml Ampicillin and incubated at 37°C for
obtaining E. Coli colonies.The plasmid DNA was isolated using the QlAprep kits
(Qiagen, Toronto, ON) and quantified using a nanodrop spectrophotometer ND-
1000 (Thermo Scientific, Rockford, IL, USA). Each coverslips was transfected
using Polyjet transfection reagent (Signagen,Gaithersburg, MD, USA)
according to the manufacturer’s instructions and the cells were left to grow for
24 h. After which the cells were treated with tamoxifen accordingly and
immunocytochemistry was performed as described above and followed by
confocal microscopy using Leica SP5 confocal microscope

(Concord,ON,Canada) for acquiring representative images.
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The translocation experiments were done with the assistance of Dr.

Ganesh Venkatraman.

2.3.2 Superoxide measurement.

Cells were grown in a 12-well plate to 50 % confluence after which the
media was removed and the cells were washed with HBSS (Hank's Balanced
Salt Solution) followed by a 1 h pretreatment with 25 yuM dihydroethidium
(DHE), from Life Technologies. Cells were then treated as described for 24 h in
DMEM starvation medium. Oxidized DHE has fluorescence excitation/Emission
wavelength of 518/605(nm). This signal intensity, which is a measure of
superoxide formation, was analyzed after taking images with a live cell
fluorescent microscope (Leica Microsystems, Concord ON, Canada) with 40X
magnification. Images were acquired using Openlab 4.0.2 software. Signal
intensity was quantified using Image J software from 3 independent
experiments with images taken from 3 different fields for each treatment

condition.
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2.4 MTT assay for cell viability

10,000 cells were seeded in to each well of a 96 well plate in the
presence of 100 ul medium. The cells were allowed to adhere to the well
overnight after which the wells were washed with HBS (HEPES-buffered saline)
and treated accordingly. At the end of the treatment the media were removed
and replaced with 1mg/ml MTT (prepared in the same medium) and incubated
for 2 h. Finally the MTT containing medium was removed and the purple
formazan formed inside cells was extracted with DMSO and its absorbance
was measured at 570 nm using an Easy Reader EAR 340 AT (SLT-

Labinstruments, Austria).

2.5 Nrf2 knockdown experiment
For RNAI silencing of Nrf2, 200,000 4T1 cells were seeded in 6-well

plates and grown for 24 h. Then DsiRNAs (5-dicer-substrate siRNA) were
added in a fresh antibiotic-free medium at a final concentration of 40 nM in
each well. The DsiRNA transfections were done using Lipofectamine RNAIMAX
transfection reagent (Life technologies) in Opti-MEM reduced serum medium
(life technologies) according to the manufacturer’s protocol.

The DsiRNA duplexes were designed using Predesigned DsiRNA
selection tool from Integrated DNA Technologies Inc. (Coralville, IA, USA). A
non-targeting siRNA duplex that does not target any sequence in human,
mouse and rat transcriptomes was used as a control. Five targeting sequences
were designed and used for experiments. The DsiRNA sequences are shown

below:
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Table 2: Nrf2 DsiRNA sequences

No Sequences

Dsi-1

rG:(;rjA rG:Gr-FLr(; r-F‘ArL'rGr(?rﬂrU:UrUrGri:UerGr

1GeUsCrGeUsCrCelsGrUeArCeCrUs hrhrAsCrUzhrheCrUsGeUs G

Dsi-2 ' 1GeCeheCoCelrlsUeUeGeGrGrheGehs Gl UsUsCoUs Gyl

,u,c,c,é,U,G,G,U,i,j.,n,c ,(EI,C,U,C,U,C,j.,i,ﬁ,G,L,&,;.,A,A
pet3 T 1GrCrhoGrCrhellchiGehiGeCrhiGeGeheC

T2:C:GeT:C ,G,ﬁ,i,ﬂ,&,urc,ulsru,c,-: 56Tl keCoCelloCsGeT
Dsi-4

1GrCrheleGeArUrGGrheCeUrUGeGrheGele UsGoCeCrl

e Ge U b U b el e heCoCllCr e eCeGuGa e

Dsi-5

rCrCrhrGr e GrAr UrGrGrl e Ar e UG UG U U CC UL T
| I 11 | | 11

U UeGrGeUC rUrCrUrer:C rOr U U Crl pCrlis BrGrGrlz AsCell

2.6 Cell proliferation assay

Cells were grown over night in a 6 well plate followed by the appropriate

treatment for up to 3 days. At the end of the treatment the cells were collected

by trypsinization and counted using Countess® Automated Cell Counter (Life

Technologies) according to the manufacturer's instruction to assess the

proliferation of cells. Another method for measuring cell proliferation is Crystal

violet staining described in the section below.

2.6.1 Crystal violet staining

Cells were seeded overnight in 24 well plates and treated accordingly for

24 h. The cells were then fixed with paraformaldehyde for 30 min and stained

for 10 min with 0.5 mg/ml crystal violet prepared in equal volumes of methanol



and water. Excess crystal violet was removed by washing three times with
PBS. The crystal violet bound to cells was then extracted in 10% acetic acid
and its absorbance was measured at 600nm using an Easy Reader EAR 340

AT (SLT-Labinstruments, Austria).

2.7 Western blotting

Cells were seeded in either a 6-well plate or a 35 mm dish and grown for
24 h prior to treatment. After treatment, cell lysates were collected by scraping
with rubber spatula in 150-300 pl of RIPA buffer (150 mM NaCl, 1.0% NP-40,
0.5% sodium deoxycholate, 0.1% SDS (sodium dodecyl sulphate) and 50 mM
Tris-HCI at pH 8.0, protease Inhibitors cocktail, Microcystin-LR and sodium
orthovanadate). In order to process equal amount of protein on an SDS-PAGE
(polyacrylamide gel electrophoresis) gel, the protein yield from each sample
was determined using a BSA standard curve.

Protein Assay: A standard curve was set up using 20, 10, 5, 2.5 and
1.25 ug of BSA (Bovine serum albumin) protein each dissolved in 10ul RIPA

buffer and loaded on to 96 well-plates in duplicates.
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Figure 2.1: Example of standard curve with Bovine Serum Albumin (BSA)
protein.

A plot of BSA standard cure with protein amount on the X-axis and the absorbance on
the Y-axis with best fit line trend line and the calculated relation ship between
absorbance and protein amount and R? displayed.

Cell lysates were diluted in RIPA buffer in 1:10 ratio and were then loaded
in to the 96-well plate. Then 200 pl mixture of reagent A and reagent B from
BCA™ kit reagents (Fisher Scientific) mixed in 50:1 ratio respectively was
added to each standard and sample well. The absorbance was then measured
using an Easy Reader EAR 340 AT (SLT-Labinstruments, Austria) at 550nm.
The protein content from each experimental sample was then calculated using
the formula determined from the relationship between the absorbance and
protein amount (Fig. 2.1).

Gel preparation and running samples on PAGE: Gels for PAGE consisted
of staking gel (which comprised of 125 mM Tris-HCI pH 6.8, 0.1% SDS, 3.9%

acrylamide and 0.1% bisacrylamide) and a separating gel (375 mM Tris-HCI pH
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8.8, 0.1% SDS, 10% acrylamide and 0.28% bisacrylamide) polymerized using
10% APS (ammonium persulfate) and TEMED (N,N,N’,N'-Tetramethylethane-
1,2-diamine). For sample loading, the stacking gel was made to have either 10
or 15-well pocket by using well comb (biorad). The gel was then placed in Mini-
Protean Il protein electrophoresis apparatus (Bio-Rad), which was filled with
Laemmli electrophoresis buffer (25 mM Tris base pH 8.3, 192 mM glycine, 0.1
% SDS). Each gel well was loaded with equal amounts of up to a 40 ug protein
in 1x sample loading buffer that was prepared by diluting in to in 6x sample
loading buffer (375 mM Tris-HCI pH 6.8, 6% SDS, 45% glycerol, 0.005%
bromphenol blue) and 10% 2-mercaptoethanol that was also freshly added
before each PAGE. At least one well in each gel was designated for loading 10
WL of Precision Plus® All-Blue Protein Standards (Bio-Rad) consisting of 250,
150, 100, 75, 50, 37, 25, 20, 15 and 10 kDa protein standards as a marker for
identifying the molecular weight of blotted proteins. The proteins in the sample
were separated based on size by applying 150 V for about 2 h.

Protein transfer and developing western-blot membrane: The gel
was placed in a Biorad transfer apparatus and transferred on to a 0.45 uM
Nitrocellulose membrane (Biorad, Mississauga, ON, Canada) using a current of
400 milliampere at 4°C in Tris- glycine buffer (25 mM Tris base, 192 mM
glycine) containing 20% methanol and 0.05% SDS for 4 h. After the transfer the
membrane was blocked for 1 h at room temperature. For blots developed by
infrared image scanner, a buffer made up of equal volumes of Odyssey

blocking buffer (LI-COR biosciences) and PBS was used. For blots developed
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by chemiluminecsence a buffer made up 5% milk powder in TBS (20 mM Tris
base, 137 mM NaCl at pH 7.6) was used. After blocking, the membrane was
incubated overnight at 4°C with primary antibodies (concentration of 1:1000
was used for all antibodies with the exception of Anti-Nrf2, Anti-NQO1 and Anti-
PLD2 used at 1:500 and Anti-ABCC1 used at 1:100 concentration) that was
prepared in 1:1 ratio of Odyssey blocking buffer and PBST (PBS with 0.1%
Tween-20). The blots were washed three times each with PBST for 5 min and
then incubated for 1 h at room temperature with secondary antibodies which
was prepared in the same composition of blocking buffer used to block the
membrane plus an additional 0.01% SDS for blots prepared for infrared
imaging or with an additional 0.1% Tween-20 for chemiluminecsence imaging,
which was done to remove non-specific antibody binding. At the end of
incubation with secondary antibodies, blots were washed 3 times for 5 min
each with PBST and scanned with Odyssey infrared image scanner for blots
stained with IRDYE secondary antibodies. Blots for Nrf2, ABCC1, ERa were
developed by using horseradish peroxidase (HRP)-conjugated goat anti-
rabbit/mouse immunoglobulin G (IgG) secondary antibodies at 1:2000 dilution
(Santa Cruz Biotechnology Inc, Santa Cruz, CA, USA) and exposing the
chemiluminecsence generated by application of the ImmunstarWesternCkit
(Bio-Rad, Hercules, CA, USA) on to autoradiography film (Kodak, Rochester,
NY, USA). For infrared imaging the IRDye secondary antibodies were at

1:10,000 concentration. The densitometric analysis for the blotted protein was
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done using loading control proteins GAPDH, actin or tubulin and performed
using ImagedJ software (NIH, Bethesda, MD, USA).
Western blots for NQO1 and Nrf2 were done with the assistance of Dr. Ganesh

Venkatraman.

2.8 Quantitative real-time PCR (qRT-PCR)

Cell or tumor tissue lysates were collected and homogenized in 500l
lysis binding buffer (Qiagen). The lysates were then passed through a sterile
25-gauge-syringe 3-4 times to break up the lysate. To the each lysates a 500yl
of 64% ethanol was added and mixed by inverting. The lysate/ethanol mixture
was placed on a filter cartridge (Qiagen) fitted on to a collection tube supplied
from a Qiagen kit and spun for 1 min at 13000 RPM in a micro-centrifuge. The
mRNA bound on to the filter cartridge and the flow-through collected in the
collection tube was discarded. The filter cartridge was washed sequentially
with wash solution 1 and 2/3 from RNA aqueous kit (Qiagen) and then filter
cartridge was spun for 1 min at 13000 RPM to remove the wash solution. The
mMmRNA was then eluted in to a fresh tube by applying 105 pl of elution solution
on to filter cartridge.

Any remaining genomic DNA that was eluted with the mRNA was
digested using rDNSAE digestion step using DNA-Free Kit (Qiagen). The
mMmRNA was then reverse transcribed in to cDNA (complementary DNA) by
running a PCR protocol of STEP 1: 25°C for 10 min; STEP 2: 42°C for 60 min

and STEP 3: 95°C for 5 min and cooled down to 4°C till running qRT-PCR
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using 4yl gscript cDNA super mix (Quanta BioSciences Gaithersburg, MD,
USA) and 16 ul of eluted mRNA.

The gqRT-PCR procedure was preformed by combining the cDNA, 10 uM
of sense (forward) and antisense (reverse) primer set, RT? SYBR green qPCR
mastermix (Qiagen) in to a PCR plate. The plate was placed on to an Applied
Biosystems 7500 real-time RT-PCR thermocycler (Life Technologies) and a
PCR program: STEP 1: 50°C for 2 min; STEP 2: 95°C for 10 min; STEP 3: 40 x
95°C for 15 s and 60°C for 1 min was run. Followed by another PCR program
that consisted of STEP 1: 95°C for 15s; STEP 2: 60°C for 1 min; STEP 3: 95°C
for 15s for 40 cycles was performed to analyze the melting point of the PCR
product formed from the previous PCR reaction. A cDNA dilution curve was set

up and run alongside with the samples.
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Figure 2.2: Dissociation plot for Estrogen receptor-a primer

The different colored lines represent different samples and the maximum point of peak
is the melting temperature (Tm), which is around 85°C for ER-a primer set. Tm is
defined as the temperature at which 50% of the product has melted. The derivative
shown on the Y-axis is the is the negative of the rate of change in fluorescence as a
fraction of temperature
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The SYBR green in the master mix will bind to cDNA at each of the PCR
cycle and emit a fluorescent signal. The change in SYBR green dye
fluorescence will be recorded by a specific-filter inside the machine and the
ROX-dye in the master mix will be was used as a passive reference dye. The
recorded signal intensity is proportional to the amount of cDNA in each well.
The number of cycles need to reach a particular fluorescent intensity threshold
level termed as Cy value for each sample will then be used to asses the
amount of cDNA in the different wells by comparing it to the cDNA standard

curve which plots log of Ct value to dilution curve ratio.
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Figure 2.3: Graphical representation of an amplification plot for Estrogen
receptor-a gene expression.

The different colored lines represent an amplification plot for specific sample and show
the variation of log (Delta R,) with PCR cycle. The plot shown here is of delta R, which
is the fluorescence signal of the reporter dye divided by the fluorescence signal of a

passive reference dye (ROX™) and plotted against PCR cycle number. Delta R,
indicates a baseline background subtraction.
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The fluorescent intensity threshold, which is the Ct value is the same for
all samples and is on the earlier portion of the amplification curve. The Ct value
is inversely proportional to the expression level of the gene of interest.

The mRNA level of the gene of interest were expressed relative control
treatments after normalizing to housekeeping gene, cyclophilin A (CypA).
Equivalent results were also obtained using hypoxanthine
phosphoribosyltransferase (HPRT). Results that compare the relative
expression of genes between mouse and humans cells were expressed relative
to GAPDH (glyceraldehyde 3-phosphate dehydrogenase). The Primers used for
gRT-PCR were designed with Primer-BLAST software algorithm from NCBI
website. The designed primers used for RTPCR were then ordered from
Integrated DNA Technologies (Coralville, lowa, USA). The primer sequences
are listed in Table 3.

gRT-PCR for anti-oxidant genes and MDRTs were done with the

assistance of Dr. Ganesh Venkatraman.
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Table 3: Primer sequences

Species Gene Primer Sequence
Human & ERa Sense: 5-CCTGGACAAGATCACAG-3
Antisense: 5~ AGCAGGTCATAGAGGGG-3'
Mouse
Human & GPR30 Sense: 5-CCTGTACTTCATCAACCTG-3
Antisense: 5 TCATCCAGGTGAGGAAG-3’
Mouse
Human & GAPDH | Sense: 5-ACTTTGTCAAGCTCATTTCC-3
Antisense: 5-TCTTACTCCTTGGAGGCCAT-3,
Mouse
Mouse Nrf2 Sense: 5CAAGACTTGGGCCACTTAAAAGAC-3
Antisense: 5-AGTAAGGCTTTCCATCCTCATCAC-3’,
Mouse NQO1 Sense: 5-AGCTGGAAGCTGCAGACCTG-3
Antisense: 5-CCTTTCAGAATGGCTGGCA-3’,
Mouse HMOX1 | Sense: 5-GCTAGCCTGGTGCAAGATACTG-3’
Antisense: 5-CACATTGGACAGAGTTCACAGC-3
Mouse ABCC1 | Sense: 5-GCGCTGTCTATCGTAAGGCT-3’
Antisense: 5-AGAGGGGCTGACCAGATCAT-3’
Mouse ABCG2 | Sense: 5-TGGACTCAAGCACAGCGAAT-3’
Antisense: 5-ATCCGCAGGGTTGTTGTAGG-3’
Mouse ABCC3 | Sense 5-GGGCTCCAAGTTCTGGGAC-3
Antisense 5-CCGTCTTGAGCCTGGATAAC-3’
Mouse: CypA Sense 5-CACCGTGTTCTTCGACATCAC -3
Antisense 5-CCAGTGCTCAGAGCTCGA AAG -3’
Mouse SOD1 Sense 5 -CCA GTG CAG GAC CTC ATT TT -3’
Antisense 5’-CAC CTT TGC CCA AGT CAT CT-3’,
Mouse HPRT Sense: 5-GCTGGTGAAAAGGACCTCT -3
Antisense: 5-CACAGGACTAGAACACCTGC -3
Human PLD1 Sense: 5- TGC CCC TGC TCA TCT GGT CCT -3’
Antisense: 5’- TGT TGT CAG TGC CTT TGG GAG CA-3’
Human PLD2 Sense: 5-AAA GGA GCA CGG AGG CAC GG -3’
Antisense: 5-GGG GCG TAG CTG TCA TGC CG -3
Mouse RALBP1 | Sense:5-CTG GCC ACT CTT GTT TGT GC -3

Antisense: 5- AAG AGG CCT TTG CTG ATC CC -3
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2.9 Measurement of ceramide concentration

Lipids were extracted from treated cells using a modified Bligh and Dyer
extraction method using 1 ml of methanol, 1 ml of chloroform and 0.9 mi
aqueous solution (2M KCI/ 10 mM HCI solution). For the analysis 800 pl of the
chloroform phase was then aspirated, dried under N, and then redissolved in
100pl methanol. C17:0 ceramide was used as the internal standard at a

concentration of 0.1 pmol/ul in all standard and sample solutions.

The ceramide level in each sample was assessed by tandem liquid
chromatography mass spectrometric (LC-MS/MS) analysis using standards of
C16:0-, C22:0-, C24:1- and C24.0- ceramides plus C16:0- and C24:.0-
dihydroceramides that were diluted with methanol to prepare calibration
solution mixtures with concentrations of 2, 1, 0.5, 0.2, 0.1, 0.05, 0.02 and 0.01

pmol/ul of each component. These were stored at -20°C prior to use. LC

conditions: Separation of ceramide species was performed on an Agilent 1200
series HPLC system (Agilent Technologies, Palo Alto, CA) using an Ascentis
C18 column (5 cm x 2.1 mm I.D., 3 um particle size, Supelco, Bellefonte, PA).
The mobile phase consisted of (A) 0.1% formic acid in water and (B) 0.1%
formic acid in a mixture of acetonitrile and 2-propanol (40:60, v/v). The flow rate
of mobile phase was 0.3 ml/min and the injection volume was 5 ul.
Chromatographic analysis was performed using the following gradient: 0-1 min,
50% B; 1-4 min, 50% to 100 % B; 4-12 min 100% B. The column was then re-

equilibrated at the initial conditions (50% B) for 5 min prior to the next analysis.
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Table 4:MRM transition ions and optimized operation parameters

Q1 Q3 Scan DP EP CEP CE CXP
Analyte mass | mass | time (s) V) V) V) V) V)
(amu) | (amu)
5104 | 492.3 0.8 50 6 25 20 6
C14 Cer
510.4 | 2645 0.8 50 6 25 25 3
16 cor | 5383 | 520.4 0.8 50 4 20 15 4
5383 | 2645 0.8 50 4 25 35 3
HC16 Cor | 5407 | 5228 0.8 50 6 20 25 4
540.7 | 284.3 0.8 50 6 20 35 3
C17 Cer | 5526 | 534.6 08 50 4 20 20 6
(IS) 5526 | 264.2 0.8 55 35 20 35 3
18 cor | 5665 | 548.7 0.8 36 45 18 15 5
566.5 | 264.1 0.8 40 4 18 35 3
o0 Cor | 5945 | 576.2 0.8 50 45 20 20 6
5045 | 264.3 0.8 50 5 20 35 3
622.7 | 604.8 0.8 50 6 25 20 6
C22Cer =507 | 2645 0.8 45 45 20 40 3
6245 | 606.3 0.8 50 6 23 32 6
dHC22 Cer
6245 | 284.2 0.8 50 6 23 40 3
o4t Gor | 6483 | 6308 0.8 40 45 18 20 6
' 6483 | 264.2 0.8 50 4 25 40 3
650.5 | 632.4 0.8 50 6 25 25 6
C24Cer o505 | 264.1 0.8 45 45 20 40 3
652.8 | 634.6 0.8 57 6 20 32 5
dHC24 Cer
652.8 | 284.1 0.8 45 6 20 40 3
o6 Gor | 6766 | 6583 0.8 50 5 25 30 6
' 676.6 | 264.3 0.8 50 5 25 42 3

DP, EP, CEP, CE and CXP are declustering potential, entrance potential, collision cell entrance
potential, collision energy and collision cell exit potential.

MS/MS conditions: MS analysis was performed on a 3200 QTRAP mass
spectrometer (AB SCIEX, Concord, ON, Canada) using Analyst 1.4.2 software.
The mass spectrometer was operated using positive ion electrospray ionization
(ESI) in the multiple reaction-monitoring (MRM) mode. Nitrogen was used as
curtain gas (CUR), nebulizer gas and drying gas. The instrumental parameters
were set as follows: CUR, 10 psi; collision gas (CAD), 5; ionspray voltage (IS),

5200V; temperature (TEM), 400°C; Gas 1, 50 psi; Gas 2, 60 psi. The ceramide

levels were normalized to total lipid phosphorous levels determined by a

phosphate assay (Section 2.9.1) and expressed relative to control treatment.
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Si Mi, in Dr. Jonathan M. Curtis laboratory, (Department of Agricultural,
Food and Nutritional Science in University of Alberta) performed the LC-MS/MS

portion of experiment.

2.9.1 Phosphate assay

Lipids were extracted into the organic phase by chloroform as mentioned
in Section 2.9. Phosphate assay was then performed to determine the total
phospholipid phosphorous levels in each sample. For this purpose, a standard
curve was set up in a glass tubes using 1-100 nmol of glycerol-3-phosphate
prepared in water, which was then evaporated along with the samples. A
volume of 50 ul of perchloric acid was added to the glass tubes and heated to
180°C for 30 min allowing the digestion and the subsequent conversion of the
organic phosphate in the samples into an inorganic phosphate. The glass
tubes were cooled to room temperature and a mixture of 278 pl of water
followed by 55 pl of 2.5% ammoniummolybdate and 55 pl of fresh 10%
ascorbic acid was added. The samples were then placed in 90°C water bath for
15 min. A volume of 180 ul of this mixture was transferred in duplicate to a 96-
well plate and absorbance was measured at 700 nm using an Easy Reader
EAR 340 AT (SLT-Labinstruments, Austria). Phosphate assay was performed

with the assistance of Jay Dewald.
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2.10Luciferase Assay

MCF-7 cells stably expressing the ARE sequence upstream of the
reporter gene were used for the luciferase assay experiments. 500,000 cells
were seeded in 6 well plates and grown overnight before adding treatments.
The cells were left in the treatment medium for 24 h after which they were
washed twice and collected for the luciferase assay, which was performed
according manufacturer’s instructions with a kit from Promega Corporation
(Madison, WI, USA) using a Perkin Elmer Wallac Microbeta Trilux 1450

(Massachusetts, USA).

2.11Phospholipase D assay

Cells were seeded at 50% confluence on a 35 mm cell culture plates with
2 ml DMEM-media containing 10% FBS. The cells adhered to the bottom of the
plate and were left to grow overnight in 37°C incubator. The following day the
FBS containing DMEM-media was aspirated and the cells were washed with
HBS and left for 1 hour in 1 ml of DMEM with 0.1% BSA (starvation media).
After the incubation period the starvation media was replaced with 1ml of
labeling media containing 4uCi of [°H] palmitate that was prepared in starvation
media. The cells were radiolabeled for 2 hour, which resulted in the
incorporation of [°H] palmitate in to phospholipids such as phosphatidylcholine
and also in to other lipids. The labeling media was aspirated and the cells were
transferred back into 1 ml of starvation media and incubated for another hour.

The activity of PLD was assessed by transphosphatidylation reaction that

involves the hydrolysis phosphatidylcholine to phosphatidylalchohol. Hence
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prior to assessing PLD activity the cells were treated with 30 mM butan-1-ol for
15 min. After which the cells were treated with agonist of choice for 6-120 min.

After stimulation the cells were washed 3 times with 1ml ice-cold HBS.
The HBS was removed and the cells were scraped off the plate with two rounds
of 0.5 ml ice-cold methanol, which makes up a total volume 1 ml of methanol
that was pipetted into glass tubes and placed on ice. In to the glass tube 1ml of
chloroform followed by 0.9 ml of 2M KCI with10 mM HCI solution was added.
The mixture was then centrifuged for 15 min at 2500 RPM allowing the
separation of lipids in to the chloroform bottom-phase. The aqueous top phase
was aspirated and 800ul of the bottom organic phase was pipetted in to a fresh
glass tubes and was dried under a stream of N,. After which 100 ul of
chloroform: methanol (9:1 by volume) was added before loading the sample on
to silica gel plates for thin layer chromatography (TLC).

Lipid standards consisting of 2.8 mM PA, 13 mM PC, 13 mM PE and 16
mM PB were used. The lipid standards allowed the identification of area of the
plate where each lipid migrated after TLC procedure. In addition, PB standard
was also loaded as an internal standard along with the samples.

PB standard does not interfere with assaying the lipid levels coming from
cells, as cellular lipids will be radioactive due to the labeling procedure

described above.
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Figure 2.4: An example of TLC-plate run with lipid standards.

A TLC plate run with standards shown from left to right PA, PC, PE, PB and all
standard combined abbreviated as Combo. The arrows indicate where each of the
standards run up-to on the TLC plate depicting different Rf (retention factor) values of
the standards. Rf is defined as the distance traveled by the samples divided by
distance traveled by the solvent front. In the mobile phase used the lipid PB has the
highest Rf value.

After the preparation of the TLC plate, 50ul of sample was loaded and
developed using a mobile phase. The TLC mobile phase was a top-phase of
mixture of 130ml ethyl acetate, 20 ml iso-octane, 30 ml acetic acid and 100 ml
of water. The mobile phase was run up to 1 cm from top of the TLC plate, after
which it was removed from in TLC tank and left to dry. The TLC plate was
stained with lodine () giving each of the standards bright yellow color for
identification (Fig. 2.4). Hence, the PA, PC, PE and PB bands on the plates of
each sample were identified by comparison with standards. As |, will evaporate

quickly, each of lipid bands were marked by circling the |, stained area-using
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pencil. Each of the marked bands on the TLC plate will be scraped off and
placed into scintillation vials. The bands corresponding to PB will be separated
from the remaining lipid bands consisting of mainly PE and PC. To each vial
200 ul water and 2 ml scintillation liquid were added and the radioactivity of
each vial was measured using Beckman Coulter LS 3801 Scintillation Counter
(ON, Canada).

The relative PLD activity is calculated as the percentage of radioactivity

coming from PB bands relative to the total lipids.

2.12Mouse model of Breast cancer

Tamoxifen was prepared in 100% peanut oil at stock concentration of
50mg/ml and was delivered orally to mice. Tamoxifen has a long half-life of 7
days [357] and thus to achieve a therapeutic level we treated the mice with a
loading dose of 400mg/kg for two days, followed up with a maintenance dose of
200mg/kg for next 4 days and finally at 100mg/kg for the remaining 4days

before tumor excision. Control mice were gavaged with just peanut oil.

2.12.1 Establishment of orthotropic tumors in mouse

Female Balb/c mice were bought from Charles River (Kingston, ON
Canada). Mice were maintained in the animal facility at 21°C, 55% humidity
and access to standard laboratory diet and water. At 10-week of age they were
orthotopically injected in the mammary fat pad with 20,000 syngenic mouse
4T1 breast cancer cells, as previously established [206]. The 4T1 cells were

prepared in phenol red-free and serum-free DMEM at a concentration of
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400,000 cells/ml and then mixed 1:1 with Matrigel (BD Biosciences,
Mississauga, ON). Each mouse was anesthetized with isoflurane and then

injected with 100pl of cells plus matrigel suspension using a 27-gauge needle.

Figure 2.5: Balb/c mouse developing mammary tumor mass

Images show a Balb/c mouse that had developed a tumor in the lower mammary
nipple as shown by the red arrow.

The following day treatment was commenced and continued till the end
of the experiment. At day 11 the mice were euthanized and the primary tumors
were excised and weighed. Orthotopic tumor injection procedure, drug gavage
and tumor resection was done with the assistance of Dr. Xiaoyun Tang and Jay
Dewald.

All animal experiments were as approved by the University of Alberta

Animal Welfare Committee (Animal User Protocol 226).
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2.13Immunohistochemistry

Tumor tissues were fixed in formalin and were processed in paraffin wax
and were later sectioned from paraffin block on to a microscopy slides for
immunohistochemistry (IHC). Paraffin processing, embedding and sectioning
was performed at HistoCore in University of Alberta. To remove wax from each
section the first step is to de-wax the IHC slides with Xylene followed by
sequential hydration of the tissue section in 100%, 80% and 50% ethanol, after
which the slides will be ready with for antigen retrieval and primary antibody
staining. After the last hydration step with 50% ethanol, the IHC slides were
washed with dripping tap water for 6 min.

The Antigen retrieval is done using the pressure cooker system,
whereby the slides will be boiled for 20 min in citric acid at pH of 6.0 (adjusted
with NaOH) inside a microwave. The slides are then cooled off in cold water for
about 20 min and washed by dripping water for 6 min. After the antigen retrieval
step endogenous peroxidase activity was blocked by submerging slides in a
mixture of methanol and 30% hydrogen peroxide in a 9:1 ratio respectively, for
10 min. Tumor tissue sections were then outlined with a wax pen (Dako,
Burlington, ON) and blocked in a humidified chamber for 30 min at room
temperature with background reducing reagents (Dako). The solution was then
shaken off the slides and anti-RALBP1 primary antibodies raised in rabbit was
added at concentration of 1:100 and the slides were incubated at 4°C
overnight.

The slides were washed on the second day with two changes of PBST for 5

min. Samples were then covered with Dako EnvisionTM+ anti-Rabbit 1gG
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secondary antibody conjugated to horseradish peroxdiase (Dako) at room
temperature for 30 min followed by a wash step in PBST.

The IHC Samples were then developed with Liquid DAB+
(diaminobenzidine) Substrate Chromogen System (Dako) for 0.5-5 min. The
reaction was quenched in PBS, and the slides were washed in running distilled
water for 5 min. The slides were next soaked in a 1% copper sulphate aqueous
solution for 3 min and then rinsed again in water. The slides were
counterstained with Hematoxylin stain (Fisher Scientific) for 3 min, and then
washed under warm tap water. Next, the slides were dehydrated with
increasing ethanol concentrations (50%, 80% and 100%) and three changes
xylene, and glass coverslips were mounted with Xxylene-based mounting
medium (Fisher Scientific). Images were acquired from at least 3 random fields
per specimen at either 5X (for TMA IHC slides described in Section 2.14) or
40X using a Zeiss Axioskop 2 imaging system (Carl Zeiss Canada, Ltd.,
Toronto, ON).

Dr. Matthew Benesch performed the IHC staining. The tumor samples from
ONO-8430506 and vehicle treated mice were obtained from the previously
published study by Benesch, M. G. et.al, treatment protocol is also described in

the paper [206].

2.14Patient samples

Breast tumors from 176 primary, treatment-naive breast cancer patients
and 10 normal breast tissue samples (from breast reduction surgery) were

obtained through the Canadian Breast Cancer Foundation Tumor Bank
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(Edmonton, AB, Canada) with approval from the Health Research Ethics Board

of Alberta: Cancer Committee (ID 26195).

2.14.1 Patient tumor Gene microarray

Gene expression microarray analysis was performed on tumors from
Total RNA was isolated from frozen human breast tumor biopsies using
TRIZOL reagent (Sigma-Aldrich, Oakville, Canada) and further purified using
QIAGEN RNeasy columns (Mississauga, Canada) according to the
manufacturer’'s recommended protocol. The RNA was then quantified using a
NanoDrop 1000 spectrophotometer (NanoDrop Technologies, Wilmington, DE)
and its integrity evaluated using a Bioanalyzer 2100 (Agilent Technologies,
Santa Clara, CA) according to the manufacturer’s protocol. RNA samples with
RNA Integrity Numbers (RIN) greater than 7.0 were used in this study.

The RNA samples were linearly-amplified, labelled with Cy3 and
hybridized to Agilent Whole Human Genome Arrays using Agilent kits (One
Color Low RNA input Linear Amplification Kit Plus, One Color RNA Spike-In Kit
and Gene Expression Hybridization Kit) according to manufacturer’s directions.
The arrays were scanned using an Agilent Scanner. The data were extracted
and quality-evaluated using Feature Extraction Software 9.5, and normalized
and analyzed using GeneSpring GX 7.3 (Agilent Technologies).
mRNA levels of each gene were determined based on normalized gene
microarray signal intensity.

Receiver Operating Characteristic (ROC) curve analysis was used to

determine the cut-off point for each gene to categorize the values into “high” or
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‘low” levels. ROC analysis determines the cut-off point by considering gene
expression results from patients with cancers and those from normal patients.
These two patient groups have overlapping gene expression values, which can
then be used to determine the cut-off point using the MedCalc software.

Dr. Rong-Zong Liu in Dr. Roseline Godbout laboratory at University of
Alberta performed the patient gene microarray analysis. The prognostic
significance for genes of interest was also done with the assistance of Dr.

Rong-Zong Liu.

2.14.2 Patient tumor Tissue Microarray staining and quantification

A Tissue microarrays (TMA) was setup by dotting each patient tumor in
triplicates on to an IHC slides. The IHC slides were obtained from our
collaborator Dr. John Mackey. Tissue microarray slides were immune-stained
using anti-RALBP1 primary antibody at 1:50 concentration, counterstained and
developed as described in detail in Section 2.13. Tissue staining intensity was
quantified for 142 breast cancer samples and 6 normal breast tissue samples

using ImagedJ software.
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2.15 Statistical analysis

All results are reported as means + SEM from n = 3. P values were
determined by t-test or ANOVA for multiple comparisons. Values of p< 0.05
was considered statistically significant and depicted with * for p<0.05, ** for
p<0.01 and *** for p<0.001. Prism software was used to calculate statistics and
plot the graphs. Statistics for analyzing human patient survival data was done
using logrank test on Kaplan-Meier survival curves using MedCalc software

version 15.4 (Ostend, Belgium).
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3 CHAPTER: RESULTS

Anti-oxidant response mitigates tamoxifen efficacy
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3.1

Introduction

Tamoxifen has been credited with much of the decrease in breast cancer
mortality over the last decade. Nevertheless, clinical resistance to tamoxifen, as
demonstrated by recurrence or progression on therapy, is frequent, as nearly
one-third of patients receiving adjuvant tamoxifen eventually experience
disease relapse and almost all patients with metastatic tumors treated with
tamoxifen will have progression and die from their disease [3, 7]. To improve
breast cancer treatment it is vital to understand the mechanisms that result in
tamoxifen resistance. The work presented in this Chapter was thus designed to
improve our understanding of how tamoxifen increases the death of cancer
cells and how resistance to its therapeutic actions can occur. It is clinically
relevant to study resistance to tamoxifen, as it is the most widely used therapy
for patients with estrogen receptor-a (ERa)-positive breast cancer, which make
up about three fourth of all breast cancer.

The overarching hypothesis of Chapters 3 and 4 is that: Tamoxifen
induces oxidative stress independently of the ERa, this leads to the
killing of cancer cells, and the adaptive mechanism employed by cancer
cells to mitigate this oxidative stress causes resistance to tamoxifen.

Following up on the above hypothesis the study presented in this
Chapter shows that concentrations of tamoxifen and its metabolites, which
accumulate in tumors of patients, killed both ERx-positive and ERx-negative
breast cancer cells. This depended on oxidative damage and anti-oxidants

rescued the cancer cells from apoptosis. Breast cancer cells responded to
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tamoxifen-induced oxidation by increasing Nrf2 expression and subsequent
activation of the anti-oxidant response element (ARE). This increased the
transcription of anti-oxidant genes and multidrug resistance transporters. This
adaptive response enabled cancer cells to destroy or export toxic oxidation
products, thus increasing survival from tamoxifen-induced oxidative damage.
These responses in cancer cells also occur in breast tumors of tamoxifen-
treated mice. Additionally, high levels of expression of Nrf2, ABCC1, ABCC3
and NAD(P)H dehydrogenase quinone-1 in breast tumors of patients at the
time of diagnosis are prognostic of poor survival. We conclude that overcoming
the tamoxifen-induced activation of the ARE could increase the efficacy of

tamoxifen in treating breast cancer.

3.2 Tamoxifen decreases the proliferation of ERa-positive and

ERa-negative breast cancer cells.

As introduced in Chapter 1, tamoxifen has been ascribed to have several
other therapeutic effects in addition to blocking ERa signaling. To study these
latter effects, human MCF-7 breast cancer cells that expressed ERa and
GPR30 as demonstrated by qRT-PCR and Western blotting (Fig. 3.1A and B)
were used. In addition human MDA-MB-231 and mouse 4T1 breast cancer

cells that expressed relatively little ERa and GPR30 were also used (Fig. 3.1A).
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Figure 3.1: Relative Expression level of ERa and GPR30 in different breast
cancer cells.

(A) mRNA expression levels for ERa and GPR30 in MCF-7, MDA-MB 231 and 4T1
cells. (B) Protein expression for ERa and GPR30 was confirmed by Western blot for
human breast cancer lines MCF-7 and MDA-MB 231 cells. Results are means + SEM

for n=3. Significant differences were indicated with ***= p<0.001.

Early stage breast cancer patients typically receive a 20 mg tamoxifen
tablet daily for over 5 years [358]. Due to the prolonged half-life of tamoxifen
and its metabolites 4-hydroxytamoxifen (4HT), N-desmethyltamoxifen (NDMT)
[357, 359], the accumulation of tamoxifen and its metabolites in tumor tissue
can easily build up to >5 uM [357, 358]. Thus, to measure the proliferation of
ERa-positive and ERa-negative cancer cells, concentrations from 0.3-10 yM
4HT were used. The proliferation was then measured over three days in the
presence of 10% fetal bovine serum (Fig. 3.2A-D). ERa-positive MCF-7 cells
exhibited growth-retardation at <5uM 4HT (Fig. 3.2A). However, to significantly
inhibit the proliferation of ERa-negative, MDA-MB-231 and 4T1 cells, a higher

4HT concentration were required (Fig. 3.2B-D). Nevertheless, 5-10 yM 4HT

110



significantly blocked the proliferation of all of the cancer cells, regardless of

ERa status.
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Figure 3.2: Tamoxifen slows the proliferation of breast cancer cells
independently of the ERa.

(A) MCF-7, (B) MDA-MB 231 and (C) 4T1 cells were treated with 4HT and the
proliferation of the cells were monitored 2 and 3 days post treatment using an
automated Cell Counter. (D) Representative microscopy images of 4T1 (top) and
MDA-MB 231 cells (bottom) grown for 3 days in the presence of vehicle, 5 yM or 10-
MM of 4HT. Results are means + SEM from for n=3 experiments. Significant
differences were indicated with *= p<0.05, **= p<0.01 and ***= p<0.001.
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To study this phenomenon further, serum-free medium, which was
devoid of growth factors including estrogen, was used. Hence, the effects
tamoxifen and its metabolites could be studied independently of their
competitive inhibitory role against estrogens and effects of other growth factors.
Different cancer cell lines were treated with 10 yM 4HT for 48 h, which resulted

in cell death for both ERa-negative and ERa-positive cells (Fig. 3.3A-C).
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Figure 3.3: Tamoxifen kills both ERa positive and negative breast cancer
cells.

(A) Microscopy images of different breast cancer cells treated with or with out 10 uM
4HT for 48 h in starvation media. (B) Total number of cells and (C) percent of viable
cells quantified from microscopy images. Results are means + SEM from for n=3
experiments. Significant differences were indicated with *= p<0.05, **= p<0.01 and ***=
p<0.001.
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The relative viability of the cells was also quantified by counting the
number of cells that were judged to exhibit abnormal cell morphology such as

cell shrinkage and blebbing (Fig. 3.3C).

To investigate the killing effects of the different metabolites of tamoxifen,
4T1 cells were treated with 10 yM TAM, NDMT or 4HT. As shown by the
microscopy images (Fig. 3.4A) and crystal violet staining (Fig. 3.4B), tamoxifen
and its metabolites significantly induced killing of 4T1 cells. This work
demonstrates that killing induced by tamoxifen is not restricted to just one

metabolite.

A) . B)
3 % Vehicle | - TAW 1007

50

Relative number of cells

& ¥, ' n
o “"Vehicle Tam  NDMT  4HT

Figure 3.4: Tamoxifen and metabolites exert killing in ERa negative 4T1
cells.

(A) Representative microscopy image showing killing of 4T1 cells. (B) Relative number
of cells as determined by crystal violet staining after treatment of cells with tamoxifen
and metabolites. Results are means + SEM from for n=3 experiments. Significant
differences were indicated with ***= p<0.001.

As shown in Fig 3.2, the killing efficacy of tamoxifen in ERa-positive cells
was different from the ERa-negative cells. This depended on the concentration
of tamoxifen, with lower tamoxifen concentration only effective in the ERa-
positive MCF-7 cells. These effects of tamoxifen were also tested in serum-

free medium. For this purpose, different breast cancer cells were treated with
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0.3-10 uM 4HT (Fig. 3.5) and the effects of tamoxifen were assessed by
measuring the relative cell number, using crystal violet staining (Fig. 3.5A) and
the relative viability, using MTT assay that measured the metabolic activity of

the cells (Fig. 3.5B).
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Figure 3.5: Concentration dependent killing effects of tamoxifen in ERa
positive and negative breast cancer cells.

(A) Cell number as measured by crystal violet staining. (B) Cell viability as
measured by MTT assay after 24h treatment with 4HT. Results are means + SEM
from for n=3 experiments. Significant differences were indicated with *= p<0.05, **=
p<0.01 and ***= p<0.001.

In the absence of serum, the effect of tamoxifen was more pronounced
in the ERa negative cells as the 4T1 cells were killed by 1 uM 4HT, where as
MDA-MB-231 and MCF-7 cells responded from 3 yM onwards (Fig. 3.5A and
B). This shows that MDA-MB-231 and 4T1 cells are more dependent on signals
from serum growth factors for their overall proliferation and metabolic activity.

Overall, the results from Fig. 3.2-5 show that tamoxifen exerts killing
effects in both ERa-positive and ERa-negative cells at clinically relevant
concentrations. These effects of tamoxifen appear to be independent of ERa
signaling. Hence, the next objective was to determine the mechanisms behind

these actions of tamoxifen and its metabolites.
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3.3 Tamoxifen treatment induces oxidative stress

Tamoxifen is hydrophobic and it rapidly accumulates in phospholipid
bilayers of membranes where it is postulated to induce oxidative stress [16]. To
investigate this, 4T1 cancers cells were pretreated with the superoxide
indicator, dihydroethidium (DHE), which is oxidized to produce a bright
fluorescent red color when it interacts with superoxide. After DHE pretreatment,
the cells were treated with 10 yM tamoxifen for 24 h. The results show that
tamoxifen significantly increased the intensity of red staining in 4T1 cells,

indicating greater superoxide generation (Fig. 3A and B).
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Figure 3.6: Tamoxifen generates superoxides.

(A) Representative fluorescence microscopy images from DHE stained 4T1 cells
followed by either vehicle or 10uM tamoxifen treatment. (B) Quantification of relative
superoxide formation as measured by DHE staining intensity. Results are means
SEM from for n=3 experiments. Significant differences were indicated with *= p<0.05.
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Generation of reactive oxygen species such as superoxides could lead
to lipid peroxidation. Hence, the production of 4-hydroxynonenal (4HNE), which
is a very reactive byproduct that results from the oxidation of membrane lipids,
was measured in response to tamoxifen. The reactive 4HNE conjugates with
cell proteins and this can be visualized by Western blotting with an anti-4HNE
antibody [360].

Treatment of 4T1 cells with 10 uM 4HT for 24 h significantly increased
the conjugation of proteins at 65 kDa with 4HNE and this effect was partially
blocked with the antioxidants, vitamin E and/or PMC (2,2,5,7,8-pentamethyl-6-
chromanol, a vitamin E moiety without a lipid tail) (Fig. 3.7 A and B). Increased
conjugation of cellular proteins with 4HNE was also observed in MCF-7 cells
treated with tamoxifen (Fig. 3.7 C-E). Hence, treatment of breast cancer cells
with 4HT increases oxidative stress leading to the oxidation of membrane lipids

and the production of 4HNE (Fig. 3.7).
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Figure 3.7: Tamoxifen treatment induces lipid peroxidation in ERa
positive and negative cells.

(A) 4T1 cells were pretreated with the antioxidants vitamin E (100 yM) or PMC (100
MM) for 3 h followed by 24 h treatment with 10 uM 4HT. The extent lipid peroxidation
was detected by western blot using anti-4HNE antibody. (B) Results of the relative
4HNE conjugations were quantified from Western blots at 65 kDa. (C) Time-dependent
conjugation of cellular proteins with 4HNE in MCF-7 cells after treatment with 20 yM
4HT and (D) the corresponding quantification of this 4HNE conjugation at the 12 h time
point. (E) Representative immunofluorescence images of MCF-7 cells treated with
either vehicle or with 5 yM 4HT for 24 h and cells were stained with anti-4HNE
antibody and then counterstained with DAPI for nuclei staining. Results are means *
SEM from for n=3 experiments. Significant differences were indicated with *= p<0.05,
**= p<0.01 and ***= p<0.001.
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3.4 Tamoxifen induces apoptosis.

Caspase-3 is a protease, which is known to cleave poly (ADP-ribose)
polymerase (PARP) and other proteins leading to apoptosis. Caspase-3
activation occurs through proteolytic cleavage resulting in an increase in a 17-
kDa fragment, which is indicative of apoptosis-initiation [361]. To determine the
effects of tamoxifen on caspase-3 activation, 4T1 cells were treated for 24 h
with 10 uM 4HT. The results show that 4T1 cells had an increased caspase-3
cleavage indicating tamoxifen-induced apoptosis. Furthermore, this increase in

apoptosis by tamoxifen was partially blocked by the anti-oxidants, vitamin E or

PMC (Fig. 3.8).
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Figure 3.8 : Tamoxifen induces apoptosis as measured by cleaved
caspase-3.

(A) Treatment of 4T1 cells with 10 yM 4HT leads to cleavage of caspase-3 and this is
partially rescued with vitamin E (100 uM) or its analog PMC (100 uM). (B) The
respective quantification of the western blots. Results are means + SEM from for n=3
experiments. Significant differences were indicated with *= p<0.05, **= p<0.01 and ***=
p<0.001.

118



As activation of caspase-3 leads to cleavage of PARP; measurement of
PARP cleavage can also serve as a surrogate for caspase activation and
subsequent initiation of apoptosis. Therefore, MCF-7, MDA-MB-231 and 4T1
cells were treated with 4HT and PARP cleavage was measured by Western
blotting. As shown in Fig. 3.9, all the cells treated with tamoxifen showed
PARP cleavage. However, as opposed to caspase-3 cleavage (Fig 3.8), the
antioxidants vitamin E and PMC were not able to rescue cells from 4HT-
induced PARP cleavage (Fig. 3.9C). As anti-oxidant were able to partially block
caspase-3 activation, this results indicate a caspase-3-independent cleavage of

PARP by tamoxifen.
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Figure 3.9: Tamoxifen increases PARP cleavage, which is not blocked by
vitamin E or PMC.

(A) MCF-7 cells (top), MDA-MB-231 cells (middle) and 4T1 cells (bottom) were
treated with 20 uM 4HT after which PARP cleavage was assessed by western
blotting (B) Western blot quantification of the relative cleaved PARP levels was
estimated at the 12 h time point. (C) Treatment of 4T1 cells with 10 yM 4HT for 24 h
increased PARP cleavage but this increase is not blocked by either 100 uM vitamin
E or 100 uM PMC. Results are means + SEM from for n=3 experiments. Significant
differences were indicated with *= p<0.05 and ***= p<0.001.
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3.5 Tamoxifen leads to an increase in ceramide accumulation.

Cell death following radiotherapy and/or chemotherapeutic agents is
often accompanied by the accumulation of ceramides. Ceramides are lipid-
signaling mediators, which are highly responsive to stress and relay apoptotic
messages leading to activation of caspases [362-364].

To investigate if tamoxifen-induced oxidative stress was accompanied
by increased ceramide accumulation, different breast cancer cells were
treated with tamoxifen followed by measurement of ceramide levels. As
shown in Fig. 3.10, 4HT treatment significantly increased the accumulation of

different ceramide species.
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Figure 3.10: Tamoxifen increases the accumulation of different ceramide
species.

(A- K) Cells were treated for 12 h with 20 uM 4HT in MCF-7 cells indicated by white
bar, MDA-MB-231 indicated by black bar and 4T1 indicated by red bar. Then the
relative ceramide levels were assessed by mass spectroscopy. The prefix dH stands
for dihydro-ceramide species. Results are means £ SEM from for n=4 experiments.
Significant differences were indicated with *= p<0.05, **= p<0.01 and ***= p<0.001.

The antioxidant, vitamin E, was able to block caspase-3 activation

induced by tamoxifen (Fig. 3.8). Hence, to investigate if the accumulation
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ceramide could also be blocked by vitamin E, 4T1 cells were treated with 10-
MM 4HT for 24 hours in the presence or absence of vitamin E. The levels
different ceramide species were then assayed.

Treatment of 4T1 cells with 4HT significantly increased the
accumulation of C16-, dHC16-, C18-, C20-, dHC20-, dHC22-ceramides
(p<0.05). However, similar to the PARP cleavage, vitamin E was not able to
block the accumulation of ceramide (Fig. 3.11). These results show that
tamoxifen initiates the cleavage of PARP and the accumulation ceramide

independently from the activation of caspase-3.
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Figure 3.11: Tamoxifen-induced ceramide accumulation is not reversed
by vitamin E.

A heat map with black representing no change, green showing a decrease and red
showing a significant increase in ceramide levels was set up from the relative
average levels of the different ceramide species. Results are from n=4 experiments
in 4T1 cells that were treated with vehicle, 100 yM vitamin E, 10 yM 4HT or the
combined vitamin E and 4HT. The prefix dH stands for dihydro-ceramide species. .
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3.6 Tamoxifen increases JNK phosphorylation levels.

The protein JNK belongs to a family of stress-activated protein kinases
and the two isoforms, JNK-p54 and JNK-p46 are activated through
phosphorylation of Thr183/Tyr185 residues. This activation of JNK is
stimulated by different stressors, such as oxidative stress and moreover, its
activation is also linked to increased ceramide levels [82].

Studies have previously shown that treatment of cells with exogenous
C2-ceramide leads to endogenous ceramide production [365]. Hence, 4T1
cells were treated with C2-ceramide and the levels of JNK phosphorylation
was measured by Western blotting. Bioactive C2-ceramide was able to
increase the levels of JNK phosphorylation compared to the inactive dihydro-
C2-ceramide (Fig. 3.12A). It is thus logical to postulate that JNK
phosphorylation levels would also be increased upon tamoxifen treatment.
To test this postulate, 4T1 and MCF-7 cells were treated with 4HT and as
shown (Fig. 3.12B-E), 4HT-induced a significant increase in JNK

phosphorylation levels.
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Figure 3.12: Tamoxifen and ceramide stimulate an increase in JNK
phosphorylation levels.

(A) 4T1 cells were treated with 100 uM of bioactive C2-ceramide or with the inactive
control dihydro-C2-ceramide (dHC2 Ceramide) followed by Western-blot for
phosphorylated p54 JNK and p46 JNK. (B to E) Western blot for phosphorylated JNK
after 3, 6, 9 and 12 h of 4HT treatment in (D) MCF-7 cells (C) 4T1 cells. The
corresponding quantification for the phosphorylated p54 JNK and p46 JNK at 12-h
mark in (D) MCF-7 and (E) 4T1 cells. Results are means + SEM from for n=3
experiments. Significant differences were indicated with *= p<0.05 and ***= p<0.001.
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Vitamin E was not able to block ceramide accumulation. Therefore, if
ceramide activation were responsible for increased JNK activation, then the
likelihood would be that treatment with vitamin E would similarly not affect the
levels of phosphorylated JNK. As expected, treatment of MCF-7 with 4HT
was able to activate JNK but the addition of vitamin E did not block JNK
activation by tamoxifen (Fig 3.13A).

Another mechanism for activation of JNK would be through the
enzyme, Apoptosis Signal regulating Kinase-1 (ASK1), which has been
shown by other studies to increase the activation of JNKs [366]. Hence, to
test if blocking ASK1 would inhibit the activation of JNK by tamoxifen, MCF-7

cells were treated with ASK1 specific inhibitor (TC ASK 10).
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Figure 3.13: The effects of vitamin E and inhibition of AKS1 and JNK on
the effects of tamoxifen.

(A) MCF-7 Cells were treated with 4HT as indicated in the presence or absence of
100 uM vitamin E and the levels of p54 JNK and p46 JNK were assessed with
western blotting. (B) 4T1 cells were treated with vehicle, inhibitor for JNK (JNKi, SP
600125), and ASK1 (ASKi, TC ASK 10) in the presence or absence of 10 yM 4HT
followed by western blot for JNK phosphorylation and cleaved caspase-3.
Representative Western blots from n=3 experiments are shown.

Additionally, the effect of JNK and ASK1 on tamoxifen-induced
activation of caspase-3 was assessed using the specific inhibitors for JNK

(SP 600125) and ASK1 (TC ASK 10). The results show that inhibiting ASK1
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was not able to reverse the activation JNKs by tamoxifen. In addition both
inhibitors for JNK and ASK1 did not reverse the activation of caspase-3 by
tamoxifen (Fig 3.13B).

These results provide further credence to the proposal that tamoxifen-
induced increase in ceramide levels and the subsequent JNK activation (Fig
3.12-13) is occurring separately from the tamoxifen-induced caspase-3

activation.

3.7 Tamoxifen increases the level of Nrf2 and activates the anti-

oxidant response element.

The results so far show that oxidative stress is a major consequence of
tamoxifen treatment. Cancer cells often respond to oxidative damage by
increasing the expression of the transcription factor, Nrf2, which activates the
ARE in a protective response to limit the oxidative damage [136, 367, 368].
To examine if tamoxifen treatment would also elicit a similar increase in the
accumulation of Nrf2, MCF-7 cells were treated with 1 to 30 uM 4HT. The
results showed that tamoxifen treatment increased Nrf2 levels along with
NQO1 (NAD(P)H dehydrogenase quinone-1), a downstream anti-oxidant
gene regulated by Nrf2 (Fig. 3.14A).

To further corroborate the role of Nrf2 in response to tamoxifen, we
employed MCF-7 cells stably expressing the ARE sequence upstream to a

luciferase reporter gene.
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Figure 3.14: Tamoxifen increases Nrf2 levels and thereby activates the
ARE.

(A) 4HT stimulates a dose-dependent increase in Nrf2 levels and the anti-oxidant
gene NQO1 in MCF-7 cells. Western blot for Nrf2 and NQO1 (left) with the
corresponding quantification (right). (B) Luciferase activity assay after treatment with
vehicle, 100 yM vitamin E and 10 uM TBHQ alone or in combination with 10 uM 4HT
in MCF-7 cells expressing a luciferase reporter gene. Results are means + SEM from

for n=4 experiments. Significant differences were indicated with **= p<0.01 and ***=
p<0.001.

As shown in Fig. 3.14B, tamoxifen by itself increased luciferase
expression and this increase was partially blocked by vitamin E. Moreover,
the addition of 4HT with TBHQ (tert-butylhydroquinone), a known activator of

ARE and Nrf2, caused a further increase in luciferase expression.

128



Hoechst

GFP-NRF2
4HT

Figure 3.15: Tamoxifen treatment induces the translocation Nrf2 to
nucleus.

Confocal microscopy images of HEK 293 cells transfected with GFP-Nrf2 and treated
with either vehicle (top three images) or with 4HT (bottom three images). Hoechst
was used to stain for nuclei. Representative images are shown.

The effect of tamoxifen treatment on the localization of Nrf2 was also
tested. For this purpose, GFP-tagged NRF2 was overexpressed in HEK-293,
which are very receptive to transfection by plasmids. Following this
transfection, the cells were treated with 4HT and confocal microscopy was
used to study the localization of Nrf2. The result shows that tamoxifen
treatment increased both the levels and also the nuclear localization of GFP-
tagged Nrf2 (Fig 3.15).

Previous work in our laboratory showed that lysophosphatidate (LPA),
a lipid growth factor that acts through six G-protein coupled receptors,
promotes chemo-resistance to Taxol [254] and doxorubicin [259]. The
induction of chemo-resistance by LPA depends partly on its ability to increase

Nrf2 levels and lead to the activation of the ARE and the consequent
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transcription of anti-oxidant genes and multidrug resistance transporters

[259].
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Figure 3.16: Lysophosphatidate amplifies the response of cancer cells
and protects them from tamoxifen-induced killing.

(A) Luciferase activity (top) and Western blot for Nrf2 (bottom) after treating cells with
vehicle and LPA alone or in conjunction with 10 yM 4HT. (B) Treatment of MCF-7
cells with 5 yM LPA rescued cells from tamoxifen-induced cell killing. Results are
means + SEM from for n=23 experiments. Significant differences were indicated with
*= p<0.05, **= p<0.01 and ***= p<0.001.

Due to LPA’s role in stimulating an increase in Nrf2 levels, a logical
postulate would be that LPA could also amplify the ARE response of the
breast cancer cells to tamoxifen and thereby lead to a decrease in tamoxifen-
induced Killing. As predicted, treatment of MCF-7 cells with 4HT in the
presence of LPA further increased ARE-dependent luciferase expression

(Fig. 3.16A) and also blocked the killing effects of tamoxifen (Fig 3.16B).
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3.8 Effects of tamoxifen on tumor growth in mouse model of

breast cancer

The next objective was to test whether the effects of tamoxifen observed
in cell culture could be recapitulated in vivo. Hence, an orthotopic syngeneic
mouse model was established by injecting 4T1 breast cancer cells, which do
not express ERa, into the mammary fat pad of female Balb/c mice, as
previously published [206].

This syngeneic model produced a substantial tumor burden within 10
days and tamoxifen treatment decreased breast tumor weight significantly by
about 35% compared to the control group (Fig. 3.17A). Furthermore,
tamoxifen treated animals had significantly increased Nrf2 and NQO1
expression levels in their breast tumors (Fig 3.17B and C).

Additionally, tamoxifen also increased mRNA expression of NAD(P)H
dehydrogenase quinone 1 (NQO1), heme oxygenase 1 (HMOX1), superoxide
dismutase 1 (SOD1) and the ATP-binding cassette (ABC) transporters,
ABCC1, ABCG2 and ABCC3 (Fig. 3.17D). These results indicate that
tamoxifen inhibited tumor growth of tumor in vivo but at the same time an anti-
oxidant response is activated with the levels of Nrf2 and the genes regulated

by Nrf2 subsequently increased.
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Figure 3.17: Tamoxifen decreases the tumor burden in mice and
increases Nrf2 dependent genes in an orthotropic mouse model of
breast cancer.

(A) Primary tumors were excised and weighed (results from n=6 mice per group). (B)
Western blots showing images for the expressions of Nrf2 and NQO1 in tumors from
control and tamoxifen-treated mice with (C) the corresponding quantification for Nrf2
relative to actin and NQO1 relative to tubulin. (D) The relative mRNA levels for
NQO1, HMOX1, SOD1, ABCC1, ABCG2 and ABCC3 in control versus tamoxifen
treated mice. Significant differences were indicated with * = p<0.05 and **= p<0.01.
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The tamoxifen treatment regimen is described in the Methods section of
Chapter 2. This regimen was well tolerated by the animals as depicted by the

body weight measurement below (Fig 3.18).
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Figure 3.18:Tamoxifen treatment regimen is well tolerated in mice.

To gauge the health status of mice body weight was measured every day before

treatment gavage. Results were from n=6 mice in each of the control and tamoxifen
treatment group.
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3.9 Prognostic values of Nrf2, ABCC1, and NQO1 in human

cancer patients treated with tamoxifen.

To determine the validity of the findings from the cell culture and the
syngeneic mouse model to responses in human patients, a collection of
human breast tumors included in the Breast Cancer Relapsing Early
Determinants study was used [369]. This collection included 176 patients
diagnosed with primary breast cancer who had their tumors resected before
treatment. Of these patients, 64% had ERa-positive tumors and ~84% of
these patients were treated with tamoxifen. The ERa-positive patients who
were not treated with tamoxifen were mainly postmenopausal and they
received aromatase inhibitors. Other treatments included trastuzumab for
those with Human Epidermal growth factor Receptor 2 (HER2) positive
tumors, or anthracycline for high-risk node-negative disease and adjuvant
cytotoxic chemotherapy for those with high-risk features.  Additional
information about the clinical and pathological features of the breast cancer
cases used in this study is provided in Table 4 (Appendix section).

Dr. Rong-Zong Liu determined the gene expression profiles of the
patient’s resected tumors. Employing this gene expression data, a prognostic
analysis for the survival probability of tamoxifen-treated patients and those
that did not receive tamoxifen was performed. Patients with tumors that had
high expression of Nrf2 had a significantly lower survival probability of

p=0.002 and a hazard ratio (HR) value of 4.0 for the tamoxifen-treated cohort.
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This indicated a 4-fold decrease in overall survival probability as compared

with the low Nrf2 expressing group (Fig. 3.19A).
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Figure 3.19: The prognostic significance of Nrf2’s gene expression
levels.

Patients stratified as high and low expressers of Nrf2, (A) Tamoxifen treated and (B)
non-tamoxifen treated patients. The red lines show the survival probability of patients
with low expression while the black lines show high expression for Nrf2 gene.

In patients that did not receive tamoxifen, the difference in survival
probability was not statistically significant (p=0.06) but there was a trend
towards better survival in the low Nrf2 expresser group with HR value of 1.9
(Fig. 3.19B).

For ABCC1 and ABCC3 the overall survival probability within the
tamoxifen-treated group showed a better survival probability for the low
ABCC1 expressers (p=0.04) and HR value of 4.0 (Fig. 3.20A), and p=0.01
and an HR value of 4.2 for ABCC3 (Fig. 3.20C). Nevertheless in the patients
who did not receive tamoxifen treatment, the results were not statistically

significant and did not show a trend for ABCC1 (p=0.94 and HR value of 1.0)
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(Fig. 3.20B). However, there was a trend towards better survival in the low

ABCC3 expresser group with HR value of 1.7 (Fig. 3.20D).
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Figure 3.20: The prognostic significance of ABCC1 and ABCC3 gene
expression level.

Patients stratified as high and low expressers for (A) ABCC1 gene in tamoxifen
treatment cohort, (B) ABCC1 gene in non-tamoxifen treated patients cohort, (C)
ABCC3 gene in tamoxifen treatment cohort and (D) ABCC3 gene in non-tamoxifen
treated patients cohort. Red-lines show the survival probability of patients with low
expression while the black lines show high expression for ABCC1 and ABCC3
genes.
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For NQO1 within the tamoxifen-treated patients there was only a trend
towards increased survival (HR=2) in the low NQO1 expressers (Fig. 3.21A)
and patients that were not treated with tamoxifen did not show any prognostic

value (Fig. 3.21B).
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Figure 3.21: The prognostic significance of NQO1 gene expression
levels.

Patients stratified as high and low expressers for NQO1, (A) Tamoxifen treated and
(B) non-tamoxifen treated patients. The red lines show the survival probability of
patients with low expression while the black lines show high expression for NQO1
gene.

A statistically significant (p<0.0001) correlation between the
expressions of NQO1 and ABCC3 was identified (Fig. 3.22A). This prompted
an analysis of the survival probability by grouping patients into double high
expressers for NQO1 and ABCC3 and comparing them to double low
expressers. As shown in Fig. 3.22B, the double high expressers had a
significantly lower survival with p=0.02 and an even higher HR value of 5.1

with in the tamoxifen-treated group.
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Figure 3.22: NQO1 moderately correlates with expression profile of
ABCC3 and improves prognostic significance

(A) Correlation between the expression levels of ABCC3 and NQO1 in breast cancer
biopsies at original diagnosis. The correlation analysis was performed on breast
tumors derived 176 patient samples. (B) Patients stratified as high and low
expressers for both NQO1 and ABCC3. The red lines show the survival probability of
patients with low expression while the black lines show high expression for both
NQO1 and ABCC3 gene.

3.10Conclusion

In summary the study presented in this Chapter emphasizes the
importance of the oxidative response of cancer cells to tamoxifen treatment.
On the one hand, this oxidative damage to cancer cells has a positive
therapeutic effect of killing the cancer cells, but on the other hand it amplifies
the anti-oxidant response leading to increased expression of MDRT and anti-
oxidant genes. This latter effect protects cancer cells from further oxidative
damage and thereby produces resistance to the continued therapeutic effects
of tamoxifen (Fig 3.23). Thus, evaluating breast tumors of patients for the
expression of Nrf2, ABCC1, ABCC3 and NQO1 warrants formal assessment

as predictive markers for tamoxifen response. Furthermore, blocking the
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activation of the ARE during tamoxifen therapy could improve its efficacy and

alleviate acquired resistance.
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Figure 3.23: Proposed signaling scheme for the effects of tamoxifen in
breast cancer and the development of resistance.

Cell death

Tamoxifen embeds itself in the lipid bilayer and generates superoxide, which causes
a lipid peroxidation and subsequent 4HNE formation. 4HNE activates the caspase-3
and leads to cell killing. In addition, tamoxifen also increases ceramide levels in cells.
Breast cancer cells respond to the oxidative stress environment by increasing Nrf2
levels and thereby activating ARE leading to the expression of antioxidant genes
(NQO1, HMOX1, SOD1) and the multidrug resistant transporters (ABCC1, ABCG2,
ABCC3), which mitigate the effects of tamoxifen induced oxidative stress and thus
contributing to resistance.
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4 CHAPTER: RESULTS

RALBP1 and Phospholipase D regulated by oxidative
stress induced by tamoxifen
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4.1

Introduction

In Chapter 3, it was shown that the efficacy of tamoxifen therapy is
jeopardized as consequence of an adaptive response to the induction of
oxidative stress. This is caused by an upregulation of genes downstream Nrf2
that mitigate oxidative stress causing resistance to tamoxifen. Chapter 4
continues further on this avenue of investigation leading to identification of
two other targets that are regulated by tamoxifen-induced oxidative stress,
phospholipase D and RALBP1. Interestingly, both proteins are downstream
Ral effector proteins [307].

Phospholipase D catalyzes the formation of phosphatidic acid (PA) from
phosphatidylcholine, which is the most abundant lipid on the membranes of
cells [272]. PA can then bind to signaling proteins as a second messenger
recruiting them membranes leading to their activation [317, 318]. As such,
activation of PLD1/2 resulting in PA formation is important in various cellular
events as described in Chapter 1. Moreover, the PLD1 isoform is a Ral
downstream effector and the N-terminus of the small G-protein Ral is found
constitutively bound to PLD1 [307]. Additionally, oxidizing agents such as
H202, which lead to induction of oxidative stress, activate PLD in different cells
such as vascular smooth muscle cells [370] and also in endothelial cells
[371]. In both studies, oxidants-induced increases in PLD activity were
attributed to tyrosine phosphorylation of PLD.

Oxidants have been postulated to block the activity of protein tyrosine

phosphatases (PTP) due to the presence of a thiol group in their catalytic
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sites and so PTPs are quite sensitive to oxidative stress [372]. Hence, upon
redox imbalance, the thiol residue on PTPs is oxidized leading to inhibition of
the protein tyrosine phosphatases. This has the net effect of increasing
tyrosine phosphorylation [373-375], providing a mechanistic explanation for
the activation of PLD by oxidative stress. Hence, this would mean that
tamoxifen-induced oxidative stress could also contribute to the activation of
PLD. Moreover, the reactive lipid peroxidation by product, 4HNE, activates
PLD and tyrosine phosphorylation [376-378] and as shown in Chapter 3
tamoxifen induces an increase in 4HNE levels.

PLD causes resistance to rapamycin [379] and taxotere (docetaxel)
[380]. Moreover, increased PLD activity has been implicated in aggressive
and metastatic breast cancers [381]. Its activity is also elevated in melanoma
[382], colorectal [383], gastric [380] and renal [384] cancers and also in
tumors with activating Ras mutations [385]. Thus it is important to study the
potential of PLD activation by tamoxifen and its role in the development of
resistance to tamoxifen therapy.

RALBP1 is the other target identified to be modulated by oxidative
stress induced by tamoxifen. Similar to PLD, RALBP1 has been ascribed to
have multifaceted roles within cells; owing to its multiple motifs such as the
Ral G-protein binding domain, the Rho/Rac GAP domain, ATP binding sites,
ATPase domain among others, as reviewed in Chapter 1. However, as
opposed to PLD the link between RALBP1 and oxidative stress is more direct,

since full-length RALBP1 has intrinsic transport activity allowing it to expel
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glutathione conjugates such as the lipid peroxidation by product, 4HNE [354].
Hence, RALBP1 has a potential to mitigate oxidative stress in cells and this is
evident from studies using RALBP1 knockout mice, which have increased
levels of oxidative stress markers [335]. Moreover, RALBP1 can also expel
amphiphilic chemotherapeutic agents such as anthracyclines [340] and vinca-
alkaloids [386] and thereby contribute to resistance to these therapies by
decreasing their intracellular concentration.

As previously established, tamoxifen results in the formation of the lipid
peroxidation byproduct, 4HNE, and leads to the initiation of apoptosis. Thus, it
is well warranted to study the role of RALBP1 in the context of tamoxifen
treatment. As such, this study was conducted with a postulate that cells will
respond to lipid peroxidation induced by tamoxifen by upregulating RALBP1.
The corollary to this proposition could be that the transcription factor Nrf2 also
regulates the expression of RALBP1 in similar fashion to the antioxidant
proteins and multidrug resistance transporters.

In the study presented in Chapter 4, tamoxifen activated PLD and this is
dependent on oxidative stress induced by tamoxifen since antioxidants
abrogated this increase in PLD activity. Furthermore, tamoxifen-resistant cells
had a significant increase in both basal and stimulated PLD activity, showing
the importance of PLD in resistance. Inhibitors against PLD1 and PLD2 were
also used and PLD2 inhibition abrogated LPA’s rescue of cells from
tamoxifen-induced cell death. LPA is a potent activator of PLD and it also

leads to upregulation of Nrf2. In regards to the other Ral effector protein,
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RALBP1, oxidative stress induced by tamoxifen was identified to upregulate
the expression of RALBP1 and its levels are also significantly upregulated in
tamoxifen-resistant cells.

In the setting of breast cancer patients, cancerous breast tissues had a
significantly higher expression of RALBP1 compared to normal breast tissue.
Furthermore, combination chemotherapy (such as taxanes and anthracycline)
was only efficacious in low RALBP1 expression patients. However, in patient-
cohort with high RALBP1 expression, therapy of patients with combination
chemotherapy offered no significant advantage as compared to those patients
receiving mono-or non-cytotoxic chemotherapies.

The study in this Chapter is made even more pertinent as RALBP1
transports anthracycline and within our patient cohort high levels of both
PLD1 and RALBP1 were prognostic for poor survival after anthracycline
therapy. The increased PLD activity could contribute to the aggressiveness
and metastatic potential for otherwise tamoxifen responsive neoplasms. This
is evident from our patient cohort with high PLD1 expression having a lower
survival probability in all treatments conditions.

Overall the effect of tamoxifen on RALBP1 and PLD1/2, which results in
resistance to tamoxifen and cross-resistance to other therapies, offers new
paradigm to tamoxifen therapy. Thus, results presented in this Chapter could

have implication on the delivery of tamoxifen to patients.
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4.2 Chronic tamoxifen treatment results in tamoxifen-resistant

cells

A model for studying tamoxifen resistance would be using tamox

ifen

resistant cells that have acquired resistance to tamoxifen by continual growth

of these breast cancer cells in the presence of 1 uM 4HT for a period of about

6 months or longer [99]. These tamoxifen resistant cells (MCF-7 TAMR) along

with their syngeneic control cells (MCF-7 WT) were obtained from

collaborator Dr. Pu Xia.

our

To confirm the resistance of MCF-7 TAMR cells, the cells were treated

with 1uM 4HT, which was the concentration used to develop the MCF-7

TAMR cells. The MCF-7 TAMR cells were also treated with 5 yM 4HT as

another concentration control. The results show that there was only a sl

decrease in viability in both cells after 24 h treatment with 1uM 4

ight

HT.

However, at 5 yM 4HT there was a considerable loss in cell viability in both

wild type and resistant cells with the resistant cells having a significantly

higher viability compared to the wild type cells (Fig. 4.1A). Interestingly,

this

increased resistance, as seen from increased viability, was also observed

after 24 h treatment with 5 yM 4HT, even though these cells were develo

ped

to resist only 1 yM 4HT. However, at 48 h of treatment the MCF-7 TAMR cells

were only resistant at 1 uM 4HT and they did not lose any viability

compared to vehicle treatment (Fig 4.1A).

as
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Figure 4.1: Differential effects of tamoxifen in wild type versus resistant
cells.

(A) Viability of MCF-7 WT and MCF-7 TAMR cells treated with different 4HT
concentration after 24 and 48 h respectively. (B) Cleavage of PARP and the
activation of p54 and p46 JNK in the presence of tamoxifen. (C) Quantification for
PARP cleavage. Results are means + SEM from for n=3 experiments. Significant
differences were indicated with *= p<0.05.

The cleavage of PARP was also measured as an indication of
apoptosis and it was identified that MCF-7 WT cells were able to cleave
PARP as opposed to the resistant MCF-7 TAMR cells (Fig. 4.1B and C).

Moreover, treating the resistant MCF-7 TAMR cells with tamoxifen did not
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activate JNK phosphorylation, indicating a better adaptation to dealing with

tamoxifen-induced stress induction (Fig. 4.1B).

4.2.1 Total Tyrosine phosphorylation of proteins in tamoxifen-resistant

cells.

PTPs dephosphorylate receptor tyrosine kinases and other substrates
returning them to their basal state. The activities of PTPs are affected by
oxidative stress due to the presence of reactive cysteine residues in the
catalytic sites. Thus their reduced activity could result in increased tyrosine-

phosphorylation of protein residues.
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Figure 4.2: Tamoxifen resistant cells have increased basl tyrosine
phosphorylation levels

A Western blot for the total tyrosine phosphorylation (p-Tyr) of proteins in MCF-7
TAMR (left) and MCF-7 WT (right) cells. The cells were treated for 24 h with either
10 uM 4HT, 10 uM TAM, 100 uM of L-Buthionine sulphoximine (BSO) alone or in
combination. Results are from n=2 experiments.

As tamoxifen induce oxidative stress, the development of tamoxifen
resistant cells by chronic treatment of MCF-7 cells may result in reduced
activity of PTPs. Thus, the total tyrosine phosphorylation in the protein lysates

from wild type and resistant MCF-7 cells was measured. In addition, the cells
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were treated with tamoxifen and its metabolite, 4HT, along with L-buthionine
sulphoximine (BSO) alone or in combination with tamoxifen. BSO inhibits the
gamma glutamyl cysteine synthetase and leads to the depletion of glutathione
[387]. Nevertheless, none of the added treatments lead to a significant
increase in total tyrosine phosphorylation over the 24 h period. Interestingly
however, the resistant cells had an increased level of tyrosine
phosphorylation (Fig. 4.2). Thus, chronic tamoxifen treatment might be
required for the oxidative stress to result in an increase in total tyrosine

phosphorylation of proteins.

4.3 The effect of tamoxifen on Phospholipase D.

The enzymes PLD1/2 are gaining prominence as a key mediator in
development of resistance in breast cancer. Furthermore, studies have linked
increased oxidative stress to the activation of PLD. Hence, the role of
tamoxifen-induced oxidative stress in the activation PLD was investigated. In
addition, to gauge the importance of PLD in tamoxifen resistance, the
expression levels and activation of PLD in wild type cells and tamoxifen

resistant cells was measured.
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4.3.1 Activation of PLD in wild-type versus tamoxifen-resistant cells

To study the activation of PLD by tamoxifen, wild type MCF-7 and
tamoxifen resistant MCF-7 TAMR cells were treated with 4HT or vehicle as a

control and the activation of PLD was then measured.
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Figure 4.3: Tamoxifen activates PLD independently of the estrogen
receptors.

MCF-7 WT and MCF-7 TAMR cells were treated with 100 nM E2, 20 nM G1, 10 uM
4HT and 5 uM LPA for 1 h and compared to vehicle controls. After the specified
treatment, PLD activity was estimated by measuring the formation of
phosphatidylbutanol. Results are means + SEM from for n=3 experiments. Significant
differences were indicated with **= p<0.01 and ***= p<0.001.

MCF-7 cells express both ERa and GPR30 (Fig. 3.1A and B) and so
tamoxifen could possibly activate PLD through non-genomic rapid signaling

event by binding to either of these estrogen receptors, in addition to oxidative
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stress. Hence, to delineate the pathway responsible for PLD activation by
tamoxifen, a specific agonist for ERa, 17p-estradiol (E2) and a specific
GPR30 agonist, G1, were utilized. LPA, a known activator of PLD through its
cognate G-protein coupled receptors, was also used a positive control.

The results from Fig. 4.3 show 10 yM 4HT was able to active PLD over
a period of 1 h in both the wild type and resistant MCF-7 cells. Interestingly,
the basal PLD activation in the resistant cells was as high as maximal
activated PLD levels. Thus, these results indicate that chronic treatment of
tamoxifen results in a phenotype of high basal PLD activity. Furthermore,
when stimulated by 4HT or the natural PLD activator, LPA, the resistant cells
were able to activate PLD at a much higher levels compared to wild-type
cells. However, the specific agonist for ERa and GPR30, 100 nM E2 and 20
nM G1 respectively, were not able to stimulate PLD activity in both the

resistant and wild type cells.

4.3.2 The antioxidant N-acetyl cysteine blocks 4HT-induced PLD

activation.

The specific agonists for estrogen receptors were not able to activate
PLD. Hence, tamoxifen binding to either GPR30 or ERa should also not result
in PLD activation. As such, oxidative stress induction could provide an

alternate route for the activation of PLD by 4HT.
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Figure 4.4: Oxidative stress mediates the activation of PLD by
tamoxifen.

The relative PLD activity as measured in MCF-7 TAMR cells after 1 h treatment with
vehicle or 10 uM 4HT in the presence or absence of 10mM NAC. Results are means
+ SEM from for n=3 experiments. Significant differences were indicated with

**= p<0.01.

To test the role of oxidative stress in activation of PLD by tamoxifen,
MCF-7 TAMR cells were treated with 10 uM 4HT for 1 h and PLD activation
was measured in the presence or absence of the antioxidant N-acetyl
cysteine (NAC). The results (Fig. 4.4) showed that tamoxifen activated PLD
and these increases in PLD activity were abrogated in the presence of NAC.
Surprisingly, the result also showed that NAC by itself was able to induce
PLD activity; nonetheless among the NAC treatment group, tamoxifen was
neither able to increase PLD activity, nor was it able to activate PLD to the

level increased by tamoxifen alone treatment.
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4.3.3 Expression of PLDs in MCF-7 WT versus MCF-7 TAM-R cells.

Since the basal activation of PLD was much higher in the resistant
cells compared to wild type cells (Fig 4.3), the expression levels of PLD1/2 in

wild type versus resistant cells was measured.
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Figure 4.5: Relative PLD expression in wild type and resistant cells.

Relative mRNA expression levels for (A) PLD1 and (B) PLD2 in MCF-7 WT
versus MCF-7 TAMR cells. Results are means + SEM from for n=3 experiments.
Significant differences were indicated with *= p<0.05.

As shown from qRT-PCR result above (Fig 4.5), the MCF-7 TAMR
cells have a significantly higher PLD1 mRNA levels compared to MCF-7 WT
cells but there was no detectable change in PLD2 expression levels. Western
blot for PLD2 also showed no change in protein expression levels in these
cells (Fig. 7.1, Appendix). However, using antibody for PLD1 (PLD1, 44-322,
Invitrogen), endogenous PLD1 protein could not be detected in these cells.
Thus, the increased basal PLD activity observed in Fig 4.3 could be attributed

to increase in PLD1 expression levels.
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4.3.4 Tamoxifen, 4-Hydroxytamoxifen and N-desmethyltamoxifen
activate PLD.

As shown from the result in Chapter 3, the oxidative stress effect of
tamoxifen was not attributed to just one metabolite of tamoxifen but was
observed across all the tested metabolites. The next objective was then to

test if all the metabolites of tamoxifen will also lead to the activation of PLD.
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Figure 4.6: Tamoxifen and metabolites activate PLD.

PLD activity was measured in MCF-7 TAMR cells after treatment of cells with
10 uM of tamoxifen and metabolites for 1 h. Results are means + SEM from for
n=3 experiments. Significant differences were indicated with ***= p<0.001.

Hence, cells were treated 10 pM tamoxifen (TAM), 4HT or N-
desmethyltamoxifen (NTAM) for 1 h. As shown (Fig. 4.6), the different
metabolites of tamoxifen were also able to significantly activate PLD. Thus,
demonstrating that PLD activation was not restricted to a single metabolite of
tamoxifen since oxidative stress could also be induced by all the metabolites

of tamoxifen.
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4.3.5 Time course and concentration needed for tamoxifen to activate
PLD.

The next objective was to determine concentration and time dependent
effect of tamoxifen treatment on PLD activity. To determine the concentration
dependent effect of tamoxifen, 5 and 10 yM 4HT were chosen, since these
concentrations produced estrogen receptor-independent killing as well as

increases in oxidative stress.
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Figure 4.7: Activation of PLD at different concentration and time points.

(A) Effect of 5 and 10 u M 4HT treatment on PLD activity after 1 h of treatment. (B)
Time course for the activation of PLD by 10 yM 4HT in MCF-7 TAMR cells. Results
are means + SEM from for n=3 experiments. Significant differences were indicated
with **= p<0.01 and ***= p<0.001.

The results from Fig. 4.7 show that effect of 4HT depended on the
concentration of tamoxifen as increasing tamoxifen concentration from 5 to 10
MM led to an increased PLD activation. Additionally tamoxifen activated PLD

within 30 min and maximal activation was obtained after 1 h of treatment. A
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time course for the activation of PLD by all the different metabolites is shown

in the Appendix section (Fig. 7.2).

4.4 Blocking Phospholipase D2 blocks Lysophosphatidate

mediated rescue of cells from tamoxifen.

The previous Sections showed that tamoxifen activated PLD and this
activation is further amplified in tamoxifen resistant cells. This could reflect the
importance of PLD in resistance. Hence, pharmacological inhibitors against
PLD activation in the presence and absence of 4HT were used and the
viabilities of the cells were then measured. Treating MCF-7 cells with
inhibitors against PLD1 or PLD2 alone did not affect the viability of cells (Fig.
4.8A). Since LPA is a potent activator of PLD (Fig. 4.3) and also protects
against tamoxifen-induced Kkilling (Fig. 3.16B), the effect blocking PLD
activation in the presence of LPA was tested to determine if blocking PLD
could abrogate this rescue. Inhibitor for PLD2 (PLD2i) blocked the rescue of
cells by LPA from tamoxifen-induced killing, whereas PLD1 inhibitor (PLD1i)
did not have a similar effect (Fig. 4.8B). Hence, the activity of PLD2 is vital to

the effect of LPA in instigating a rescue from tamoxifen-induced killing.
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Figure 4.8: PLD2 inhibitor abrogates LPA induced rescue of cells from
tamoxifen.

MCF-7 cells treated for 24 h with either vehicle, LPA at 5 yM, PLD1 inhibitor at 0.8
MM (VU0359595, PLD1i) and PLD2 inhibitor at 0.5 yM (VU0285655-1, PLD2i) in the
presence or absence of 4HT (10 uM) followed by cell viability measurement. Results
are means + SEM from for n=23 experiments. Significant differences were indicated
with **= p<0.01 and ***= p<0.001.
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4.5 Prognostic values of the expression of PLD1/2 in human

patients.

Prognostic analysis for the expression level of PLD1/2 was done in the
same way as described in Section 3.9 of Chapter 3. The analysis was
performed for all treatment conditions as well as confined to particular
treatments. This was done to examine the specific effects of the high and low
expression for the PLD1/2 gene in a particular treatment setting. The high
and low PLD1/2 expression in the patient tumors were determined at the time
of initial diagnosis, possibly caused due to individual differences, and are thus
independent of prescribed treatments. As shown in Fig. 4.9B, D, F and H,
PLD2 gene expression was not prognostic for any of the analysis that was
performed. On the other hand, PLD1 expression provided a significant
prognostic value for patients. As such, patients with tumors that had high
expression for PLD1 had a significantly lower survival probability of p=0.01
and a HR value of 2.0, in all treatment conditions (Fig. 4.9A). Nevertheless,
when the analysis was confined to the patients that were treated with
tamoxifen by excluding non-tamoxifen treated patients, PLD1 expression was
not prognostic (p=0.6 and a HR=1.2). However, it is interesting to note that
within tamoxifen treated patient cohort only ~14 % of the patients were high
for PLD1 expression (n=13) with the rest having a low PLD1 expression
(n=81) (Fig. 4.9C). In addition, when considering combination chemotherapy
treated patients PLD1 expression was significantly prognostic with p=0.01
and a HR value of 2.3 (Fig. 4.9E). Furthermore, for PLD1 gene expression,

the best prognostic significance was seen in the patient cohort treated with
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anthracyclines with p=0.002 and a HR value of 2.9 (Fig. 4.9E). Indicating that

patients high in PLD1 expression have a three times lower survival probability

after anthracyclines treatment than those with lower PLD1 expression.
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Figure 4.9: PLD1 expression levels provides a good prognostic value

Patients stratified as high and low expressers for PLD1 (A, C, E and G) and PLD2
(B, D, F and H). Prognostic value for all treatments (A and B), tamoxifen (C and D),
combination chemotherapy (E and F) and anthracycline (G and H) treated patients.
The red lines show the survival probability of patients with low expression while the
black lines show high expression for PLD1/2 gene.
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4.6 The effect of tamoxifen on RALBP1.

RalBP1 is the major exporter of the lipid peroxidation byproduct, 4HNE
[354, 388]. As shown in Chapter 3 (Fig 3.7), tamoxifen-induced oxidative
stress causes lipid peroxidation and this leads to the formation of 4HNE.
Hence, breast cancer cells could respond to this oxidative insult that results in
4HNE formation by upregulating the expression of RALBP1 transporter
protein. To test this tamoxifen resistant and wild type cells were used to

gauge the expression level of RALBP1 and its role in tamoxifen resistance.

4.6.1 RALBP1 is upregulated in tamoxifen-resistant cells and also

increased by tamoxifen treatment.

Endogenous expression of wild-type cells (MCF-7 WT) was compared
to tamoxifen resistant cells (MCF-7 TAMR). As shown in Fig. 4.10, MCF-7
TAMR cells expressed a lot more RALBP1 compared to MCF-7 WT cells.
Moreover, both wild-type and resistant cells were treated with 5 and 10 yM
4HT. In addition to an increased expression of RALBP1 in the resistant cells,
4HT treatment in the wild-type cells led to a significant increase in expression
of RALBP1. However, in the resistant, MCF-7 TAMR cells, 4HT did not
activate any further increases in expression of RALBP1, indicating that those

cells are probably at maximal protein expression levels for RALBP1.
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Figure 4.10: Tamoxifen stimulates expression of RALBP1.

(A) Western blot showing expression of RALBP1 in MCF-7 WT versus MCF-7 TAMR
cells after treatment with 0, 5 and 10 uM 4HT. Representative western blot from n=3
experiments is shown.

4.6.2 Tamoxifen induced increase in RALBP1 is dependent on oxidative

stress

To link the increased expression of RALBP1 to oxidative stress, MCF-7
WT cells were treated with 5 or 10 yM 4HT for 24 h in the presence or
absence of vitamin E. Treatment with 10 yM 4HT potently activated the
expression of RALBP1 and furthermore treating the cells in the presence of
vitamin E blocked this effect on RALBP1 (Fig. 4.11).

As with our other findings the increased expression of RALBP1 is also
following a similar pattern of being modulated by oxidative stress induction by
4HT, as its expression is also blocked by the anti-oxidant vitamin E. This goes
to shows the role of lipid peroxidation in mediating the effect of tamoxifen on

RALBP1.

160



B)

.
A)
VitE w6 | |
. ]
[ 1 =
kDa O 5 10 0 5 10 [4HT] (uMm) 2
- 4t
o
100 P— 4 RALBP1 &
g |
> £
50 o
- e Gl > GEES S | Tubulin E
0

NT 4HT 4HT + VitE

Figure 4.11: Oxidative stress mediates increase in expression of
RALBP1 by tamoxifen

(A) Representative Western blot showing MCF-7 WT cells treated 5 and 10 yM 4HT
for 24 hours in the presence or absence of 100 uM vitamin E. (B) Corresponding
quantification of western blot for 10 yM 4HT. Results are means + SEM from for n=3
experiments. Significant differences were indicated with ***= p<0.001.

4.7 Nrf2 regulates the expression of anti-oxidant genes and

multi-drug resistance transporters but not RALBP1.

Nrf2 is key protein that coordinates an adaptive response of cancer cells
to an oxidative insult. Hence, it would be logical to postulate that expression
of RALBP1, which is mediated by the oxidative stress induction of tamoxifen,
is under the control of Nrf2. To test this hypothesis, RNA interference (RNAiI)
was utilized and the expression levels of Nrf2 was knockdown using 5

different DsiRNAs (dicer-substrate siRNA) sequences (Fig. 4.12).
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The Nrf2 knockdown was confirmed by gRT-PCR and Western blotting
(Fig. 4.12A and B). Then using qRT-PCR the expression levels of RALBP1
was measured and compared between cells treated in the presence of non-
targeting DsiRNA (NT-Dsi) or those that were treated Nrf2-targeted DsiRNAs
(Dsi-Nrf2 1-5). In addition, as a positive control, the expression levels of
downstream target genes, which are regulated by Nrf2, were also measured.

Knocking down Nrf2 decreased the expression of the known
downstream targets genes such NQO1, SOD1 and ABCC1 (Fig. 4.12 C-E).
However, the expression of RALBP1 was not affected (Fig. 4.12F). Hence,
Nrf2 does not regulate the expression of RALBP1 as it does with the
expression of anti-oxidant genes and multidrug resistance transporters. This
establishes that tamoxifen induction of RALBP1 is probably going through

Nrf2-independent mechanisms.
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Figure 4.12: RALBP1 is not a downstream target of the transcription
factor Nrf2

(A) Western blot (B) mRNA expression levels for Nrf2 in 4T1 cells treated with
control NT DsiRNA and Nrf2 targeted DsiRNA sequences 1-5. After knockdown of
Nrf2 the mRNA expression of (C) NQQ1 (D) SOD1 (E) (ABCC1 (F) RALBP1 were
measured. Results are means * SEM from for n=3 experiments. Significant
differences were indicated with *= p<0.05 and **= p<0.01.
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4.8 Tamoxifen resistant cells also up regulate the expression of
ABCC1.

Even though RALBP1 is the major exporter of the toxic oxidation
byproduct, 4HNE, ABCC1 has also been shown to exports 4HNE from cancer
cells [389]. Thus, the expression levels of ABCC1 were measured in the wild
type cells and compared to resistant cells. ABCC1 expression, like RALBP1,
is also upregulated in resistant cells (Fig. 4.13). Hence, the resistant cells
could possibly utilize the increased expression of both RALBP1 and ABBC1

to mitigate the effect of lipid peroxidation byproduct 4HNE.
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Figure 4.13: ABCC1 is overexpressed in tamoxifen-resistant cells.

Western blot (A) and the corresponding quantification (B) showing the expression of
ABCCH1 in wild type versus resistant MCF-7 cells. Results are means + SEM from for
n=3 experiments. Significant differences were indicated with **= p<0.01.

4.9 The autotaxin inhibitor, ONO-8430506, decreases RALBP1

levels.

Autotaxin is an extracellular enzyme that helps to maintain the steady
state concentrations of plasma LPA. Our laboratory recently published work

showing that the autotaxin inhibitor, ONO-8430506, potently knocks-down
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circulating LPA levels and this leads to a significant decrease in tumor
progression and metastasis [206] along with decreased plasma levels of TNF-
a and G-CSF (granulocyte-colony stimulating factor) [390].

Recent studies showed that TNF-a regulates the expression of RALBP1
[391]. Hence, the ONO-induced decrease in TNF-a could also affect the
expression of RALBP1. To investigate this postulate, immunohistochemistry
slides and tumor tissue lysates of control versus ONO-8430506 treated mice
sacrificed after 10 days of treatment were probed for RALBP1 expression.
The results indicate that ONO-8430506 treated mice had significantly
decreased RALBP1 levels in their breast tumors, as shown by
immunohistochemistry (Fig. 4.14A) and western blot of tumor tissues (Fig.
4.17B). The corresponding quantifications are shown in Fig. 4.14C and D,
respectively.

As ONO-8430506 potently decreases LPA levels, we investigated if
treatment of cells with LPA will induce the expression of RALBP1. Our
preliminary result (Fig. 7.3, Appendix section) shows that LPA does not
induce RALBP1 expression as compared to positive controls of tamoxifen and
metabolites. However, this experiment is preliminary and needs more

optimization for more conclusive interpretation.
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Figure 4.14: Mouse tumors treated with the autotaxin inhibitor ONO-
8430506 have lower RALBP1 expression levels.

Mice were injected with 4T1 cancer cells at day zero and were then treated with
either vehile or autotaxin inhibtor (ONO-8430506) for the next 10 days. The tumor
was then excised and the expression of RALBP1 was measured by (A) IHC staining
for n=10 per each group. (B) Western blotting for the tumor tissue lysates for n=6 per
each group. The coresponding quantification are shown for (C) IHC and (D) Western
blot. Results are means + SEM. Significant differences were indicated with *= p<0.05
and **= p<0.01.
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4.10Cancerous breast tissue from human patients expressed

high levels of RALBP1

To further extend our studies into human patients, we again employed

the tumor tissue arrays from the Breast Cancer Relapsing Early determinants

(BREAD) study.
o
e & ® 0
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Figure 4.15: An example of tumor tissue array stained with RALBP1

antibody.

Each dot represents a tumor specimen stained with RALBP1 antibody and specimen
coming from each patient was dotted in triplicates running across from left to right.

Tumor tissue from each of these patients was dotted in triplicate on an

immunohistochemistry (IHC) slide. In addition, these tumor arrays contained

normal breast tissue obtained from breast reduction surgery and also tissues

from other human organs. These tumor tissues were stained with RALBP1

antibody (Fig. 4.15).

Comparing the normal breast tissue with the cancerous breast tissue,

we identified that breast cancer patients had elevated RALBP1 levels (Fig.

4.16A).
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Figure 4.16: RALBP1 expression levels from different normal tissues
and Breast tumors.

(A) Representative IHC images. (B) Quantified and averaged staining intensity for
normal (n=6) and cancerous breast tissue (n=142) stained with RALBP1 antibody (C)
expression of RALBP1 in different normal tissues. Results are means + SEM.
Significant differences were indicated with ***= p<0.001.

The RALBP1 intensity was then quantified from all the tumor tissues
cores and the result shows that an overwhelming majority of these patients
expressed significantly higher RALBP1 levels compared to normal breast
tissue (Fig. 4.16B). The expression levels of RALBP1 in different
noncancerous human tissues were also measured. The results show that
organs such as kidney, pancreas and placenta had the highest expression of

RALBP1 and this was considerably higher than normal breast tissue. It is thus
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remarkable that cancerous breast tissue overexpressed RALBP1 to levels of

expression close to kidney and placenta.

4.10.1 Prognostic values of the expression of RALBP1 in human
patients.

As done with the expressions of PLD1/2 gene (Section 4.5), the
prognostic value of RALBP1 gene expression was evaluated in human
patients by grouping patients in to high and low expressers and analyzing the
survival probability in all treatments and also in particular treatment

conditions.
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Figure 4.17: The prognostic significance of RALBP1 gene expression
levels.

Patients stratified as high and low expressers for RALBP1 and prognostic value for
(A) all treatments, (B) tamoxifen, (C) combination chemotherapy, and (D)
anthracycline treated patients. The red lines show the survival probability of patients
with low expression while the black lines show high expression for RALBP1 gene.
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RALBP1 gene expression levels did not show a significant prognostic
value for all treatments p=0.16 and HR value of 1.6 (Fig. 4.17A). Similarly,
there were no significant prognostic values for tamoxifen treated (p=0.17) and
for combination chemotherapy (p=0.08) treated patients but there was a trend
of better survival for low RALBP1 expressers for both treatment groups with
HR value of 2.1 (Fig. 4.17B) and 2.3 (Fig. 4.17C) respectively. Nevertheless,
RALBP1 was significantly prognostic for patient cohorts treated with
anthracyclines with p=0.004 and a HR value of 2.8 (Fig. 4.17D). Interestingly,
in the anthracycline treated patient cohort, the prognostic value of RALBP1
(HR= 2.8) and PLD1 (HR= 2.9) (Fig. 4.9E) were very similar, which may

suggest an intimate link between the two proteins.

4.10.2 Patients with high RALBP1 levels do not respond to combination

chemotherapy

An overwhelming majority of the breast cancer patients had elevated
RALBP1 levels (Fig. 4.16). Moreover, the prognostic significance of RALBP1
expression level was only restricted to anthracycline-treated patients (Fig.
4.17). Hence, the effect of this overexpression on the prognostic outcome
was investigated in combination chemotherapy treatment by making use of
the available IHC quantification data (Fig. 4.16B) as a means to stratify

patients as high and low expressers for RALBP1.
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Figure 4.18: Increased RALBP1 protein expression status associated
with decreased response of combination chemotherapy.

Patient stratified as ‘yes’ for receiving combination chemotherapy and ‘No’ for those
patients that did not and grouped in to (A) RALBP1 low expresser and (B) RALBP1
high expresser. The red lines show the survival probability of patients with not
treated with combination chemotherapy while the black lines show combination
chemotherapy treated patients

The patients were stratified as being treated with combination
chemotherapy or not and then this is split further into separate graphs by
grouping the high RALBP1 expressing patients in one graph and in another
the patient that were low RALBP1 expressers.

As is expected, patients receiving combination chemotherapy had a
better prognosis than those that did not receive such treatment (Fig 4.18A).
However, the analysis also shows that those patients that had high RALBP1
expression levels in their tumors did not benefit from the combination
chemotherapy (Fig 4.18B) as much as those patients that expressed low

RALBP1.
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4.11 Conclusion

Overall the results from Chapter 4 show that the production of
oxidative stress by tamoxifen could have far-reaching consequences by
imparting its effect on key-signaling mediators. This could modify diverse
cellular functions such as RALBP1 expression and PLD activation and
expression, which would inevitably abrogate the efficacy of tamoxifen by
contributing to the development of resistance in breast cancer cells.

Furthermore, our results also show long—term tamoxifen treatment
induces a significant RALBP1 expression. Since RALBP1 exports other
chemotherapeutic drugs and oxidation byproducts, this could have implication

of making breast tumors resistant to other drugs.
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5 CHAPTER: DISCUSSION AND
FUTURE DIRECTIONS
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5.1 Discussion on tamoxifen-killing and the anti-oxidant defense

The work presented in Chapter 3 expands our understanding of how
tamoxifen kills breast cancer cells and it elucidates the adaptive mechanisms
that decrease the efficacy of tamoxifen treatment. We showed that
concentrations of tamoxifen and its metabolites (=5 puM), which occur in
breast tumors of patients [357, 358], kill breast cancer cells independently of
ERa expression. A major part of this effect was through oxidative stress
caused by tamoxifen accumulation since the cancer cells were partially
protected from apoptosis by the anti-oxidants, vitamin E and PMC.

Tamoxifen partitions into lipid membranes resulting in increased
oxidative damage [16]. We demonstrated this since tamoxifen treatment
increased the formation of superoxides and the lipid peroxidation product
4HNE in breast cancer cells. Other studies showed that adding tamoxifen to
calf thymus DNA in the presence of microsomal preparations increased 8-
hydroxy-2'-deoxyguanosine levels (a marker for oxidative stress) on the DNA.
This oxidative damage on DNA was diminished by adding SOD1 [392].
Tamoxifen also inactivates protein kinase C through oxidative stress and this
effect was reversed in the presence of SOD1 or vitamin E [16]. Also, studies
using MCF-7-derived xenografts tumors in athymic mice showed that
tamoxifen treatment increased SOD1 levels and long-term treatment of these
tumors with tamoxifen led to tamoxifen-resistance [393]. We showed that
blocking this oxidative stress partially rescued breast cancer cells from lipid
peroxidation and subsequent apoptosis. This tamoxifen-induced generation of

reactive oxygen species (ROS) could be mediated by the membrane bound
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enzyme, NADPH oxidase, since its inhibition blocked tamoxifen induced ROS
production and apoptosis in human hepatoblastoma cells [394]. Hence,
oxidative stress contributes to killing cancer cells during tamoxifen therapy,
but this action also has the consequence of increasing tamoxifen-resistance.

We substantiated this conclusion by showing that treatment of cancer
cells with 4HT increased Nrf2 stability and gene transcription through the
ARE. This effect was also observed in our mouse model of breast cancer,
using ERa-negative 4T1 cells. Tamoxifen treatment decreased tumor size
and this was accompanied by increased Nrf2 expression in the breast tumors.
The latter result explained the tamoxifen-induced increases in the
expressions of NQO1, HMOX1, SOD1, ABCC1, ABCG2 and ABCC3, which
are transcribed downstream of the ARE. These results are also compatible
with the characteristics of MCF-7 breast cancer cells, which were selected for
tamoxifen-resistance. Resistant cells had increased expression of Nrf2 and
knocking down Nrf2 expression decreased the high expression of anti-oxidant
genes in the tamoxifen resistant cells [395]. Knockdown of Nrf2, in the same
study, also increased tamoxifen-induced cell death and the increased
expression of the anti-oxidant genes did not depend on ERa signaling. We
conclude that the oxidative damage caused by tamoxifen elicits an anti-
oxidant response, which attempts to protect the cells from cell death.

Our studies showed that <5 yM tamoxifen retarded the growth of

ERa-positive MCF-7 cells, but these concentrations had little effect in

ERoa-negative MDA-MB-231 and 4T1 cells. Higher tamoxifen concentrations
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(>5 uM) killed breast cancer cells independently of ERa expression. This ERa
independent killing was also observed in studies with ERa-negative BT-20
breast cancer cells [396], ovarian A2780 cancer cells, T-leukemic Jurkat cells
[397] and hepatoblastoma cells [394]. This concentration-dependent action of
tamoxifen is especially significant since tamoxifen and its metabolites can
accumulate preferentially to >5 uM in breast tumors compared to normal
breast tissue [357, 358]. At these concentrations, tamoxifen has a therapeutic
action through oxidative damage that is independent of ERa. However,
cancer cells then mount an anti-oxidant response that decreases the efficacy
of the oxidative component of tamoxifen therapy. This cytotoxic accumulation
of tamoxifen could be aided by Antiestrogen Binding Site (AEBS) to which
tamoxifen has high affinity as opposed to estrogen. AEBS are found in
various tissues including estrogen receptor-negative breast cancer cells. [398]

We also found that tamoxifen stimulated the accumulation of several
ceramide species, increased PARP cleavage and JNK activation. However,
these effects were not blocked by vitamin E. This indicates that tamoxifen
also initiates mechanisms of cell death that are independent of oxidative
stress. Nevertheless, previous studies have linked oxidative stress to the
formation of ceramide and subsequent JNK activation [362]. We were also
able to activate JNK using C2-ceramide. Moreover, tamoxifen-induced JNK
activation was not reversed by inhibiting ASK1 (Apoptosis signal regulating
kinase), which was linked in other studies to JNK activation [366]. Also, JNK

inhibition did not block caspase-3 activation. Interestingly, several studies
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showed that cytokines and stress stimuli such as TNF-aq, interleukins, FAS
ligand, heat shock, UV irradiation and also stressors that deplete glutathione
such as ROS and 4HNE can activate sphingomyelinase, which leads to
increased ceramide production [399-401]. Moreover, ceramide formation
activates caspase-8-dependent, but caspase-3-independent, necrosis in
lymphoid cells treated with FAS ligand [363]. If ceramide formation induces
caspase-3-independent cell killing, it would explain why vitamin E could block
caspase-3 activity, but not block ceramide accumulation and PARP cleavage.
Other studies also showed caspase-3-independent PARP cleavage [402] and
this is also evident from our work on PARP cleavage in MCF-7 cells, which
are caspase-3 deficient [403].

Our work with the syngeneic mouse model of breast cancer using 4T1
cells demonstrates that tamoxifen decreased tumor growth in an ERa-
negative breast cancer. This was accompanied by increased expression of
Nrf2, antioxidant genes (NQO1, HMOX1, SOD1) and the multidrug resistant
transporters (ABCC1, ABCG2, ABCC3). These results confirm that tamoxifen
induces oxidative damage in breast tumors in vivo and supports our
hypothesis that ARE activation could contribute to the development of
tamoxifen resistance. Other studies also showed that tamoxifen attenuates
tumor growth in a xenograft model with ERa-negative MDA-MB-468 human
breast cancer cells. The authors attributed this to the degradation of
cancerous inhibitor of protein phosphatase-2A (PP2A) (CIP2A) by tamoxifen

[21]. CIP2A inhibits PP2A, whereas 4HNE activates PP2A [404]. This raises
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the possibility that tamoxifen-induced degradation of CIP2A occurs through
increased 4HNE formation leading to PP2A activation. PP2A activation leads
to subsequent inactivation of survival proteins such as Akt, thus contributing
to apoptosis [21].

The proposal that oxidative stress could play a role in the therapeutic
effects of tamoxifen is further supported by our analysis of the survival of
breast cancer patients treated with tamoxifen. Those patients, who had ERa-
positive breast tumors with low expression of Nrf2, ABCC1, ABCC3 and
NQO1 at the time diagnosis, had a better prognosis after tamoxifen treatment
than those patients that were high expressers, with an HR value as high as
4.2. This HR value further increased to 5.2 when considering patients that
were high expressers for both NQO1 and ABCC3. High Nrf2 and ABCC3
expression was also associated with poor prognosis for other treatments
including trastuzumab, anthracycline and taxanes. For Nrf2, this was
expected since Nrf2-induced activation of the ARE is commonly associated
with chemo-resistance [405-407]. By contrast in our work, high ABCC1
expression was only prognostic of a poor outcome within the tamoxifen-
treated group. These associations are not predicted from the classical action
of tamoxifen through blocking ERa signaling. They support our conclusion
that tamoxifen-induced killing of cancer cells through oxidative damage is an
important component of tamoxifen action.

This conclusion is compatible with the observation that ABCC1 exports

the toxic oxidation product, 4HNE, from cancer cells [389]. Additionally,
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ABCC2 is also overexpressed in tamoxifen-resistant cells [408]. Genotyping
studies looking at single nucleotide polymorphisms (SNPs) have also
revealed that specific variants of the ABCC2 gene were prognostic of tumor
recurrence during tamoxifen mono-therapy [409]. SNPs could alter the steady
state transcript level of the transporter [410], possibly increasing ABCC levels
in some patients. Other reports showed that ABCC1, ABCC11 and ABCG2
are highly over-expressed in subtypes of aggressive breast cancer and that
increased expressions of ABCC1 and ABCC11 were significantly associated
with shorter disease-free survival [176]. This survival study was analyzed over
a short median follow up of 40 months and interpretation could be further
complicated because of patients receiving neo-adjuvant therapy.
Nevertheless, such studies coupled with our analysis show the importance of
the ABCC family of transporters in influencing the outcome of tamoxifen
therapy. Despite this, there is no clear evidence that tamoxifen is exported by
ABCC1 or ABCC3 [158]. Instead, glucuronide conjugates of tamoxifen could
be exported through ABCC transporters [162, 163]. On the other hand,
tamoxifen is known to bind to the transporter ABCB1, but ABCB1 does not
transport tamoxifen. Instead, tamoxifen binding to ABCB1 blocks its ability to
transport other xenobiotics [411].

Despite such effects of tamoxifen, there is not much clinical data
showing the benefit of tamoxifen in truly negative breast tumors. The Early
Breast Cancer Trialists' Collaborative Group (EBCTCG) performed meta-

analysis of 55 randomized clinical trials, which demonstrated a substantial
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survival advantage after tamoxifen treatment in ERa positive breast cancer
patients [2]. Thus most of the subsequent studies focused on elucidating the
action of tamoxifen only in the context of ERa. Nevertheless, EBCTCG
reported that tamoxifen had some activity in the patients with very low, or no
ERa. A later study by Dowsett et al. [14] showed that ERa-negative breast
cancer patients also showed a strong trend to benefit from tamoxifen.
Glioblastoma patients also benefit from high dose tamoxifen treatment, which
was thought to be due to the effect of tamoxifen on PKC. Additionally, the
activity of tamoxifen in advanced melanomas [412] indicates the utility of
tamoxifen in cases where ERs are not thought to be important. Nonetheless,
it is often difficult to rule out the involvement of ERa and ERB since other
tissues such as gliomas also express the receptors [413].

Previous studies showed that the binding of antiestrogens to ERa and
particularly to ERB could induce the expression of the antioxidant NQO1
[414]. Binding of low uM concentrations of antiestrogen to the ERs caused the
receptors to complex with the ARE leading to the expression NQO1 [414].
The authors of that study suggested two pathways for ARE activation and
induction of NQO1, one that depended on ERs and the other that was
independent of ERs [414]. Since Nrf2 is a master regulator controlling the
expressing of antioxidant genes the major component bound to the ARE is
most probably Nrf2 and the ERs could thus function in a cooperative role in
this system. Our result with cytotoxic concentrations of tamoxifen (>5 pM)

could thus activate both pathways to elicit an antioxidant response. ERs can
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also regulate gene expression without directly interacting with DNA by
influencing other transcription factors through their binding to co-regulatory
proteins, as in the case with AP-1 complex [26]. Similarly, ERs could
potentially be involved in the anti-oxidant gene expression involving Nrf2
through recruiting co-regulatory proteins.

Our studies indicate that it could be beneficial to decrease the
expression of Nrf2, ABCC1, ABCC3 and NQO1 as an adjuvant to improve
tamoxifen therapy. One possibility is by blocking the activation of cancer cells
by LPA. This growth factor produces resistance to the effects of paclitaxel
[254], cisplatins [415], doxorubicin [259] and also tamoxifen, as we showed in
this work. Significantly, an important mechanism for this resistance is the role
of LPA in increasing Nrf2 stability and activation of the ARE. These effects of
LPA on breast tumors can be attenuated by blocking LPA production through
inhibition of autotaxin [206], or by using an inhibitory antibody against LPA
[416]. Proof of principle for this approach was obtained in a mouse model of
breast cancer where autotaxin inhibition decreased ARE activation and the
consequent expression of anti-oxidant proteins and MDRT [259]. Other
strategies would involve using inhibitor that target Nrf2 such as, the
quassinoid brusatol [417], the alkaloid trigonelline [418] and the flavonoid
luteolin [419], all of which showed efficacy in inhibiting Nrf2 activity and
prevented chemo-resistance. Employing such inhibitors, as an adjuvant to
tamoxifen could be beneficial, especially since knockdown of Nrf2 increased

tamoxifen-induced cell death in tamoxifen resistant cells [395].
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Overall, the anti-oxidant defense system elicited in response to
tamoxifen treatment contributes to the development of resistance and

hampers the long-term benefits of tamoxifen therapy.

5.2 Discussion on tamoxifen and its effect on RALBP1 and PLD

Long-term tamoxifen treatment leads to tamoxifen resistance, a
phenomenon that is also observed in the clinic, as patients who previously
responded to a cancer therapy later on developed acquired resistance [420].
A proof of this principle was established by chronic tamoxifen treatment of
cells and this resulted in cells becoming resistant to the killing by tamoxifen as
demonstrated by decreased PARP cleavage, which is indicative of decreased
apoptosis and also an undeterred viability upon tamoxifen exposure (Fig. 4.1).

Employing the tamoxifen-resistant breast cancer cell line model, we
identified that tamoxifen and its metabolites were able to activate PLD in a
concentration- and time-dependent manner and this activation is exaggerated
in tamoxifen resistant cells. This PLD activation was dependent on oxidative
stress since the antioxidants, NAC, blocked tamoxifen-induced activation of
PLD. Moreover, 17B-estradiol and the GPR30 agonist, G1, were not able to
elicit similar PLD activation, indicating that tamoxifen-induced PLD activation
was not mediated by the estrogen receptors. This finding is compatible with
earlier studies showing that PLD is activated in CCD986SK human mammary
fibroblasts by tamoxifen and similarly, the estrogen, 17p-estradiol, also lacked
the ability to activate PLD [421]. Another group also showed an activation of

PLD by tamoxifen in NIH 3T3 mouse fibroblast cells [422]. In a study with the
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human mammary fibroblasts, PLD activation was attributed to the enzyme
PKCe since phorboldibutyrate, which downregulated PKC levels, blocked
tamoxifen-induced activation of PLD [421]. PKC has structural features that
make it a prime target for oxidative modification due to the presence of a
cysteine rich motif for zinc binding [423, 424]. Hence, modulation of PKC by
oxidative stress provides the necessary link to PLD activation by tamoxifen. In
addition, total tyrosine phosphorylation in tamoxifen resistant cells was also
markedly elevated compared to wild type cells, indicating the inactivation of
PTPs. PTPs are also regulated by oxidative stress [373-375] providing yet
another means of sustained PLD activation by tamoxifen since in some cases
tyrosine phosphorylation of PLD has been linked to increased PLD activity
[378].

Inhibiting the activity of PLD by pharmacological inhibition alone did not
have an influence on the viability of the cells. However, inhibition of PLD,
specifically the enzyme PLD2 in the presence of LPA, blocked the rescue
from tamoxifen-induced killing initiated by LPA. However, Inhibition of PLD1
did not affect the rescue of cells by LPA. Nevertheless, our result also
showed that PLD1 gene expression levels are elevated in tamoxifen resistant
cells as opposed to PLD2 gene expression. These results are compatible with
studies from other research groups that also showed overexpressed PLD1
levels in their tamoxifen resistant cell lines [425]. Additionally, PLD1 was

found to be overexpressed in human breast cancer tissues [328].
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The differential role of PLD1 and PLD2 could be linked to their cellular
localization. PLD2 is predominantly localized at the plasma membrane
regulating the functions of proteins downstream of receptor activation. Thus
PLD2 inhibition may affect signaling from growth factor such as LPA. On the
other hand PLD1 is localized at peri-nuclear space, endosomes and vesicles
etc. [283]. Accordingly, inhibitors against PLD2 activity could be more
important in signaling events at the plasma membrane and the rescue from
tamoxifen-induced Kkilling initiated by plasma membrane bound LPA
receptors. Whilst, the localization of PLD in different cellular compartments
allows it more flexibility in exerting diverse activities and as such, its
overexpression may offer cancer cells better protection against different
chemotherapies.

The contrast in the role of PLD1 and PLD2 are also observed in the
analysis of the breast tumors from our patient samples, which showed
prognostic significance only in patients that were expressing high/low PLD1
levels. However, the expression of PLD2 levels did not show any prognostic
value across all the investigated treatment conditions. Surprisingly, PLD1
expression levels did not provide a prognostic value for tamoxifen treated
patient cohort, despite our cell-culture results showing increased PLD1
expression levels and total PLD activity in the tamoxifen resistant cells. A
plausible explanation could lie in the very low number of patients that had
high PLD1 expression within the tamoxifen- treated patient cohort. As

tamoxifen treatment was not given to about 86% of the high PLD1 expressing

184



patients. Hence, it is not achievable to makes any prognostic determination
for PLD1 in tamoxifen treated patient cohort. Nevertheless, PLD1 expression
was significantly prognostic when considering all treatment conditions and
also patients treated with anthracycline or combination chemotherapy.
Therefore, the increased expression of PLD1 gene observed in our tamoxifen
resistant cells could lead to resistance to other chemotherapies.

Increased PLD activity could be attributed to increased expression
levels of RALBP1, as studies have shown RALBP1 can modulate the activity
of the ADP Ribosylation Factors (ARFs) [426], which are small G-proteins
intimately linked in the activation of PLD as established by different studies
[272, 427, 428]. Our results show that tamoxifen-resistant cells have a very
high expression of RALBP1. Therefore, the high basal PLD activity measured
in tamoxifen resistant cells could be the result of high RALBP1 expression in
addition to the activity of PKC and increased tyrosine phosphorylation. It is
also interesting to note that both RALBP1 and PLD are activated by small G-
protein Ral, have tyrosine kinase and PKC phosphorylation sites and are
involved in endocytosis and cell migration events, suggesting a crosstalk
between the two proteins (reviewed in Chapter 1).

Our results show tamoxifen resistant cells have an increased RALBP1
expression. These finding support the postulate that lipid peroxidation
induced by tamoxifen leads to an adaptive response to mitigate oxidative
stress by up-regulating RALBP1. Additionally, treating wild-type breast cancer

cells with tamoxifen resulted in an induction of RALBP1 expression, which
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was dependent on oxidative stress since the antioxidant, vitamin E, blocked
the increase in RALBP1. Thus, further corroborating the adaptive response
phenomenon.

The finding of increased expression of RALBP1 by tamoxifen-induced
oxidative stress fits with a study that showed K562 and other lung cancer
cells lines upregulated RALBP1 expression when challenged with either heat
shock or H,O, [354]. Moreover, when these cells were preconditioned with
such stressors, they showed increased capacity to export the lipid
peroxidation byproduct 4HNE and they were also resistant to apoptosis
induced by either 4HNE or H,O,. The authors attributed this resistance to the
suppression of sustained JNK and caspase-3 activation. Similarly, results
presented in Chapter 4 show that tamoxifen-resistant cells were unable to
cleave PARP and activate JNK upon tamoxifen exposure, which indicates an
adaptation to the killing induced by tamoxifen.

Like RALBP1, the ABCC1 transporter also exports 4HNE [389] and its
levels were also overexpressed in the tamoxifen-resistant cells providing
tamoxifen-resistant cells with another route for 4HNE export.

As mentioned, a study from our laboratory showed that the autotaxin
inhibitor, ONO-8430506, decreased circulating LPA levels and also
significantly decreased tumor growth and metastasis in mouse [206]. In
addition to decreasing circulating LPA levels, ONO-8430506 also blocked
tumor-induced inflammation of adipose tissue by decreasing 20 inflammatory

mediators. Blocking the tumor-induced inflammation also resulted in
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decreased plasma levels of TNF-a and G-CSF cytokines [390]. As shown in
Chapter 4, ONO-8430506 also significantly decreased the expression of
RALBP1 in the excised breast tumors. A recent study on human endothelial,
ECV304, cells showed for the first time that TNF-a induces the expression
RALBP1, but does not mediate the expression of ABCC1 [391]. Additionally,
using comparative sequence analysis on mouse, human and rat RALBP1
gene, the authors found a conserved NF-kB transcription factor-binding site.
As TNF-a is known to regulate downstream signals through NF-kB [429, 430]
and so, RALBP1 expression could be mediated in similar fashion. Likewise,
our study with ONO-8430506 treatment decreased both RALBP1 and TNF-a
expressions providing a plausible explanation for the observed effect of ONO-
8430506 on RALBP1. Moreover, TNF-a induced the expression of RALBP1,
but not ABCC1 [391], showing that these two proteins despite sharing a
function of exporting lipid peroxidation byproducts, such as 4HNE, are
expressed by different signaling pathways. This conclusion is also supported
from our studies of knocking down of Nrf-2 transcription factor, which did not
block the expression of RALBP1 but resulted in the depletion of other
adaptive responses described in Chapter 3 such as ABCC1. Thereby
suggesting a separate adaptive response leading to RALBP1 expression,
probably involving another transcription factor. Congruently, CHIP studies on
the gene promoter region of RALBP1 showed that the binding of the
transcriptional co-activator p300/CBP (cAMP-responsive element-binding

protein) and the transcription factor cMYB [431] instead of Nrf2. Furthermore,
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LPA signaling stabilizes Nrf2 leading to increased Nrf2 levels and
downstream anti-oxidant genes and MDRTs [259]. Thus, our preliminary
result showing that LPA does not induce RALBP1 expression as compared to
positive controls of tamoxifen and metabolites also support the conclusion
that Nrf2 does not mediate RALBP1 levels. However, LPA could indirectly
increase RALBP1 through up regulating TNF-a levels and more studies are
needed to establish this potential link.

In patient setting our results showed that RALBP1 protein was
significantly overexpressed in cancerous breast tissue as opposed to normal
breast tissue indicating its role in the basis of malignancy. Although other
studies have shown the increased expression of RALBP1 in different cancer
cell lines, our finding would represent the first study to show such dramatic
increase in expression of RALBP1 in patient-derived breast tumors. The
increased levels of RALBP1 in the patient’s tumors were as high as tissues
normally involved in transport and excretion, such as placenta and kidney.
Thus, the level RALBP1 expression could serve as useful general biomarker
in breast cancer. The corollary form that would be strategies that block the
actions or expression of RALBP1 could offer a significant advantage in
countering breast tumor progression. This proposition is supported by the
study, which showed coating live cells with anti-RALBP1 IgG antibody caused
accumulation of 4HNE and doxorubicin in all both SCLC (small cell like lung
cancer) and NSLC (non- small cell like lung cancer) [354]. Moreover,

targeting RALBP1 using RNA interference and IgG antibody in an xenograft
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mouse model caused regression of lung tumor derived from NSCLC, H358
and H520 cells, colon tumor derived from SW480 cells [432], prostate tumor
derived from PC3 cell line [433] and kidney tumor derived from Caki2 cells
[434].

Despite the overexpression of RALBP1 in cancerous breast tissue,
analysis of high/low RALBP1 expression levels in patient tumors did not
provide a significant prognostic value in all treatment conditions and it was
only trending when the analysis was confined to patients treated with
tamoxifen and combination chemotherapy. The reason for the lack of
prognostic significances may be attributed to the high overexpression of
RALBP1 in cancerous tissue as opposed to normal tissue. Since the 50
patients expressing low RALBP1 may still have higher RALBP1 as compared
to normal tissues. Thus, the low RALBP1 expressing patients may have
enough RALBP1 expression and any additional increases may not provide an
additional survival advantage, especially when considering the redundant role
of ABCC1 and RALBP1 for exporting 4HNE out of cells. Nevertheless, when
our analysis was confined to patients treated with anthracycline, the
expression of RALBP1 provided a significant prognostic value.

As shown by our studies, RALBP1 is generally overexpressed in
breast cancer patients and since anthracyclines are direct target for export by
RALBP1, the true value of stratifying patients based on high and low RALBP1
expression could be restricted to those patients receiving anthracycline

treatments. Similarly, IHC quantification data on RALBP1 expression levels
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also indicated that patients with high for RALBP1 do not respond to
combination chemotherapy treatment. The failure of combination
chemotherapy could thus be attributed to RALBP1 exporting out
anthracyclines and rendering the combination chemotherapy futile.

In summary, the findings presented in this thesis could have a great
clinical application in helping guide physicians tailor treatments to particular
patients depending on their protein and gene expression profiles. As such
stratifying patients based on anti-oxidant genes and multi-drug resistant
expression levels for administrating tamoxifen could provide utility in
improving its efficacy. Also, for administering anthracycline or combination
chemotherapy treatment, patients could be stratified based on PLD1 and
RALBP1 expression profiles. Tamoxifen treatment leads to the upregulation
of PLD1 and RALBP1, therefore, in addition to the standard approved
therapies, patients with high RALBP1 and PLD1 expression and also patients
given long-term tamoxifen treatments could benefit from adjuvant treatments

that target the activities and expression of PLD1 and RALBP1.

5.3 Future directions

We have demonstrated that tamoxifen activates total PLD activity and
also increased the expression of PLD1. Tamoxifen also stimulates the
expression of RALBP1. In addition, both proteins provide good prognostic
significance for patients treated with anthracycline. Hence, It will be
interesting to study the role of PLD1 on the transport activity of RALBP1. We

will test this by knocking-down the expression of PLD1 in cancer cells and
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then measuring the transport activity of RALBP1, which can be done by
challenging cancer cells with radioactive 4HNE or doxorubicin. ABCC1 could
also be involved in transport, therefore, to distinguish between the two
transporters, we will use anti-RALBP1 antibody since studies have
demonstrated that coating cells with anti-RALBP1 antibody leads to
accumulation of 4HNE [354]. The antibody will thus block the action of
RALBP1 in the PLD1 knockout cells and allow us to specifically measure
RALBP1-dependent 4HNE or doxorubicin export.

The ADP Ribosylation Factors (ARFs) can stimulate PLD activity, as
mentioned in Section 1.7.4 of Chapter 1. Moreover, studies have showed that
RALBP1 can stimulate the activity of ARFs. Hence, one possibility of high
basal PLD activity in tamoxifen resistant cells could be increased RALBP1
level, acting as an upstream regulator of PLD activity. To investigate this
prospect, we will use RNA interference to deplete RALBP1 in the tamoxifen
resistant cells and measure both basal and stimulated PLD activity and
compare them to control cells.

The autotaxin inhibitor, ONO-8430506, blocked circulating LPA levels and
also significantly decreased TNF-a and G-CSF cytokines levels [206, 390]. To
investigate if the decreased TNF-a by ONO-8430506 was responsible for
decrease in RALBP1, we will stimulate cancer cells with or without LPA and
use the conditioned media from the LPA treatment to subsequently treat other
batch of cancer cells and then estimate the level of RALBP1 expression

levels in those cells.
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Expression of PLD2 in MCF-7 WT versus MCF-7 TAM-R cells.

As shown from the Western blot (Fig. 7.1), the PLD2 protein
expression level is same between MCF-7 WT and MCF-7 TAM-R cells. These
results are in agreement with our gqRT-PCR result (Fig 4.5), which showed no
change in the expression level of PLD2 in these cells.

The PLD2 antibody was a kind gift from Dr. Sylvain Bourgoin

(Université Laval, Québec Canada).
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Figure 7.1: Tamoxifen resistant and the corresponding syngeneic wild-
type cells have similar PLD2 levels.

Protein lysates from MCF-7 WT and MCF-7 TAM-R cells from n=3 were probed for
PLD2 expression.
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Time course for the action of PLD by different metabolites.
The time dependent effects of the different metabolites of tamoxifen
were measured by treating MCF-7 TAM-R cells with 10 uM concentrations of

TAM, 4HT and NTAM for time period of 6-60 min.
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Figure 7.2: Activation of PLD at different time points by tamoxifen and
metabolites.

Results are means + SEM from for n=3 experiments. Significant differences were
indicated with **= p<0.01 and ***= p<0.001.

The results show TAM activated PLD more rapidly than 4HT with
maximal activation of PLD for TAM occurring after 30 min (Fig. 7.2) as
opposed to 60 min by 4HT (Fig. 4.7). Moreover, NTAM had the highest PLD
activation and did not reach maximal activation at 60 min and so more time
course is necessary to find the maximal activation for NTAM. Overall, the
result shows that tamoxifen and metabolites had a different kinetics for
activating PLD and this may possibly linked to the generation of ROS. Hence,

more studies are needed to study this phenomenon.
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Expression of RALBP1 by lysophosphatidate.

The Autotaxin inhibitor, ONO-8430506, decreased RALBP1 expression
in mouse tumors. Thus, to investigate if treatment of cells with LPA will induce
the expression of RALBP1, we treated MCF-7 cells with 5 yM LPA and also

with 10 uM of tamoxifen and metabolites as a positive control.
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Figure 7.3: RALBP1 expression by lysophosphatidate.

MCF-7 cells were starved for 24 h prior to treatment and treated with 5 uM
LPA and 10 uM 4HT, TAM and NTAM for 24 h. Protein lysates were then
probed for RALBP1 from n=2 experiments.

Our preliminary results show that LPA does not induce the expression
of RALBP1 as much as tamoxifen and metabolites (Fig 7.3). Since LPA could
induce the expression of RALBP1 indirectly through the upregulation of TNF-
a optimal conditions for such upregulation may be necessary to observe LPA-
induced effect in RALBP1. Hence, the experiment needs further optimization
using delipidated serum as well as different concentration and time of

treatment for LPA. An additional future experiment is also suggested in

Section 5.3, future directions, of Chapter 5.
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The role of sphingosine-1-phosphate in tamoxifen-induced killing.

The enzyme Sphingosine kinase (SK1/2) phosphorylates sphingosine
to sphingosine-1-phosphate (S1P). Moreover, overexpression of SK is
observed in many cancers including cells developed to become resistant to
tamoxifen [99]. Thus, to investigate the role S1P in tamoxifen-induced Kkilling,
MCF-7 cells were treated with 100-1000 nM S1P in the presence of 1-20 uM

4HT and compared relative to no treatment vehicle control.
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Figure 7.4: sphingosine-1-phosphate rescues cells from tamoxifen-
induced killing.

Treatment of MCF-7 cells with 100-1000 nM S1P rescued cells from tamoxifen-

induced cell killing. The viability of the cells was measured by MTT assay from for
n=2 experiments.
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Table 5: Clinical and pathological features of the breast cancer patients
in the Breast Cancer Relapsing Early Determinants study.

36

Negative 64
LR Positive 112 64
Negative 82 47
ER Positive 94 53
Negative 146 83
il Positive 30 17
<60 127 72
Age >60 49 28
Female 176 100

Gender Male 0 0

Alive 119 68
Patient status ecaagea 57 32
I 75 43
Cancer stage -1t 101 e
Low 44 25
Nuclear grade High 132 -
Low 78 44
Mitotic grade High 98 56
Low 29 16
Arch grade High 147 84
Low 56 32
Overall grade High 120 68

Breast cancer patient cases were selected for high cellularity (70% malignant cells in
sample). Abbreviations for Progesterone Receptor: PR and Human Epidermal
growth factor Receptor 2: HER2.
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Table 6: The chromosomal location and functions of the different human

ABC transporters

Symbol Alias Location Function

ABCA1 ABC1 9931.1 Cholesterol efflux onto HDL
ABCA2 ABC2 9q34 Drug resistance

ABCA3 ABC3 16p13.3 Phosphatidyl choline efflux
ABCA4 ABCR 1p22.1-p21 N-retinylidiene-PE efflux
ABCAS 17924

ABCA6 17q24

ABCA7 19p13.3

ABCA8 17q24

ABCA9 17q24

ABCA10 17q24

ABCA12 2q34

ABCA13 7p11-q11

ABCB1 PGY1, MDR 7p21 Multidrug resistance
ABCB2 TAP1 6p21 Peptide transport

ABCB3 TAP2 6p21 Peptide transport

ABCB4 PGY3 7921.1 PC transport

ABCB5 7p14

ABCB6 MTABC3 2q36 Iron transport

ABCB7 ABC7 Xq12-q13 Fe/S cluster transport
ABCB8 MABC1 7936

ABCB9 12q24

ABCB10 MTABC?2 1942

ABCB11 SPGP 2924 Bile salt transport

ABCC1 MRP1 16p13.1 Drug resistance

ABCC2 MRP2 10924 Organic anion efflux
ABCC3 MRP3 17921.3 Drug resistance

ABCC4 MRP4 13q32 Nucleoside transport
ABCC5 MRP5 3927 Nucleoside transport
ABCC6 MRP6 16p13.1

CFTR ABCC7 7q931.2 Chloride ion channel
ABCC8 SUR 11p15.1 Sulfonylurea receptor
ABCC9 SUR2 12p12.1 Potassium channel regulation
ABCC10 MRP7 6p21

ABCC11 16q11-q12

ABCC12 16g11-q12

ABCD1 ALD Xq28 VLCFA transport regulation
ABCD2 ALDL1, ALDR 12911-q12

ABCD3 PXMP1, PMP70 1p22-p21

ABCD4 PMP69, P70R 14q24.3

ABCE1 OABP, RNS4I 4931 Elongation factor complex
ABCF1 ABC50 6p21.33

ABCF2 7936

ABCF3 3qg25

ABCG1 ABCS8, White 21922.3 Cholesterol transport
ABCG2 ABCP, MXR, BCRP 4922 Toxin efflux, drug resistance
ABCG4 White2 11923 Cholesterol transport
ABCG5 White3 2p21 Sterol transport

ABCG8 2p21 Sterol transport

*Table was taken from reference [154]
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